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Although cancer classification has improved over the past 30 years, there has
been no general approach for identifying new cancer classes (class discovery)
or for assigning tumors to known classes (class prediction). Here, a generic
approach to cancer classification based on gene expression monitoring by DNA
microarrays is described and applied to human acute leukemias as a test case.
A class discovery procedure automatically discovered the distinction between
acute myeloid leukemia (AML) and acute lymphoblastic leukemia (ALL) without
previous knowledge of these classes. An automatically derived class predictor
was able to determine the class of new leukemia cases. The results demonstrate
the feasibility of cancer classification based solely on gene expression moni-
toring and suggest a general strategy for discovering and predicting cancer
classes for other types of cancer, independent of previous biological knowledge.

The challenge of cancer treatment has been to
target specific therapies to pathogenetically
distinct tumor types, to maximize efficacy
and minimize toxicity. Improvements in can-
cer classification have thus been central to
advances in cancer treatment. Cancer classi-
fication has been based primarily on morpho-
logical appearance of the tumor, but this has
serious limitations. Tumors with similar his-
topathological appearance can follow signif-
icantly different clinical courses and show
different responses to therapy. In a few cases,
such clinical heterogeneity has been ex-
plained by dividing morphologically similar
tumors into subtypes with distinct pathogen-
eses. Key examples include the subdivision
of acute leukemias, non-Hodgkin’s lympho-
mas, and childhood “small round blue cell
tumors” [tumors with variable response to
chemotherapy (1) that are now molecularly
subclassified into neuroblastomas, rhabdo-
myosarcoma, Ewing’s sarcoma, and other
types (2)]. For many more tumors, important
subclasses are likely to exist but have yet to

be defined by molecular markers. For exam-
ple, prostate cancers of identical grade can
have widely variable clinical courses, from
indolence over decades to explosive growth
causing rapid patient death. Cancer classifi-
cation has been difficult in part because it has
historically relied on specific biological in-
sights, rather than systematic and unbiased
approaches for recognizing tumor subtypes.
Here we describe such an approach based on
global gene expression analysis.

We divided cancer classification into two
challenges: class discovery and class predic-
tion. Class discovery refers to defining pre-
viously unrecognized tumor subtypes. Class
prediction refers to the assignment of partic-
ular tumor samples to already-defined class-
es, which could reflect current states or future
outcomes.

We chose acute leukemias as a test case.
Classification of acute leukemias began with
the observation of variability in clinical out-
come (3) and subtle differences in nuclear
morphology (4). Enzyme-based histochemi-
cal analyses were introduced in the 1960s to
demonstrate that some leukemias were peri-
odic acid-Schiff positive, whereas others
were myeloperoxidase positive (5). This pro-
vided the first basis for classification of acute
leukemias into those arising from lymphoid
precursors (acute lymphoblastic leukemia,
ALL) or from myeloid precursors (acute my-
eloid leukemia, AML). This classification
was further solidified by the development in
the 1970s of antibodies recognizing either
lymphoid or myeloid cell surface molecules
(6). Most recently, particular subtypes of

acute leukemia have been found to be asso-
ciated with specific chromosomal transloca-
tions—for example, the t(12;21)(p13;q22)
translocation occurs in 25% of patients with
ALL, whereas the t(8;21)(q22;q22) occurs in
15% of patients with AML (7).

Although the distinction between AML
and ALL has been well established, no single
test is currently sufficient to establish the
diagnosis. Rather, current clinical practice
involves an experienced hematopathologist’s
interpretation of the tumor’s morphology,
histochemistry, immunophenotyping, and cy-
togenetic analysis, each performed in a sep-
arate, highly specialized laboratory. Although
usually accurate, leukemia classification re-
mains imperfect and errors do occur.

Distinguishing ALL from AML is critical
for successful treatment; chemotherapy regi-
mens for ALL generally contain corticoste-
roids, vincristine, methotrexate, and L-asparagi-
nase, whereas most AML regimens rely on a
backbone of daunorubicin and cytarabine (8).
Although remissions can be achieved using
ALL therapy for AML (and vice versa), cure
rates are markedly diminished, and unwarrant-
ed toxicities are encountered.

We set out to develop a more systematic
approach to cancer classification based on the
simultaneous expression monitoring of thou-
sands of genes using DNA microarrays (9). It
has been suggested (10) that such microar-
rays could provide a tool for cancer classifi-
cation. Microarray studies to date (11), how-
ever, have primarily been descriptive rather
than analytical and have focused on cell cul-
ture rather than primary patient material, in
which genetic noise might obscure an under-
lying reproducible expression pattern.

We began with class prediction: How
could one use an initial collection of samples
belonging to known classes (such as AML
and ALL) to create a “class predictor” to
classify new, unknown samples? We devel-
oped an analytical method and first tested it
on distinctions that are easily made at the
morphological level, such as distinguishing
normal kidney from renal cell carcinoma
(12). We then turned to the more challenging
problem of distinguishing acute leukemias,
whose appearance is highly similar.

Our initial leukemia data set consisted of
38 bone marrow samples (27 ALL, 11 AML)
obtained from acute leukemia patients at the
time of diagnosis (13). RNA prepared from
bone marrow mononuclear cells was hybrid-
ized to high-density oligonucleotide microar-
rays, produced by Affymetrix and containing
probes for 6817 human genes (14). For each
gene, we obtained a quantitative expression
level. Samples were subjected to a priori
quality control standards regarding the
amount of labeled RNA and the quality of the
scanned microarray image (15).

The first issue was to explore whether
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