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Acute myeloid leukemia (AML) is a heterogeneous group of dis-
eases. Normal cytogenetics (CN) constitutes the single largest
group, while trisomy 8 (18) as a sole abnormality is the most
frequent trisomy. How trisomy contributes to tumorigenesis is
unknown. We used oligonucleotide-based DNA microarrays to
study global gene expression in AML18 patients with 18 as the
sole chromosomal abnormality and AML-CN patients. CD341 cells
purified from normal bone marrow (BM) were also analyzed as a
representative heterogeneous population of stem and progenitor
cells. Expression patterns of AML patients were clearly distinct
from those of CD341 cells of normal individuals. We show that
AML18 blasts overexpress genes on chromosome 8, estimated at
32% on average, suggesting gene-dosage effects underlying
AML18. Systematic analysis by cellular function indicated up-
regulation of genes involved in cell adhesion in both groups of
AML compared with CD341 blasts from normal individuals. Per-
haps most interestingly, apoptosis-regulating genes were signifi-
cantly down-regulated in AML18 compared with AML-CN. We
conclude that the clinical and cytogenetic heterogeneity of AML is
due to fundamental biological differences.

Normal hematopoiesis is organized in a hierarchical fashion:
normal pluripotent stem cells give rise to progeny that

progressively lose their capacity for self-renewal as they become
committed to certain lineages (1). This process of differentiation
and commitment is thought to be controlled at the level of
transcription by the interaction of lineage-specific transcription
factors (2). When normal stem cell differentiation is blocked,
malignant neoplastic proliferation and accumulation of imma-
ture hematopoietic stem cells is the result. The excessive accu-
mulation of immature nonlymphatic bone marrow (BM) pre-
cursor cells in the marrow could be caused by increased cell
proliferation andyor reduced cell death. The latter, character-
ized by aberrant differentiation, has been suggested as the more
important mechanism in the majority of acute myeloid leukemia
(AML) cases (3).

Approximately 55% of de novo AMLs show clonal cytogenetic
abnormalities; the rest show no cytogenetic changes, which mask
any clues to their molecular pathogenesis (4). Normal cytoge-
netics (CN) constitutes the single largest group in AML. How-
ever, several nonrandom chromosomal abnormalities are also
frequent, of which trisomy 8 (18) is the most common numerical
aberration (12%) as either a sole abnormality ('4%) or part of
more complex karyotypes ('8%) (4). AML18 is generally
associated with poor outcome, whereas AML-CN shows varied
responses (5, 6). The question as to whether 18 is a chromosomal
aberration likely to be critical in initiating or promoting leuke-
mia, or whether 18 occurs after the development of leukemia
and without an important contribution, is currently unanswered.

The pathophysiological mechanisms of AML18 and
AML-CN are largely unknown. Two possible molecular scenar-
ios could explain the phenotype of AML18. First, the AML
phenotype may be due to a gene-dosage effect and a direct result
of the trisomy with genes on chromosome 8 being overexpressed.
This hypothesis is based on the analogous assumption of a
gene-dosage effect for constitutional trisomy 21 in Down syn-
drome, where 121 appears to predispose to an increased risk for
hematological malignancies (7, 8). Similarly, constitutional 18
mosaicism has also been postulated to predispose to neoplasms,
mainly myelodysplastic syndrome and AML (9). Alternatively, a
yet-to-be identified rearrangement of a gene(s) on chromosome
8 could underlie the transformed phenotype, which is similar to
that seen in de novo AML associated with 111, where the
majority of cases are associated with an intragenic molecular
rearrangement of MLL (10).

We hypothesized that whatever the underlying molecular leuke-
mogenic event(s) associated with AML18 and AML-CN, the
molecular changes at the DNA level should be reflected in specific
changes at the RNA level. Thus, global expression profiling with
DNA microarrays should prove particularly powerful in identifying
the downstream genetic programs controlled by the leukemogenic
factor(s) in AML18 and AML-CN. Moreover, a molecular clas-
sification scheme based on expression profiles would have the
potential to define new subgroups with prognostic and therapeutic
significance and to provide a better understanding of the intrinsic
disease biology. Several recent studies on the molecular classifica-
tion of AMLyacute lymphocytic leukemia (ALL) (11), diffuse large
B-cell lymphoma (12), cutaneous malignant melanoma (13), and
breast cancer (14) using similar approaches are particularly encour-
aging in this respect.

Materials and Methods
BM Sample Collection and Processing. Upon informed consent,
seven normal BM samples were obtained from four male and
three female donors. From 40 ml of BM sample, mononuclear
cells were isolated immediately by using a Ficoll–Hypaque
gradient. After a 2-hr culture to remove adherent growing cells,
the purified cells were washed, stained with anti-CD34 antibody,
and labeled with a secondary antibody conjugated to magnetic

Abbreviations: AML, acute myeloid leukemia; CN, normal cytogenetics; 18, trisomy 8; BM,
bone marrow; ALL, acute lymphocytic leukemia.

†K.V., F.A.W., and R.K. contributed equally to this work.

¶To whom reprint requests should be addressed at: Division of Human Cancer Genetics,
Comprehensive Cancer Center, The Ohio State University, 440 Tzagournis Medical Re-
search Facility, 420 West 12th Ave., Columbus, OH 43210. E-mail: krahe-1@medctr.
osu.edu.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

1124–1129 u PNAS u January 30, 2001 u vol. 98 u no. 3

D
ow

nl
oa

de
d 

by
 g

ue
st

 o
n 

F
eb

ru
ar

y 
26

, 2
02

2 



beads (Miltenyi Biotec, Auburn, CA). After selection over a
magnetic column, purified cells were immediately snap-frozen in
liquid nitrogen. The purity of CD341 selected cells was deter-
mined by flow cytometry. All samples were .97% pure. Twenty
pretreatment BM AML samples were obtained from the Cancer
and Leukemia Group B (15 samples) and the Ohio State
University (5 samples) leukemia cell banks. All 10 AML18
patients had 18 as a sole cytogenetic abnormality; they had a
median age of 70 (range, 30–79) years; 6 were women; and the
French American British (FAB) classification breakdown was as
follows: one M0, two M1, two M2, two M4, two M5, and one not
otherwise specified. The 10 AML-CN patients had a median age
of 70 (range, 24–84) years; 3 were women; and the FAB
classification breakdown was as follows: one M0, two M1, three
M2, one M4, and two M5. Mononuclear cells were isolated from
the AML BM samples in a fashion similar to that described
above.

Expression Profiling. Detailed protocols are available at http:yy
cancergenetics.med.ohio-state.eduymicroarray and are
published as supplemental data on the PNAS web site, www.
pnas.org. Briefly, RNA from CD341 cells was extracted by using
the total RNA extraction protocol (Qiagen, Chatsworth, CA).
AML BM samples in cell-freezing medium were thawed in 10 vol
of RNA Stat-60 (Tel-Test, Houston, TX); 0.2 vol of chloroform
was added to the lysed cells, and the aqueous layer containing the
RNA was purified with RNeasy columns (Qiagen). The integrity
of individual RNA samples was verified by denaturing agarose
gel electrophoresis. cRNA target was prepared from a total of
4–8 mg (CD341 cells) and 8 mg (AML samples) of total cellular
RNA, respectively, hybridized to HuGeneFL Affymetrix oligo-
nucleotide arrays, scanned and analyzed according to Affymetrix
(Santa Clara, CA) protocols. Expression and the logarithm of
expression were further normalized across samples by using a
modification of the linear scaling method (11). Analyses were
performed primarily by using log expression values, which have
reduced skew and desirable variability properties. All primary
expression data are available at http:yycancergenetics.med.ohio-
state.eduymicroarrayunit.

Statistical Analysis. Analyses were performed with S-PLUS 3.4
(Mathsoft, Seattle) and are detailed in the supplemental data. A
systematic analysis based on functional categories was also
performed. We used the functional terms for all 6,606 genes on
the HuGeneFL array compiled by the Whitehead Institutey
Massachusetts Institute of Technology Center for Genome
Research Molecular Pattern Recognition group using functional
annotations from the SWISS-PROT database (http:yy
www.expasy.chysproty) and selected nine categories based on
hypothesized involvement in AML. UNIGENE cluster IDs were
used to identify genes with putative involvement in the following
nine categories (numbers of genes in parentheses): transcription

(532), nuclear factors (1,026), DNA-binding (744), apoptosis
(68), cell cycle control (74), RNA-binding (171), ATP-binding
(551), cell adhesion (172), and signal transduction (1,547). Such
a comprehensive approach enables more sensitive investigation
of whether an entire group of genes is apparently up- or
down-regulated. Genes belonging to these categories were com-
pared by using t tests in the set of AMLs vs. CD341 and AML18
vs. AML-CN for a total of 18 comparisons. Among all expressed
genes, the t-statistic ranks of those belonging to the functional
category were plotted in a histogram. Categories systematically
differing in the two groups show a shift to the left or right from
the uniform distribution expected under the null hypothesis. A
two-sided Wilcoxon rank sum test (15) was used as a statistic to
compare the ranks of the genes belonging to a category with the
ranks of the remainder of the genes. The standard Wilcoxon
P-value approximation was used to select for further study those
categories achieving nominal significance with a Bonferroni
correction for 18 comparisons (P , 0.0028). However, the genes
within each sample are correlated, and proper significance
testing requires treating samples as the independent units. Thus,
empirical P values were generated by computing the statistic for
each of 1,000 permutations in which group membership was
randomly assigned to the samples.

Chromosomal Localization of Genes on the HuGeneFL Array. The
genes and expressed sequence tags (ESTs) on the HuGeneFL
array (Affymetrix) are indexed by GenBank and The Institute
for Genomic Research (TIGR) accession numbers. These
accession numbers were used to obtain genomic sequence. The
sequences were compared by using BLAST to the Division of
Human Cancer Genetics internal gene index HINT (Human
Index of Nonredundant Transcripts; Zhuo, R.K., F.A.W., and
B.Y., unpublished work), a set of transcript consensus se-
quences assembled from UNIGENE EST clusters. Cytogenetic
and genetic mapping location was derived from the integration
of HINT ESTs with mapping information in UNIGENE and
GeneMap ’99 (16). Chromosomal assignment was possible for
93% of the HuGeneFL genes. GB4 radiation hybrid map
information was available for 45% of the genes and ESTs on
the array, G3 information for an additional 20%. The two
radiation hybrid maps were integrated for chromosome 8 by
interpolating between the 28 anchors having both GB4 and G3
listings in GeneMap ’99.

TaqMan Real-Time PCR Assay. Relative expression levels and dif-
ferences between AML18 and AML-CN were validated with
the TaqMan 59 nuclease real-time PCR assay (17). The approach
is detailed in the supplemental material. Briefly, a subset of 11
AML samples (6 AML18 and 5 AML-CN) previously profiled
with DNA microarrays was studied. SEQUENCE DETECTOR 1.6
(Applied Biosystems) was used for analysis; the comparative CT

Fig. 1. (A) Scatter plots of the log-intensity values for the 6,606 unique genes assayed with the HuGeneFL array. The intensity values were scaled and averaged
over each of three groups: AML18, AML-CN, and CD341 cells. (B) Dendrogram from two-way hierarchical cluster analysis of 1,959 genes passing a variation filter
generated by using the programs CLUSTER and TREEVIEW (19). See also Fig. 5, which is published as supplemental data on the PNAS web site, www.pnas.org.
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method was used to determine the ratio of target and endoge-
nous control according to specifications.

Results
Global Expression Profiling of AML18, AML-CN, and CD341 Samples.
Using the HuGeneFL GeneChip (18), we compared the overall
expression patterns for 6,606 unique genes in the three sample
groups (Fig. 1A). The averaged expression values for each gene are
presented for the three groups after appropriate normalization and
scaling (Fig. 1A). Expression values of the two AML groups were
highly correlated, and each showed a lower correlation with the
CD341 group. Two-way hierarchical cluster analysis (Fig. 1B and
Fig. 5 in the supplemental data) was performed on 1,959 genes
passing a variation filter to group genes and samples on the basis of
similarity in the pattern with which expression varied over all
samples (19). The CD341 samples clustered into a distinct group;
AML18 and AML-CN samples did not, but were intercalated with
each other (Fig. 1B). This clustering is a reflection of the similar
expression profiles and scatter plot for the AML18 and AML-CN
samples (Fig. 1A).

Classification of AML and CD341 Samples Based on Their Expression
Profiles. To identify genes that differentiate AML blasts from
normal immature progenitor CD341 cells, we first compared the
expression profiles of both AML groups together against the
CD341 samples. Relative to the CD341 samples, 1,030 genes
were up-regulated and 754 genes were down-regulated in AML,
respectively. The 30 most significantly down- and up-regulated
genes and their corresponding expression profiles are shown in
Fig. 2A. On the basis of these 60 dysregulated genes, the AML
samples could be clearly distinguished from the CD341 samples
by using simple z-statistic comparisons of the groups (Fig. 2B).
However, our selection procedure for the 60 genes could po-
tentially exaggerate this distinction. Thus, we applied a cross-
validation procedure to this comparison, confirming that the
groups can be reliably distinguished, with 100% of samples
correctly reclassified.

Known myeloid markers, such as ELA2 and MPO, were highly
expressed in both CD341 and AML samples, but were relatively
more highly expressed in CD341 than in AML (Fig. 2 A). In
addition, several known hematopoietic transcription factors
showed down-regulation in AML (Fig. 2 A): STAT4 (20), FUS
(21, 22), and MCM3 and MCM5 (23). Genes that were up-
regulated in AML (Fig. 2 A) included BTG1, a gene on chro-
mosome 12 associated with the t(8;12) translocation in B-cell
chronic lymphatic leukemia (24), and ATF3 (25).

To identify differences specific to either group of AML, we
carried out similar comparisons for each AML group against the
CD341 samples. When compared separately to CD341, the 60
genes showing the most significant differential expression in
AML18 (Fig. 6A in the supplemental data) and AML-CN (Fig.
6B in the supplemental data) were quite different. The AML18
vs. CD341 and AML-CN vs. CD341 comparisons identified
seven genes concordantly up-regulated in AML18 and
AML-CN relative to CD341: DF, COPEB, NDRG1, TAF2H,
NFIL3, ATP6S1, and PLCB2. Among the 23 discordant genes
that were up-regulated only in AML18, LYN, TCEB1, and
PTK2B are located on chromosome 8 (Fig. 6A). Genes up-
regulated only in AML-CN included DAD1 and MLC1 (Fig. 6B).

Nine genes were concordantly down-regulated between the two
AML groups relative to the CD341 group: STAT4, ELA2, MPO,
SLC7A5, MCM5, PRG2, APOC1, GAPD, and MCM3 (Fig. 6).
However, STAT4 ranked higher in the AML18 vs. CD341 than the
AML-CN vs. CD341 comparison. Genes down-regulated only in
AML18 relative to CD341 (Fig. 6B) included the protooncogene
MYC, which is located in chromosome 8q and known for its role as
a transcriptional inducer in Burkitt’s lymphoma (26, 27), and
RALGDS, which maps to the BCR-ABL breakpoint region in 9q34

(28) and acts as an effector molecule for the Ras protein family (29).
Interestingly, five different ribosomal proteins were down-regulated
in the AML-CN group only (Fig. 6B).

Comparison of Expression Profiles of AML18 and AML-CN Suggests a
Gene-Dosage Effect. As in the AML vs. CD341 comparison, we
attempted to differentiate AML18 and AML-CN and com-
pared the overall expression profiles of the two against each
other. Class prediction approaches (11) were applied to consider
the ability of expression profiling to clearly distinguish the
groups. Despite examination using several approaches, careful
cross-validation of the prediction rules revealed that the classi-
fication precision was not substantially higher than expected by
chance. Such unstructured classification procedures involve
thousands of genes and exact a large penalty for multiple
comparisons. Thus, the result was not entirely unexpected, as the
overall gene expression values were very similar in the two
groups. More structured comparisons driven by clear hypothe-
ses, such as comparing only those genes on chromosome 8, and

Fig. 2. (A) Genes distinguishing AML and CD341 samples. Expression profiles
for the 30 most up-regulated (left, AML1, from highest to lower) and down-
regulated (right, AML2, from lowest to higher) genes between AML and
CD341 samples. Normalized intensities are presented for each gene as stan-
dard deviations of log intensity above the mean (red) and below the mean
(blue) across samples. Similarly generated data for genes distinguishing
AML18 and AML-CN are shown in Fig. 6, which is published as supplemental
data on the PNAS web site at www.pnas.org. (B) Coordinate plot obtained by
averaging the unit normal deviates for genes in A that were down-regulated
(coordinate 1) and up-regulated (coordinate 2) in AML vs. CD341. Cross-
validation revealed perfect class prediction based on this simple rule. (C) The
corresponding analyses for the most significantly dysregulated genes in
AML18 vs. AML-CN. Genes are identified by their GenBank accession number
and symbol. Preliminary symbols are indicated in parentheses. Genes on
chromosome 8 are highlighted (red).
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comparisons involving genes of prespecified functional catego-
ries, can have greater resolving power.

While automatically derived prediction rules did not reliably
classify AML18 and AML-CN samples, the most highly dys-
regulated genes in the two groups have roles in cell growth
regulation (Fig. 2C). Interestingly, of 29 genes most significantly
up-regulated in AML18 (Fig. 2C) for which a chromosomal
assignment could be made, 7 map to chromosome 8: FABP5,
PTDSS1, LY6E, COX6C, LYN, SIAHBP1, and DEFA1. In con-
trast, none of the 25 mapped (5 were unmapped) genes up-
regulated in AML-CN (Fig. 2C) map to chromosome 8.

To test our hypothesis of a gene-dosage effect in the origin of
AML18, we identified all mapped genes from the 6,606 unique
genes on the HuGeneFL array. Two hundred and thirteen genes
mapped to chromosome 8, whereas 495 could not be mapped.
Fig. 3 Left shows estimates of the overall AML18yAML-CN
expression ratios by chromosome, using 1,813 genes that were
expressed in a majority of the 20 samples. Genes on chromosome
8 showed a clear increase in expression in the AML18 samples
(estimated at 32%, 95% confidence interval 13–52%; P , 0.005)
compared with the other 22 chromosomes. An additional pro-
cedure was performed using all 213 genes on chromosome 8, in
which 1,000 random permutations of group assignment (18 vs.
CN) were applied to the data. None of the values from this
permutation distribution was as strong as the statistic computed
by using the observed data (empirical P value , 0.001).

To determine whether a specific region on chromosome 8 was
concordantly dysregulated in AML18, we plotted the expression
profile of 41 genes that were expressed in the majority of samples
and could be localized on chromosome 8 (Fig. 3 Right). No
broad-scale regional effects on chromosome 8 were apparent.

Analysis of Expression Profiles Based on Gene Function. To investi-
gate in more detail the expression profiles of the AML and
CD341 samples we analyzed the genes according to their func-
tion(s). We used the functional terms for all 6,606 genes on the
HuGeneFL array. Functional annotation was available for 80%
of the genes. Most genes have multiple annotations. Our analysis
focused on genes involved in nine critical cellular pathways (see

Materials and Methods) that have been implicated in leukemo-
genesis and would likely be associated with the molecular
pathology of AML. All genes were examined in a comparison of
AML vs. CD341 (1,784 genes expressed in a majority of samples)
and AML18 vs. AML-CN (1,813 genes expressed in a majority
of samples) for a total of 18 comparisons. For each gene, a z score
was calculated for the difference in the two comparison groups,
and genes were ranked according to the score. The overall
involvement of a functional group would be observable as a shift
in the ranks of genes in the functional group compared with the
remaining genes. We used a rank-based nonparametric proce-
dure as an initial screen for potentially significant results. Three
of the 18 comparisons met this criterion: RNA-binding was lower
in AML than in CD341, cell adhesion was higher in AML than
in CD341, and apoptosis was lower in AML18 than in AML-
CN. We subjected each of these comparisons to more rigorous
testing using 1,000 random permutations of group membership.
The RNA-binding result (data not shown) was still suggestive of
greater expression in CD341 samples, but no longer significant
(P 5 0.102). The other two comparisons remained significant.
Genes involved in cell adhesion were up-regulated in AML
relative to CD341 (P 5 0.010; Fig. 4A): genes included several
integrins [e.g., ITGB7 and ITGB2 (CD18)] and various members
of the immunoglobulin superfamily (e.g., ICAM2 and ICAM3).
The most striking result was obtained for apoptosis genes, which
were down-regulated in AML18 vs. AML-CN (P , 0.001; Fig.
4B): for example, CRADD, an apoptosis inducer (30). The
second highest level of down-regulation was observed for the
Bcl-2 antagonist, BAD (31). In contrast, expression levels of the
tumor suppressor and apoptosis inducer TP53 (32) were in-
creased in AML18 (Fig. 4B).

Validation of Oligonucleotide-Array Gene Expression Results. We
used the TaqMan assay (17) to validate the expression differ-
ences for 11 genes of interest. Relative expression levels initially
determined with the HuGeneFL array were correlated with
TaqMan results for a subset of samples (6 AML18 and 5
AML-CN samples). We chose FABP5, ATF4, MIF, and SI-
AHBP1, which were up-regulated in AML18, and PBX3,

Fig. 3. (Left) AML18 samples exhibit higher expression for genes on chromosome 8 than do AML-CN samples. The average expression levels for genes by
chromosome in AML18 relative to AML-CN are shown. (Right) The increased expression of genes on chromosome 8 as a function of chromosomal location. Of
the 169 genes with a specific localization on the integrated radiation hybrid map of chromosome 8, 42 were expressed in a majority of AML samples. For these,
the intensities in the AML18 group are expressed as a percentage of the intensities in the AML-CN group. For comparison, the results for chromosome 1, which
shows no gene dosage effect, are presented in the Inset.
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MLLT2, PTEN, and CRADD, which were up-regulated in
AML-CN (Fig. 2C), in addition to MPO, FUS, and CD34. Fig. 7
in the supplemental data shows a comparison of the GeneChip
and TaqMan data for MLLT2 and FABP5, the two most extreme
genes in the AML18 vs. AML-CN comparison. Relative mRNA
expression levels of MLLT2 and FABP5 are plotted. The cor-
relation of the z-score comparisons (AML18 vs. AML-CN)
between the two assays for all 11 genes validated was high (r 5

0.88), indicating substantial agreement between the two assays
for the identification of dysregulated genes (Fig. 8 in the
supplemental data).

Discussion
We used global expression profiling with DNA microarrays to
systematically characterize gene expression in BM samples of
AML patients with AML18 as the sole abnormality or AML-
CN, as well as CD341 cells of normal individuals. The patho-
physiological mechanisms underlying both groups of AML are
largely unknown. However, it is believed that normal hemato-
poietic differentiation, which is regulated predominantly at the
transcriptional level, is blocked. We therefore reasoned that the
leukemogenic events at the DNA level are reflected in specific
gene expression changes and profiles at the RNA level.

Expression patterns of AML patients were clearly distinct from
those of CD341 cells of normal individuals. In contrast, overall
expression patterns of AML18 and AML-CN were more alike.
While AML samples could be clearly distinguished from CD341

samples on the basis of their expression profiles, class prediction
techniques indicated that the identification of molecular patterns to
distinguish the two AML groups is more difficult than with
different leukemias (AML vs. ALL) (11) or specific lymphomas
(12). Even so, many of the genes dysregulated in the AML18 vs.
AML-CN comparison have a role in cell growth regulation and may
thus be useful in generating hypotheses for future study.

AML18 was clearly associated with an overexpression of genes
on chromosome 8. FABP5 and PTDSS1 were recently identified in
a search for leukemia candidate genes in a mouse model (33). LY6E
has been identified as a hematopoietic stem cell marker in mice (34)
and is induced by retinoic acid in acute promyelocytic leukemia
(35). Moreover, HMGIY (36), which is required for interferon
induction of LY6E, is also up-regulated in AML18. Up-regulation
of LYN and its use as an AML class predictor (11) as well as its
inhibition with antisense oligonucleotides in leukemic cell growth
(37) have previously been reported. These observations are con-
sistent with a gene-dosage effect for genes on chromosome 8
associated with leukemogenesis in AML18. To our knowledge, this
is the first study to establish globally increased expression on a
chromosome caused by trisomy. Although we cannot exclude the
rearrangement of a gene(s) in chromosome 8 as an additional
underlying cause, we found no evidence for specific regions on
chromosome 8 showing significantly higher expression.

Analysis by cellular functions indicated significant up-
regulation of genes involved in cell adhesion for both groups of
AML compared together against CD341 samples. There is
increasing evidence (38) for an interaction between AML cells
and the BM microenvironment that is mediated by cell adhesion
molecules such as the b integrins or CD44. Moreover, integrin-
mediated signal transduction has been implicated in many
cellular functions, including cell proliferation, cell cycle progres-
sion, and cell survival (39, 40).

The most significant differences were observed between
AML18 and AML-CN samples for apoptotic genes. Several
genes involved in controlled cell death appeared to be specifi-
cally down-regulated in AML18 patients, suggesting that the
two groups of AML are fundamentally different regarding
apoptosis. In this context it is worth noting that AML18 patients
are known to be incurable with cytarabine-based chemotherapy
alone (5) and that cytarabine has been shown to induce apoptosis
(41, 42). Moreover, resistance to chemotherapeutic drugs has
been linked to increased inhibition of normal apoptosis (43, 44).
Specifically, it has been suggested that high levels of Bcl-2 are
responsible for resistance to chemotherapy by protecting CD341

AML blasts from induced apoptosis (30). Thus, the high level of
down-regulation we observed for BAD, which encodes a Bcl-2
antagonist that dimerizes with Bcl-xL to reverse its death
repressor activity (31), is of particular interest. Down-regulation

Fig. 4. Systematic functional analysis of AML samples based on SWISS-PROT
database functional annotations for expressed genes. z statistics were calcu-
lated for each gene to describe the expression difference in that gene across
sample groups. The plots show the cumulative distribution for the ranks of the
genes in the functional category relative to all expressed genes. The tick marks
at the top of the plots show the ranks of the individual genes; only those
showing significant dysregulation (z scores below 21 or above 11) are indi-
cated. (A) Twenty-three expressed genes involved in cell adhesion showed a
shift to the right indicating up-regulation of genes in the AML compared with
CD341 samples (P 5 0.010). (B) Twenty-three genes involved in apoptosis
showed a shift to the left indicating down-regulation in AML18 compared
with AML-CN (P , 0.001).
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of the apoptosis inducers CRADD and BAD in AML18 is
consistent with the idea of lowered apoptosis. Interestingly,
expression levels of the apoptosis inducer TP53 (32) were
increased in AML18, whereas BCL2 expression, which is re-
pressed by p53, appeared to be down-regulated. The increase in
TP53 expression at the mRNA level could be a physiological
response to the decreased transcript levels of other apoptosis
inducers, including CRADD and BAD. Because TP53 expression
is also subject to translational regulation (45), p53 protein and
mRNA expression levels may not necessarily correspond. The
same may apply to any of the other genes shown to be dysregu-
lated at the mRNA level. Whereas AML18 samples showed
down-regulation of pro-apoptotic genes, AML-CN samples
showed up-regulation of DAD1. Mutant DAD1 inhibits apopto-
sis (46) and induces T cell hyperproliferation when overex-
pressed in vivo in mice (47). Opposite trends in the dysregulation
of expression levels for key apoptosis regulators, including TP53
as well as p53 transcriptional targets, between the two AML
groups suggest that AML18 and AML-CN escape apoptosis by
using distinct pathways.

No significant differences in gene expression were observed
for other leukemogenic candidate functions: transcriptional
regulation, cell cycle control, or signal transduction. The exclu-
sion of specific functional classes as a whole, however, does not
necessarily preclude the involvement of specific genes already
implicated in leukemogenesis. For example, several hematopoi-
etic transcription factors such as STAT4, which is involved in
IL-12 signal transduction through the JAKySTAT pathway (20),
or FUS, which encodes an RNA-binding protein with roles in
transcription, DNA repair, and recombination (21) and is trans-
located with ERG1 in myeloid leukemias (22), are down-
regulated in AML. Interestingly, five of the genes identified as

AML genes in our AML vs. CD341 comparison have previously
been noted as AML vs. ALL predictor genes (11). Three genes
were more highly expressed in AML: DF, LGALS3, and CTSD,
a metastatic marker in solid tumors (48). Among the genes
down-regulated in AML compared with CD341, MYB and
MCM3 were also down-regulated in the AML vs. ALL compar-
ison (11). Thus, these AML-specific expression changes are
likely biologically important in the pathophysiology of AML.

In conclusion, we identified a number of genes whose expres-
sion is correlated with the leukemic phenotype. The significant
increase in and dysregulation of cell adhesion and apoptotic
genes is consistent with the biological and clinical characteristics
of these leukemias. Moreover, several of the genes have been
implicated in other studies as diagnostic in AMLyALL (11). The
identification of abnormalities in these basic cellular functions
provides insight into the downstream effects of the molecular
events responsible for the initiation of leukemia. The observed
differences in the dysregulation of specific functional subsets of
genes between the different subclasses of AML (18 vs. CN)
should stimulate further functional studies of the individual
components of the pathways implicated.
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