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CHAPTER9

Concluding remarks and implications for the future






In this thesis, we evaluate the use of molecular pathology for identifying individuals
with an increased risk for colorectal cancer (CRC) based on their genetic makeup, and for
generating insight into the tumorigenesis of familial CRC.

The described work can be divided into:

1) The use of reliable methods that are applicable in formalin-fixed paraffin-embedded
(FFPE) tissues, which is of utmostimportance since the majority of tumor tissue from
familial CRC is only available as FFPE tissue.

2) Tumor profiling to guide genetic testing strategies and clinical genetic decision
making, to gain insight on tumorigenesis in familial CRC [including Lynch syndrome
and MUTYH-associated polyposis (MAP)], and to study the role of CHEK2 and PTPRJ.

1) The use of reliable methods to test FFPE tissues

We used high-throughput methods suitable for FFPE materials to study the char-
acteristics of colorectal tumors. One of these techniques, the MassEXTEND loss of
heterozygosity (LOH) analysis (using Sequenom’s MassARRAY RT software) is a sensitive,
high-throughput, and cost-effective method for genotyping large series of cases for a
limited number of single nucleotide polymorphisms (SNP). Moreover, LOH at a particular
SNP can be studied in FFPE tumor tissues (Chapter 7). Shortly after our study, Ollikainen
et al. used the same method to detect LOH in tumors from patients with a mismatch
repair (MMR) defect [1]. In the classical LOH analysis using microsatellite repeat mark-
ers, the applicability is impaired in mismatch repair deficient tumors due to the intrinsic
instability of these markers. In a later phase, we showed that SNP arrays can also be an
excellent way to genotype archival tissues and to identify copy neutral LOH (cnLOH) in
mismatch repair deficient tumors (Chapter 3). The introduction of this whole genome
SNP array analysis enabled the detection of distinct small regions of cnLOH as well as
the identification of copy number alterations in FFPE tumor tissues [2,3]. We used this
platform to investigate chromosomal instability (CIN) in microsatellite unstable (MSI-
high) carcinomas and MAP carcinomas (Chapter 3 and 5). We also suggest that the SNP
array platform may be an important tool for finding the genetic cause of unexplained
familial CRC.

Another method that we applied was immunohistochemical (IHC) pre-screening of
several hundred familial CRC cases that were compacted into tissue micro arrays. This
approach was used to screen for loss of CHEK2 expression in familial CRC and also to
identify several unexplained MSI-high cases with loss of PMS2 expression in which later
germline mutations were identified (Chapter 8 and Hendriks et al. (2006) Gastroenterol-
ogy 130:312-322. list of additional publications).
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2) Tumor profiling

Microsatellite instability (MSI) analysis

MSI analysis and IHC of MMR proteins (including PMS2) in CRC from index patients ful-
filling the Amsterdam Il or (modified) Bethesda criteria have now become a cost effective
approach to identify Lynch syndrome patients and to direct germline MMR testing. The
presence of a MSI-high phenotype (sporadic and hereditary) has also been associated
with an improved prognosis and altered responses to various chemotherapies when
compared to microsatellite stable (MSS) tumors [4-6]. There is now debate as to whether
to refrain from 5-FU compounds in cases of CRC with MSI-high phenotypes [7].

MMR unclassified variant (MMR-UV)

The identification of pathogenic MMR mutations in Lynch syndrome can be used to
offer pre-symptomatic testing in currently unaffected family members. However, in the
case of finding only an MMR-UV, the uncertainty about the contribution of such UV to
the risk of developing cancer is a major problem, as these UVs could also represent rare
variants without increased risk of cancer. Furthermore, the possibility remains that a true
pathogenic mutation has been missed. Besides the existing test modalities (segregation
assays, MSI status, IHC of MMR proteins, functional testing, etc.), additional proof is still
needed [8]. Therefore, it is of great importance to search for additional tools that can
provide insight on pathogenicity. We performed whole genome SNP arrays in MSI-high
tumor materials from MMR-UV carriers. In five out of eight MMR-UV cases, additional
chromosomal instability (although subtle) was found in comparison with tumors from
true pathogenic mutation carriers (Chapter 3). This suggests that such additional CIN
was necessary for tumorigenesis in cases with a priori weak mutator effects and that
another mutation has not been missed. The validity of this observation should now be
confirmed in a large series of MMR-UV cases. We recommend the collection of tumors
from patients with the same UVs and the study of the patterns of genomic abnormalities
in those tumors. Depending on the results, it might be useful to add genome-wide SNP
array profiling of tumors from MMR-UV carriers to the existing tools to further elucidate
the pathogenicity of the MMR-UVs.

KRAS2 pre-screening in familial CRC

General practitioners and medical specialists should be alert to recognize cases sus-
pected for a hereditary cause of CRC. Several guidelines are available for this purpose;
these include a positive family history, the age of onset, or the number and nature of
polyps, e.g.,adenomatous, hyperplastic, or hamartomatous (www.nav-vkgn.nl). As a sup-
portive test, we studied the presence of the MUTYH-specific KRAS2 c.34 G>T transversion
in colon tumors in positive cases, followed by MUTYH hotspot analysis in FFPE tissues. The
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sensitivity and specificity of the KRAS2 c.34 G>T test combined with the MUTYH hotspot
analysis is high for the detection of bi-allelic mutation carriers, although the exact figures
cannot be calculated because we do not have access to the complete MUTYH sequence
of all patients. We concluded that this test can reliably identify patients with (atypical)
MAP. Therefore, we recommend KRAS2 c.34G>T somatic pre-screening, followed by
MUTYH hotspot mutation analysis if the result of the former is positive. If heterozygous
hotspot MUTYH mutations are identified, a complete germline MUTYH mutation screen-
ing should be carried out if possible. Immediate MUTYH hotspot mutation analysis is a
practical alternative in patients with >10 adenomas, or in cases of multiple CRCs in one
generation for which only FFPE tissue is available (Chapter4). To this end, we developed
a simplified KRAS2 mutation detection procedure in archival tissue for codons 12 and 13.
Furthermore, this KRAS2 mutation analysis might be rather beneficial as it was recently
shown that the presence of somatic KRAS2 mutations leads to a negative response upon
treatment with EGFR inhibitors in colon and lung cancers. This highlights the need for
KRAS2 mutation analysis to predict the response to treatment [9,10].

CHEK2

The CHEK*1100delC allele has been proposed as a low-penetrance cancer susceptibil-
ity allele for breast cancer, and carriers appear to have a twofold increase in breast can-
cerrisk[11]. The incidence of the 1100delC mutation was suggested to be higher among
breast cancer families with CRC than in those without CRC, identifying a hereditary breast
and colorectal cancer (HBCC) phenotype [12]. The incidence of the CHEK2*1100delC mu-
tation in familial and non familial CRC patients was 1.3% and 2.9%, respectively, which
is not significantly higher than the European population frequency of 1.1-1.4%. With an
estimated range of 1.3-1.6%, the frequency in the Dutch population seems similar [12].
Results suggest that the CHEK2*1100delC mutation may not be significantly associated
with familial CRC or with CRCriskin the population, although a very low-penetrance effect
on CRC could not be excluded [13,14]. From our study, we conclude that homozygosity
for the CHEK2*1100delC mutation is not lethal in humans and does not lead to a severe
clinical phenotype. CHEK2 protein abrogation is seen in cases with the CHEK2*1100delC
allele but not with the CHEK2 germline variants, R117G, R137Q, R145W, 1157T, and R180H
in familial CRC. Other studies reported the correlation between two CHEK2 variants
(1100delC and [157T) and CRC; Sanchez et al. demonstrated that CHEK2*1100delC is not
of clinical relevance for Lynch syndrome and HBCC Spanish families [15], and de Jong et
al. concluded that the frequency of the CHEK2*1100delC genotype was not significantly
increased in unselected CRC patients or in selected CRC patients diagnosed before age
50. However, after stratifying unselected CRC patients according to defined genetic risk,
a significant trend of increasing frequency was observed [16]. In a study of Swedish CRC
patients, the frequency of CHEK2*1100delC was not significantly increased [17]. Based
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on the research to date, the role of the CHEK*1100delC allele in familiar CRC seems to be
limited, which excludes it as a candidate allele for testing in the clinical genetic context
in families with clustering of CRC. Two studies showed that CHEK2 [157T is associated
with an increased risk of CRC. Kilpivaara et al. observed the association in both familial
and sporadic CRC patients. Furthermore, they found support for the role of CHEK2 1157T
as a susceptibility allele for multiple cancer types [18]. Cybulski et al. concluded that the
[157T mutation increased the risk of CRC in the population. In addition, they suggested
that truncating mutations may confer a lower risk or no increase in risk for CRC [19].

PTPRJ

PTPRJ is one of the colon cancer susceptibility alleles identified in mouse studies.
Frequent LOH of the PTPRJ*1176 A>C allele was shown in human sporadic colorectal,
breast [20], and lung tumors [21], and in human thyroid carcinomas [22]. Additionally,
Ruivenkamp et al. concluded that LOH of the PTPRJ*1176 A>C allele frequently occurs in
the adenoma stage of sporadic human CRC [23]. Our study revealed that the importance
of the newly identified PTPRJ- ¢.827A>C SNP appears to be limited in familial CRC. In
2006, one published report suggested that PTPRJ plays a role in early colon neoplasia by
studying two PTPRJ microsatellite markers in 32 aberrant crypt foci [24]. In the recent as-
sociation studies, the PTPRJ- c.827A>C SNP was not identified as a cancer susceptibility
allele for CRC. However, this does not exclude the possibility that this SNP functions as
a low-penetrant allele.

SNP typing of Lynch syndrome, MMR-UV, sporadic MSI-high and MAP tumors

We characterized chromosomal instability (physical loss, gain, and cnLOH) and micro-
satellite instability in carcinomas from Lynch syndrome patients with pathogenic MMR
mutations, MMR-UV carriers, MAP patients, and patients with sporadic MLHT promoter
hypermethylation. The profiles were distinct; in MSI-high carcinomas from Lynch syn-
drome patients with pathogenic mutations, copy number variation is rare. Genome-
wide copy neutral LOH is also rare, and the only cnLOH detected is usually confined to
the locus harboring pathogenic mutations in MLH1, MSH2, or PMS2. In MMR-UV cases
and sporadic MMR deficiency, there is often a slight increase in chromosomal instability
[25,26] (Chapters 3 and 4), whereas MAP carcinomas show many aberrant chromosomal
regions. Interestingly, these regions are mostly affected by cnLOH. The latter is in con-
trast to sporadic colon cancer, where physical chromosomal loss is the main characteris-
tic. The percentages of chromosomal amplifications in MAP and sporadic microsatellite
stable colorectal carcinomas are comparable.
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Co-segregation of MSH6 and MUTYH germline mutations

The MSH6 Lynch syndrome family in which family members are heterozygous or com-
pound heterozygous for MUTYH germline mutations showed a remarkably mild clinical
phenotype of an MSH6/MUTYH compound heterozygote mutation carrier (Chapter 6).
Selection against MSH6 mismatch repair deficient cells might, at least in part, explain
this phenotype, which is in line with Kambare et al., who suggested that BER and DNA
MMR pathways are mutually exclusive. This suggestion implies that cells with abrogation
of both pathways are not viable and undergo apoptosis [27]. We observed only one pa-
tient with the above-mentioned genotype. In the literature, combined germline defects
such as APC plus an MMR mutation are described to be associated with an increased
cancer risk or accelerated tumorigenesis [28,29]. MUTYH in addition to missense MSH6
mutations are hypothesized to increase cancer risk [28]. A recent study does not find this
association between MUTYH and MSH6 UV and pathogenic germline mutations [30]. The
number of patients is relatively low in the latter two studies, and no additional analysis
was done in the family members of the identified patients. Additional experiments are
now necessary to gain more understanding on the interaction of MUTYH and MSH6. We
therefore obtained primary skin fibroblast cultures from the MSH6/MUTYH compound
heterozygote mutation carrier and from her relatives carrying different combinations of
MSH6 and MUTYH mutations. In these cultures, DNA repair mechanisms will be analyzed
for apoptotic responses, cell viability, and clonal survival in order to find support for
the notion that abrogation of both MSH6 DNA mismatch and base excision repair in a
cell can lead to apoptosis and a milder clinical phenotype. Furthermore, it would be of
great value to study the fibroblasts from patients and their family members identified in
the other studies to compare the difference between MSH6-UVs and pathogenic MSH6
mutations in combination with mono-allelic MUTYH mutations.

Implications for the future

The contribution of molecular pathology in the identification of familial causes of CRC
in the near future will be dual; it will play a role in diagnostic as well as research set-
tings.

Tests that are readily applicable and straightforward (for example, MSI, additional
MMR IHC, and KRAS2 mutation analyses) will be extensively used in molecular pathology
diagnostics.

In a research setting, molecular pathology will be an important player in determining
the contribution to an increased cancer risk of the alleles that are presently identified
with the analysis of disease susceptibility through whole genome association studies.
In these studies, dedicated SNP profiles are identified that can predict higher chances
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for certain disorders in individuals. Examples are the recent identification of suscepti-
bility SNPs for breast cancer, CRC, and prostate cancer [31-38]. The CRC susceptibility
SNPs published so far all have significant p values (p < 107) although the odds ratio for
each individual SNP is low. Based on a recently published paper on prostate cancer, one
can speculate that a combination of five of these variants within one individual leads
to an increased relative risk, although severe concerns were recently raised about the
statistical analysis of these data [39-46]. The identification of these susceptibility SNPs
is based on the common disease-common variant theory. Therefore, this approach is
still unable to find rare susceptibility alleles in populations that include recessive alleles.
Furthermore, the biological role of the now identified alleles is mostly unknown because
these SNPs are most likely just tagging the true gene variants responsible. For all these
reasons, the regions of interest are now sequenced for such causal variants [47]. How
these responsible SNP variants contribute to an increased CRC risk should also be stud-
ied for example through molecular pathology in well-defined patient/tumor and control
cohorts with available follow-up data.

The latest screening strategies for CRC in the general population focus on endoscopic
surveillance above the age of 50, possibly in combination with fecal occult blood or fecal
DNA testing. It will be interesting to see if and when the recently identified common
disease/common variant SNPs and the true genetic variants that are linked to them will
be implemented in CRC screening in the general population. If successful, generating
these types of profiles for CRC susceptibility in the general population might be a very
beneficial screening method, although ethical problems may be encountered.

Our recent experience showed that the role of tumor profiling in the search for as yet
unidentified genetic causes of CRC is often met with skepticism. We now argue that the
distinct tumor profiles that are found (chapters 3 and 5) are convincing examples that
molecular pathology approaches might also be crucial for the characterization and pos-
sible elucidation of unresolved familial causes of CRC. We should not forget this critical
example: the identification of MUTYH mutations in 2002 as the genetic cause for many
unexplained polyposis patients, later named MUTYH-associated polyposis, came initially
from tumor analysis.
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