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Abstract
It is important to identify a germline mutation in a patient with an inherited cancer syndrome to allow
mutation carriers to be included in cancer surveillance programs, which have been proven to save
lives. Many of the mutations identified result in premature termination of translation, and thus in
loss-of-function of the encoded mutated protein. However, the significance of a large proportion of
the sequence changes reported is unknown. Some of these variants will be associated with a high
risk of cancer and have direct clinical consequence. Many criteria can be used to classify variants
with unknown significance; most criteria are based on the characteristics of the amino acid change,
on segregation data and appearance of the variant, on the presence of the variant in controls, or on
functional assays. In inherited cancers, tumor characteristics can also be used to classify variants. It
is worthwhile to examine the clinical, morphological and molecular features of a patient, and his or
her family, when assessing whether the role of a variant is likely to be neutral or pathogenic. Here
we describe the advantages and disadvantages of using the tumor characteristics of patients carrying
germline variants of uncertain significance (VUS) in BRCA1, BRCA2, or in one of the mismatch
repair (MMR) genes, MLH1, MSH2,or MSH6, to infer pathogenicity.

Keywords
unclassified variants; VUS; UV; classification criteria; breast cancer; Lynch syndrome; BRCA1;
BRCA2; MLH1; MSH2; MSH6

© 2008 Wiley-Liss, Inc.
*Correspondence to: R.M.W. Hofstra, Department of Genetics, University Medical Center Groningen and University of Groningen, PO
Box 30.001, 9700RB Groningen,The Netherlands. r.m.w.hofstra@medgen.umcg.nl .
†The members of the IARC Working Group are listed in the Appendix.
‡The International Agency for Research on Cancer (IARC), based in Lyon, France, is part of the World Health Organization.

NIH Public Access
Author Manuscript
Hum Mutat. Author manuscript; available in PMC 2010 October 29.

Published in final edited form as:
Hum Mutat. 2008 November ; 29(11): 1292–1303. doi:10.1002/humu.20894.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



INTRODUCTION
It is important to identify a germline mutation in a patient with an inherited cancer syndrome,
such as hereditary breast (MIM# 114480) and ovarian cancer or Lynch syndrome (MIM#
120435), also referred to as hereditary nonpolyposis colorectal cancer (HNPCC), to allow
mutation carriers to be included in cancer surveillance programs. Such programs are proven
to be life-saving. Furthermore, family members not carrying the mutation could be safely
treated as low risk, saving on unnecessary screening and anxiety. Many of the mutations
identified result in premature termination of translation, and thus in loss-of-function of the
encoded mutated protein. However, if the inclusion criteria are less strict it is estimated that
between one-third and one-half of the sequence changes reported for BRCA1 (MIM# 113705)
and BRCA2 (MIM# 600185), respectively (and the same holds true for the mismatch repair
(MMR) genes) are variants of unknown clinical significance [Barnetson et al., 2008; Chao et
al., 2008; Gomez-Garcia et al., 2005; Nyström-Lahti et al., 2002]. These variants, also termed
unclassified variants (UVs), or variants of uncertain significance (VUS) are not predicted to
lead to a premature termination of translation and, in general, it is not known whether they
contribute to the disease phenotype or merely represent rare variants associated with no or little
cancer risk. Some of these rare variants will be associated with a high risk of cancer of direct
clinical consequence (see companion work by Plon et al. [2008]).

Many criteria can be used to classify such rare variants and some are based on tumor
characteristics. Nontumor characteristics include: (1) de novo appearance of the mutation in a
clinically affected individual; (2) segregation with the disease within pedigrees; (3) a variant
is considered nonpathogenic when on the other allele (in trans) a known deleterious mutation
is present (for genes where biallelic mutations are lethal, or have very obvious clinical
phenotypes); (4) absence in control individuals; (5) a change of amino acid polarity or size;
(6) occurrence of the amino acid change in a domain that is evolutionarily conserved between
species and/or shared between proteins belonging to the same protein family [Tavtigian et al.,
2008a,b]; and (7) deleterious effect in a functional assay or in an animal model [Couch et al.,
2008]. In the case of high-penetrance cancer predisposition genes, it is assumed that loss of
function will occur for both alleles of the disease-causing gene (for tumor suppressor genes or
MMR genes) in tumor tissue. For cancer genes, therefore, another criterion that can be used to
infer pathogenicity of a mutation is: (8) loss of function of the nonmutated allele by various
mechanisms, including somatic mutation, deletion of the gene (and usually a large part of the
surrounding chromosome [Spurdle et al., 2008b]) and hypermethylation of the promoter region
of the gene. In some conditions, the resulting loss of protein may be detectable in tumor tissue
by comparing it to normal tissue, such as: (9) loss of protein expression in tumors, which can
be detected by immunohistochemistry (e.g., the MMR gene proteins) but can also be manifest
by abnormally stable protein expression for proteins with rapid turnover; e.g., TP53 gene
(MIM# 191170) mutation. Furthermore, morphological (10) or histopathological (11) features
of tumors, shown to be associated with pathogenic mutations in previous studies, can also be
used as evidence to evaluate the likely clinical significance of variants. Previous inclusion of
an unclassified sequence variant in the increasing number of disease-specific mutation
databases should not be considered sufficient evidence for pathogenicity [Greenblatt et al.,
2008]. Evidence for a designation as pathogenic is not usually included in the database, and
even if included, the evidence is often indirect and therefore prone to artifacts. Indirect evidence
might also come from for instance, segregation analysis. Segregation of a mutation with the
disease can be caused by the variant being in linkage disequilibrium with the true, as yet
unidentified, mutation. Likewise, loss of heterozygosity (LOH), absence of staining for the
protein (“negative immunohistochemistry”), or mutation-associated tumor features could all
be due to an unidentified mutation in the same gene or in its regulatory sequences. Therefore,
knowledge of the sensitivity and extent of mutation testing is crucial to the interpretation of
pathogenicity.
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Here we describe the advantages and disadvantages of using tumor characteristics to infer
pathogenicity of the variant in patients carrying a germline variant of unknown clinical
significance in the BRCA1, BRCA2, or in one of the MMR genes, MLH1 (MIM# 120436),
MSH2 (MIM# 609309), or MSH6 (MIM# 600678). We discuss the specificity and sensitivity
of tumor characteristics of known disease-causing pathogenic mutations, and extrapolate their
use in classifying rare sequence variants.

FAMILIAL BREAST CANCER
Molecular Basis of Familial Breast Cancer

Breast cancer is one of the most common cancers affecting women in the Western world and
its incidence is rising. As for many cancers, there is a large environmental component to risk
and a significant genetic component, with 20 to 30% of cases occurring against a family history
of the disease. However among the 20 to 30% of familial cases, only 2 to 3% overall are due
to known, high-risk genes, with BRCA1 and BRCA2 being the most frequently implicated
[Pharoah et al., 2002]. Younger onset of disease than in the general population is a typical
feature seen in the presence of inherited, high-penetrance genetic susceptibility. Much of the
remaining genetic risk is likely to be accounted for by frequent, low-penetrance genetic
polymorphisms that are now being identified through whole genome association studies
[Easton et al., 2007; Hunter et al., 2007].

The two most important breast cancer susceptibility genes are BRCA1 and BRCA2. Together,
they account for about 30% of the familial risk for breast cancer. In most populations, mutations
are rare (an estimated population carrier rate of the order of 1/400 for each gene), but in some
populations, such as the Ashkenazim, deleterious mutations are seen much more frequently—
about 2.5% of Ashkenazi Jews carry 1 out of 3 founder mutations in BRCA1 or BRCA2. Both
BRCA1 and BRCA2 function as tumor suppressors, as the wild-type alleles are often lost in
tumors from heterozygote carriers.

BRCA1 acts as a hub protein and is involved in genomic stability, DNA repair, DNA damage
response and cell-cycle checkpoint control, chromatin remodeling, transcriptional regulation,
and protein ubiquitination. BRCA1 facilitates DNA repair by its involvement in homologous
recombination and DNA damage response [reviewed in Narod and Foulkes, 2004; Wang,
2007; Yoshida and Miki, 2004]. Its precise functions and their relationship to cancer
pathogenesis continue to be investigated; notable recent findings include the further refinement
of the BRCA1 double-strand break recognition mechanism [Greenberg, 2008; Chen et al.,
2008]. BRCA1-related tumors are often “basal-like” (described below), and it seems likely
that this is related to functions independent of those implicated in DNA repair, since BRCA2-
related breast cancers are not often basal-like, but BRCA2 is intimately involved in the repair
of both single- and double-strand DNA breaks [reviewed in Narod and Foulkes, 2004]. In
addition to DNA repair functions, there is evidence that BRCA2 also participates in cytokinesis.
Daniels et al. [2004] demonstrated that dividing cells with BRCA2 mutations, although riddled
with DNA breaks and chromosomal abnormalities, are less able to separate because of failed
homologous-strand repair. Thus the abnormalities of chromosome number seen in BRCA2-
deficient cells are, at least in part, a direct consequence of BRCA2 dysfunction.

Breast tumor pathology—BRCA1 and BRCA2—Breast cancer is a heterogeneous
disease, with distinct types being recognized with respect to morphology,
immunohistochemistry, and, more recently, by molecular markers. It has been established that
breast tumors arising in carriers of a pathogenic BRCA1 mutation tend to have a distinctive
tumor phenotype. This was first noted on the basis of simple pathology features [Armes et al.,
1998; Lakhani et al., 1998, 2000].
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BRCA1-associated breast cancers are usually of high histological grade, with
exceptionally high mean mitotic counts, a syncytial growth pattern, pushing margins,
confluent necrosis, and a high degree of aneuploidy. Invasive BRCA1 tumors do not
usually coexist with ductal in situ carcinoma (DCIS), but DCIS can be a presenting
feature [Hoogerbrugge et al., 2003, 2006; Hwang et al., 2007; Lakhani et al., 1998,
2000]. The atypical medullary carcinoma histological subtype has been shown to be
overrepresented in BRCA1 mutation carriers (see Table 1) and this classification
probably reflects the frequently observed heavy lymphocytic infiltrate in BRCA1-
associated tumors [Honrado et al., 2005].

BRCA2-associated breast cancers arise at a slightly later age than BRCA1-related
tumors (average age around 48 years compared to 43 years for BRCA1) and they are
morphologically somewhat less distinct from sporadic breast cancers than BRCA1-
associated tumors. There have been only two studies reporting independent predictors
of BRCA2 mutation status. The large Breast Cancer Linkage Consortium study
[Lakhani et al., 1998], reported tubule formation, mitotic count, and continuous
pushing margins to be significant predictors of BRCA2 mutation status, and confirmed
that the tubule formation was significantly different to non-BRCA1/2 tumors using
multiple regression analysis [Lakhani et al., 2000]. In addition, Bane et al. [2007]
reported that BRCA2 mutation carriers are significantly more likely to develop
estrogen-positive higher-grade tumors than are controls, and that in situ cancers are
more common.

Breast tumor pathology—non-BRCA1 and BRCA2—Familial non-BRCA1/BRCA2
breast cancers tend, on average, to have a somewhat lower grade, with possibly a more frequent
reporting of lobular morphology than breast cancers in general and BRCA1/2 tumors, in
particular [Lakhani et al., 2000; Oldenburg et al., 2006]. However, there are no “typical”
appearances that allow a familial non-BRCA1/2 breast tumor to be recognized, as they are fairly
similar to breast cancers seen in the general population.

Immunohistochemical characterization of BRCA1/2-associated tumors—
Showing loss of the BRCA1 or BRCA2 proteins by immunohistochemical staining (IHC) has
not proven to be useful in selecting tumors in which mutation of either gene underlies the tumor
development. However, based on protein expression of proteins other than BRCA1/2, the
BRCA1- and BRCA2-associated tumors do show differences (Table 1). BRCA1 tumors show
no or only weak (<10% of cells) expression of estrogen (ER-negative) or progesterone
receptors (PR-negative). Tumors are usually high-grade and high tumor grade correlates
strongly with ER negativity, but in addition the BRCA1 tumors rarely overexpress the
oncogene ERBB-2 (HER2-negative); this is commonly referred to as “triple negative” breast
cancer and is typical of the basal-like subtype [Turner et al., 2004]. In a study of 72 breast
cancers diagnosed in Ashkenazi Jewish women under 65 years of age, BRCA1 tumors were
nine times more likely to express the basal marker CK5/6 than tumors in non-BRCA1 or
BRCA2 mutation carriers (P = 0.002) [Foulkes et al., 2003]. In a much larger series of cases
(182 BRCA1 carriers, 63 BRCA2 carriers, and 109 sporadic breast cancer patients), the Breast
Cancer Linkage Consortium showed that ER-negative, CK5/6-positive, and CK14-positive
breast tumors were approximately 27 times more likely to have a BRCA1 mutation compared
to controls; nearly one-half (43%) of all BRCA1 tumors had this phenotype, whereas it was
seen in only 1.6% of the BRCA1/2-negative controls [Lakhani et al., 2005].

A recent study of basal cytokeratin expression in a smaller study of Finnish breast cancer
families [Eerola et al., 2008] showed that, compared to sporadic tumors, CK14 expression was
significantly increased in BRCA1 mutation carriers particularly (n = 46; P = 0.0005), but also
in BRCA2 carriers (n = 40; P = 0.011) and non-BRCA1/2 familial cases (n = 358; P = 0.005).
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Expression of the basal marker epidermal growth factor receptor (EGFR) has also been shown
to be an indicator of BRCA1 mutation status [Lakhani et al., 2005]. It is important to note,
however, that among series of sporadic (nonfamilial) breast tumors, about 15% will be
classified as basal type or triple-negative tumors and this subtype is more frequent in young
breast cancer cases [Bauer et al., 2007]; i.e., these features are not exclusive to tumors in
BRCA1 mutation carriers. Furthermore, there is a difference in the breast cancer pathology
developing in younger and older BRCA1 gene carriers (the average age for BRCA1 breast
cancer is about 42 years). Older BRCA1 gene carriers in particular exhibit less striking
differences in phenotype [Eerola et al., 2008].

Like BRCA1 breast tumors, BRCA2 tumors tend to be of higher histological grade and are rarely
HER2+, but unlike BRCA1 tumors they are often ER-positive [Bane et al., 2007; Foulkes et
al., 2004; Lakhani et al., 2005]. The observed relationship between expression of ER in
BRCA1/2 tumors seems specific to each gene, as ER-negative staining is seen more often in
BRCA1 tumors compared to BRCA2 or sporadic tumors at all ages [Foulkes et al., 2004].

The identification of immunohistochemical markers for BRCA2 mutation status is desirable,
and is theoretically possible given the evidence that other gene expression profiles delineate
breast tumors by BRCA1 and BRCA2 mutation status [Hedenfalk et al., 2001; Sorlie et al.,
2003; van’t Veer et al., 2002]. There is suggestive evidence that such markers of BRCA2
mutation status may be found in E-cadherin expression [Palacios et al., 2005a], MYC
duplication/amplification [Adem et al., 2004; Palacios et al., 2005b], TBX2 duplication [Adem
et al., 2004], RAD51 nuclear expression and increased CHEK2 expression [Honrado et al.,
2005], and increased cyclin D1 expression [Colombo et al., 2008]. However, the results from
these studies should be viewed with caution due to their relatively small sample sizes, ranging
from only eight to 24 carriers of a BRCA2 mutation.

LOH in familial breast cancer—Consistent with evidence that BRCA1/2 act as tumor
suppressors, reports on largely truncating mutations indicate that ~80% of tumors from
BRCA1 and BRCA2 mutation carriers undergo inactivation of the wild-type allele by LOH
[Collins et al., 1995; Cornelis et al., 1995]. Likelihood ratios for use of LOH data have been
derived and used for assessing causality of BRCA1/2 sequence variants [Chenevix-Trench et
al., 2006]. These likelihood ratios assumed 30% LOH of BRCA1/BRCA2 in sporadic tumors,
with random allele loss such that 15% would lose wild-type and 15% would lose the variant
allele. However, analysis by the same group of an expanded dataset of 63 different variants
showed more loss of the variant than expected based on the underlying assumptions [Spurdle
et al., 2008a]. This increased loss was observed for variants ultimately classified as pathogenic
or as neutral/low clinical significance. There was no evidence that this was a technical issue,
and at present these authors advise that LOH data be excluded from multifactorial analysis
until adequate reference data can be accumulated on the role of LOH in the development of
breast cancer in carriers of BRCA1/2 missense mutations. One explanation for their observation
is that the course of tumor development, with respect to somatic mutation, may differ according
to mutation type and/or degree of risk associated with the mutation. Indeed, data published
some years ago on the role of different adenomatosis polyposis coli (APC) gene alleles in the
course of this disease [Spirio et al., 1998] led the authors to postulate that less penetrant APC
mutations undergo a somatic inactivating point mutation in the wild-type allele and then LOH
of the mutant occurs as a third hit as the tumor develops.

Other tumor features that may prove useful for classification include chromosomal
rearrangements and mRNA expression. A class predictor has been made that allows a given
breast tumor to be classified based on its genomic comparative genomic hybridization (CGH)
profile compared to the BRCA1-like class or sporadic-like class [Joosse et al., in press; Jönsson
et al., 2005; van Beers, 2005; Wessels et al., 2002]. Analysis of almost 50 breast tumors from
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hereditary breast and ovarian cancer families, in whom no BRCA1/2 mutations had been
identified in routine diagnostic screening, showed that only a few (4%) show a BRCA1-like
profile [Joosse et al., in press]. The array CGH (aCGH) approach could also be useful in
investigating the role of BRCA1 variants. We are currently assessing whether the presence of
a BRCA1-like profile may add proof of clinical significance for a given germline alteration [P.
Nederlof, F.B.L. Hogervorst et al., unpublished data]. An example of such a variant analysis
has recently been published by Tischkowitz et al. [2008]; they suggest, by several lines of
evidence, including the presence of a BRCA1 aCGH profile, that the M1775 K variant is
pathogenic. A defect in BRCA1/2 may lead to a specific tumor development pathway that
results in the accumulation of specific genomic aberrations. As such, genomic profiles do not
provide direct functional proof of the significance of a given variant, but a profile does indicate
the involvement of dysfunctional BRCA1 for which the variant may be responsible.

Likelihood Ratios for Assessing Pathogenicity of BRCA1 and BRCA2 Rare
SequenceVariants

The tumor features described above are not exclusive to BRCA1 or BRCA2 mutation carriers,
and it is known that somatically-acquired BRCA1 rearrangements may be associated with
BRCA1-like tumor morphology [van der Looij et al., 2000]. The increased proportion of
particular features seen in BRCA1 mutation carriers relative to other familial breast cancers
and/or sporadic breast cancers can nevertheless be used to derive likelihood ratios. These
likelihood ratios can be used in multifactorial likelihood analysis (see companion work by
Goldgar et al. [2008]) to evaluate BRCA1 sequence variants of unknown clinical significance.
For instance, based on the observation of these characteristics in 80% of BRCA1 tumors
compared to 27% of sporadic tumors [Lakhani et al., 2000] an ER-negative and high-grade
tumor phenotype provides a 3:1 likelihood of the tumor having arisen in a BRCA1 mutation
carrier [Chenevix-Trench et al., 2006]. Similarly, as mentioned from the observed frequency
of IHC phenotypes described in the previous section [Lakhani et al., 2005] it is estimated that
an ER-negative, CK5/6-positive, and CK14-positive breast tumor has a 27:1 likelihood of
having arisen in a BRCA1 mutation carrier [Spurdle et al., 2008a].

Source data from two publications describing large series of BRCA2 tumors can be used to
derive likelihood ratios based on tubule formation [Lakhani et al., 2000] or ER status and grade
[Bane et al., 2007] for use in multifactorial likelihood analysis. The less distinctive nature of
BRCA2 tumors means that these ratios will naturally carry less weight for prediction than the
histopathological features of BRCA1, with a maximum likelihood ratio of approximately two-
fold using either data source. Tubule formation is considered the preferred feature for grading
since scoring for tumor grade relies on the three parameters of tubule formation, meiotic counts,
and pleomorphism, with high interobserver variability recorded for the pleomorphism
component. Tubule formation has been used to assist in variant classification in several studies
[Chenevix-Trench et al., 2006; Spurdle et al., 2008].

The use of such likelihood ratios in the clinical setting comes with the standard caveats
associated with the multifactorial likelihood analysis approach, principally that likelihood
estimates are defined by the source data on which they were based. The tumor pathology
likelihood ratios above were derived from analyzing a single dataset [Bane et al., 2007; Lakhani
et al., 1998, 2000, 2005], and further large studies would no doubt provide more robust
estimates of tumor features in BRCA1/2 mutation carriers and other breast cancer groups.
Likelihoods are valid only for patient populations similar to those from which such data were
derived—in this instance familial breast cancer patients, generally ascertained via counseling
clinics, and not preselected for BRCA1/2 mutation testing on the basis of their tumor status.
Another issue is whether mutation type affects phenotype, and while at least some functionally
abrogated missense mutations have been shown to display the histopathological features
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commonly observed for truncating mutations [Lovelock et al., 2007], the tumor features of a
large series of missense mutations would need to be assessed before this issue could be
evaluated with any confidence. This will require large-scale collaborative studies given the
paucity of proven missense mutations, apart from BRCA1 RING and some BRCT domain
mutations. Last, these modeling methods are designed to test if variants are of similar high risk
as the average BRCA1/2 mutation [Antoniou et al., 2003], and they cannot yet be used to assess
whether variants are associated with a lower or more moderate risk of cancer.

LYNCH SYNDROME
Molecular Basis of Intestinal Tumorigenesis in Lynch Syndrome

Lynch syndrome is caused by a germline mutation in one allele of any of four DNA MMR
genes, MLH1, MSH2, MSH6, or PMS2 (reviewed in de la Chapelle [2004]). Inadvertent somatic
loss of the wild-type allele results in MMR deficiency. The MMR pathway corrects replication
errors such as mispaired nucleotides but also small insertion/deletion loops resulting from
slippage of the polymerases during replication of simple-sequence repeats (also called
microsatellites; e.g., An or [CAn]). MMR deficiency therefore results in a generalized
spontaneous mutator phenotype that is easily recognized by increased or (more often)
decreased microsatellite lengths. This phenomenon is referred to as microsatellite instability
(MSI).

MMR is a ubiquitous DNA repair process and is active in all dividing cells. It is, therefore,
paradoxical that in Lynch syndrome the spectrum of cancer is largely confined to the colon
and, to a lesser extent, the endometrium. Insights into the factors that determine the tumor
spectrum in Lynch syndrome can be derived from characteristics of MMR heterozygous and
MMR-deficient cells and from the phenotypes of Lynch syndrome tumors. Conversely, these
insights may be used to help predict whether UVS in MMR genes confer functional MMR
defects. Multiple properties of MMR-deficient cells combined with the properties of the
specific microenvironment of the colon may be responsible for both the location and phenotype
of tumors [Chao and Lipkin, 2006]. MMR-deficient cells accumulate both spontaneous
frameshifts and nucleotide substitution mutations at an up to 1,000-fold increased rate
compared to normal cells [Li, 2008]. In addition to this spontaneous mutability, it is probable
that exposure to mutagenic compounds also plays an important role in tumorigenesis in Lynch
syndrome. The proximal colon is a genotoxic environment containing mutagenic agents
derived from endogenous sources, such as bile, which induces reactive DNA-methylating
nitrosamines [Bernstein et al., 2005], combined with exogenous mutagens from food (such as
heterocyclic amines). In addition to its proximal location with respect to the bile duct, the
glutinous composition of the stool in this part of the colon may allow increased contact of these
mutagens with the lumen. These mutagens probably greatly increase loss, by mutation or LOH,
of the wild-type allele of the germline-mutated MMR gene [Borgdorff et al., 2005], resulting
in complete loss of MMR in a relatively large fraction of the enterocytes in Lynch syndrome
patients. Two intrinsic properties of MMR-deficient cells contribute to their subsequent
malignant transformation. First, MMR-deficient cells have acquired tolerance to the toxicity
of nitrosamines that methylate the O6 position of guanosines and have aberrant DNA damage
responses to other mutagenic agents [Li, 2008]. Therefore, the MMR-deficient cells in the
proximal colon of a Lynch syndrome patient may have a direct proliferative advantage that
facilitates their clonal outgrowth. Moreover, MMR-deficient cells are more mutable than
MMR-proficient cells by many different mutagenic compounds, including nitrosamines and
food-derived heterocyclic amines, and other mutagens [Andrew et al., 1998; Borgdorff et al.,
2006; Sansom et al., 2003; Smith-Roe et al., 2006]. For this reason, bile-induced and food-
derived mutagens probably not only induce somatic mutation of the wild-type MMR allele and
enhance clonal outgrowth of the resulting MMR-deficient enterocytes but, in addition, induce
more mutations in oncogenes and tumor suppressor genes in these cells.
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The risk of malignant transformation of MMR-deficient cells will also be relatively high in the
gastrointestinal epithelium (and also endometrium) since this tissue contains high quantities
of cells with a high proliferation rate, resulting in the rapid accumulation of mutations. There
may also be yet other intrinsic properties of colonic enterocytes that favor their malignant
transformation. Tumorigenesis in Lynch syndrome may partly be caused by mutations in a
restricted set of tumor-related genes that are prone to inactivation by frameshifting within an
intragenic microsatellite [Li, 2008]. The transforming growth factor β type II receptor
(TGFβR2) is one such gene. Specifically in enterocytes in the colon, mutations in a
microsatellite within the coding region of TGFβR2 contribute to malignant transformation.
Furthermore, the presence of tumor-infiltrating lymphocytes in Lynch syndrome–related
colonic tumors (see below) is compatible with an enhanced immunogenicity of these cancers.
There is evidence that this immune response is induced by the presence of novel immunogenic
peptides in the tumor cells as a consequence of the many frameshift mutations in cellular genes
[Schwitalle et al., 2008]. The loss of human leukocyte antigen (HLA) components that are
essential for triggering the cellular immune response in a large fraction of MSI-H colon cancers
[Kloor et al., 2005;Dierssen et al., 2007] supports the protective activity of the immune system
against MSI-high (MSI-H) colorectal tumors as well. Nevertheless, in contrast to other organs,
tumors in the lumen of the colon might be relatively shielded from this immune response—a
phenomenon that may further aid in restricting tumorigenesis to the colon in Lynch syndrome.

Pathological Features of Lynch Syndrome–Associated Colorectal and Endometrial Cancer
Some distinct pathological features of MMR-deficient colon cancers are associated with Lynch
syndrome, including poor differentiation, increased signet cells, medullary features,
peritumoral lymphocytic infiltration, a Crohn-like reaction, and tumor infiltrating lymphocytes
mixed with tumor cells [Jass, 2004]. However, these histology features are neither
pathognomonic nor highly specific for Lynch syndrome, and sporadic colorectal cancers may
also show these features, especially when those sporadic cancers have MSI (Table 2). The
sensitivity of eight CD3+ tumor infiltrating lymphocytes (TILs) per high-power field has been
reported to have 75% sensitivity and 67% specificity for diagnosing MSI-H cancers—be they
Lynch colorectal cancer or sporadic MSI-H colorectal cancer [Alexander et al., 2001]. Use of
additional variables has been reported to improve MSI-H status prediction, with 90%
sensitivity and 77% specificity using a cutoff of > 2 TILs per high-power field, and observation
of any mucinous differentiation and absence of “dirty necrosis” within glandular lumina
[Greenson et al., 2003]. There is some evidence to suggest that there are features (apart from
age at onset) to distinguish MSI-H sporadic cancers from MSI-H Lynch cancers, with mucinous
differentiation observed in only 19 to 22% of Lynch cancers vs. 31 to 43% in sporadic MSI-
H cancers.

Furthermore, tumors of patients with mutations in MLH1 and MSH2 are mostly located
proximal to the splenic flexure (right-sided), in contrast to sporadic microsatellite-stable colon
tumors that are largely located more distally (left-sided) [Jass, 2004]. It might be anticipated
that the subset of pathogenic MMR variants will give rise to tumors with similar characteristics.
It has, however, been suggested that an exception to this are tumors from patients with
pathogenic MSH6 mutations, as it was shown that two-thirds of tumors from patients with a
pathogenic MSH6 mutations are left-sided (14/20 tumors). However, most of these tumors
were microsatellite-stable, so it cannot be excluded that some were unrelated to the MSH6
germline mutation [Berends et al., 2002].

The largest study assessing MMR mutation-related pathology features of endometrial tumors,
the second most common tumor type in Lynch syndrome, examined 47 MSH2 and only 3
MLH1 mutation carriers, and 26 women with MSI-H tumors due to epigenetic MLH1
methylation [Broaddus et al., 2006]. This study provided suggestive evidence that tumors of
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MSH2 mutation carriers were more likely to be of nonendometrioid histology, and MLH1-
methylated “sporadic” tumors were more likely to be high-grade and endometrioid. However,
it should be emphasized that MLH1-methylated tumors likely have a very different etiology
from tumors in Lynch syndrome patients with an MLH1 germline mutation. Evidence for
mutation-associated features was suggested by a study of six Lynch-related endometrial
cancers [van den Bos et al., 2004], which reported that poor differentiation, presence of Crohn-
like lymphoid reaction, and lymphangioinvasive growth were increased for Lynch cases. This
finding is supported by a large study of 146 early-onset endometrial cancer cases by Walsh et
al. [2008]. The latter study showed that presumptive Lynch syndrome endometrial cancer cases
were significantly more likely than non-Lynch cases to present with tumors that are poorly
differentiated (18% vs. 5% grade 3), higher stage (45% vs. 21% stage II-IV), and with tumor-
infiltrating lymphocytes (68% vs. 34%), higher mitotic rate (mean per 10 high-power field,
21.7 vs. 11.4) and deeper myometrial invasion (10.2 mm vs. 4.9 mm) [Walsh et al., 2008].
While it was not possible to verify mutation status for this dataset, the results show great
promise for using endometrial pathology markers to identify MMR gene mutation carriers,
and, indeed, results are supported by a recent study reporting tumor-infiltrating lymphocyte
counts and peritumoral lymphocytes as independent predictors of MSI-H status in endometrial
tumors [Shia et al., 2008].

There are no large series describing specific pathological features for other Lynch syndrome–
associated malignancies in proven mutation carriers, apart from colorectal and endometrial
cancer. There is a small study comparing molecular features of 13 gastric cancers from MMR
mutation carriers to 46 sporadic gastric cancers. The study suggests that gastric cancers are
true Lynch spectrum malignancies, with significantly lower methylation index, and absent
MLH1 promoter methylation [Gylling et al., 2007].

Studies describing MSI and IHC in other Lynch syndrome–associated tumors in patients not
tested for mutations do exist (e.g., Hartmann et al. [2003] and Catto et al. [2003]). However,
as the mutation status is unknown in these studies, they cannot be used for the prediction
analysis of VUSs.

MSI in tumors of Lynch syndrome– suspected cases—As determining MSI is simple
and because the large majority of tumors from Lynch syndrome families show MSI (mostly
called MSI-high or MSI-H), MSI testing has been put forward as the selection criterion for
mutational analysis [Boland et al., 1998].

Several studies have determined the sensitivity and specificity of MSI in colon cancers for
detecting a pathogenic MMR mutation in one of the MMR genes. The sensitivity of MSI for
a mutation is over 80%, with a specificity of approximately 70%. The positive predictive value
for a pathogenic mutation is, however, much lower, between 20% and 25% (e.g. [Kets et al.,
2008; Kievit et al., 2004; Niessen et al., 2006; Overbeek et al., 2008]). These numbers are, of
course, highly dependent on the patient populations studied (these data are based on MSI data
collected in colon cancers). Data on endometrial tumors suggests that while MSI
informativeness is slightly lower, no tumors are missed using the consensus set, which is based
on screening larger sets of markers (R.M.W. Hofstra et al., unpublished data) [de Leeuw et al.,
2000].

There are no published data on the predictive value of MSI testing for the presence of a germline
mutation in MMR genes in Lynch syndrome–associated malignancies other than colorectal or
endometrial cancer. However, there are indications that this value may be much lower in gastric
and ovarian cancers [Kanemitsu et al., 2007; Khaliqhe et al., 2007]. The lower predictive value
may be explained by methylation of the MLH1 promoter. Combining MSI and MLH1 promoter
methylation testing shows that 7 out of 10 sporadic MSI gastric cancers have promoter
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methylation in contrast to 0 out of 10 Lynch MSI gastric cancers [Gylling et al., 2007]. Loss
of MMR protein immunostaining is detected at a lower rate in colorectal adenomas than in
colorectal carcinomas associated with Lynch syndrome. This finding might be explained by
biclonality of the adenoma (see, e.g. [de Wind et al., 1998; Giuffrè et al., 2005; Greenspan et
al., 2007; Lino et al., 1999, 2000]). It indicates that the predictive value of MSI testing in
colorectal adenomas for the presence of MMR genes is lower than in colorectal carcinomas.

IHC in tumors of Lynch syndrome– suspected cases—The examination of tumor
tissues for the loss of expression of an MMR protein by IHC is a proven and effective method
to prescreen tumors for a defective MMR phenotype. Tumor tissues that demonstrate an
absence of nuclear staining in the presence of a positive staining in the surrounding normal
cells are presumed to have biallelic loss (mutation) of the corresponding MMR gene. IHC
analysis is now routinely applied for the detection of MSH2, MLH1, MSH6, and PMS2 tumor
protein expression. Interestingly, loss of only the MSH6 protein and loss of only the PMS2
protein can be observed, whereas loss of the MSH2 protein is always accompanied by loss of
the MSH6 protein, and, similarly, loss of the MLH1 protein is mostly accompanied by loss of
the PMS2 protein [Jass 2007b]. It is widely accepted that this concomitant loss of MMR
proteins is related to the stability of the proteins, a stability that is dependent on heterodimer
formation. Loss of the MSH6 protein alone or loss of the PMS2 protein alone is an indication
for the presence of a germline mutation in the respective gene. Loss of the MLH1 protein
detected by IHC can be due to a MLH1 germline mutation plus a second somatic MLH1
mutation on the other alleles, or, rarely, germline hypermethylation of one allele plus somatic
hypermethylation of the second allele (in the tumor), or biallelic somatic MLH1 promoter
hypermethylation in the tumor, as seen in most sporadic cases [Jass, 2007a,b].

The findings described above are based on tumors in patients carrying clearly pathogenic
mutations only, the large majority of which resulted in protein truncation or instability.
Calculations on the sensitivity and specificity of IHC have been conducted for clearly
pathogenic mutations and they show that the sensitivity of IHC for the presence of a mutation
was almost 70%, the specificity over 80%, and the positive predictive value almost 40% (see
for instance [Piñol et al., 2005; Southey et al., 2005; Stormorken et al., 2005; Engel et al.,
2006; Niessen et al. 2006]). It has been postulated that IHC is the best, single-selection criterion
for detecting MMR mutations. However, most literature on IHC is based on data from dedicated
and experienced research labs/pathologists. A validation study showed that 82% of the
pathologists reached the same interpretation of IHC [Overbeek et al., 2008], but consensus was
less frequent in MSI-positive tumors (75%), while only highly experienced pathologists did
not miss an MSI-positive tumor by IHC. Therefore IHC for MMR gene expression using
antibodies for the MLH1, PMS2, MSH2, and MSH6 proteins can serve as a reliable alternative
to MSI testing, provided it is performed in a center with ample experience and provided that
absent staining is confirmed by MSI testing. Most rare sequence variants considered to be of
unknown clinical significance give rise to a single amino acid change, and is it is thus possible
that tumors of patients carrying such a variant will not always show complete absence of the
mutated protein (see for instance [Mangold et al., 2005; Raevaara et al., 2005]). Furthermore,
Raevaara et al. [2005] have shown that IHC in different tumors from patients with the same
UV is not consistent.

IHC markers apart from the MMR proteins themselves have been little explored in Lynch
syndrome endometrial tumors. Limited evidence suggests they show higher cyclin B1
expression, loss of BAX expression, and nuclear Cdk2 expression [Fridrichova, 2006; Jass,
2004; Rijcken et al., 2006].

LOH in tumors of Lynch syndrome– suspected cases—Initial data showed frequent
loss of the wild-type allele in tumors from patients with pathogenic MMR mutations,
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suggesting that MMR genes resemble tumor suppressor genes in that two hits are required to
cause a phenotype [Hemminki et al., 1994]. There are, however, several studies describing the
loss of the variant allele of the MMR genes [Sanchez de Abajo et al., 2006; Wu et al., 2001].
A dual role of LOH at MMR loci in Lynch syndrome is suggested [Sanchez de Abajo et al.,
2006]. This model suggests that LOH can serve as a second hit in certain tumors whereas in
others it should be regarded as a sign of progression. In the latter cases, the LOH results not
only in the loss of the MMR gene but also in the loss of other tumor progression genes. This
theory is supported by some [Ollikainen et al., 2007; Yan et al., 2007] but rejected by others
[Tuupanen et al., 2007]. A possible difference has been postulated between mutation type and
tumor type [Ollikainen et al., 2007]. Another reason for the observed differences might be the
detection method (using the mutation as the marker for LOH and using sequencing vs.
microsatellite markers surrounding the gene) or the DNA quality. When microsatellite markers
are used we should also keep in mind that MSI makes LOH interpretation more difficult, as
MSI can cause the (partial) loss of one or both of the alleles of the markers used. As the data
for the pathogenic mutations is inconsistent, we believe that LOH cannot currently be used for
evaluating the clinical significance of sequence variants in MMR genes (see also the “LOH in
familial breast cancer” section).

Exclusion criteria in Lynch syndrome—The presence of a clearly pathogenic germline
mutation in trans with a UV is often used as an exclusion criterion for pathogenicity of a variant,
under the assumption that compound heterozygotes for pathogenic variants in the same gene
have a recognizable phenotype. Homozygosity for MMR deficiency is not lethal in either the
mouse [Baker et al., 1996; Prolla et al., 1998] or in humans. The phenotype resulting from
homozygosity for a pathogenic mutation in any of the Lynch genes is of a young-onset
neurofibromatosis-like disorder often associated with hematologic, cerebral, and
gastrointestinal malignancies [Felton et al., 2007]. Compound heterozygotes with mutations
in two different MMR genes also display a recognizable phenotype [Poley et al., 2007]. It is
thus assumed that for most high-risk families, only a single pathogenic mutation accounts for
disease in the family, and variants detected in high-risk cases with a known or suspected
mutation (due to IHC results, and family profile) in genes other than the target gene would be
considered unlikely pathogenic.

The same can be concluded for hypermethylation of both alleles of a gene in the tumor, as the
mechanism of biallelic inactivation by promoter hypermethylation in MLH1 is well known in
sporadic colorectal cancer cases, with absence of the variant in another affected family member
[Jass, 2007a].

The detection of a positive BRAF-V600E mutation in a MSI-H colorectal cancer suggests a
sporadic origin of the disease, as it correlates with MLH1 promoter hypermethylation and the
absence of germline alterations of MLH1, MSH2, and MSH6 by Domingo et al. [2004,
2005]. These authors found no BRAF mutation in the 125 tested, proven Lynch syndrome
tumors nor in 45 cases showing abnormal MSH2 immunostaining, indicating that this hotspot
mutation is very rarely if ever involved in the tumorigenesis of colorectal cancer linked to
HNPCC (P<0.001). These findings suggest the use of BRAF as an exclusion criteria for Lynch
syndrome or as a molecular marker of sporadic colorectal cancer. However, BRAF mutation
analysis is less sensitive for this purpose than hypermethylation analysis. BRAF is not
informative (mutated) in endometrial tumors (R.M.W. Hofstra et al., unpublished results)
[Moreno-Bueno et al., 2006; Pappa et al., 2006].

Likelihood ratios for assessing pathogenicity of MMR rare sequence variants—
Given the examples provided by BRCA1/2 regarding derivation of likelihood ratios and their
application in multifactorial likelihood models, it is likely that similar data on tumor pathology
features of MMR mutation carriers could be applied for evaluating the clinical significance of
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sequence variants in the MMR genes. Given the use of MMR protein IHC and MSI (see below)
as a prioritization tool for preselecting a subset of likely mutation carriers for MMR gene
screening, there would be an increased likelihood of detecting a causative mutation, but also
of categorizing a variant as causal when it is in cis with an undetected mutation. However, this
bias could be counteracted for by calculating the likely mutation status based on IHC and/or
MSI status, using this factor as a prior probability of pathogenicity, and adequately accounting
for the extent of mutation screening in the calculation of prior probabilities. Additional
pathology features that are not in use as selection criteria for mutation screening could then be
included in the evaluation of variant pathogenicity as additional multifactorial likelihood scores
(see companion work by Goldgar et al. [2008]).

CONCLUDING REMARKS
Currently, recognized breast tumor features associated with pathogenic BRCA1 mutations can
be helpful in the descriptive interpretation of the pathogenicity of BRCA1 UVs and ER
expression and grade, or ER, CK5/6, and CK14 expression can be included as predictive
features in multifactorial modeling. Tumor features of BRCA2 tumors are far less distinct, but
the available data suggest that there is value to assessing tubule formation, and ER expression
and grade, in the evaluation of BRCA2 UVs.

Assuming that the subset of disease-associated MMR gene variants of unknown clinical
significance has the same characteristics as proven pathogenic MMR gene mutations, the best
predictive pathological features in colorectal or endometrial cancer is MSI. The probability
that a germline variant is likely to be pathogenic can be further supported by the absence of a
BRAF mutation, the absence of methylation of the promoter of MLH1, and the absence of
another pathogenic mutation in trans.

When using these pathological features one should always consider that the predictive values
depend on the sensitivity and specificity of the test, on the prevalence of the condition in the
population being tested (prior probability), and on several prior probabilities such as family
history and the presence of second primary tumors.

Overall, it is often necessary to examine clinical, morphological, and molecular features of
tumors of variant carriers in high-risk families to assess the role of a variant in predisposition
to disease. Such tumor investigation might be seen as the perfect in vivo study. As discussed
elsewhere in this issue, all possible characteristics must be used for determining the likelihood
ratios, and pathological characteristics can strongly influence these ratios. The use of likelihood
ratios, as describe above and in the accompanying work by Goldgar et al. [2008], comes with
the standard caveats associated with the multifactorial likelihood analysis approach, principally
that likelihood estimates are defined by the source data on which they were based. One of the
basic assumptions that might influence the analysis is the fact that most studies on variants
hypothesize that these largely missense alterations have the same (pathological) characteristics
as proven pathogenic mutations. This is defendable but has hardly ever been proven. Moreover,
if such rare variants are associated with only a moderate or low risk of disease, they might not
closely resemble the known pathological characteristics of pathogenic mutations. It is therefore
important to do further research on this. Further study is also required to better assess the
association of mutation status with other tumor features, including clinical presentation and
pathology, as defined by a broad range of molecular markers. Large multidisciplinary studies
are needed to build reliable multifactorial likelihood prediction models, and we believe that
the pathological characteristics of tumors will play an important role in building these reliable
models.
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TABLE 1

Differences and Similarities Between BRCA1- and BRCA2-Related Breast Cancers: A Brief Overview*

BRCA1 BRCA2

Morphology Ductal, no special
type (75%),

typical medullary ~5%,
atypical medullary 10–30%

Ductal, no special
type (75%), atypical

medullary <5%,
lobular/ductal with

lobular features more
common than in
BRCA1 (~10%)

Grade High (grade 3,75) Medium/high
(grade 2,45%;

grade 3,45)

ER (%) Negative (75) Positive (75)

HER2 (%) Negative (95) Negative (95)

P53 (%)a Positive (50) Positive (40)

CK5 (%) Positive (50) Negative (90)

BCL2b Low High

Triple negative
 phenotype (%)c,d

~50 0–10

Core basal
 phenotype (%)e,d

~60 0–10

CDKN2Ab Low High

Cyclin D1 (%) Negative (90) Positive (60)

*
Adapted from Narod and Foulkes [2004]. Note the phenotype of BRCA2-related breast cancers is somewhat similar to sporadic, nonhereditary breast

cancer.

a
Based on immunohistochemistry.

b
Three studies or less, or differing criteria, so no percentage added.

c
Triple negative phenotype (TNP): ER-, PR- and HER2-negative.

d
Based on unpublished data fromW.D. Foulkes, L.A. Akslen, and J.-S. Brunet; P value for TNP association with BRCA1: 6.7×10−5, for CBP

association with BRCA1: 4.1×10−7.

e
Core basal phenotype (CBP): ER- and HER2-negative, CK5/6- and/or EGFR-positive.
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TABLE 2

Difference and Similarities Between Lynch Syndrome and Sporadic MSI-H Colorectal Tumors

Lynch syndrome Sporadic MSI-H tumor

Morphology Lymphocytic infiltration Lymphocytic infiltration

Ploidy Diploid Diploid

MSI MSI-H MSI-H

IHC Protein absent for the mutated
gene

MLH1 absent

Methylation No methylation Methylation MLH1
promoter

BRAF No BRAF mutation BRAF mutation

Localization Right-sided > left-sided Right-sided > left-sided

Precursor Adenoma Adenoma
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