
Introduction
Hereditary Colorectal Cancer syndromes include Hereditary 
Non-polyposis Colorectal Cancer (HNPCC), Familial 
Adenomatous Polyposis (FAP) and MYH-associated Polyposis 
(MAP). Deleterious mutations in the associated genes such
as MLH1 and MSH2 can confer as much as an 82% risk of 
colorectal cancer (CRC) and a 60% risk of endometrial cancer 
by age 70. Deleterious 3' terminal deletions in EPCAM disrupt 
MSH2 gene expression and are expected to result in similar 
cancer risks as those seen in MSH2 mutation carriers. CRC risk 
associated with MSH6 mutations can be as high as 69% risk
in men and 30% in women. Female carriers can also have up
to a 71% risk of endometrial cancer by age 70. The risk for 
hereditary CRC in APC carriers by age 50 can reach as high as 
93%. Genetic testing for hereditary CRC typically involves both 

sequencing and large rearrangement (LR) analysis. Germline 
mutations consist primarily of nonsense, missense, small
in/del and splice-site mutations, which are readily identified
by sequencing. LRs such as multi-exonic deletions and 
duplications are not detectable by conventional sequencing. 
Here we report on the use of microarray Comparative Genomic 
Hybridization (microarray CGH) to assess for the presence of 
large rearrangements in multiple genes that include MLH1, 
MSH2, MSH6, EPCAM, APC and MYH. Furthermore, the ability 
to analyze multiple genes simultaneously is integral to 
facilitating the shift away from conventional syndrome-based 
testing to a more comprehensive test for all genes involved
in Hereditary Colorectal Cancer (HCC). 

Validation consisted of a blinded analysis of 357 DNA samples, 
of which 266 were derived from blood and 93 from buccal 
samples. We correctly identified all 88 positives among 327 
samples that were previously examined for deletions and 
duplications in MLH1, MSH2, MSH6 and the 3’terminal region 
of EPCAM by quantitative multiplex PCR and/or Microarray 
Ligation-dependent Probe Amplification (MLPA). We also 
correctly identified all 7 positive samples among 307 that
were previously tested for the presence of LRs in APC by 
Southern analysis and MLPA. We correctly identified a 
homozygous MYH deletion previously detected by long range 
PCR and sequencing, as well as a synthetic positive sample 
tested in replicates.
 

Our analysis examined the results from patients who had 
received full gene sequencing and large rearrangement analysis 
by microarray CGH. Among mutation-positive patients, we 
determined that of all the mutations detected, 80/941 (8.5%) of 
those mutations were large rearrangements in MLH1, MSH2, 
MSH6, APC and EPCAM, compared with 861/941 (91.5%) 
sequencing mutations in MLH1, MSH2, MSH6, and APC. Of all 
the large rearrangements detected, 23/80 (28.8%) were in 
MLH1, 38/80 (47.5%) in MSH2, 3/80 (3.8%) in MSH6, 8/80 
(10.0%) in APC and 3/80 (3.8%) in the 3’terminal region of 
EPCAM alone (Figure 10). 5/80 (6.3%) comprised deletions that 
included both MSH2 and the 3’terminal region of EPCAM. 
Collectively, 74/80 (92.5%) are deletions and 6/80 (7.5%) are 
duplications within MLH1, MSH2, MSH6, APC and the 3’terminal 
region of EPCAM alone.

We have shown that microarray CGH can reliably detect the 
presence of genomic deletions and duplications in MLH1, 
MSH2, MSH6, EPCAM, APC and MYH. With the introduction
of microarray CGH technology, we are able to provide higher 
resolution in the detection of large rearrangements in these 
genes due to greater probe number and more comprehensive 
gene coverage. An additional advantage of the microarray CGH 
technology is lower susceptibility to technical artifacts caused 
by single nucleotide polymorphisms at probe binding sites.
This is a major limitation for other platforms that detect large 
rearrangements, such as MLPA. Furthermore, this platform is 
amenable to high throughput processing, which increases the 
efficiency of testing large rearrangement mutations, and 
contributes to shorter turn-around-times. 

As we continue to study the genetic etiology and clinical 
presentation of Hereditary Colorectal Cancer, we are beginning 
to appreciate that the phenotypic distinctions between the 
CRC-related syndromes (HNPCC, FAP and MAP) are less well 
defined than previously thought. As such, it is becoming 
increasingly clear that there are advantages in shifting from 
syndromic testing and toward a more comprehensive analysis 
of the multiple genes involved in HCC. Use of testing strategies 
that are strictly syndrome-based has led to potential lost 
opportunities for mutation detection. For instance, patients 
with MYH-associated polyposis (MAP) have largely presented 
with polyposis, which has traditionally been one of the key 
indicators for genetic testing of the MYH gene. It has recently 
been demonstrated, however, that a subset of MAP patients 
present with CRC in the absence of recognizable adenomatous 

polyposis. In a study conducted by Myriad Genetic Laboratories, 
it was shown that among 921 patients diagnosed with colon 
cancer at ≤ 50 yrs and with < 10 reported colorectal adenomas,
2.1% carried biallelic MYH sequencing mutations.1 Additionally, 
it had been common practice to first test for the two MYH 
founder mutations, Y165C and G382D, followed by full MYH 
sequencing only if one of the founder mutations is detected. 
However, a retrospective analysis by Myriad Genetic 
Laboratories showed that of 1295 patients who underwent
full MYH sequencing, 85 were biallelic for an MYH mutation.
Of these 85 individuals, 21 (or 25%) carried two non-founder 
mutations.2 Finally, a significant proportion of MAP patients
are found to be monoallelic carriers of an MYH sequencing 
mutation, which has uncertain clinical implications.
It is possible that some of these patients also carry a large 
rearrangement in MYH. At present, we have detected two large 
rearrangement mutations in MYH, a full deletion of exon 7 and 
a whole gene duplication. Therefore, with the introduction of 
clinical testing for MYH large rearrangements by microarray 
CGH, we are poised to increase the clinical sensitivity of the 
test, expand the mutational spectrum associated with MAP and 
potentially identify additional biallelic MYH mutation carriers. 

In all, microarray CGH is a clinically validated test that 
accurately detects deletions and duplications for multiple genes 
involved in Hereditary Colorectal Cancer. Large rearrangements 
constitute a significant proportion of mutations found in 
patients with hereditary CRC, and is part of a comprehensive 
genetic testing strategy.

Microarray CGH provides a quantitative comparison of patient 
and control DNA binding to multiple probes on a microarray
for the detection of large genomic deletions and duplications.
A schematic illustration of the process is shown in Figure 1.

Myriad utilizes a high-density probe design, which allows each 
exon of the gene of interest to be covered by multiple different 
probes. On average, each base of every gene on Myriad’s 
microarray has 2.5x or greater probe coverage. Each probe is 
about 60 bases long and there are approximately 2200 probes 
corresponding to sequences in the coding, and limited flanking 
intronic regions of MLH1, MSH2, MSH6, APC, MYH and EPCAM. 
The probes are tiled to ensure detection of rearrangements that 
are as small as a few hundred bases in length. To ensure 
optimal coverage, it was also necessary to place probes in 
traditionally challenging regions (e.g. GC-rich regions). A 
stringent selection process was used to create an optimal probe 
set. The probes designed in silico were tested empirically 
against known negative and positive samples to produce a 
microarray CGH assay with enhanced sensitivity and specificity 
to detect variations in dosage. 

There are 8 microarrays per chip, which allows for the analysis 
of eight patient samples on every chip. The process begins 
when DNA from a patient sample is extracted and fluorescently 
labeled. For comparison purposes, a wild-type sample (the 
reference DNA) is differentially labeled. The reference DNA
is mixed with the patient DNA and the two samples are 
hybridized to probes on the microarray chip. The patient and 
control DNA samples competitively bind to probes printed on 
the microarray. The microarray slides are washed to remove any 
DNA that did not bind to a probe. A laser scanner is utilized to 
measure the fluorescent intensity of each spot on the array, for 
the patient and the control sample. The relative dosage at each 
analyzed region is evaluated for any gains or losses. 

The output for each gene evaluated in the array is presented as 
a scatterplot, with representative examples of positive and 
negative samples provided in Figures 2-9. Figures 2-3 show 

representative data for MLH1; Figures 4-5 show representative 
results for MSH2; Figure 6, MSH6; Figure 7, APC; and Figs 8-9, 
MYH. Each dot represents the normalized ratio of bound 
patient DNA to bound control DNA for the set of copies of a 
specific probe on the microarray. The ratios are transformed to 
a log2 scale. When equal amounts of bound patient and control 
DNA are present, the ratio after normalization is zero. When a 
deletion is present in a specific gene region, the probes 
associated with that region drop down to approximately the 
-1.0 ratio. Since there is only one copy of that gene segment in 
the patient sample compared to two copies in the control 
sample, only half the amount of patient DNA is able to bind to 
the probes in that region, compared to twice as much control 
DNA. When a duplication is present, the probes in that region 
jump to approximately the 0.5 ratio. In this case, there is 50% 
more patient DNA binding to the microarray compared to the 
control sample. This is because there are 3 copies of that gene 
segment in the patient sample compared to 2 copies of the 
control sample.

Our review of the microarray data incorporates a two-part 
process. First, we utilize a software prediction program that 
predicts the likelihood of a particular result for a given sample. 
More specifically, our prediction algorithm looks at a window
of contiguous probes, a defined subset of which must have 
increased or decreased copy number in order to generate a 
positive call.  Solitary probes that deviate from the baseline
do not trigger a positive call by the algorithm. Our systematic 
review process combines the software prediction program with 
a visual review of the data. Data analysts are given generalized 
criteria for calling samples with large rearrangements. A cluster 
of probes centered between the 0.29 to 0.58 amplitude lines 
represents a duplication. Deletions are typically visualized as 
probe clusters that center within the -0.5 to -1.0 amplitude 
lines. Samples that are positive for a large rearrangement 
undergo a second, confirmatory microarray run. 
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Figure 1: The Microarray-CGH process. Patient DNA (red) and Control DNA (green) are differentially labeled. The samples bind 
 competitively to probes on the microarray. A laser scanner is used to compare the binding of the two samples,   
 whereby an imbalance of patient DNA to control DNA indicates the presence of a large rearrangement.
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Figure 3: MLH1, Deletion of exon 13.

Figure 2: MLH1, Duplication of exons 6-12.

Figure 4: MSH2, Deletion of exons 8-10. Figure 5: MSH2, Duplication of exon 8. Figure 6: MSH6, Deletion of exons 5-6.

Figure 7: APC, Deletion of exons 1-3 and promoters
 1A and 1B.

Figure 8: MYH, No Mutation Detected.

Figure 10: Proportion of large rearrangements detected   
 among all the genes tested (n=80).

Figure 9: MYH, Full Gene Duplication.
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