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DNA microarray technology permits simultaneous analysis
of thousands of DNA sequences for genomic research and
diagnostics applications. Microarray technology represents
the most recent and exciting advance in the application of
hybridization-based technology for biological sciences anal-
ysis. This review focuses on the classification (oligonucleo-
tide vs. cDNA) and application (mutation-genotyping vs. gene
expression) of microarrays. Oligonucleotide microarrays can
be used both in mutation-genotyping and gene expression
analysis, while cDNA microarrays can only be used in gene
expression analysis. We review microarray mutation analysis,

Overview of Microarrays

Microarray technology is a powerful platform for biological
exploration (1). Microarrays permit simultaneous analysis of
thousands of DNA sequences for genomic research and diag-
nostic applications. This technology represents the most recent
and exciting advance in the application of hybridization-based
approaches to analysis in the biological sciences (1). Gene ex-
pression profiling of cancers represents the largest research
category using microarrays and appears to be the most robust
approach for molecular characterization of cancers (2). It is
becoming recognized that microarray technology will be a
fundamental tool for future genomic research.

Depending on the type of probes used, microarray systems
are classified as either oligonucleotide or cDNA. Oligonu-
cleotide microarrays usually consist of a hybridization slide
spotted with oligonucleotides ranging in length from 16-70-mer.
Oligonucleotide microarrays can be used for gene expression,
mutation, SNP (single nucleotide polymorphism) and genotyp-
ing analyses. Oligonucleotide microarrays have been developed
as a method for rapid mutation analysis of selected gene
sequences, and are effective in sequence analysis, diagnosing
genetic diseases and gene polymorphism studies (3). A typical
DNA microarray-based method is less time-consuming and is
cheaper than conventional sequencing, and plays a valuable role
in high throughput sequence analysis (4,5).

c¢DNA microarrays are usually used for analyzing gene
expression. The expression of thousands of genes can be ana-
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including examining the use of three oligonucleotide microar-
rays developed in our laboratory to determine mutations in
RET, j3-catenin and K-ras genes. We also discuss the use
of the Affymetrix GeneChip in mutation analysis. We review
microarray gene expression analysis, including the classifying
of such studies into four categories: class comparison, class
prediction, class discovery and identification of biomarkers.
(Cancer Research and Treatment 2004;36:207-213)
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lyzed at the one time. Using cDNA microarrays is relatively
easy and as such they are used in many research groups. A
cDNA microarray usually consists of a slide spotted with
cDNA probes ranging in size from a few hundred to 1,000 bp.

1) Oligonucleotide microarrays

Microarray technology is usually used for gene expression
profiling. The expression of tens of thousands of genes can be
analyzed at one time. In addition to gene expression analysis,
the microarray technique has been developed for mutation or
SNP detection using allele-specific hybridization involving
oligonucleotides. This type of microarray is called an ‘oligo-
nucleotide microarray’ (6). Oligonucleotide microarrays can
detect mutations or SNP by discriminating between perfectly
matched and mismatched signals. Commercially available oli-
gonucleotide microarrays include the p53 GeneChip and HuSNP
arrays from Affymetrix, which were manufactured using pho-
tolithographic techniques (7). Several oligonucleotide microar-
rays have been developed for detecting K-ras mutations,
methylation and RET mutations in MEN2 (Multiple Endocrine
Neoplasia type 2) syndromes (8 ~ 10). Oligonucleotide microar-
rays show a high sensitivity in terms of point mutation detec-
tion (8), and can function as fast and reliable genetic devices,
which simplifies detecting mutations.

(1) Oligonucleotide microarrays for mutation or genoty-
ping analysis
RET oligonucleotide microarray: Mutation analysis of genes
has accelerated our understanding of disease- related
mechanisms, which has had an impact in terms of both basic
knowledge and clinical practice. However, each gene has
different mutation characteristics and a different size. Most of
the APC, BRCAI and BRCA2 mutations found in cancers are
protein truncating nonsense or frameshift mutations. However,
missense mutations dominate in hot-spot areas for the RET
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proto-oncogene responsible for MEN2 syndromes (8). Several
mutation detection techniques have been developed, such as
PCR-SSCP (Polymerase Chain Reaction-Single Strand Confor-
mational Polymorphism), PTT (Protein Truncation Test), PCR-
RFLP (Polymerase Chain Reaction-Restriction Fragment Length
Polymorphism), and sequencing. These conventional methods
are widely used because they are easily performed and the
experimental conditions are well known. The predominant RET
mutations are missense mutations and are restricted to 10 co-
dons (codons 609, 611, 618, 620, 630, 631, 634, 768, 804 and
918) in MEN2 syndromes. Missense mutations at codons 609,
611, 618, 620 and 634 have been identified in 98% of MEN2A
families and in 85% of FMTC families. More than 95% of
MEN2B patients also have a predominant mutation at codon 918
(Met—Thr). The RET oligonucleotide microarray can detect RET
missense mutations at these 10 codons (8). Sixty- five
oligonucleotides were designed for the 65 mutation types at 10
codons, and 12 oligonucleotides were designed for the wild-types
and positive controls. The RET oligonucleotide microarray can
function as a fast and reliable genetic diagnostic device, which
simplifies the process of detecting RET mutations (Fig. 1).
B-catenin oligonucleotide microarray: Not only does (-
catenin function as a downstream transcriptional activator in the
Wnt signaling pathway, it is also a submembrane component
of the cadherin-mediated cell-cell adhesion system (11,12). 3-
catenin mutations have been identified in a variety of human
malignancies, with most of these being missense mutations
restricted to hot-spot areas in exon 3. In many human cancers,
including endometrial, gastric, ovarian, hepatoblastomas and

Fig. 1. Oligonucleotide microarrays for mutation analysis. Three
microarrays were developed by the National Cancer Center
in order to detect mutations in the RET, S -catenin and K-ras
genes. The arrows indicate different types of mutations in
DNA extracted from cancer tissues and blood samples.

colorectal cancers, the majority of S-catenin mutations have
been reported at specific GSK-3 phosphorylation sites, i.e., Ser-
33, Ser-37, Thr-41, Ser-45 and other residues (Asp-32 and
Gly-34) (13). More than 70 [-catenin mutations have been
reported in colorectal cancers, and about 90% of [-catenin
mutations are found in 11 codons (codons 29, 31, 32, 33, 34,
35, 37, 38, 41, 45 and 48) as missense mutations or in-frame
deletions. We have developed an oligonucleotide microarray for
detecting [(-catenin mutations at these 11 codons (14). This
microarray can detect a total of 110 types of /S-catenin muta-
tion, including the previously reported 60 mutations. All oli-
gonucleotides on that array were 21 bp long and the mismatch
sequence was located in the middle of the oligonucleotide.
Oligonucleotides were modified with 5’-amino residues for
chemical binding to the slides. Twelve-carbon spacers were
used to increase the efficiency of the hybridization and to make
it easier for target samples (labeled with fluorescent dye) to
access the binding site. One hundred and ten oligonucleotides
were designed for codons 29, 31, 32, 33, 34, 35, 37, 38, 41,
45 and 48, and eleven oligonucleotides were designed to detect
in-frame deletions in the eleven codons. In total, the 121
designed oligonucleotides covered all substitutions and in-frame
deletions in the above eleven codons of exon 3.

K-ras oligonucleotide microarray: Activating mutations of
the K-ras gene occur in approximately 20 ~ 50% of colorectal
cancers, with ~ 85% of the mutations restricted to codons 12
and 13 (15). Studies of associations between K-ras mutations
and specific clinical features generally require analysis of large
numbers of samples (16). Thus, researchers need a high-through-
put technique for assessing K-ras mutations. Oligonucleotide
microarrays may provide a valid option, as they allow scientists
to accurately and rapidly process large numbers of samples. We
developed a new method of K-ras oligonucleotide microarray
analysis called Competitive DNA Hybridization (CDH). CDH
is a novel, efficient, high capacity hybridization technique
involving the mixing of various fluorescent-labeled samples to
compete with each other in the hybridization reaction. For this
work, we used dNTPs labeled with Cy5-dCTP, Cy3-dCTP and
Alexa™ 594-dUTP, which have distinct spectra. Accordingly,
our CDH results showed improved microarray imaging due to
less non-specific hybridization.

Affymetrix GeneChip: An Affymetrix GeneChip™" is pro-
duced by synthesizing tens of thousands of short oligonu-
cleotides in situ on glass wafers, one nucleotide at a time, using
a modification of semiconductor photolithography (17). There
are several differences between GeneChips and homemade
c¢DNA microarrays or other oligonucleotide microarrays. In the
GeneChip system, both gene expression arrays and variation
detection arrays are available. About 4-5 variation detection
arrays (p53, HIV, SNP, CYP450, BRCAI) have been reported
as being used, and p53 arrays are used for p53 mutation
detection by a wide variety of cancer research groups (18). The
Affymetrix P450 GeneChip is used for pharmacogenetic
screening. This GeneChip is an efficient and reliable tool for
testing CYP2D6 gene variation based on five alleles (19).
Developing oligonucleotide microarrays like the GeneChip
arrays requires very high level synthesis and photolithography
technologies.
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(2) Oligonucleotide microarrays for gene expression anal-

ysis

Affymetrix GeneChip: Early use of photolithography tech-
niques allowed the production of a GeneChip containing more
than 65,000 different oligonucleotides in an area of 1.6 cm’
(20). Although originally developed for mutation detection, the
same technology was adapted to measure expression levels of
cytokine genes in murine T cells (21). In general, 117 16
probes are selected among all possible 25-mers to represent
each transcript. In addition to choosing the probes based on
their predicted hybridization properties, candidate sequences are
filtered for specificity. A core element of the GeneChip design,
the ‘Perfect Match/Mismatch’ probe strategy, is also universally
applied to the production of GeneChip arrays. For each probe
designed to be perfectly complementary to a target sequence,
a partner probe is generated that is identical except for a single
base mismatch in its center. These probe pairs, called the
Perfect Match probe (PM) and the Mismatch probe (MM),
allow the quantitation and subtraction of signals caused by
non-specific cross-hybridization. The difference in hybridization
signals between the partners, as well as their intensity ratios,
serve as indicators of specific target abundance (website at http://
www.affymetrix.com/technology/design/index.affx). In addition to
allowing hybridization to the most specific regions of nucleo-
tides, the use of short oligonucleotides also allows the rep-
resentation of multiple regions of a single gene in multiple
spots, thus reducing the chance of false positives (22). The
main advantage of the GeneChip is its ability to measure the
absolute expression of genes in cells or tissues (17). GeneChip
technology also eliminates handling of bacterial libraries,
amplification of sequences and the risk of cross contamination
(22). Oligonucleotide microarrays like the GeneChip allow for
the differential detection of gene family members or alternative
transcripts that can not be distinguished using cDNA microar-
rays (2). The entire human genome can now be analyzed on
a single array. The GeneChip Human Genome U133 Plus 2.0
array contains 1.3 million distinct oligonucleotides and was
used to analyze the expression levels of over 47,000 transcripts
as well as variants, including over 30,000 well-characterized
human genes (23). In the sample preparation, one or two ampli-
fication rounds are used to generate cRNA after reverse tran-
scription. This procedure can be carried out with significantly
less starting material than is required for other methods, and
the protocols use as little as 50 ng of total RNA, allowing
analysis of samples that are small or otherwise difficult to
obtain (22). Biotinylated nucleotides are used and the hybri-
dized microarrays are stained with fluorescence-labeled strepta-
vidin (22).

Other commercial oligonucleotide microarrays: Other com-
mercially available oligonucleotide microarrays are prepared
using inkjet technology (Rossetta/Agilent) (24). This system
was first described as a flexible system for gene expression
profiling using arrays of tens of thousands of oligonucleotides
synthesized in situ which are ink-jet printed using standard
phosphoramidite chemistry methods. Hughes et al. reported that
60-mer oligonucleotides reliably detect transcript ratios at one
copy per cell in complex biological samples, and that ink-jet
arrays are compatible with several sample amplification and
labeling techniques (24). In the sample preparation, different

fluorescent-labeled nucleotides (Cy3/Cy5) can be incorporated
into the cRNAs in Rosetta arrays, similar to cDNA microarrays.

2) ¢cDNA microarrays

c¢DNA microarrays are made by spotting cDNAs, usually
PCR-amplified sequences from bacterial libraries, onto glass
slides (25). cDNA microarrays comprise relatively long DNA
molecules immobilized on a solid surface and are mostly used
for large-scale screening and expression studies. cDNA
microarrays can not be used for mutation or genotyping anal-
ysis, which should be performed using oligonucleotide micro-
arrays (2). Spot sizes range from 80 ~ 150 #m in diameter, and
arrays can contain up to 80,000 spots (17). In terms of sample
preparation, RNA from cells is reverse transcribed into cDNA,
which is then fluorescently or radioactively labeled and used
to probe a predetermined DNA set. Two different fluorescent
dyes (usually Cy5 and Cy3) are used for cDNA microarray
analysis, and a typical analysis may consist of a normal tissue
sample being labeled with a green dye and a cancer tissue
sample being labeled with a red dye. If both samples bind to
the same target on a chip, a yellow signal is obtained, and a
scanner is used to assess differing red/green/yellow emissions
(26). The greater the hybridization signal from probe-DNA
binding, the higher the concentration of the RNA within the
original sample (27). In the example of target preparations, total
RNA extracted from cells is fluorescently labeled by oligo
dT-primed reverse transcription using nucleotides tagged with
either Cy3 or Cy5. The unincorporated fluor-dUTPs are re-
moved, the Cy3 and Cy5 probes combined, and then mixed
with blockers. Agarose gel electrophoresis is usually used to
assess the quality and quantity of extracted RNA. However,
when the amount of RNA is limited, RNA quality and quantity
can be assessed using the microcapillary-based Bionalyzer
(Agilent Technologies), which can analyze as little as 5 ng of
total RNA (17). The target mixture is hybridized to the probes
on the microarrays for 16 ~ 24 hours, the array is then washed
and scanned (20). Most microarray amplification methods make
use of a linear-based amplification method using T7 RNA
polymerase, resulting in amplified RNA (aRNA). Microarray
studies that use the aRNA synthesis protocol require one
amplification round, allowing as little as 10 ng or 1,000 cells
to be used for the initial input (27,28) (Fig. 2).

USE OF MICROARRAYS IN CANCER RESEARCH

1) Mutation and genotyping analysis

The RET oligonucleotide microarray for MEN2A, MEN2B
and FMTC syndromes was first developed by our group and
we provide a free genetic screening of the RET gene (8). f-
catenin and K-ras oligonucleotide microarrays were also
developed for mutation screening of various cancer types (14,
29). High throughput SNP analysis is also available using
GeneChip microarrays (30,31). BRCAI and BRCA2 (32,33),
ATM (5) and p53 (34) oligonucleotide microarrays were devel-
oped for use in mutation analysis in cancer research (Fig. 3).

2) Gene expression analysis

The gene expression profile of a cell determines its function,
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Fig. 2. Experimental workflows for performing gene expression analysis using oligonucleotide and

c¢DNA microarrays.

Fig. 3. Experimental workflow for performing mutation analysis using oligonucleotide microarrays.

phenotype and response to stimuli. Thus, gene expression
profiles can help elucidate cellular functions, biochemical
pathways and regulatory mechanisms (2). Gene expression
analysis using either oligonucleotide or cDNA microarrays is
usually for class comparison”, “class prediction” and “class
discovery” (357 37). Although cancer classification has im-
proved 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) (37).

Class comparison: This type of study examines whether
expression profiles differ between classes and, if so, attempts
to identify the differentially expressed genes (35). Thus, these
studies aim to identify genes differentially expressed among
predefined classes of samples. Hedenfalk et al. (38) hypo-
thesized that the genes expressed by two types of tumors
(BRCAI mutation carriers vs. BRCA2 mutation carriers) are
distinctive. An analysis of variance between the levels of gene
expression and the genotypes of the samples identified 176
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genes that were differentially expressed in tumors with BRCAI
mutations and tumors with BRCA2 mutations. Yuan et al. (39)
employed cDNA microarrays to identify patterns of gene
expression among colorectal cancer cell lines and to directly
compare lines with and without microsatellite instability.
Multiple differential expression patterns were identified.

Class prediction: Another application of gene expression
analysis using high density microarrays is to predict the biolo-
gical group, diagnostic category or prognostic stage of a patient
based on an expression profile from diseased tissue (35). A
good example of class prediction is a recent study by Lossos
et al. (40). That study examined 36 genes whose expression had
been reported to predict survival in diffuse large-B-cell
lymphoma. The genes that were the strongest predictors were
LMO2, BCL6, FN1, CCND2, SCYA3 and BCL2. They found
that measuring the expression of these six genes was sufficient
to predict overall survival in diffuse large-B-cell lymphoma
patients (40). A gene-expression signature was also used as a
predictor of survival in breast cancer (41). In that study, micro-
array analysis was used to determine a previously-established
70-gene prognosis profile in a series of 295 consecutive patients
with primary breast carcinomas. Patients were then classified
as having a gene-expression signature associated with either a
poor prognosis or a good prognosis (41). A similar approach
for predicting breast cancer outcomes using gene expression
profiling was reported by Huang et al. (42). Kihara et al. (43)
demonstrated the feasibility of gene expression profiling using
microarrays to predict survival in esophageal cancer patients
receiving 5-FU-based adjuvant chemotherapy (43). Gene ex-
pression profiling-based prediction of response of colon carci-
noma cells to 5-fluorouracil and camptothecin was also reported
(44). Recently, Kim et al. (45) undertook a prospective study
to identify correlations between gene expression and clinical
resistance to 5-FU/cisplatin. Using an Affymetrix UI133A
microarray, those authors compared expression profiles from
gastric cancer endoscopic biopsy specimens obtained during a
chemosensitive state (partial remission after 5-FU/ cisplatin)
with those obtained during a refractory state (disease progres-
sion). Using 119 discriminating probes and a cross- validation
approach, they were able to correctly identify the chemo-res-
ponsiveness of 7 pairs of training samples and 1 independent
test pair.

Class discovery: Class discovery in cancer research deter-
mines whether discrete subsets of a disease entity can be de-
fined based on the gene expression profiles (35). Cluster anal-
ysis is suitable for class discovery, but is generally not
appropriate for class comparison or class prediction (35). It is
often used to identify clues regarding the heterogeneity of
disease pathogenesis using class discovery analysis (36). Using
a DNA microarray, Alizadeh et al. determined that diffuse large
B-cell lymphomas (DLBCL), the most common subtype of
non-Hodgkin’s lymphoma, are clinically heterogeneous (46).
They identified two molecularly distinct forms of DLBCL
which had gene expression patterns indicative of different
stages of B-cell differentiation. One type expressed genes
characteristic of germinal centre B cells, while the second type
expressed genes normally induced during in vitro activation of
peripheral blood B cells. Patients with germinal centre B-like
DLBCL had a significantly better overall survival than those

with activated B-like DLBCL (46). Bittner et al. (47) reported
global transcript analysis could identify unrecognized subtypes
of cutaneous melanoma and could predict experimentally
verifiable phenotypic characteristics that might be of impor-
tance in disease progression.

Identification of biomarkers: The above three classifica-
tions of class comparison, class prediction and class discovery
are based on the criteria of Simon et al. (35,36) and Golub et
al. (37). However, it is difficult to classify all gene expression
analysis studies using microarrays into these three groups.
Thus, I introduced a classification called ‘Identification of
biomarkers’. As many microarray analyses are aimed at finding
significant biomarkers, many studies can be placed in this
category. Some studies classified as belonging to one of the
above three classifications can also belong to this category. Our
group published gene expression profiling associated with
multi-drug (5-FU, doxorubicin and cisplatin) resistance in
human gastric cancer cells using Affymetrix U133A microar-
rays (48). A major obstacle in chemotherapy is treatment failure
due to anticancer drug resistance. The gene expression patterns
of 10 chemoresistant gastric cancer cell lines were compared
with those of four parent cell lines. We identified over 250
genes differentially expressed in S-fluorouracil-, cisplatin-, or
doxorubicin-resistant gastric cancer cell lines. Our expression
analysis also identified eight multidrug resistance candidate
genes that were associated with resistance to two or more of
the tested chemotherapeutic agents. Among these, midkine
(MDK), a heparin-binding growth factor, was overexpressed in
all drug-resistant cell lines, strongly suggesting that MDK
might contribute to multidrug resistance in gastric cancer cells.
Chun et al. performed a similar study to identify markers in
drug-resistance. To gain insight into clinically relevant mech-
anisms of irinotecan resistance, those authors performed oligo-
nucleotide microarray analysis on paired malignant effusion
samples obtained from eight gastric cancer patients treated with
irinotecan. When differences in the expression of genes were
examined, five isoforms of the metallothionein family were
identified as having higher signal log ratios in five non-
responders compared to their ratios in three responders. These
findings collectively suggest that irinotecan-induced up-regula-
tion of metallothionein might be associated with irinotecan
resistance in patients with gastric cancer, although it remains
to be confirmed in a larger data set. Wreesmann et al. (50)
identified MUC1 as an independent prognostic marker of
papillary thyroid cancer. Koopmann et al. (51) reported that
serum macrophage inhibitory cytokine 1 was a marker of
pancreatic and other periampullary cancers using oligonucleo-
tide microarrays analysis, in situ hybridization and immuno-
histochemistry.

CONCLUSIONS

Microarray technologies are becoming more important in
cancer research as cancers result from the accumulation of
many genetic and epigenetic changes. Microarrays are being
increasingly used for diagnostic classification of cancers. Com-
prehensive and high throughput genetic analysis is an inevitable
research tool in cancer research. However, there are some
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drawbacks regarding routine use of microarrays. The cost of
microarray experiments is high, and experimental steps need to
be more robust. Standardization of microarrays and experimen-

tal

protocols is also important for comparing data between

research groups. Data analysis tools and methods also need to
be developed. Despite these issues it is clear that microarray
technology will be a basic tool in future cancer research. Early
cancer diagnosis will be performed using oligonucleotide
microarrays, and prognosis after chemo- or radiotherapy may
be predicted by gene expression profiling. With conventional
histopathological data, gene expression analysis using microar-
rays will help researchers find significant answers for questions
surrounding cancer. Progressive bioinformatics tools will fur-
ther refine the power of microarray technologies.
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