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Colorectal cancer (CRC) is one of the most common cancers in the  
Western world and in about 30% hereditary factors play a role. Although 
several genetic factors that predispose families to CRC are known, in many 
families affected with CRC the underlying genetics remain elusive. The 
work described in this thesis aimed to identify novel genetic factors that 
lead to an increased risk for CRC in these families. Several approaches 
were applied, including both germ line genetic analysis and the study of 
genomic aberrations in colorectal carcinomas.

-  Linkage analysis did not provide evidence for a novel high risk factor, but 
provided supportive evidence for a previously identified region on 3q. 

-  Enrichment of common low risk variants was observed in a cohort of 
familial CRC patients but not in early-onset solitary patients (without a 
family history of CRC).

-  Profiling of genomic aberrations in colorectal carcinomas showed distinct 
profiles for different hereditary CRC syndromes: 

-  MUTYH-associated carcinomas showed high frequencies of copy-
neutral LOH. 

-  Mismatch repair proficient familial carcinomas appeared to resemble 
the genomic profile of sporadic CRC, but with a remarkably increased 
frequency of 20q gain and genome-wide cnLOH.
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cytometric DNA content measurements of FFPE samples (24). This
technique allows simultaneous flow-sorting of tumor and stromal
cells based on differential expression of vimentin and keratin, as
well as DNA content, and was successfully applied to study cervical,
gastric, and colon cancers (25–27).
In the present study, we show that the combined use of

multiparameter DNA flow-sorting and SNP array analysis signifi-
cantly improves the detection of CNAs in archival FFPE cervical
and colon cancers. For analysis, we used a novel algorithm, lesser
allele intensity ratio (LAIR), which is incorporated in beadarraySNP
(5). LAIR integrates the DNA index in the analysis and defines the
allelic state of CNAs such as LOH (e.g., [A], cnLOH [AA], amplified
LOH [AAA]), balanced amplifications (e.g., [AABB], [AAABBB]), and
allelic imbalances (e.g., [AAB], [AAAB]). It provides a molecular
measure of chromosomal aberrations which might serve as a
clinical marker (28), and can be useful in preoperative molecular
staging of rectal cancer (29).

Materials and Methods

Tumor dissociation. Cervical and colorectal tumors were obtained

from the FFPE tissue bank of the Department of Pathology, Leiden
University Medical Center (LUMC), Leiden, the Netherlands. Samples

were handled according to the medical ethical guidelines described in

the Code Proper Secondary Use of Human Tissue established by the

Dutch Federation of Medical Sciences.1 Paraffin sections taken from all
samples were H&E-stained and reviewed by two pathologists (G.J. Fleuren

and H. Morreau). Cell suspensions were prepared as described (24) from

either 6 to 10 60-Am sections or 2 4-mm tissue punches from each
paraffin block.

Antibodies. Clone MNF116 [anti–keratin 5, 6, 8, and 17, IgG1 (DAKO)]

was used at working concentrations of 2 Ag/mL for 1 � 106 cells and

10 Ag/mL for 5 � 106 cells. Clones AE1/AE3 [anti–pan-keratin, premixed
20:1, IgG1 (Chemicon)] were used at working concentrations of 5 Ag/mL for

1 � 106 cells and 25 Ag/mL for 5 � 106 cells. Clone V9-2b (anti-vimentin,

IgG2b), originally developed at our department, was used as a diluted culture

supernatant (1:5 or 1:1, depending on the cell concentration). Goat F(ab2)¶
anti-mouse IgG1-FITC and goat F(ab2)¶ anti-mouse IgG2b-RPE (Southern

Biotechnology Associates) were both diluted 1:100 in PBATw.

Staining. One million cells were incubated with 100 AL of a monoclonal

antibody mixture containing clones MNF116, AE1/AE3, and V9-2b overnight
at 4jC. The next day, cells were washed twice with ice-cold PBATw and

centrifuged at 500 � g for 5 min at 4jC. The cells were then incubated with

100 AL of premixed FITC- or RPE-labeled secondary reagents. After 30 min
on ice, cells were washed twice with ice-cold PBATw and incubated with

500 AL of DNA staining solution containing 10 Amol/L of propidium iodide

(PI; Calbiochem) and 0.1% DNase-free RNase (Sigma) diluted in PBATw.

Cells were kept at room temperature for 30 min to activate the RNase and
were then incubated at 4jC overnight to allow for stoichiometric staining

of the DNA.

For DNA index validation, two tissue blocks from an archival cervical

carcinoma were taken and thick sections were cut at different time intervals
and prepared for multiparameter DNA analysis as described. In total, nine

independent measurements were performed, of which the DNA index and

coefficient of variation (CV) of the G0G1 populations was calculated.
Flow cytometry and sorting. For analysis, data from 20,000 single cell

events were collected using a standard FACScalibur (BD Biosciences) flow

cytometer, equipped with a 15 mW Argon-ion laser (488 nm) and a 12 mW

diode laser (635 nm; ref. 30). The FL3-A versus FL3-W pulse-processor was
used to enrich for single cell events during acquisition and analysis. For

data analysis, DNA index, and CV calculation, the WinList 6.0 and ModFit

3.1 software packages were used (Verity Software House, Inc.). N-color

compensation was used for postacquisition spectral cross-talk correction
according to the manufacturer’s instructions, without the use of hyperlog

transformation or log bias.

For flow-sorting, the cell concentration was increased to 5 � 106

cells/mL. The PI concentration was simultaneously increased to 50 Amol/L.

G0G1 vimentin-negative, keratin-positive tumor cells and G0G1 vimentin-

positive, keratin-negative stromal cells were flow-sorted using a FACSAria

flow-sorter at 40 psi (BD Biosciences) with a 100-Am nozzle at a frequency of
f52 kHz. The 488 laser line was used for excitation. The FACSAria purity

mode was used during sorting. These settings allowed us to typically flow-sort

800� 103 cells in 5 mL Falcon tubes. The following detector and filter settings

were used during sorting: FITC fluorescence, detector E, 530/30 nm BP filter;
R-PE fluorescence, detector D, 575/26 nm BP filter; PI fluorescence, detector

C, 610/20 nm BP filter. A detector C-Area versus detector C-Width dot plot

was used to gate out doublet and aggregates during sorting. After sorting, cells

were centrifuged at 4,000 � g for 10 min before DNA was extracted.
For fluorescence in situ hybridization (FISH) analysis of flow-sorted

cells (20 psi, 100 Am nozzle), samples were labeled for keratin, vimentin and

DNA using APC- and RPE-conjugated antibodies, and 4¶,6-diamidino-2-
phenylindole as DNA stain. This approach reduced background fluores-

cence during the examination of the interphase nuclei after hybridization.

DNA isolation. DNA was isolated as described (31) and DNA was further

purified using the Promega Protein Precipitation solution (Promega)
according to the manufacturer’s instructions. DNA concentrations were

determined using the Picogreen method (Invitrogen).

SNP array analysis. SNP arrays were performed at the Leiden Genome

Technology Center2 as described (32) with minor modifications: 1 Ag of
DNA was used as the input in a multi-use activation step and was sub-

sequently dissolved in 60 AL of resuspension buffer. Genotypes and the Gene

1 http://www.federa.org/

Figure 1. LAIR is a measure of the contribution of two informative alleles. LAIR
is 1 when the contribution of both alleles of a certain SNP in the tumor, as
compared with the total intensity, is similar to that of paired alleles of the
reference sample (balanced, left dotted line ; two copies [AB], four copies
[AABB], etc.). LAIR is 0 when no signal is found for one of the alleles in the tumor
(LOH, right dotted line ; one or more copies [A], [AA], and [AAA], etc.). Allelic
imbalances (imbalanced) are indicated by intermediate values depending on the
copy number ratio between the two alleles: [AAABB], [AAAAB], [AAAB], and
[AAB] are shown equidistantly (n = number of copies).

2 http://www.lgtc.nl/
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Figure 4. FISH confirmation of allelic state copy number and tumor heterogeneity. A, case 6, allelic state analysis of chromosomes 8 and 18 and
interphase FISH for chromosome 18q on vimentin-positive, keratin-negative and vimentin-negative, keratin-positive nuclei. Two centromere 18 signals (red)
and two signals (green ) in the SMAD2 region are visible. B, case 5, near diploid (DNA index, 0.97) fraction. Copy numbers of the allelic states at 8q
([AAAB]) and 18 ([A]) are confirmed by FISH. On chromosome 8, four centromere signals (red ) and four 8q signals (green ) are visible, and on chromosome
18, one centromere signal and one 18q signal. Inset, vimentin-positive, keratin-negative interphase nucleus showing two centromere signals and two 18q
signals. C, case 5, aneuploid fraction (DNA index, 1.86) and FISH for chromosomes 8 and 18 of the aneuploid fraction. Chromosome 8 shows seven
centromere signals and seven 8q signals. Chromosome 18 shows two centromere signals and two 18q signals. Note the striking similarity between the
chromosomal aberrations of different colon tumor fractions. Chromosomes 8 and 18 are from different OPA panels, causing the small difference in the level
of the red segmentation line. D, intratumor heterogeneity observed by FISH. The allelic state of chromosome 6p of case 2 was [AAAA] according to LAIR
analysis (a low LAIR score; red bars ). FISH analysis of flow-sorted vimentin-negative, keratin-positive tumor cells showed that this population is composed
of a mixture of two fractions: one fraction (67%) containing four copies of 6p25/4 centromeric copies and one fraction (33%) containing three copies
of 6p25/3 centromeric copies. The vimentin-positive, keratin-negative fraction was shown to be normal (2/2, [AB]). [A], [AAB], etc., indicate the allelic
state; black dots, normalized copy number with a red segmentation line for all SNPs; horizontal blue dashes, LAIR (calculated on informative SNPs) scale
from 0 to 1; vertical bars; green, LAIR � 1 (retention); red, LAIR � 0 (LOH); blue, intermediate LAIR (f0.2 to f0.8, allelic imbalance). Probes:
centromere 6, p308 (red); 6p, 86C11 (green ); centromere 8, D8Z2 (red); 8q, 536K17 (green ); centromere 18, L1.84 (red); 18q, 748M14 (green ); 18qter,
154H12 (green ).
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Haplotype analysis in a HNPCC family segregating the MLH1 Pro350fs mutationFigure 1
Haplotype analysis in a HNPCC family segregating the MLH1 Pro350fs mutation. The haplotypes were constructed 
in SimWalk2 and subsequently visualized with HaploPainter [39]. CRC:55, colorectal cancer diagnosed at age 55; Endo, 
endometrial cancer; Skin, skin cancer; P, polyps; Pro350fs, carrier of the Pro350fs mutation in MLH1; wt, non-carrier; black 
dot, DNA of this family member has been typed on a 10K SNP array.
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is significantly increased compared to sporadic carci-
nomas (p < 0.001). Moreover, the amount of phys-
ical chromosomal losses is significantly (p < 0.001)
decreased compared to sporadic carcinomas
(Figure 1). No differences were seen in the number of
chromosomal gains between MAP carcinomas and the
sporadic carcinomas. The majority of chromosomal
events that are targeted by cnLOH in MAP comprise
physical loss instead of cnLOH in sporadic CRC.

The observed pattern of cnLOH versus physical loss
was confirmed for five representative MAP carcinomas
(t2, t4, t10, t12 and t18) after flow sorting, by FISH
for chromosome 17p and 18q on tumour nuclei, in
combination with LOH analysis using microsatellite
markers. One sporadic carcinoma was included as a
control (Table 2). The SNP arrays revealed that four of
these five MAP carcinomas exhibited cnLOH on chro-
mosome 17p (t2, t4, t12 and t18) and three exhibited
cnLOH on chromosome 18q (t2, t12 and t18). Two
MAP cases and the sporadic CRC displayed physi-
cal loss of chromosomes 17p and/or 18q. All FISH
results that could be obtained were in agreement with
our estimation based on the DNA index in combi-
nation with the SNP array results. For example, in
the tumours with a near-diploid genome content, two
copies of chromosome 17p and 18q were identified by
FISH in case of cnLOH and in tumours with a near-
triploid genome three copies were identified in case
of cnLOH (Figure 2). However, within MAP carci-
noma t18 (DI = 1.4) only half of the tumour nuclei
showed three chromosomal arms of 18q, indicating
intratumour heterogeneity. The sporadic carcinoma
also harboured two cell populations, with different
copy numbers on chromosomal arms 17p and 18q.
LOH was unambiguously identified for all informative
microsatellite markers in all these cases, also in the
cases with cnLOH in the context of a triploid genome
content (implying the presence of three copies of a
single allele), except for D17S921 in the diploid frac-
tion of MAP carcinoma t4, which showed retention.
These results are concordant with the results obtained
with the SNP array analysis.

Discussion

Three studies have reported on the genetic profiles
of MAP tumours [3,9,10]. Unfortunately, the results
of these studies are seemingly contradictory. Copy
number changes in adenomas have been reported, as
well as near-diploidy in adenomas and carcinomas. In
order to gain more insight into the genetic instabil-
ity in MAP tumours we studied a series of 26 MAP
carcinomas using SNP array analysis in FFPE tissue.
In contrast to sporadic colorectal cancer, copy-neutral
LOH (cnLOH) appears to be a prevalent characteristic
of MAP carcinomas, while only a few copy number
abnormalities were identified (4). However, the per-
centage of chromosomal gains (24%) is comparable to
sporadic colorectal cancers with CIN. Such a genomic

Figure 2. Microsatellite LOH analysis and fluorescent in situ
hybridization on chromosome 18q21.1 after flow sorting of
MAP carcinoma t12 (see also Table 2). (A) FISH showed
two centromeric chromosome 18 signals (red) and two
signals on 18q21.1 (green) for MAP carcinoma t12 (DNA
index = 1.0). (B) Microsatellite LOH analysis (D18S877) on
the flow-sorted MAP carcinoma t12 is shown: (upper panel)
vimentin-positive, keratin-negative (normal) fraction; (lower
panel) the vimentin-negative, keratin-positive (tumour) fraction.
Unambiguous LOH is seen of allele 1 in the tumour. In
combination with the FISH result shown in (A), copy-neutral
LOH for chromosome 18q can be concluded

tumour profile of colon cancer has, to our knowledge,
not been described before. With the recent availabil-
ity of SNP arrays, more detailed information can be
obtained on genome-wide cnLOH and several studies
now report on cnLOH in cancers [19,20]. However,
no study has described cnLOH to the extent seen in
our series of MAP carcinomas.

The relative absence of chromosomal loss in
our series of MAP carcinomas indeed reflects a

J Pathol 2008; 216: 25–31 DOI: 10.1002/path
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