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Abstract
Genomic instability is a major feature of neoplastic development in colorectal carcinoma and other cancers. Specific
genomic instability events, such as deletions in chromosomes
and other alterations in gene copy number, have potential
utility as biologically relevant prognostic biomarkers. For
example, genomic deletions on chromosome arm 18q are an
indicator of colorectal carcinoma behavior and potentially
useful as a prognostic indicator. Adapting a novel genomic
technology called molecular inversion probes which can
determine gene copy alterations, such as genomic deletions,
we designed a set of probes to interrogate several hundred
individual exons of >200 cancer genes with an overall
distribution covering all chromosome arms. In addition,
>100 probes were designed in close proximity of microsatellite
markers on chromosome arm 18q. We analyzed a set of
colorectal carcinoma cell lines and primary colorectal tumor
samples for gene copy alterations and deletion mutations in
exons. Based on clustering analysis, we distinguished the
different categories of genomic instability among the colorectal cancer cell lines. Our analysis of primary tumors
uncovered several distinct categories of colorectal carcinoma,
each with specific patterns of 18q deletions and deletion
mutations in specific genes. This finding has potential clinical
ramifications given the application of 18q loss of heterozygosity events as a potential indicator for adjuvant treatment in
stage II colorectal carcinoma. (Cancer Res 2006; 66(16): 7910-9)

Introduction
Genomic instability is a phenotype associated with the
development of cancer in which preneoplastic and tumor cells
accumulate various genetic changes, including mutations, largescale genomic deletions, and amplifications of genomic regions (1).
For example, genomic deletions of individual exons or larger
regions represent one of the critical events of a two-hit model
resulting in tumor suppressor inactivation (2). Traditionally,
hemizygous genomic deletions have been detected using genetic
microsatellite markers to identify a loss of a single allele with the
other remaining intact, otherwise known as a loss of heterozygosity
(LOH). Likewise, genomic amplifications also contribute to the
development of cancer (2). For example, increases in gene copy
number can result in overexpression of oncogenes, such as MYC,
and initiate malignant proliferation (3). Specific genomic instability

Requests for reprints: Hanlee Ji, Division of Oncology, Department of Medicine,
Stanford University School of Medicine, CCSR 1115, 269 Campus Drive, Stanford, CA
94305-5151. Fax: 650-725-1420; E-mail: hanleeji@stanford.edu.
I2006 American Association for Cancer Research.
doi:10.1158/0008-5472.CAN-06-0595

Cancer Res 2006; 66: (16). August 15, 2006

events have potential utility as prognostic biomarkers in the
clinical management of certain malignancies, such as colorectal
carcinoma (4–7).
In colorectal neoplastic development, genomic instability is a
hallmark of malignant development and is broadly defined into two
categories (2). One category is called chromosomal instability
(CIN), the accumulation of significant genetic aberrations, such as
loss of entire chromosome arms, large genomic deletions,
insertions, and rearrangements (8). The other is characterized by
the presence of microsatellite instability (MSI), a phenomenon
whereby genetic mutations occur at significantly elevated rates in
specific repetitive sequence tracts (9). MSI is a result of loss of DNA
mismatch repair. For example, colorectal carcinomas exhibiting
MSI typically accumulate 1- to 2-bp insertion and deletion
mutations in genes, such as transforming growth factor receptor
type II (TGFBR2), which is involved in colonic growth inhibition
(10). The categories of CIN and MSI in colorectal carcinoma are
considered to be distinct. Colorectal carcinoma tumors with MSI
show significantly fewer chromosomal changes as determined by
cytogenetics than CIN tumors (11). However, there is increasing
evidence that tumors with MSI also exhibit genomic deletions,
suggesting some degree of overlap with CIN (12, 13).
In CIN, genomic deletions in the 18q21 region are frequent and
can affect cancer genes in the region, including the DCC gene
(deleted in colorectal carcinoma gene) and SMAD2 and SMAD4
(mothers against decapentaplegic homologue 2 and 4; ref. 14).
However, genomic deletions of SMAD2 or SMAD4 are not sufficient
to account for the prominence of other 18q21 LOH events (15).
This suggests that other candidate colorectal cancer genes may
exist in the 18q21 region (16).
For stage II and III colorectal cancer patients, several
retrospective studies have shown strong correlations between
LOH events on chromosome arm 18q and reduced survival for
patients with colorectal carcinoma (5–7). In contrast, other studies
have failed to identify this correlation between 18q LOH and
prognosis (19, 20).
Herein, we describe the novel application of molecular inversion
probe (MIP) genomic technology for detecting genomic instabilityrelated gene copy alterations in colorectal carcinoma cell lines and
primary tumor samples (21, 22). A MIP is a single oligonucleotide
that recognizes and hybridizes to a genomic DNA target with two
inverted recognition sequences at the flanks (21). The total length
of the genomic sequence that is queried ranges from 41 to 61 bp.
After the probe specifically hybridizes to the target DNA, a single
base-pair gap exists in the middle of the two recognition sequences.
This gap can be either a single nucleotide polymorphism or a
nonpolymorphic nucleotide. With a series of specific enzymatic
steps and the addition of the appropriate nucleotide, a circle is
formed. Incorporated into the MIP oligonucleotide is a unique
sequence barcode tag. If the probe anneals to its specific
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complementary genomic sequence, undergoes the appropriate
intramolecular rearrangement, and forms a circle, the barcode
sequence can be queried via a microarray (21). This enables
multiplexing to >10,000 individual probes per a reaction. MIP
technology has significant advantages in terms of designing probes.
One can use nearly any unique sequence and choose specific exons
or other interesting sequences without the design constraints of
other gene copy analysis platforms, such as array comparative
genomic hybridization (CGH). In comparison with microsatellite
genetic markers, MIPs are not dependent on having informative
alleles to discern LOH events caused by genomic deletions.
Expanding or refining a gene copy analysis for different genomic
regions is simply a matter of designing new oligonucleotides and
does not require custom design of a new microarray. This
technology is particularly well-suited to identifying genomic
deletion mutations at a very high resolution.
We adapted MIP technology to detect genomic deletions and
measure other gene copy number alterations in cancer. For this
initial study, a probe set was designed using sequences from the
exons of a large number of cancer genes with an overall
distribution covering all chromosome arms. An analysis was
carried out on colorectal carcinoma cell lines and primary tumor
samples from patients with stage II and III disease.

Materials and Methods
Genomic DNA. We obtained genomic DNA samples from the Coriell
Institute for Medical Research (Camden, NJ; Na06985, Na06991, Na10838,
Na12003, Na12004, Na12753, Na12762, Na12763, Na02623, Na01416, and
Na06061). Additional normal genomic DNA samples were extracted from
peripheral leukocytes. The study was approved previously by the
institutional review board at Stanford University School of Medicine.
Patients signed informed consent regarding their blood samples. Colorectal
cancer cell lines (CACO2, COLO320, DLD1, HCT116, HCT15, LOVO, LS174T,
LS180, NCIH508, NCIH747, RKO, SKCO1, SW1116, SW403, SW48, SW480,
SW620, and SW837) were obtained from the American Type Culture
Collection (Manassas, VA) and grown under the recommended conditions
according to the manufacturer’s instructions. Genomic DNA was isolated
from peripheral leukocytes using the Gentra genomic DNA preparation kit
(Minneapolis, MN). Genomic DNA was isolated from cell lines using the
Qiagen genomic DNA preparation kit (Valencia, CA). Colon tumor genomic
DNA was obtained from frozen tumor specimens (Oncomatrix, Inc., San
Diego, CA). Each sample was composed of >70% tumor tissue.
Designing the MIPs. Exon sequences of 228 cancer-related genes and
genomic sequences encompassing 108 microsatellite genetic markers,
which did not occur in within any known gene, were used in designing
the genomic homology regions of the probes. To approximate the location
of an individual microsatellite marker, the MIP sequence was selected
within 100 nucleotides of an individual microsatellite sequence. For this
application, we chose a 61-nucleotide nonpolymorphic sequence for each
individual MIP with a ‘‘G’’ nucleotide in the middle. This sequence was
divided into two 30-nucleotide inverted flanks of the probe. Repetitive
genomic sequences, which had the potential to hybridize to multiple
genomic locations, were eliminated using MEGABLAST (23). The exact
nucleotide location and uniqueness of all the MIP sequences were
confirmed using the National Center for Biotechnology Information Human
Genome Build 35.1. To identify probes with optimal annealing, we
eliminated those sequences that had extreme melting temperature >58jC.
We also filtered out any genomic homology region sequences that could
lead to potential self-annealing termini hairpin or primer-dimer structures.
This was done by eliminating those genomic homology sequences that had
complementary sequence, which could anneal to each other. The other
components of the probe sequence (tag barcode and PCR primer sites) were
subsequently added and the probes were produced by Parallele Bioscience
(South San Francisco, CA). The initial number of probes was 972.
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MIP assay. Methods for conducting the MIP assay and primer sequences
are as described previously (21). In brief, for the initial annealing reaction,
400 ng genomic DNA, 12 amol of each of the 667 probes, 0.0625 units
Ampligase (Epicentre, Madison, WI), and 0.5 units Stoffel fragment DNA
polymerase (Applied Biosystems, Foster City, CA) in 9 AL of 20 mmol/L TrisHCl (pH 8.3), 25 mmol/L KCl, 10 mmol/L MgCl2, 0.5 mmol/L NAD, and 0.01%
Triton X-100 were incubated for 4 minutes at 20jC, 5 minutes at 95jC, and
overnight at 58jC. To complete the gap-fill reaction, dGTP was added
and incubated for 10 minutes at 60jC and then 1 minute at 37jC.
Subsequently, 10 units exonuclease I and 200 units exonuclease III (U.S.
Biochemical, Cleveland, OH) were added and the mixture was incubated
for 14 minutes at 37jC, 2 minutes at 95jC, and 1 minute at 37jC. Following
exonucleolysis, the reaction was subjected to uracil depurination and
cleavage with 2 units uracil-N-glycosylase (New England Biolabs, Ipswich,
MA) in 25 AL of 1.6 mmol/L MgCl2, 10 mmol/L Tris-HCl (pH 8.3), and
50 mmol/L KCl and incubated for 9 minutes at 37jC and 20 minutes at 95jC.
To amplify the barcode, 2 units AmpliTaq Gold (Applied Biosystems), 16 pmol
primer 1 (5¶-CCGAATAGGAACGTTGAGCCGT-3¶), and 16 pmol primer 2
(5¶-GCAAATGTTATCGAGGTCCGGC-3¶) in 25 AL of 1.6 mmol/L MgCl2,
10 mmol/L Tris-HCl (pH 8.3), 50 mmol/L KCl, and 112 Amol/L deoxynucleotide triphosphate (dNTP) were added to the genotyping reactions.
The reactions were amplified in 28 cycles of 95jC for 20 seconds, 65jC
for 45 seconds, and 72jC for 10 seconds. Additional barcode processing
required adding 20 units exonuclease I and 10 units HaeIII (New England
Biolabs) to 60 AL of each amplification product at 37jC for 1 hour and 80jC
for 30 minutes.
Microarray hybridization. For hybridization to a barcode array
(Truetage 5K, Affymetrix, Santa Clara, CA), 90 AL of the barcode product
were added. Staining with streptavidin-phycoerythrin was carried out as per
the manufacturer’s recommendations using the MegaAllele genotyping kit
(Parallele Bioscience). Barcode arrays were washed as recommended by
the manufacturer. Microarray images were analyzed using an Agilent (Palo
Alto, CA) scanner at a wavelength of 570 nm.
PCR genotyping. For PCR confirmation of gene copy alterations, 10 ng
genomic DNA from each sample (10 ng) was added to a PCR solution
containing a final concentration of 2 Amol/L MgSO4, 200 Amol/L dNTP,
0.2 units AmpliTaq Gold, and a primer concentration of 20 nmol/L. Primers
used include AFM074ZA9 (5¶-TGGCTCTCTGAATATGACCTT-3¶ and 5¶AGTTTAAAACCTGTAGGGGCT-3¶), D18S500 (5¶-CATGAGGTTATAGTGTACGAAGG-3¶ and 5¶-AGTTTCCTCTTTGCTGTTCATA-3¶), and D18S8 (5¶TTGCACCATGCTGAAGATTGT-3¶ and 5¶-ACCCTCCCCCTGATGACTTA-3¶).
The cycles of the PCR were an initial incubation for 10 minutes followed by
35 cycles at 95jC, 55jC for 1 minute, and 72jC for 1 minute. The final step
was at 72jC for 7 minutes. PCR products were analyzed on 4% Metaphor
agarose gel (Cambrex, Rockland, ME) to resolve different alleles.
Data analysis. The Affymetrix Microarray Suite software generated the
data files for signal intensities of each probe tag feature. Scaling
normalization was conducted on the raw intensity data from the arrays.
After normalization, the signal intensity values obtained from analysis of 21
normal genomic samples were averaged to obtain a mean and SD for each
probe at diploid copy number. The gene copy ratio was calculated by
dividing the observed signal by the mean signal from normal diploid
samples. A log 2 transformation was used for all subsequent plotting and
statistical analysis.
To characterize the performance of the probes, we analyzed 21 normal
genomic DNA samples as a control for normal diploid gene copy number.
For each probe, the mean signal intensity was determined from the data set
generated from all of the normal samples. Data from the analysis of normal
samples were used for rejection of outlier probes based on the following: (a)
probe failure due to corresponding low signal intensity and (b) high
variance. Probes that showed mean average signal intensity less than the
mean of background plus 3 SDs were designated as failed (<600 signal
intensity). For each probe, the coefficient of variation was calculated by
dividing the SD with the average signal intensity. If an individual probe
showed a coefficient of variation of >0.75, it was eliminated. The 667 probes
used in this analysis passed all of these performance criteria. This
represented 69% of the probes that were originally designed.
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For additional genomic data and statistical analysis, we used the RBioconductor package. The Cluster along Chromosomes (CLAC) algorithm
was modified for analyzing MIP data for significant gene copy changes from
both the cell line and the primary colorectal cancer samples (24). CLAC
creates a hierarchical cluster based on the fixed physical chromosomal
order of each MIP. Significance of gains and losses are determined by
applying a null distribution based on the data set generated from the
normal genomic DNA samples. For MIP analysis, the false discovery rate
(FDR) was set at 0.01. Given the relatively narrow region of genomic DNA
that each MIP interrogates, no smoothing function was used in the analysis
of the data. For our MIP-specific modification of the CLAC algorithm, this
translated in using a window size of 1.
After CLAC analysis, hierarchical clustering was done on the separate
MIP data sets from the cancer cell lines and colorectal cancer samples.
Dissimilarities between cell lines primary tumor samples were calculated
using Euclidean distances (root sum-of-squares of differences), and linkage
was established by the average method (25). Clustering results were
displayed as a heat map, graphically depicting the relationship among the
cell lines and tumor samples based on the log 2 ratio data as well as
displaying the data on a green (losses) versus red (gains) color scale. The
statistical significance of cluster assignment versus pathologic or clinical
characteristics was conducted using two-sided Fisher’s exact test and the
Student’s t test when appropriate.

Results
Design of MIPs for cancer. A total of 667 MIPs were used for
this analysis. The majority of probe sequences were derived from
the exon sequences of 227 genes involved in cancer and other
cellular processes. For this application, we chose nonpolymorphic
sequences. Overall, 516 different exons are represented. Many of
these genes directly contribute to colorectal cancer development,
such as TP53 and MSH2. As a control, several genes were chosen in
which gene copy number changes have been measured previously
in cancer cell lines or other samples through quantitative PCR or
array CGH. To investigate gene copy alterations, such as genomic
deletions on chromosome arm 18q, we designed 106 probes to
approximate the location of microsatellite genetic markers,
otherwise called sequence tandem repeats. We selected a group
of markers on chromosome 18 (d18s51, d18s535, d18s5474, d18s55,
d18s57, d18s58, d18s61, d18s64, d18s65, d18s67, and d18s70) that
were used in clinical studies of 18q LOH events (5, 7, 20, 26, 27).
Additional chromosome 18 markers were included to increase the
average density to one MIP per 711 kb. The remaining probes are
located within 1 kb of a known gene.
Standard curve. As a quantitative measurement of the assay
performance, we analyzed genomic DNA obtained from individuals
with increasing numbers of X chromosomes. Using the probes
specific for the X chromosome, we measured copy number from
normal male genomic DNA (X), normal female genomic DNA (2X),
and individuals showing chromosomal aberrations, including
trisomy (3X), tetrasomy (4X), and pentasomy (5X). Relying on the
data subset of normal control samples from females, the mean log
2 ratio was calculated for the four MIPs on the X chromosome
(Fig. 1). The experimental log 2 ratio was plotted in comparison with
the theoretical value. A regression correlation of 0.97 was shown.
Analysis of known gene copy number alterations. To assess
quantitative detection of gene copy changes, we analyzed several
DNA samples and cancer cell lines with known genomic deletions
and amplifications that are listed in Table 1. The log 2 ratio values
generally agreed with the predicted gene copy number change of
known genomic deletion events and were elevated for amplifications. For example, homozygous genomic deletions had a negative
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Figure 1. Standard curve for MIP quantitation using X chromosome variants.
Genomic DNA samples were analyzed, which had different copy numbers of the
X chromosome. Using the average intensity determined from normal female
genomic DNA samples, the mean log 2 ratio was calculated for the four MIPs on
the X chromosome. Y axis, measured log 2 ratio; X axis, theoretical log 2 ratio
based on the known X chromosome variant.

log 2 ratio value exceeding 3 SDs for a given probe. The 17q12-q21
amplification in the breast cancer cell line BT474 has been
characterized through fluorescence in situ hybridization (FISH),
quantitative PCR, and array CGH methods (28–30). This amplification contains the gene ERBB2, also known as HER-2/neu. We
designed nine probes, each representing separate exons of the gene
ERBB2. We analyzed genomic DNA from BT474, averaged the value
from all ERBB2 probes, and showed an increased gene copy
number. The colorectal cancer cell line COLO320 contains a gene
amplification of the gene MYC, also known as c-Myc or v-myc
myelocytomatosis viral oncogene homologue (31). A variety of
methods, including array CGH, have confirmed the MYC gene
amplification (29, 32). We designed several probes specific to MYC.
Analysis of COLO320 showed that the MYC gene amplification
could be readily detected. The colorectal cancer cell line LOVO
contains a homozygous gene deletion of MSH2, which involves
exons 4 to 8, as determined by exon-specific PCR and other
methods (33, 34). Gene copy alterations of 8 exons of MSH2 were
measured. Probes representing exons 5 and 8 showed log 2 ratios
below the theoretical copy number change for a homozygous
deletion, whereas the flanking probes showed a diploid copy
number. At the loci 17p13.1, the lung cancer cell line NCIH358 has a
highly characterized 120-kb hemizygous deletion and, within this
interval, a homozygous deletion of TP53 (35). MIPs were designed
to represent the exons 1, 4, 6, 7, 9, and 11 from TP53. Three
replicates of gene copy analysis were carried out on this sample.
Analysis with the cancer probe set readily discriminated the
homozygous deletion in exons 4, 6, 7, 9, and 11. We analyzed
genomic DNA from an individual (Na16447) with a hemizygous 18q
terminal deletion identified previously via karyotyping and FISH
using E phage clones that mapped to the 18q22.1 (36). This 18q
deletion was used as a control for detecting hemizygous genomic
deletions. This is analogous to LOH in tumors. Overall, our
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mapping of the deletion corresponded to the deletion identified
previously with traditional microsatellite marker genotyping. The
deletion was found to be distal of the probe approximating the
location of the microsatellite marker D18S1269, which is located
within the 18q22.1 cytogenetic region. All probes telomeric of this
probe showed a hemizygous deletion.
Analysis of colorectal cancer cell lines. We analyzed 18
colorectal cancer cell lines, 16 of which had been characterized
previously for the presence of either MSI (LOVO, LS180, LS174T,
RKO, DLD1, HCT15, HCT116, and SW48) or CIN (COLO320, SW837,
SW403, CACO2, SW480, SW1116, SW620, and SKCO1; Fig. 2A; refs.
12, 37–40). Among these cell lines were LOVO and COLO320, which
were employed as positive controls. Colorectal cancer cell lines
were designated as CIN if there was evidence of aneuploidy via
karyotyping, aneuploidy via FISH, or two or more LOH events
without evidence of MSI. The cell lines NCIH508 and NCIH747 were
characterized previously as microsatellite stable, but there were no
published data relevant to their CIN status (41).
The log 2 ratio of each MIP was calculated as described
previously. To determine the statistical significance of log 2 ratio
data, a modified version of the CLAC algorithm was chosen for
analyzing MIP data (24). CLAC creates a hierarchical cluster based
on the fixed physical chromosomal order of each MIP. Significance
of gains and losses are determined by applying a null distribution
based on the data set generated from the normal genomic DNA
samples. CLAC reports significant regions as the average of the log
2 ratio of the affected interval. CLAC was able to detect known
gene copy alterations in our positive controls. Several methods to

analyze array CGH data have been published, which are applicable
to the MIP data set (42). However, we chose CLAC because it is one
of the few approaches that employ a FDR for calling significant
gene copy alterations (42). Hierarchical clustering analysis was
done on the data set of significant gene copy regions as determined
by CLAC. The clustering was displayed as a heat map, graphically
depicting the relationship among the colorectal cancer cell lines
(Fig. 2A). Individual rows represent separate samples. The columns
represent probes, ordered based on chromosome number and
nucleotide location, thus facilitating the identification of gene copy
changes in contiguous probes.
Hierarchical clustering revealed two first-level branches, which
we designated as cluster 1 and 2. Cluster 1 contained 12 cell lines
and cluster 2 contained 6 cell lines. Among the cluster 1 cell lines,
8 were confirmed to have MSI, 3 had molecular features consistent
with CIN, and 1 had no previous classification per our review of the
literature (Fig. 2A). Within cluster 1, a second level branch,
designated as subcluster 1a, contained 6 cell lines, all exclusively
exhibit MSI. For cluster 2, 5 of the colon cancer cell lines were
confirmed to have CIN using the previously mentioned molecular
criteria and one cell line (NCIH747) had no previous classification
but was known to be microsatellite stable. The genomic instability
status (CIN versus MSI) of the cell lines was used to determine
whether there was an association between the two major cluster
groups. A Fisher’s exact test was used to determine if there was a
statistically significant association between cluster designation
(1 or 2) and genomic instability status (CIN and MSI). The clustering
showed a statistically significant association with genomic

Table 1. Analysis of known genomic deletions and amplifications from cancer cell lines and other samples
Amplifications
Cell line

Gene

No. probes

Log 2 ratio average

SD

Estimated gene copy number

BT474
COLO320

ERBB2
MYC

9
3

1.28
2.42

0.42
0.61

4.85
10.69

Cell line

Gene

Exon

Log 2 ratio

SD

Estimated gene copy number

LOVO

MSH2

NCIH358

TP53

1
5
8
9
11
12
15
16
1
4
6
7
9
11

0.05
3.41
4.17
0.13
0.05
0.06
0.16
0.54
0.46
4.01
3.80
5.06
5.62
5.82

0.36
0.85
0.73
0.16
0.23
0.43
0.61
0.80
0.34
0.00
0.79
0.59
1.00
0.47

2.06
0.19*
0.11*
1.83
2.07
2.08
2.24
2.91
2.76
0.12*
0.14*
0.06*
0.04*
0.04*

Sample
Na16447

Ideogram interval
18q22.1 telomere of 18q

No. probes
12

Log 2 ratio
0.91

SD
0.74

Deletions

Estimated gene copy number
1.06

*Values less than 0.2 indicate a homozygous genomic deletion.
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instability status with a two-tailed P of 0.0256. Specifically, cluster 1
was associated with MSI and cluster 2 was associated with CIN.
For each cluster, we identified the highest frequency gene copy
changes among the affected samples, which are listed in Table 2.
Summing the number of affected probes, cluster 2 (CIN) was
significantly higher with an average of 105.2 probes with altered
gene copy changes per cell line as opposed to cluster 1 (MSI) with
16.5 per cell line. A larger genomic interval was assumed if
contiguous probes with the same gene copy alteration fulfilled the
following criteria: (a) the interval between probes was <10 kb, (b)

the same gene was affected, or (c) there were three or more probes
showing the same gene copy alteration. Minimal common deletion
intervals were determined by identifying the deleted contiguous
probes and represented among the highest number of samples.
Unique to cluster 1 were three probes that showed hemizygous
deletions. These deletions were not present in cluster 2. On
chromosome 2, one probe was located in exon 45 of the gene FN1
and the other was located in exon 1 of XRCC5; on chromosome 10,
a probe for exon 6 of CYP17A1 was deleted. Another cluster 1
deletion pattern found in 50% of the cell lines was located on

Figure 2. Heat map of cluster from significant gene copy
alterations in colorectal cancer cell lines and carcinoma
samples. Unsupervised hierarchical clustering was done
on the data set of significant gene copy regions as
determined by CLAC. The dendrogram from the clustering
algorithm was used to generate a heat map, graphically
depicting the relationship among the colorectal cancer cell
lines. The heat map of the data uses a green (losses)
versus red (gains) color scale. Each column represents an
individual MIP arranged by chromosome and physical
location in increasing order from left to right. A, each row
represents a separate colorectal cancer cell line. The two
topmost branches are designated as clusters 1 and 2.
A subcluster branch representing MSI cell lines is labeled
as 1a. B, each row represents a separate colorectal
carcinoma sample. The two topmost clusters are labeled
as clusters 1 and 2.
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Table 2. Gene copy alterations from colorectal cancer cell lines and samples
Cluster 1 frequency (%)

Cluster 2
frequency (%)

Cell line deletions
33.0
33.0
33.0
0.0
50.0
50.0
0.0

Cell line amplifications
16.7
16.7
0.0
Primary tumor deletions
94.0
94.0
94.0
0.0
94.0
62.0
62.0
62.0
94.0
94.0
94.0

94.0
94.0
62.5
62.5
100.0
Primary tumors amplifications
25.0
25.0
56.0
56.0
56.0
87.5
87.5
75.0
24.0
24.0
58.0

No. Chromosome
probes

Nucleotide

Genes or genetic markers

0.0
0.0
0.0
100.0
50.0
50.0
100.0

1
1
1
5
1
1
27

2
2
10
18
18
18
18

216062244
—
2q35
216882889
—
2q35
104582361
—
10q24.32
48943142 49190846 18q21.2
54383666
—
18q21.31
54850718
—
18q21.32
59194458 70195190 18q21.33-18q22.3

FN1
XRCC5
CYP17A1
DCC
D18S881
D18S531
VPS4B, SERPINB12, SERPINB13,
SERPINB4, SERPINB3, SERPINB7,
SERPINB2, SERPINB10, SERPINB8,
CDH7, CDH19, TXNDC10, CD226,
RTTN, SOCS6, GTSCR1, CBLN2,
NETO1, FBXO15, CYB5

16.7
16.7
33.3

1
1
2

8
8
20

102034675
—
8q22.3
128820024
—
8q24.21
45684415 45686101 20q13.12

YWHAZ
MYC
NCOA3

0.0
0.0
12.0
35.3
12.0
0.0
0.0
0.0
6.0
6.0
6.0

1
1
1
2
1
1
1
1
1
1
14

5
5
6
6
8
11
11
11
18
18
18

133685387
—
5q31.1
137921004
—
5q31.2
57154822
—
6p12.1
144323338 144329507 6q24.2
31058227
—
8p12
77456756
—
11q14.1
101725901
—
11q22.2
101744386
—
11q22.2
27126956
—
18cen
28078724
—
18q12.1
64574936 70195190 18q12.2-18q21.1

24.0
24.0
35.3
35.3
6.0

1
1
1
1
4

18
18
18
18
18

47940111
48085326
54383666
54850718
66883827

—
—
—
—
68156526

18q21.1
18q21.1
18q21.31
18q21.32
18q22.2-18q22.3

CDKL3
HSPA9B
BAG2
PLAG1
WRN
THRSP
BIRC2
BIRC2
D18S521
D18S518
NPM1P1, PIK3C3, RIT2SYT4, SETBP1,
SLC14A2, SLC14A1, CD33L3,
KIAA1632, PSTPIP2
D18S89
D18S88
D18S881
D18S531
Q14754_HUMAN, ENSG00000196512

53.0
53.0
35.0
35.0
35.0
35.3
35.3
47.0
56.3
56.3
6.0

1
1
1
1
2
1
1
2
1
2
2

2
2
3
3
3
8
8
10
20
20
20

113305137
191688469
41255650
47428610
52410179
102034675
128820024
104154700
44075483
45684415
48891730

—
—
—
—
52414177
—
—
104155176
—
45686101
48926584

2q13
2q32.2
3p21
3p12.31
3p21.31-p21.2
8q22.3
8q24.21
10q24
20q13.12
20q13.12
20q13.13

ILB1
STAT1
CTNNB1
PTPN23
BAP1
YWHAZ
MYC
PSD
MMP9
NCOA3
BCAS4

chromosome 18, and involved two adjacent probes representing
microsatellite markers. This deletion pattern was also found in
cluster 2. Known genes between these microsatellite markers
include ALPK2, an a-kinase, MALT1, involved in activation of
nuclear factor-nB–inducing kinase, and ZNF532, a nucleic acid–
binding protein. The remaining deletions in cluster 1 were
generally unique to specific cell lines. Among the cluster 1 cell
lines, several amplifications were observed, including MYC, in RKO
and COLO320. In general, gene amplifications were specific to an

www.aacrjournals.org

Ideogram

individual cell line and no prominent patterns appeared frequently
within either cluster.
Cluster 2 was associated with CIN. Unique to cluster 2, two
minimal common deletion intervals occurred on 18q where
adjacent probes showed hemizygous deletions. One of these
intervals contains the gene DCC, which has been implicated in
the development of colon cancer by numerous LOH studies.
Multiple genes were contained in the chromosome 18 nucleotide
interval of 59295188 to 69976639. Among the cluster 2 cell lines,
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Table 3. Clinical features and analysis of colorectal carcinoma samples
Clinical feature
Stage
II
III
Location
Ascending colon
Descending colon
Sex
Male
Female
Age
Average (y)
SD
Size
cm
SD
Differentiation
Moderate
Poor
Level of invasion
Serosal
Pericolic

Total (33)

Cluster 1 (16)

Cluster 2 (15)

P (statistic)

19
14

11
5

8
9

0.296 (Fisher’s two-tailed)

6
27

3
13

3
14

1.000 (Fisher’s two-tailed)

21
12

10
6

11
6

1.000 (Fisher’s two-tailed)

64.55

67.50
10.01

61.76
10.46

0.118 (unpaired t test)

4.66

4.56
1.60

4.77
1.64

0.728 (unpaired t test)

26
7

10
6

16
1

0.039 (Fisher’s two-tailed)

17
16

12
4

5
12

0.015 (Fisher’s two-tailed)

several amplifications were observed, including MYC, which was
observed in cell lines SW480 and SW620.
Analysis of colorectal cancer samples. We analyzed 33
primary colorectal adenocarcinoma samples from patients with
stage II and III disease. Through previous molecular characterization, the tumors were all found to be microsatellite stable, thus
lacking MSI. The clinical and pathologic characteristics are
summarized in Table 3. The log 2 ratio was calculated and a
CLAC analysis was conducted to determine significant gene copy
changes. Hierarchical clustering revealed two distinct first level
clusters, called 1 and 2, among the primary colorectal carcinoma
samples (Fig. 2B). Sixteen of the colorectal samples were in cluster
1 and 17 were in cluster 2. We focused on the highest frequency
gene copy changes that occurred in individual clusters, which are
detailed in Table 2. The frequency of deletions and amplifications
were plotted between clusters 1 and 2 (Fig. 3). Summing the
number of affected probes, cluster 1 had a significantly higher
number of gene copy alterations with an average of 102.4 per
sample compared with cluster 2, which had 27 per sample.
Hemizygous deletions in chromosome 18 for the colorectal samples
were confirmed by PCR-based genotyping. We used primers
specific for the microsatellite markers D18S8, D18S500, and
AFM074ZA9 (data not shown). Genotyping-matched normal and
tumor pairs with these microsatellite markers showed the presence
of one allele, confirming the presence of hemizygous deletions on
chromosome 18. Multiple gene amplifications were detected on
chromosomes 2, 3, 8, 10, and 20 and occurred in both clusters. As
with the cell lines, we determined the minimal common interval in
each cluster by identifying those single or contiguous probes that
showed a genomic deletion or other alteration among the highest
number of samples within a cluster (Table 2).
CRC samples: cluster 1. Cluster 1 was characterized by several
minimal common deletions on chromosomes 5, 6, 11, and 18.
These hemizygous genomic deletions were either not present or in
low frequency in cluster 2. Cluster 1 gene deletions included exon 5

Cancer Res 2006; 66: (16). August 15, 2006

of CDKL3, exon 14 of HSPA9B, exon 2 of BAG2, and exon 9 of WRN.
Particularly interesting were two minimal common deletion
intervals on chromosome 18, which were found in >90% of the
cluster 1 tumors but in <10% of the cluster 2 tumors. One of these
intervals was located in 18q12.3 region and mapped to nucleotides
spanning 34158149 to 41897329. Two probes representing 18q
clinical microsatellite markers (d18s535 and d18s65) are within this
deletion interval. A large number of genes are in this region,
including PIK3C3, a phosphatidylinositol 3-kinase, and several
genes involved in GTPase-mediated signal transduction. The other
18q hemizygous deletion interval involved the 18q 22.2 region. Two
probes representing 18q clinical microsatellite markers (18s58 and
d18s61) are within this second minimal deletion interval. The genes
SMAD2 and SMAD4 have been implicated in colorectal cancer
involvement. One probe representing exon 11 of SMAD2 was
deleted in 25% of cluster 1 colorectal carcinomas but not in cluster
2 samples. A probe mapping to exon 3 of SMAD4 was found to be
deleted in 50% of cluster 1 samples and 25% of samples in cluster 2.
Several probes showed gene amplifications that were found in
both clusters. For cluster 1, the highest frequency amplification
involved two adjacent probes located in exon 1 of YWHAZ and
exon 2 of MYC on chromosome 8. Given the significant distance
between these probes, they may represent separate amplicons. For
cluster 2, the second most frequent amplification involved two
adjacent probes located in exons 13 and 15 of PSD in chromosome
region 10q24.
CRC samples: cluster 2. The most frequent hemizygous
deletion unique to cluster 2 occurred in exons 3 and 4 of PLAGL1.
The other frequent hemizygous deletion involved two probes on
chromosome 18 representing microsatellite markers D18S881 and
D18S531. These deletions overlapped with deletions in the
colorectal cancer cell line. For cluster 2, the most frequent
amplification involved three contiguous probes mapping to
ideogram region 20q13. Multiple genes exist in this interval,
including multiple transcription regulatory genes, such as ZNF334,
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NCOA5, and NCOA3 (43). The 20q region was notable for an
additional gene amplification that occurred at lower frequency.
The second most frequent amplification was noted in 53% of
tumors involving two probes on chromosome 2, ideogram region
2q13-2q32.2, and spanning nucleotides 113305137 and 191688469.
This interval contains the genes IL1B and STAT1.
Clinical correlation. We explored the relationship of tumor
phenotype with the two major cluster designations (Table 3).
Among the clinical and pathologic variables examined, an
association was observed with the cluster designation and
differentiation of the tumor (P < 0.05). Cluster 2 was associated
with moderately differentiated adenocarcinoma, whereas cluster 1
was associated with poorly differentiated adenocarcinoma. Level of
invasion also showed a correlation. Serosal level associated with
cluster 1 and pericolic invasion associated with cluster 2 (P < 0.02).

Discussion
In this study, we examined genomic instability in colorectal
carcinoma cell lines and primary samples applying a novel
genomic technology using MIPs. For this study, sequences from
512 exons representing 227 cancer genes were examined for
genomic deletions and other gene copy changes, such as gene
amplifications. In addition, we designed a set of MIPs, which query
sequences within 100 bp of microsatellite genetic markers used
previously for LOH studies. We focused on the chromosome arm
18q given its clinical significance in colorectal carcinoma. In our
review of the current literature of the prognostic value of 18q LOH
events in colorectal carcinoma, only several microsatellite markers
were used consistently among studies. The lack of a common set of
microsatellite markers routinely employed from study to study
prevents comparison of these results unless one assumes that a
complete loss of the 18q arm has occurred. Furthermore, these

individual markers often span an enormous gap of genomic
sequence (in megabases). We used MIPs to refine the analysis of
chromosome arm 18q deletions and incorporated the locations of
multiple genetic microsatellite markers that have been used in
various clinical studies of 18q LOH in colorectal cancer.
Our data show that MIP technology can quantitatively detect
genomic deletion mutations and other gene copy alterations. The
quantitative ability of these probes has been confirmed in a separate
study (22). MIP gene copy quantitation was able to resolve
hemizygous and homozygous deletions at exon resolution level as
shown using samples with known genomic deletions. For example, in
the cell line LOVO, we precisely identified a MSH2 homozygous
deletion mutation of exons 4 to 8. MIP analysis was able to identify
the ERBB2 gene amplification in the breast cancer cell line BT474
and the MYC gene amplification in the colon cancer cell line of
COLO320. However, MIPs underestimated the overall gene copy
number; thus, it is a semiquantitative method in this regard. This
limitation is partly a result of the scaling normalization that was
applied to the raw signal intensity data sets. In the future, we will
improve the methods of normalization. MIPs have several advantages compared with array CGH. There are fewer constraints on the
composition of the probe, whereas array CGH probes are specifically
selected to perform optimally under one set of hybridization
conditions. This constrains the type of sequences that can be placed
on an array. In comparison, MIPs have significantly fewer constraints
in regards to their composition. For example, multiple nonrepetitive
sequences from any exon sequence could be represented without the
limitations of the sequence annealing properties not performing well
under a standard array CGH condition.
To investigate genomic instability in colorectal carcinoma, we
analyzed a panel of 18 colorectal cancer cell lines to detect deletion
mutations and measure other gene copy changes. In general, we
were able to distinguish different categories of genomic instability

Figure 3. Overall frequency of deletions
and amplifications of clusters 1 and 2
classification of primary colorectal
carcinomas. The gene copy frequency
between cluster 1 and 2 is separately plotted.
Y axis, overall frequency of gene copy
changes for individual MIP; X axis, location
of probe as arranged by chromosome and
their nucleotide location.
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based on our analysis of gene copy alterations and subsequent
hierarchical clustering of the gene copy data. These results suggest
that CIN category can be classified based on a quantitative scale
using the frequency of deletion mutations and alterations in gene
copy.
The two topmost clusters distinguished MSI (cluster 1) versus
CIN (cluster 2) cell lines. There were several prominent gene copy
changes that were specific for individual clusters and are thus
associated with specific forms of genomic instability. Cluster 2 had
two common minimal deletions regions located on chromosome
arm 18q. One of the common deletion regions includes the gene
DCC, which has been the subject of considerable research
regarding its role in colorectal carcinoma development. Initially
identified as a tumor suppressor, DCC was discovered to play a role
as a receptor for the ligand Netrin-1, which mediates neuronal
navigation during nervous system development (44). Given its role
in neuronal embryonic development, the possibility of dual roles of
DCC was difficult to reconcile. However, DCC belongs to a family of
receptors that can induce apoptosis in the absence of its ligand.
This function would support a role as a tumor suppressor. Within
the second common minimal interval, a large of number of
potential cancer genes exist, including several members of the
cadherin gene family, which are involved in cell adhesion.
Interestingly, deletions in an overlapping 4.9-Mb region of 18q
have been implicated in the development of head and neck
squamous cell carcinoma, although no candidate cancer genes
have been identified (45). These lines of evidence support the
existence of an important cancer gene in this region. For future
studies, our efforts will focus on characterizing this region in
greater detail and delineating a smaller interval to facilitate the
discovery of candidate cancer genes.
We analyzed a cohort of MSI-negative colorectal carcinoma
primary tumors from stage II and II patients. Using unsupervised
clustering analysis, we discovered distinct categories of microsatellite stable colorectal carcinomas based on their profile of
genomic deletions. Cluster 1 was remarkable for having a high
number of deletions throughout the genome, consistent with a CIN
pattern. To determine the biological and clinical significance of our
analysis, we examined pathologic and clinical variables for
association with the cluster designation. In particular, colorectal
carcinoma extent of invasion showed an association with cluster
designation. This association suggests that the multiple genomic
instability events we observed influence the invasive behavior of
colorectal carcinoma.
On chromosome arm 18q, two common deletion regions were
identified in nearly all of the samples from cluster 1 but not
frequently present in cluster 2 tumors. Four 18q microsatellite
markers with clinical prognostic value were located within these two
intervals. These patterns of deletion on 18q represent a potential
molecular classifier in CIN colorectal carcinomas. This finding also
suggests that a colorectal cancer gene exists within these 18q
intervals. The prognostic significance of 18q LOH events is being
determined in an ongoing prospective clinical trial through the

Eastern Cooperative Group 5202 in which stage II patients with
evidence of 18q LOH will be categorized as at high risk for cancer
recurrence and subsequently receive adjuvant chemotherapy. Our
analysis indicates that there are discrete patterns of 18q deletions
that may influence tumor behavior and affect the results of this trial.
We are currently evaluating the clinical significance of this finding.
We identified several gene exon deletions specific to cluster 1,
including WRN, a DNA helicase and involved in DNA repair and
maintenance of genomic stability. Another gene that is a frequently
deleted in cluster 1 is BAG2, which is involved in apoptosis and
protein folding. These genes have not been widely reported to be the
target of mutations or LOH events in colorectal carcinoma
development. Their high frequency of deletions in cluster 1 suggests
that they play a role in a subset of CIN colorectal carcinomas. Our
analysis of primary colorectal carcinomas identified amplifications
events on chromosomes 2, 3, 8, 10, and 20 (43). As already noted, MIP
measurements of gene amplifications are semiquantitative. Nevertheless, our data are consistent with other studies that have analyzed
primary colorectal carcinomas for amplifications. For example,
we identified multiple amplifications on 20q13. Amplifications on
20q13 have been identified in breast and ovarian cancer and may
have prognostic significance (46). In the case of colorectal carcinoma, there are several reports of amplifications in the 20q11-13
region that includes the gene NCOA3 (47, 48). In these studies, 20q13
amplifications are correlated with worse outcomes. Likewise, our
data showed multiple discrete regions of amplification in 20q11-13,
which had been noted previously in array CGH analysis in colorectal
carcinoma (48).
In summary, we have applied a novel genomic technology using
MIPs to identify genomic deletions and other gene copy alterations
in colorectal carcinoma. This technology has the ability to
delineate hemizygous and homozygous deletions at the resolution
of individual exons and microsatellite markers. To further improve
the technology, we are expanding the set of probes to include all
exons from a larger number of cancer genes. The benefits of this
system for translational studies identifying gene copy alterations in
cancer has been shown by our finding of identifying specific
categories of colorectal carcinoma with CIN. It will be of significant
value in identifying deletion mutants of genes in cancer. For
projects, such as the recently announced Cancer Genome Initiative
sponsored by the NIH, this technology will be of major benefit in
providing information of deletion mutation in cancer in a costeffective manner.
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