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We herein describe the development of a sensitive
microarray hybridization method called competitive
DNA hybridization (CDH) and its use for analysis of
BRAF somatic mutations. These mutations have been
identified in many human cancers, and fast, reliable
BRAF mutation detection may one day facilitate di-
rected therapy of BRAF-mutated tumors. Our fast, re-
liable mutation detection by CDH is based on the
principle that competition among multiple fluores-
cent-labeled samples for binding to shared wild-type
sequences should reduce nonspecific results and in-
crease the positive signals of unshared mutated se-
quences. The positive signals can then be discrimi-
nated based on the labeling of each sample (ie, with
Cy3, Cy5, or Alexa-594). For testing of this method,
we developed a BRAF oligonucleotide microarray
containing 65 mutation types (more than 95% of the
known BRAF mutations) and validated this microar-
ray with 20 colorectal cancer tissues/cancer cell lines
with BRAF mutations and 60 BRAF-negative samples.
In sum, we were able to screen up to nine cancer
samples on a single BRAF microarray (three per CDH
on three regions per slide), indicating that this
method may dramatically decrease the experimental
time, cost, and effort of mutation detection in BRAF
and other genes amenable to microarray analysis. (J
Mol Diagn 2007, 9:55–63; DOI: 10.2353/jmoldx.2007.060072)

The past decade has seen great technical advance-
ments in our strategies for analyzing mutations, single
nucleotide polymorphisms, and genotypes. For muta-
tional analysis, automatic dideoxy sequencing is still re-
garded as the gold standard, but its application is limited
by high cost, numerous experimental steps, and low
throughput. Denaturing high-performance liquid chroma-
tography1 overcomes some of these limitations in that it is
simple, sensitive,2 and allows real-time analysis of poly-
merase chain reaction (PCR) products without additional
purification and treatment steps.1 However, abnormal

(possibly mutated) samples identified by denaturing
high-performance liquid chromatography must still be
confirmed by expensive, time-consuming dideoxy
sequencing.

A promising option for robust, high-throughput mu-
tation or single nucleotide polymorphism screening is
the use of microarray techniques,3,4 such as those
based on the commercially available Affymetrix Gene-
Chips.5 GeneChips have been used for mutation de-
tection in the human mitochondrial genome and in
genes such as TP53, BRCA1, and ATM.5 The various
oligonucleotide microarray technologies differ from
each other in terms of fabrication, sample preparation,
and/or hybridization methods. Although sample-pool-
ing methods have been investigated, these techniques
require additional hybridization and/or sequencing of
the positive samples. Thus, researchers are currently
seeking to develop and streamline methods for multi-
ple sample analysis in microarrays, which will facilitate
high-throughput microarray analysis and dramatically
reduce experimental time and cost. It was reported that
two-color hybridization microarrays detected two dif-
ferent types of samples for mutational analysis.6 – 8 Pre-
viously, we also investigated multiple sample analysis
on a small-scale K-ras oligonucleotide microarray.9

Here, we report the development of a competitive DNA
hybridization (CDH)-based microarray technique with
three-color hybridization involving simultaneous hy-
bridization of multiple samples, and we assess its use
for BRAF mutational analysis

BRAF is one of three serine/threonine kinases (ARAF,
BRAF, and CRAF/RAF1) that act within the RAS/RAF/MEK/
ERK/MAPK signaling pathway.10 Somatic mutations in
BRAF have been reported in various human cancers,11

including 80% of primary melanomas, 68% of metastatic
melanomas,12 36% of papillary thyroid carcinoma,10 14
to 33% of ovarian carcinomas,11,13 and 5.1 to 18% of
colorectal cancers.11,14 In terms of mutational analysis, a
hot spot mutation (V600E) in exon 15 of BRAF accounts
for more than 80% of the BRAF mutations identified to
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date, with all other mutations being found in exons 11 and
15.11 Because BRAF mutations have been found in most
human cancers and the mutation frequencies are rela-
tively high (comparable with the rates of K-ras mutations),
the development of BRAF inhibitors may have therapeutic
potential in cancers harboring BRAF mutations.13,15,16

Several BRAF inhibitors have already entered into clinical
trials.17 Because BRAF mutation detection may prove
valuable for characterizing cancer types and directing
BRAF inhibitor therapy, it is of clinical and therapeutic
importance that we develop a quick, efficient, and effec-
tive tool for high-throughput detection of BRAF mutations.
Thus, we herein used BRAF mutation detection as a
model for evaluating the effectiveness of our CDH-based
microarray technique, which allows for high-throughput
analysis of multiple samples and may form the basis for
new mutation detection strategies in the clinic and the
lab.

Materials and Methods

Cancer Samples

We collected 16 colorectal cancer tissues harboring
BRAF mutations18 and 60 BRAF-negative tissues from the
Seoul National University Hospital and the National Can-
cer Center (Korea). Four cancer cell lines previously re-
ported to harbor BRAF mutations were used as controls
for our BRAF mutation screening. The WM-266-4 mela-
noma cell line containing the V600D BRAF mutation,11 the
NCI-H1666 NSCLC cell line harboring the G466V muta-
tion, and the NCI-H2087 NSCLS cell line harboring the
L597V mutation were obtained from the American Type
Culture Collection (Rockville, MD). The SNU-18 thyroid
cell line harboring the G469A mutation was obtained from
the Korean Cell Line Bank (Seoul, Korea). Genomic DNA
was extracted from frozen specimens using the Trizol
reagent (Invitrogen, Carlsbad, CA).

BRAF Oligonucleotide Microarray Design and
Fabrication

Mutated and wild-type versions of 16 codons (439,
440, 459, 462, 463, 464, 466, 468, 469, 594, 595, 596,
597, 599, 600, and 601) from BRAF exons 11 and 15
were identified from database searches and the litera-
ture (Table 1). The oligonucleotide sequences were
designed to be 23-mers containing the designated
mutation in the middle (nucleotide 11) as previously
described.4 These oligonucleotides were synthesized
along with a 12-carbon spacer (Metabion, Martinsried,
Bremen, Germany), 5�-modified with amino residues,
purified by HPLC, and confirmed by denaturing high-
performance liquid chromatography (WAVE; Trans-
genomic, Omaha, NE) and matrix-assisted laser desorp-
tion ionization/time of flight mass spectrometry (Ultraflex;
Bruker Daltonics, Bremen, Germany). They were 5�-mod-
ified with amino residues for Schiff’s base reaction with an
aldehyde group on a glass slide. Carbon spacers were
used to increase the efficiency of the hybridization and to

make the target sample (labeled with fluorescent dye)
approach the spotted oligonucleotides more easily. Oli-
gonucleotide probes were designed as 5�-NH2-(CH2)12-
oligonucleotides. During the spotting procedure, the hu-
midity was adjusted (ie, 60%) to prevent oligonucleotide
evaporation, and a cooling nest was used to cool the well
plate containing the oligonucleotides. Sample evapora-
tion causes concentration differences in the spotted oli-
gonucleotides, which may be a reason for later nonspe-
cific results. Unreacted aldehyde groups were reduced
to nonreactive primary alcohol by treatment with sodium
borohydride (NaBH4). If this blocking step was omitted,
specific signals were difficult to obtain, and much fluo-
rescent debris will be shown. The oligonucleotides were
diluted to 40 pmol/�l in microspotting solution (TeleChem
International Inc., Sunnyvale, CA) and printed on an al-
dehyde-coated glass slide (26 � 76 � 1 mm Superade-
hyde and CEL slide; ArrayIt, Sunnyvale, CA) using a pin
microarrayer (Cartesian Microsys 5100; Cartesian Tech-
nologies Inc., Irvine, CA). The 81 oligonucleotides were
each printed in quadruplicate in horizontally adjacent
spots, beginning at the bottom of the slide. This microar-
ray was repeated three times on the slide, allowing at
least three different samples to be hybridized per slide.

Microarray Treatments: Washing before and
after Hybridization

After being spotted, the BRAF microarrays were rinsed
three times with 0.2% sodium dodecyl sulfate for 1 minute
each and once in distilled water for 1 minute; they were
then denatured at 95°C for 2 minutes. Each slide was
then rinsed once with sodium borohydride (Sigma Chem-
ical Co., St. Louis, MO) for 5 minutes and three times with
0.2% sodium dodecyl sulfate for 1 minute each. Finally,
the slide was washed in distilled water for 1 minute and
stored at �20°C until use. After hybridization, the slide
was rinsed three times at room temperature in a buffer of
2� standard saline citrate and 0.2% sodium dodecyl
sulfate. The hybridization and washing steps were all
performed in the dark.

Sample Preparation for Conventional (Non-
CDH) Microarray Hybridization

Genomic DNA (100 ng) from the indicated cancer tis-
sues and cell lines was amplified by PCR using the
previously described primers for amplification of BRAF
exons 11 and 15.11 Each PCR reaction was performed
with an optimized Cy5-containing mixture (8 �mol/L
Cy5-dCTP and dCTP; and 40 �mol/L dATP, dGTP, and
dTTP) and 0.5 unit of Taq polymerase (Qiagen Inc.,
Valencia, CA); a GeneAmp PCR system 9700 (Applied
Biosystems Inc., Foster City, CA) was used to amplify
the samples. PCR conditions consisted of 40 cycles of
94°C for 30 seconds, 55°C for 30 seconds, and 72°C
for 1 minute, with a final elongation of 7 minutes at
72°C. The Cy5-dCTP-labeled PCR products were re-
solved in a 2% acrylamide gel, purified with a Qiagen
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Table 1. Oligonucleotide Sequences of the BRAF Oligonucleotide Microarray

No. Probe name Exon Codon Sequence

1 439W 11 439 5�-TTTTATCAAGAAAACACTTGGTA-3�
2 439M1 11 439 5�-TTTTTATCAAGTAAACACTTGGT-3�
3 439M2 11 439 5�-TTTTTATCAAGGAAACACTTGGT-3�
4 K439Q 11 439 5�-TTTTTATCAAGCAAACACTTGGT-3�
5 439M4 11 439 5�-TTTTATCAAGATAACACTTGGTA-3�
6 439M5 11 439 5�-TTTTATCAAGAGAACACTTGGTA-3�
7 K439T 11 439 5�-TTTTATCAAGACAACACTTGGTA-3�
8 439M7 11 439 5�-TTTATCAAGAATACACTTGGTAG-3�
9 439M8 11 439 5�-TTTATCAAGAACACACTTGGTAG-3�

10 440W 11 440 5�-TTATCAAGAAAACACTTGGTAGA-3�
11 T440P 11 440 5�-TTATCAAGAAACCACTTGGTAGA-3�
12 459W 11 459 5�-GGCAGATTACAGTGGGACAAAGA-3�
13 V459L 11 459 5�-GGCAGATTACACTGGGACAAAGA-3�
14 462W 11 462 5�-AGTGGGACAAAGAATTGGATCTG-3�
15 R462I 11 462 5�-AGTGGGACAAATAATTGGATCTG-3�
16 463W 11 463 5�-GGGACAAAGAATTGGATCTGGAT-3�
17 I463S 11 463 5�-GGGACAAAGAAGTGGATCTGGAT-3�
18 464W 11 464 5�-ACAAAGAATTGGATCTGGATCAT-3�
19 464M1 11 464 5�-GACAAAGAATTAGATCTGGATCA-3�
20 464M2 11 464 5�-GACAAAGAATTTGATCTGGATCA-3�
21 464M3 11 464 5�-GACAAAGAATTCGATCTGGATCA-3�
22 G464E 11 464 5�-ACAAAGAATTGAATCTGGATCAT-3�
23 G464V 11 464 5�-ACAAAGAATTGTATCTGGATCAT-3�
24 464M6 11 464 5�-ACAAAGAATTGCATCTGGATCAT-3�
25 466W 11 466 5�-AATTGGATCTGGATCATTTGGAA-3�
26 466M1 11 466 5�-GAATTGGATCTAGATCATTTGGA-3�
27 466M2 11 466 5�-GAATTGGATCTTGATCATTTGGA-3�
28 466M3 11 466 5�-GAATTGGATCTCGATCATTTGGA-3�
29 G466E 11 466 5�-AATTGGATCTGAATCATTTGGAA-3�
30 G466V 11 466 5�-AATTGGATCTGTATCATTTGGAA-3�
31 G466A 11 466 5�-AATTGGATCTGCATCATTTGGAA-3�
32 468W 11 468 5�-ATCTGGATCATTTGGAACAGTCT-3�
33 F468C 11 468 5�-ATCTGGATCATGTGGAACAGTCT-3�
34 469W 11 469 5�-TGGATCATTTGGAACAGTCTACA-3�
35 469M1 11 469 5�-CTGGATCATTTAGAACAGTCTAC-3�
36 469M2 11 469 5�-CTGGATCATTTTGAACAGTCTAC-3�
37 469M3 11 469 5�-CTGGATCATTTCGAACAGTCTAC-3�
38 G469E 11 469 5�-TGGATCATTTGAAACAGTCTACA-3�
39 469M5 11 469 5�-TGGATCATTTGTAACAGTCTACA-3�
40 G469A 11 469 5�-TGGATCATTTGCAACAGTCTACA-3�
41 469MD 11 469 5�-CTGGATCATTTTCAACAGTCTAC-3�
42 594W 15 594 5�-AAAAATAGGTGATTTTGGTCTAG-3�
43 594M1 15 594 5�-TAAAAATAGGTAATTTTGGTCTA-3�
44 594M2 15 594 5�-TAAAAATAGGTTATTTTGGTCTA-3�
45 594M3 15 594 5�-TAAAAATAGGTCATTTTGGTCTA-3�
46 D594V 15 594 5�-AAAAATAGGTGTTTTTGGTCTAG-3�
47 D594G 15 594 5�-AAAAATAGGTGGTTTTGGTCTAG-3�
48 594M6 15 594 5�-AAAAATAGGTGCTTTTGGTCTAG-3�
49 594M7 15 594 5�-AAAATAGGTGAATTTGGTCTAGC-3�
50 594M8 15 594 5�-AAAATAGGTGAGTTTGGTCTAGC-3�
51 595W: 15 595 5�-ATAGGTGATTTTGGTCTAGCTAC-3�
52 F595L 15 595 5�-ATAGGTGATTTGGGTCTAGCTAC-3�
53 596W 15 596 5�-TAGGTGATTTTGGTCTAGCTACA-3�
54 G596R 15 596 5�-TAGGTGATTTTCGTCTAGCTACA-3�
55 597W 15 597 5�-TGATTTTGGTCTAGCTACAGTGA-3�
56 597M1 15 597 5�-GTGATTTTGGTATAGCTACAGTG-3�
57 597M2 15 597 5�-GTGATTTTGGTTTAGCTACAGTG-3�
58 L597V 15 597 5�-GTGATTTTGGTGTAGCTACAGTG-3�
59 597M4 15 597 5�-TGATTTTGGTCAAGCTACAGTGA-3�
60 L597R-2 15 597 5�-TGATTTTGGTCGAGCTACAGTGA-3�
61 597M6 15 597 5�-TGATTTTGGTCCAGCTACAGTGA-3�
62 599W 15 599 5�-TGGTCTAGCTACAGTGAAATCTC-3�
63 T599I 15 599 5�-TGGTCTAGCTATAGTGAAATCTC-3�
64 600W 15 600 5�-TCTAGCTACAGTGAAATCTCGAT-3�
65 V600M 15 600 5�-GTCTAGCTACAATGAAATCTCGA-3�
66 600M2 15 600 5�-GTCTAGCTACATTGAAATCTCGA-3�
67 600M3 15 600 5�-GTCTAGCTACACTGAAATCTCGA-3�
68 V600E 15 600 5�-TCTAGCTACAGAGAAATCTCGAT-3�
69 600M5 15 600 5�-TCTAGCTACAGGGAAATCTCGAT-3�
70 600M6 15 600 5�-TCTAGCTACAGCGAAATCTCGAT-3�
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purification kit (Qiagen), and eluted in 45 �l of distilled
water. Each sample was then digested with 0.25 unit of
DNase I (Takara, Shiga, Japan) at 25°C for 10 minutes,
and the enzyme was inactivated at 85°C for 10 min-
utes. The digested PCR products were dried in a con-
centrator (Eppendorf, Hamburg, Germany) at 60°C for
20 minutes. Each DNA pellet was resuspended in 3.5
�l of prewarmed 5� Hybit Solution (TeleChem Interna-
tional) and hybridized onto the microarray in a satu-
rated vapor tube at 60°C for 3 hours. The hybridized
samples were washed and scanned with a red
632.8-nm excitation laser (appropriate for visualization
of Cy5).

CDH

The PCR primers and conditions were identical to those
used for conventional hybridization, except that two ad-
ditional cancer tissue or cell line samples were amplified
with Cy3-dCTP and Alexa-594 5UTP, respectively. The
Cy5-, Cy3- and Alexa-594-labeled amplicons were mixed
before the purification step, and hybridization was per-
formed as above. We then used a ScanArray 5000 (Per-
kin Elmer, Boston, MA) equipped with red, green, and
yellow lasers to sequentially scan the microarray for de-
tection of Cy5, Cy3, and Alexa-594 signals, respectively.

Automatic Dideoxy Sequencing

Bi-directional sequencing of genomic DNA was per-
formed using the original amplification primers, a Taq
dideoxy terminator cycle sequencing kit, and an ABI
3730 DNA sequencer (Applied Biosystems).

CDH with 10 Different Samples

To test the possibility of using more than three samples
for CDH, we hybridized the BRAF microarray with a mix-
ture of 10 different samples and examined mutation de-
tection with a single fluorescently labeled sample. DNA
from one cancer cell line (WM-266-4 or NCI-H2087) was
amplified with Cy5 and mixed with amplified samples
from nine different normal sources before purification.
The CDH procedure was performed as described above,
except that the DNase digestion was performed at 25°C
for 15 minutes rather than 10 minutes.

Results

Principle of CDH

CDH is based on competition among multiple samples
for binding to each oligonucleotide spot. Traditional
cDNA microarrays use competitive hybridization be-
tween two samples, wherein one sample (ie, a normal
sample) is labeled with Cy3, and the other sample (ie,
a cancer sample) is labeled with Cy5. These two sam-
ples compete for binding to the cDNA spots. In con-
trast, traditional oligonucleotide microarray techniques
(such as those involving the Affymetrix GeneChip) tend
not to involve competition because a single sample is
generally hybridized with a single oligonucleotide mi-
croarray. Nonspecific signal is the problem of “signal-
to-noise ratio.” We previously observed that nonspe-
cific signals (false positives) in oligonucleotide
microarrays showed similar patterns in the same batch
of oligonucleotide microarrays or on the same day.
Moreover, because these nonspecific signals in certain
probes have been observed in most of samples, we
hypothesized that the nonspecific signals should be
shared and reduced by simultaneous hybridization of
multiple samples. The wild-type sequences should be
shared among the samples, whereas the mutated se-
quences should not be shared. As shown in Figure 1,
we tested this hypothesis using DNA extracted from
three different types of samples (a cell line, a cancer
tissue, and blood) and amplified with three different
fluorescent dyes (Cy3-dCTP, Cy5-dCTP, and Alexa-
594-dUTP). Because the three different fluorescent
dyes have different emission and excitation wave-
lengths, the hybridization results could be easily differ-
entiated. All CDH and non-CDH results were confirmed
by automatic direct sequencing.

Development of a BRAF Oligonucleotide
Microarray and Mutation Detection of Colorectal
Cancer Samples Using CDH

A total of 81 different BRAF oligonucleotides were de-
signed, synthesized, and spotted in quadruplicate onto
three different regions of the same slide. These included

Table 1. Continued

No. Probe name Exon Codon Sequence

71 V600D 15 600 5�-CTAGCTACAGATAAATCTCGATG-3�
72 600MD2 15 600 5�-GTCTAGCTACAAGGAAATCTCGA-3�
73 601W 15 601 5�-AGCTACAGTGAAATCTCGATGGA-3�
74 601M1 15 601 5�-TAGCTACAGTGTAATCTCGATGG-3�
75 K601E 15 601 5�-TAGCTACAGTGGAATCTCGATGG-3�
76 601M3 15 601 5�-TAGCTACAGTGCAATCTCGATGG-3�
77 601M4 15 601 5�-AGCTACAGTGATATCTCGATGGA-3�
78 601M5 15 601 5�-AGCTACAGTGAGATCTCGATGGA-3�
79 601M6 15 601 5�-AGCTACAGTGACATCTCGATGGA-3�
80 K601N 15 601 5�-GCTACAGTGAATTCTCGATGGAG-3�
81 601M8 15 601 5�-GCTACAGTGAACTCTCGATGGAG-3�
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16 wild-type sequences and 65 mutated exon 11 and 15
sequences identified from mutation databases (http://
www.sanger.ac.uk/cosmic/) and the literature.11–17 We
then used a conventional hybridization method to screen
76 colorectal cancer tissues using a BRAF oligonucleo-
tide microarray, and we could detect 16 BRAF somatic
mutations (Table 2). We then sought to determine
whether our new CDH technique could be used for ef-
fective multisample hybridization of our BRAF microarray.
DNA from NCI-H2087 cells and cancer tissue samples
640 and 194 was labeled with Cy5, Cy3, and Alexa-594,
respectively. The BRAF microarray was hybridized with a
mixture of the three probes and then scanned with a
ScanArray 5000 (Perkin Elmer) using the following wave-
lengths: Cy5, excitation 649 nm and scanning 632.8 nm
(red); Cy3, excitation 550 nm and scanning 543.5 nm
(green); and Alexa-594, excitation 590 nm and scanning
594 nm (yellow). The red (632.8 nm) scan revealed a
positive signal for the L597V mutation, which is consistent
with the known mutation in the Cy5-labeled NCI-H2087
DNA (positive control). The green (534.5 nm) scan re-
vealed that sample 640 contained a G464V (codon 464,
Glu3Val, exon 11) mutation, and the yellow (594 nm)
scan showed that sample 194 harbored a V600E muta-
tion (codon 600, Val3Glu, exon 15), which is the most

frequent BRAF hot spot mutation. As shown in Figure 2,
each wavelength detected the appropriate dye without
overlapping. These results indicate that CDH is suitable
for multiple sample analysis and does not require further
experiments to confirm mutated samples.

Figure 1. Schematic depiction of CDH analysis of our BRAF oligonucleotide microarray with three samples. a: DNA was extracted from a cancer tissue sample,
a cell line, and blood. The isolated DNA was amplified with three different fluorescent dyes (Cy5, Cy3, and Alexa-594), and the fluorescently labeled PCR products
were mixed, purified, enzyme digested, and concentrated. The pellet was then resuspended in hybridization solution and hybridized to the spotted areas. b: Our
BRAF oligonucleotide microarray contained three copies of the full array on one slide, allowing three hybridizations per slide. Because CDH allowed hybridization
of three different samples per area, this technique could allow hybridization of nine total samples per microarray. The enlarged spotted area shows that a total
of 324 (81 oligonucleotides in quadruplicate) were spotted per area. Each oligonucleotide was printed four times horizontally, in an upward direction starting from
position 1, and the printing was divided into three groups. Positions 1 to 27 were printed first, then positions 28 to 54, and finally, positions 55 to 81.

Table 2. BRAF Mutations Identified from Colorectal Cancer
Tissues

Sample

Location

BRAF mutation

Name Type Codon Exon Mutation

640 Tumor Distal 464 11 G464V, GGA3GTA
670 Tumor Distal 469 11 G469A, GGA3GCA
172 Tumor Proximal 600 15 V600E, GTG3GAG
194 Tumor Proximal 600 15 V600E, GTG3GAG
233 Tumor Proximal 600 15 V600E, GTG3GAG
296 Tumor Distal 600 15 V600E, GTG3GAG
305 Tumor Distal 601 15 K601N, AAA3AAT
474 Tumor Proximal 600 15 V600E, GTG3GAG
481 Tumor Distal 594 15 D594G, GAT3GGT
497 Tumor Distal 600 15 V600E, GTG3GAG
523 Tumor Distal 600 15 V600D, GAG3GAT
590 Tumor Distal 600 15 V600E, GTG3GAG
626 Tumor Proximal 600 15 V600E, GTG3GAG
653 Tumor Proximal 600 15 V600E, GTG3GAG
656 Tumor Proximal 600 15 V600E, GTG3GAG
734 Tumor Proximal 600 15 V600E, GTG3GAG
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Comparison of Conventional Microarray and
CDH Analysis

We examined whether CDH increased the sensitivity
and specificity of mutation detection in comparison
with conventional microarray hybridization. In the con-
ventional (non-CDH) microarray experiment, DNA from
colorectal cancer sample 640 was labeled with Cy3-
dCTP. In the CDH experiments, we labeled sample 640
with Cy3-dCTP, labeled two normal samples with Cy5-
dCTP and Alexa-594-dUTP, respectively, and then
mixed and co-hybridized the three samples. We then
selected the mutation based on the mutation/wild-type
(M/W) ratios of G464V/464W (mutation/codon 464 wild
type),4,9 G464V/G466W, G464V/G463W, and G464V/
G462W using either the signal value or the signal-to-
noise ratio value calculated with the QuantArray soft-
ware (Packard Instrument, Wellesley, MA). When we
calculated the signal intensity in the non-CDH hybrid-
ization (Figure 3a), we obtained M/W ratios ranging
from 0.4 to 0.97 (Figure 3b). All of the M/W ratios were
below 1. In contrast, the M/W ratio of G464V obtained
from the CDH hybridization was over 1 and could thus
be easily discriminated as a mutation (Figure 3b). Spe-
cifically, in the CDH experiment, the four wild-type
signals (466W, 464W, 463W, and 462W) were reduced

(Figure 3a), whereas the mutation signal was un-
changed, leading to an M/W almost twice that seen in
the non-CDH experiment (although the patterns were
similar). When we examined the signal-to-noise ratios,
the M/W ratio differences between non-CDH and CDH
values were even greater. The M/464W ratio, the most
important ratio for determining a mutation, was three
times higher in the CDH-based experiment (0.97) than
in the non-CDH experiment (0.32), whereas the differ-
ence was smaller when the CDH and non-CDH
M/W463 ratios were compared using signal values
(1.41 versus 0.91, respectively). Importantly, when the
M/W ratio was calculated by signal/noise ratio in the
non-CDH experiment, the M/W ratio of the G464V mu-
tation (0.32) was less than 0.4, meaning that it would
not be considered a positive mutation signal under our
criteria.4 For the calculation of M/W ratios, the signal-
to-noise ratio value (or signal value) of each spot was
provided with QuantArray software, and each signal/
noise ratio value (or signal value) from mutant spots
was divided with that of wild-type spot in each codon.
M/W ratio is the concept that compares mutant signals
within those of its own wild-type codon. Collectively,
these results indicate that CDH increases not only
sample throughput but also the sensitivity and speci-
ficity of microarray hybridization.

Figure 2. Results of CDH analysis of the BRAF oligonucleotide microarray using cell line and colorectal cancer DNA samples. Wild-type (positive control) signals
were shown in positions of 1, 10, 12, 14, 16, 18, 25, 32, 34, 42, 51, 53, 55, 62, 64, and 73. a: NCI-H2087 cell line DNA labeled with Cy5 showed a mutated signal
in the 58th microarray position, confirming the previously reported L597V mutation. The wild-type signal at position 55 was also positive, indicating a
heterozygous mutation. b: Cancer tissue 604 labeled with Cy3 showed a mutated signal at the 23rd position and a wild-type signal at position 18, indicating a
heterozygous G464V mutation. c: Cancer tissue 194 labeled with Alexa-594 showed a mutated signal at position 68 and a wild-type signal at 64, indicating a
heterozygous V600E mutation (the most common BRAF mutation). Each mutation signal was unique to the relevant scan, indicating that there was no overlapping
of the fluorescent dye signals and providing evidence that CDH may be used for multiple sample analysis. The arrows indicate the mutation signals in each case.
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Evaluation of CDH for Analyzing Larger Sample
Numbers (10 Samples)

Here, we investigated whether 10 different amplified
samples could be analyzed in a singly labeled CDH
experiment, to evaluate whether CDH could be used for
larger sample numbers once additional scanner lasers
and fluorescent dyes are developed. We labeled DNA
from a WM-266-4 melanoma cell line (containing a BRAF
V600D mutation) with Cy5, amplified nine normal sam-
ples without fluorescent dye, mixed the 10 samples, and
performed CDH (Figure 4). A control non-CDH hybridiza-
tion of WM-266-4 yielded M/W600 and M/W601 ratios of
0.85 and 0.57, respectively (Figure 4a). The CDH exper-
iments using 10 samples showed increased M/W600 and
M/W601 ratios of 1.69 and 2.04, respectively, corre-
sponding to �two- and fourfold increases in the discrim-
inatory power.

To further examine the dose responsiveness of this ef-
fect, we examined DNA from NCI-H 2087 cells (harboring
an L597V BRAF mutation) using non-CDH microarray anal-

ysis, CDH with five samples (one labeled) and CDH with 10
samples (one labeled) (Figure 4b). Increased CDH sample
numbers were associated with decreases in the wild-type
signals (597W, 599W, and 600W), leading to a more easily
identified mutation signal (M). The M/W ratio derived from
the non-CDH experiment was 0.73 (Figure 4c), whereas that
from the CDH with five samples was 1.64 and that from CDH
with 10 different samples was 3.03. These results show that
as larger numbers of different samples were used for CDH,
better results were obtained. Further work with additional
dyes and scanning lasers will be necessary to determine
the maximum number of samples that can be mixed and
discriminated from each other in CDH, but this preliminary
work suggests that even higher throughputs may be possi-
ble in the future.

Discussion

Here, we report the refinement of our microarray mu-
tation detection method, CDH, which increases the

Figure 3. Comparison of the mutation-discriminating efficiencies of non-CDH (conventional) and CDH microarray analyses. a: Colorectal cancer tissue 640 was
Cy3-labeled and hybridized according to the protocol of conventional microarray analysis. The mutated signal (G464V; M) is similar to that of wild-type codon
464. In contrast, when sample 640 was subjected to CDH (right) with normal DNA samples labeled with Cy5 and Alexa-594, the mutated signal (M) was increased
and other wild-type signals were reduced. b: The ratio of mutation to wild-type signal (M/W ratio) was calculated for the CDH (pink) and non-CDH (blue)
experiments. When calculated using the signal value, the M/W ratios of the CDH experiments were almost twofold higher than those of the non-CDH experiments.
When calculated using the signal-to-noise ratio (calculated by the Quantarray software), the M/W ratios of the CDH experiments were even higher than those of
the non-CDH experiments, indicating that CDH is more efficient than non-CDH for mutation detection under these conditions.
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sensitivity and specificity of microarray analysis, as
well as the number of samples analyzed per experi-
ment (and thus the cost effectiveness). Experiment
time taken is dependent on the number of samples. If
we use three samples, we can reduce the experiment
time by one-third. For the experiment cost, the use of
spotted microarrays can be saved. Because we can
hybridize nine different samples in one microarray
slide, we can reduce the spotted microarray cost by
one-ninth. The other expenses for reagents are the
same with those of non-CDH. CDH was not affected by
labeling methods or DNA preparation because each
sample was separately labeled by PCR amplification,
and PCR purification was also performed with the same
purification kit (Qiagen) used in non-CDH method.
When we compared conventional and CDH microarray
analyses using cancer tissues (Figure 3), we found that
the signal-based M/W ratio patterns were very similar
between the two. However, the CDH M/W ratio was
almost twofold that obtained from the conventional mi-
croarray, indicating that CDH increased our ability to
identify the mutation signal. We spotted three regions
per microarray, allowing three different samples to be
analyzed per conventional hybridization. CDH allowed
simultaneous co-hybridization of three samples per re-

gion, meaning that nine different samples could be
analyzed per microarray. In addition, CDH does not
require further analysis to confirm the mutation, provid-
ing a clear improvement on previous methods. CDH
also has the potential to greatly increase sample
throughput. Here, we tested samples labeled with
three fluorescent dyes because our microarray scan-
ner was equipped with three different lasers. However,
we also found that as we included a greater number of
different samples in the hybridization (up to a total of
10 different samples), the M/W discrimination of a sin-
gle fluorescently labeled sample was dramatically im-
proved (up to fourfold versus the M/W of a conventional
hybridization). Although there is no commercially avail-
able microarray scanner with 10 different lasers, future
development of such equipment and additional fluo-
rescent dyes may allow larger-scale CDH experiments.
For example, at least 30 different samples per experi-
ment could theoretically be analyzed using our BRAF
oligonucleotide microarrays. It will be interesting to
determine whether the observed high specificity of
mutation detection is maintained with additional fluoro-
phores and lasers.

For the determination of sensitivity and specificity be-
tween non-CDH and CDH, we checked 16 mutant and 60

Figure 4. Evaluation of CDH with 10 different cancer samples: nine unlabeled DNAs lacking BRAF mutations and one labeled mutant DNA. a: DNA from
WM-266-4 melanoma cells (harboring the V600D mutation) was labeled with Cy5, and nine other cancer tissue amplicons without BRAF mutations were mixed
with the labeled DNA and then used for CDH. We compared the M/W ratios for this experiment with those obtained with non-CDH conventional microarray
analysis; the M/W ratios were two- to fourfold higher in the CDH-based experiment. b: We also compared the results of microarray analyses using non-CDH, CDH
with five samples (one labeled), and CDH with 10 samples (one labeled). DNA from NCI-H2087 cells (harboring the L597V mutation) was labeled with Cy5 and
hybridized alone (left), co-hybridized with four different unlabeled samples (middle), or co-hybridized with nine different unlabeled samples (right). c: The M/W
ratios (based on signal values) indicate that as the CDH sample numbers increased, better mutation detecting results were obtained.

62 Kim et al
JMD February 2007, Vol. 9, No. 1



wild-type cancer tissues. We could see 100% specificity
for both non-CDH and CDH. For the sensitivity, two sam-
ples (samples 590 and 640) did not pass the cut-off level
(0.4) in non-CDH and were regarded as nonspecific sig-
nals. On the other hand, these two samples showed
higher ratios (more than 0.4) with CDH analysis. Taken
together, specificity was the same in both non-CDH and
CDH, and sensitivity was lower in non-CDH than CDH.
However, if we raise the cut-off value to get more strin-
gent results, sensitivity of non-CDH may be lower than
with the CDH method. Because we used cancer tissues
with normal cell contamination, the cut-off level (0.4) may
increase when using pure cancer cells or cancer cell
lines. The general basis of CDH relies on the premise that
nonspecific and wild-type signals are shared among mul-
tiple samples, but the specific mutation signal is not.
Although it is very rare in real genetic screening to have
different cancer tissues with the same mutation types in
one microarray, we tested whether CDH could detect a
mutation shared among three different samples. We la-
beled DNA from three different colorectal cancer tissues
harboring the V600E BRAF mutation with Cy5, Cy3, or
Alexa-594 and co-hybridized these samples onto our
BRAF microarray. Under these conditions, we were able
to detect the V600E mutation in all three cases to levels
comparable with traditional non-CDH microarray analysis
(data not shown). Thus, our results indicate that CDH can
be widely used regardless of sample or mutation combi-
nations. In summary, we demonstrated that multiple sam-
ple analysis using CDH increased not only sample anal-
ysis numbers but also the sensitivity and specificity of the
microarray results. CDH may prove to be an efficient,
effective, robust, and high-throughput improvement over
standard microarray mutation detection techniques for
clinical and experimental applications.
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