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Chapter 1
Lynch Syndrome

Elena M. Stoffel, Matthew B. Yurgelun, and C. Richard Boland

Abstract Lynch syndrome is a highly penetrant hereditary cancer syndrome caused 
by pathogenic germline variants in DNA mismatch repair (MMR) genes MLH1, 
MSH2, MSH6, PMS2, and EPCAM. Historically identified on the basis of family 
history of colorectal and endometrial cancers exhibiting autosomal dominant inher-
itance, universal screening of CRCs and endometrial cancers for features of MMR 
deficiency, together with cascade genetic testing in families, is at present the most 
effective approach for identifying individuals with Lynch syndrome. Here we 
review the history of Lynch syndrome, as well as the clinical and molecular investi-
gations that have contributed to our understanding of Lynch syndrome and informed 
current approaches to diagnosis and clinical management.

Keywords Lynch syndrome · Genetic · Mismatch repair

1  Familial Colorectal Cancer: Polyposis or Nonpolyposis

Family history is one of the strongest determinants of colorectal cancer (CRC) risk 
[1], and one in three individuals diagnosed with CRC reports one or more affected 
relatives. The occurrence of CRC in multiple family members invokes the 
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possibility of shared environmental and/or inherited risk factors, and the presence of 
an autosomal dominant inheritance pattern strongly suggests genetic predisposition. 
Also, early onset of cancer and multiple cancers in individuals raises the specter of 
a constitutional predisposition to cancer. In some cases, an obvious clinical pheno-
type such as colorectal polyposis (classically seen in familial adenomatous polypo-
sis or FAP) can prompt the identification of individuals needing genetic evaluation. 
However, most cases of familial CRC lack a distinctive adenomatous polyposis phe-
notype. These families were historically designated as “hereditary nonpolyposis 
colorectal cancer (HNPCC)” as a means of distinguishing them from FAP; however, 
the term HNPCC has proven problematic as these cases are now known to comprise 
heterogeneous conditions associated with differences in disease spectrum and 
mechanisms of pathogenesis.

Lynch syndrome is the disease caused by pathogenic germline variants in DNA 
mismatch repair (MMR) genes and is the most common of the hereditary colorec-
tal cancer syndromes. Although the Amsterdam criteria (≥3 individuals with 
CRC, involving ≥2 generations, with ≥1 diagnosed at age < 50) [2] were origi-
nally developed as a means to identify affected families, family history affords 
limited sensitivity and specificity for identifying individuals with Lynch syn-
drome. Molecular profiling of CRCs has helped elucidate relationships between 
germline variants and pathogenesis of these cancers. Implementation of universal 
screening of CRCs and endometrial cancers for features of DNA mismatch repair 
(MMR) deficiency, together with cascade genetic testing in families, is at present 
the most effective approach for identifying individuals with Lynch syndrome 
(Fig. 1.1) [3, 4]. Here we review the history of Lynch syndrome, as well as the 
clinical and molecular investigations that have contributed to our understanding 
of Lynch syndrome and informed current approaches to diagnosis and clinical 
management.

1.1  Lynch Syndrome: A History

Lynch syndrome is a highly penetrant inherited cancer predisposition syndrome 
caused by pathogenic germline variants in DNA MMR genes (MLH1, MSH2, 
MSH6, PMS2) and EPCAM. Lynch syndrome is named for Dr. Henry Lynch, 
whose characterization of families affected with CRC was instrumental in charac-
terizing the broad spectrum of hereditary cancer syndromes [5]. The first known 
description of Lynch syndrome, however, occurred more than a century ago by Dr. 
Aldred Scott Warthin, Chairman of Pathology at the University of Michigan. In 
his report of a family disproportionately affected with endometrial, gastric, and 
intestinal cancers occurring at early ages, affecting individuals in multiple genera-
tions, Warthin hypothesized that the cancers resulted from inherited susceptibility 
[6]. Decades later, Lynch recontacted descendants from the family described by 
Warthin (known as Family G) and recruited dozens of additional families with 

E. M. Stoffel et al.
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CRC

MMR Proficient (85%) MMR Deficient (15%)

BRAF mutation 
absent 

(wild type)
and/or 

MLH1 promoter 
hypermethylation

absent

Referral for genetic testing for Lynch
Syndrome 

BRAF mutation
and/or

MLH1 promoter
hypermethylation

present    

Tumor IHC absence of
MSH2, MSH6, or PMS2

(isolated) 

Tumor IHC
absence of MLH1 

No family history
and Personal history

<10 polyps 

Personal history of
>10 (20) polyps  

Family history (+)
or

Personal history
+ for other herald

cancers   

Consider genetic referral

Assess phenotype + Family history

Assess for somatic
BRAF mutation 

No further testing

MMR: Mismatch Repair

MSI: microsatellite instability

IHC: immunohistochemistry

Assess Tumor for MMR
Deficiency
MSI/IHC 

Fig. 1.1 Algorithm for assessing colorectal cancer patients for hereditary cancer syndromes 

nonpolyposis colorectal cancer cases affecting multiple generations (Fig.  1.2). 
Collection of data and biospecimens from families identified in the United States 
and Europe made it possible to quantify increased incidence of not only colorectal 
but also gastric and endometrial cancers in these kindreds. Eventually, family his-
tory criteria (≥3 individuals with CRC, involving ≥2 generations, with ≥1 diag-
nosed at age  <  50) were established as a means for identifying families to be 
recruited for study to ascertain biological basis of these familial cancers [7]. 
Examination of DNA from CRC tumors demonstrated an unusually large number 
of mutations in repetitive DNA sequences known as microsatellites, termed mic-
rosatellite instability-high (MSI-H), suggesting a novel mechanism of pathogen-
esis that differentiated these tumors from sporadic CRCs [8, 9]. Linkage analyses 
performed using germline DNA samples from affected families led investigators 
to chromosomes 2p and 3p, where germline variants in MSH2 [10, 11] and MLH1 

1 Lynch Syndrome
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[12–15], respectively, were identified. Shortly thereafter, germline variants in 
PMS2 [16] and MSH6 [17] were also discovered; later, deletions of the termina-
tion codon in EPCAM (also known as TACSTD1) associated with promoter meth-
ylation and epigenetic silencing of MSH2, which is immediately downstream of 
EPCAM, were implicated in a subset of affected families [18]. Today, clinical 
sequencing identifies pathogenic germline variants in MLH1, MSH2, MSH6, 
PMS2, or EPCAM in up to 90% of families with autosomal dominant MSI-H 
CRCs fulfilling clinical diagnostic criteria for Lynch syndrome.

1.2  Clinical Features and Epidemiology

Defining the biological basis of Lynch syndrome made it possible to identify 
affected families not only by clinical history but also by tumor molecular phe-
notype. Approximately 15% of all CRCs exhibit MSI-H phenotypes [19], with 
Lynch syndrome consistently implicated in 2.8–3.1% of all CRCs (roughly 20% 
of MSI-H CRCs) [20, 21], establishing it as the most common of the known 
hereditary colorectal cancer syndromes. Pathogenic variants in MLH1 and 
MSH2 account for the majority of germline pathogenic variants identified in 
Lynch syndrome families diagnosed in clinical settings. However germline vari-
ants in MSH6 and PMS2 are estimated to have higher prevalences in the general 
population, although lower disease penetrance and older ages at CRC diagnosis 
allow many MSH6 and PMS2 families to escape clinical diagnosis [22]. In a 

Fig. 1.2 Pedigree of Family G generations I and II (Fig. 2 reproduced from Douglas et al. [87])

E. M. Stoffel et al.
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recent population-based study from Iceland, pathogenic germline DNA MMR 
variants were discovered in 0.442%, or 1  in 225 unselected individuals [23], 
with founder mutations in MSH6 and PMS2 accounting for >90%. Other recent 
population-based data from the United States, Canada, and Australia have esti-
mated a 1 in 279 combined population prevalence of germline MMR mutations 
with MSH6 and PMS2 variants being far more common than those in MLH1 and 
MSH2 [24].

Although Lynch syndrome is best known as a hereditary colorectal cancer syn-
drome, pathogenic germline variants in DNA MMR genes are also associated with 
increased risks for other extracolonic cancers, particularly endometrial adenocarci-
noma. Variability in age of onset, as well as the diversity of cancer types, has led to 
a better understanding of the disease spectrum. While some of the variability in 
cancer risks may be attributed to genotype (Table 1.1), the range of clinical pheno-
types, along with differences in penetrance and expressivity among relatives harbor-
ing the same germline variant, suggests additional genetic and environmental factors 
may act as modifiers of cancer risk (see Chap. 5).

1.2.1  Colorectal Cancer

CRC is the predominant cancer in most Lynch syndrome families, and the 
diagnosis of a MMR-deficient (MMRd) tumor is often the “red flag” that 
prompts genetic evaluation. Approximately 15% of CRCs exhibit MMRd/
MSI-H phenotypes [19], and while most are sporadic cancers (developing 
through the CIMP-epigenetic serrated neoplastic pathway), 3% arise in the 
setting of germline mutations in MLH1, MSH2, MSH6, PMS2, or EPCAM. The 
protein products of MLH1, MSH2, MSH6, and PMS2 make up heterodimer 
complexes that have a critical role in DNA repair. The complex formed 

Table 1.1 Estimated lifetime cancer risks (%) in Lynch syndrome, by gene [4, 26, 29, 30, 
32–42]

Cancer type Overall (%) MLH1 (%) MSH2 (%) MSH6 (%) PMS2 (%) EPCAM (%)

Colorectal 10–75 25–70 30–60 10–22 10–20 70
Endometrial 14–71 14–54 20–52 34–71 15 12
Ovarian 1–20 4–15 5–17 1–15
Gastric 1–13 4–11 2–14 1–10
Small bowel 1–12 4–10 1–8 0–3
Pancreatic 1–6
Prostate 4–10
Urinary tract 2–15 1–10 2–15 1–15

1 Lynch Syndrome
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between MSH2-MSH6 (MutSα) recognizes and binds to single nucleotide 
base pair mismatches, and small insertion-deletion abnormalities, after which 
a second heterodimer complex between MLH1-PMS2 (MutLα) binds to 
MutSα, and recruits exonuclease-1, triggering “long-patch excision” of newly 
synthesized DNA in the vicinity of the mismatched DNA.  The DNA repair 
proteins quickly release from the DNA permitting resynthesis of the excised 
patch, usually correctly. Loss of DNA MMR activity results in the rapid accu-
mulation of mutations and a hypermutated genome and eventually mutations 
in genes that are drivers of carcinogenesis [25]. Lynch-associated CRCs can 
be distinguished from sporadic MSI-H CRCs in that Lynch-associated tumors 
almost always lack the somatic BRAF mutations and MLH1 promoter hyper-
methylation, which are hallmarks of serrated pathway neoplasms. Screening 
CRC tumors for MMRd, by PCR-based microsatellite analysis or immunohis-
tochemistry (IHC) staining demonstrating loss of expression of MLH1, MSH2, 
MSH6, or PMS2 proteins, has been advocated as the most effective (and cost-
effective) strategy for identifying individuals with Lynch syndrome [3, 4] (see 
Chap. 17).

Cumulative lifetime risk estimates for CRC in individuals with Lynch syndrome 
range from 10% to 75% [4, 26–42]. The variability may be explained in part by 
genotype, with risk for CRC highest for carriers of pathogenic germline variants in 
MLH1 and MSH2, who also tend to be diagnosed at younger ages. Risk for CRC 
appears to be somewhat lower for carriers of pathogenic variants in MSH6 and per-
haps much lower for PMS2 [33, 34, 43, 44]; however it is important to note that 
there remains significant variability and MSH6, PMS2, and EPCAM mutation carri-
ers are underrepresented in published Lynch syndrome registries, resulting in lack 
of precision in cancer risk estimates. Consequently, it has been recommended that 
all Lynch syndrome mutation carriers adhere to intensive cancer surveillance rec-
ommendations, regardless of genotype [4, 32, 45].

Lynch-associated CRCs behave differently from sporadic CRCs, which has 
important implications for clinical management. With respect to oncologic treat-
ment, the histopathologic and molecular characteristics of Lynch-associated CRCs 
are associated with differences in prognosis and therapeutic responses, in part 
because the DNA MMR system is involved in triggering cell death after 
chemotherapy- induced DNA damage, which is missing in CRCs with MSI (see 
Chaps. 23–25). Tumors arising as a result of defective mismatch repair are also 
hypermutated and generate neoantigenic peptides which can incite a brisk host 
immune response. Histopathologic examination of Lynch-associated CRCs often 
reveals abundant tumor infiltrating lymphocytes. Prognosis in patients with MMRd 
CRCs tends to be better, stage for stage, compared to MMR-proficient cancers [46]. 
With regard to oncologic therapies, patients with early-stage MMRd CRCs do not 
appear to benefit from adjuvant 5-FU monotherapy [47, 48]; however in some 
patients with metastatic MMRd CRCs, treatment with immune checkpoint inhibi-
tors has been associated with excellent response [49, 50]. Clinical trials with other 
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novel agents are underway and promise to provide additional insights for treatment 
of Lynch-associated CRC.

The diagnosis of Lynch syndrome also has implications for surgical management 
of patients with colorectal neoplasia (see Chap. 21). As metachronous primary CRC 
tumors are common in Lynch syndrome [51, 52], more extensive colonic resections 
(e.g., subtotal colectomy) should be considered for patients with colorectal neopla-
sia who require surgery [4, 32, 45].

With regard to CRC prevention, early and frequent colonoscopic surveillance 
has been shown to be effective in reducing CRC incidence and mortality [53–
55] justifying recommendations for colonoscopy every 1–2 years beginning at 
age 20–25 [4, 32, 45]. However it is important to note that colonoscopy may not 
afford perfect protection, as interval CRCs have been reported in patients com-
pliant with intensive surveillance [44, 54–57]. While rapid progression and flat 
morphology of Lynch- associated polyps likely play a role in development of 
these interval cancers, reports of hypermutated aberrant crypt foci raise the 
question of whether some Lynch- associated CRCs arise from flat dysplasia 
rather than from discrete polyps [58]. Enhanced endoscopic technologies (e.g., 
chromoendoscopy, narrow band imaging/NBI) may help improve visualization 
of these lesions [59], and additional strategies for early detection are being 
investigated.

Chemoprevention of Lynch-associated neoplasia remains an area of active 
research. The Colorectal Adenoma/Carcinoma Prevention Programme 2 (CAPP2) 
trial randomized subjects with Lynch syndrome to aspirin at a dose of 600  mg 
daily vs placebo and found approximately 60% reduction in incident CRCs and 
endometrial cancers in subjects randomized to aspirin, although the reductions 
were not detectable until a decade after the initial aspirin exposure [60]. Additional 
studies are currently underway to determine the optimum dose of aspirin and 
assess whether other nonsteroidal anti-inflammatory drugs may offer similar 
 benefits (see Chap. 22).

1.2.2  Endometrial Cancer

Endometrial adenocarcinoma is the second most common cancer reported in 
families with Lynch syndrome. Lynch syndrome is implicated in approximately 
3% of endometrial cancers, providing justification for screening all endometrial 
cancers diagnosed at age < 70 for MMRd phenotypes [32, 61, 62]. Approximately 
20–30% of all endometrial cancers exhibit MMRd, and while most of these are 
sporadic tumors associated with somatic hypermethylation of the MLH1 pro-
moter, patients with MMRd endometrial cancers that do not exhibit MLH1 pro-
moter hypermethylation warrant referral for genetic evaluation for germline 
mutations in the MMR genes [62]. The cumulative lifetime risk for endometrial 
cancer in women with Lynch syndrome ranges from 14% to 71% [26–30, 34, 
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63]. While screening women for gynecologic cancers annually beginning at age 
30–35 years using endometrial biopsy and/or transvaginal ultrasound has been 
endorsed by Lynch syndrome guidelines [4, 32, 45], prophylactic hysterectomy 
is the only intervention proven to be effective in reducing gynecologic cancer 
incidence [64] and should be discussed with women with Lynch syndrome who 
have completed childbearing.

1.2.3  Other Lynch Syndrome-Associated Cancers

Tumors other than CRC and endometrial cancer are overrepresented in families 
with Lynch syndrome (Table 1.1) [29, 30, 36, 65, 66]. Despite significant vari-
ability in disease penetrance and expressivity, risks for extracolonic tumors 
appear to be highest among MSH2 mutation carriers [28, 35, 67]. While gastric 
cancers were among the most prominent tumors affecting Family G (when 
reported in 1913) and remain common in Lynch syndrome families in endemic 
areas such as Japan and Korea, the incidence of gastric cancer in families living 
in North America and Europe appears to be declining, with lifetime risk esti-
mated between 5% and 13% [37]. Surveillance with upper endoscopy, with 
treatment for Helicobacter pylori infection if present, is recommended for 
MMR mutation carriers. With regard to ovarian cancer, lifetime risks range from 
1% to 20%, and the lack of an effective screening test justifies consideration for 
prophylactic surgical oophorectomy at the time of hysterectomy. Although the 
absolute risk of cutaneous sebaceous neoplasms is small and likely varies widely 
family to family, routine dermatologic screening is recommended for Lynch 
syndrome carriers. Risks for small bowel, brain, urinary tract, hepatobiliary, and 
prostate cancers are also increased in Lynch syndrome; however, the benefit of 
surveillance for these cancers remains unproven and is not routinely recom-
mended. Studies demonstrating a fourfold higher risk for pancreatic cancer in 
Lynch syndrome families compared with the general population [39] have led 
some to recommend MRI- and/or endoscopic ultrasound-based pancreatic can-
cer screening for MMR mutation carriers with a first degree relative affected 
with pancreatic cancer [68].

1.3  Approaches to Identifying Individuals at Risk for Lynch 
Syndrome

Strategies for identifying carriers of pathogenic germline variants in MMR genes 
include systematic assessment of family cancer history, molecular diagnostic test-
ing of tumors, use of clinical prediction models, and germline DNA testing. While 
family history has historically been the cornerstone of genetic risk assessment, the 
variability in disease penetrance and expressivity can significantly limit its 
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sensitivity. Fewer than half of families with genetically confirmed Lynch syndrome 
have histories that meet the Amsterdam criteria. As most Lynch-associated CRCs 
exhibit phenotypes of DNA MMRd, the Bethesda guidelines were developed in 
1997 [69] and subsequently modified and revised [70] to select which patients with 
CRC who should undergo MSI testing. However, studies employing screening of 
unselected CRC tumors for MMRd have demonstrated that algorithms employing 
the Bethesda guidelines miss up to one third of Lynch syndrome cases [20]. As a 
result, universal testing of all CRC tumors for MMRd has been advocated as the 
most effective approach for identification of individuals with Lynch syndrome [4, 
71] (see Chap. 17).

1.3.1  Molecular Tumor Profiling

Multiple studies have employed universal testing of CRC tumors for MMRd 
with IHC and/or PCR-based MSI testing, demonstrating high sensitivity (77–
90%) for identifying individuals with Lynch syndrome [72], surpassing that of 
family history- based diagnostic algorithms such as Amsterdam criteria and 
Bethesda guidelines [20, 73]. While the efficacy for universal testing of endo-
metrial cancers for MMRd has been shown to be similarly effective, the sensi-
tivity of molecular testing in other tumor types has not been extensively studied. 
It is important to note that tumor molecular profiling of CRCs and endometrial 
cancers is neither perfectly sensitive nor specific for Lynch syndrome. Some 
individuals with germline mutations in MMR genes (in particular MSH6 and 
PMS2) have tumors that are MMR proficient. There are also MMRd CRCs and 
endometrial cancers in which the cause of the MMRd cannot be identified. 
While it had been assumed that MMRd tumors lacking somatic BRAF mutations 
or MLH1 promoter methylation must harbor a germline MMR gene mutation, 
recent findings from comprehensive molecular profiling of these tumors suggest 
that as many as half of these have biallelic somatic mutations in DNA MMR 
genes in the tumor that are not present in the germline DNA, which has bome to 
be referred to as Lynch-like syndrome (see Chap. 2) [74, 75].

1.3.2  Computational Risk Models

While universal tumor molecular profiling has been proposed to be the most 
cost- effective strategy for identifying patients with cancer who require genetic 
evaluation for Lynch syndrome [76], not every patient will have a tumor avail-
able for testing. A number of computational models (e.g., MMRPro [77], 
PREMM1,2,6 [78], PREMM5 [79]) have been developed that incorporate data 
from individuals’ personal and family history to calculate a predicted probabil-
ity of a MMR gene mutation, with germline sequencing for MMR genes recom-
mended for patients when there is a predicted probability ≥5%. Modeling of a 
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strategy screening asymptomatic young adults using PREMM1,2,6 model scores 
concluded this would be a cost-effective intervention for reducing morbidity 
and mortality related to Lynch- associated cancers [80]. The recently developed 
PREMM5 model, which is the only model to incorporate PMS2 and EPCAM 
risk assessment, proposes lowering the threshold for germline sequencing to 
individuals with predicted probability of mutation of ≥2.5%; however the lim-
ited sensitivity of family history and/or computational models for identifying 
PMS2 carriers remains a concern [79]. See Chap. 19 for detailed information on 
computational risk models.

1.4  Summary

While significant progress has been made over the past three decades in defining 
the biological basis of Lynch syndrome, there remains work to be done imple-
menting clinical interventions to effectively diagnose and manage families 
affected with Lynch syndrome. The vast majority of at-risk individuals remain 
undiagnosed and operationalizing universal screening of CRCs and presymptom-
atic identification of individuals requiring intensive surveillance continue to pres-
ent major challenges. Despite innovations in sequencing technologies, one in ten 
families with presumed Lynch syndrome undergoes germline genetic testing that 
yields clinical uninformative results. Sequencing of PMS2 remains challenging 
due to the presence of 20 pseudogenes; series of Alu repeats in MSH2 make the 5′ 
end of the gene and promoter region susceptible to large deletions that are difficult 
to detect. Germline variants of uncertain significance (VUS) are common in 
patients of non-European ancestry, and accurate reclassification of these has been 
challenging (see Chap. 29).

There are additional mechanisms that give rise to tumors with MMRd. 
Constitutional methylation of the MLH1 promoter has been identified in indi-
viduals and in rare families may be caused by a single nucleotide variant near 
the transcriptional start site in the promoter of MLH1 (c.-27C>A) which renders 
the promoter prone to methylation [81, 82]. The contributions of genetic, epi-
genetic, and/or environmental factors to modifying disease penetrance and 
expressivity both within and among families with Lynch syndrome remain to be 
elucidated.

Making the diagnosis of Lynch syndrome has immediate implications not only 
for the clinical management of cancer patients but also for care of their family 
members. While the importance of integrating cancer risk assessment for heredi-
tary cancer syndromes into routine clinical care of patients (with and without 
cancer diagnoses) has been highlighted by many professional societies [4, 45, 62, 
83–86], variability in genomic literacy among patients and providers and com-
plexities of disease management present additional challenges. Cost-effectiveness 
models suggest the greatest benefit of genetic testing results from preventing can-
cers in the relatives of cancer patients [3]; however limited availability of genetics 
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expertise and the costs of genetic testing continue to present barriers to 
implementation.

Translating genetic test results into improved health outcomes requires inter-
disciplinary collaboration between oncologists, surgeons, geneticists, gastroen-
terologists, gynecologists, and primary care providers. Assuring that information 
gained through genetic testing is shared with close as well as more distant rela-
tives, facilitating so-called cascade testing of at-risk family members, and 
ensuring that MMR mutation carriers comply with recommended surveillance 
tests will continue to be areas for intervention. Finally, even though it is becom-
ing apparent that germline mutations in DNA MMR genes are much more com-
mon than previously thought, Lynch syndrome remains unrecognized in many 
patients because of variations in disease penetrance and expressivity. More data 
are needed to understand the contributions of modifiable risk factors and to 
maximize effectiveness of primary and secondary cancer prevention strategies 
for at-risk families.
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Chapter 2
The Molecular Basis of Lynch-like 
Syndrome

Gardenia Vargas-Parra, Matilde Navarro, Marta Pineda, 
and Gabriel Capellá

Abstract Lynch-like syndrome (LLS) refers to individuals with MMR-deficient 
Lynch syndrome (LS) spectrum tumors (in the absence of MLH1 methylation), in 
which no pathogenic germline mutation has been identified. Patients and their first- 
degree relatives are considered to have an intermediate risk of developing cancer 
between LS and the general population.

In this chapter, we aimed to review the most promising work in the area. Double 
somatic variants in MMR genes have been frequently reported (27–82% of LLS 
cases), while somatic promoter hypermethylation does not play a role. Carriers of 
germline MMR variants of unknown significance and missed mutations are part of 
LLS.  Germline mutations in POLE and biallelic MUTYH mutations have been 
reported rarely. With the advent of NGS technologies, other genes like FAN1, BUB1, 
MCM9, and SETD2 are emerging as candidate responsible genes for LLS.
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MS-MCA Methylation-specific melting curve analysis
NGS Next-generation sequencing
PBL Peripheral blood leukocytes
VUS Variant of unknown significance

1  Definition of Lynch-like Syndrome

Lynch syndrome (LS) is an inherited autosomal dominant cancer syndrome that 
accounts for 2–4% of all newly diagnosed colorectal and endometrial cancers [1–3]. 
It is caused by defective mismatch repair (MMR) activity due to germline (epi)
mutations in MMR genes (MLH1, MSH2, MSH6, and PMS2). The diagnostic algo-
rithm of LS is based on the identification of microsatellite instability (MSI) and/or 
loss of expression of MMR proteins by immunohistochemistry (IHC) in tumors. 
After identification of MMR deficiency (in the absence of MLH1 promoter methyla-
tion and/or BRAF p.V600E mutation), germline MMR testing is performed.

However, about 50% of patients with MMR-deficient colorectal tumors from 
population-based studies lack identified pathogenic mutations by conventional anal-
yses, thus hampering appropriate clinical management and risk assessment (Fig. 2.1 
and Table 2.1a) [1, 4–12]. Individuals with MMR-deficient LS spectrum tumors 
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Fig. 2.1 Diagnostic yield and associated risk in MMR-deficient cases. Adapted from Buchanan 
et al. [12]
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(in the absence of MLH1 methylation), in which no pathogenic germline mutation 
has been identified, are known as having “Lynch-like syndrome (LLS)” [1, 4–12], 
also called “suspected Lynch syndrome” [12]. Noteworthy, failure in the identifica-
tion of pathogenic germline mutations in MMR genes among patients with MMR-
deficient tumors does not exclude an inherited predisposition to cancer.

The mean age at colorectal cancer (CRC) diagnosis in LLS cases has been 
reported similar to LS or in-between LS and sporadic MMR-deficient individuals 
[1, 4–10] (Table 2.1b). Other clinical similarities amidst LS and LLS in comparison 
to sporadic CRC are predominance of proximal location, frequency of mucinous 
histology, and prevalence of synchronous or metachronous LS-associated tumors 
(Table 2.1b).

LLS patients together with their first-degree relatives are considered to have an 
intermediate risk of developing CRC [1, 4–10]. In 2007, a first approximation to 
cancer risk among Lynch-like cases was made. While 66% (50/75) of LS families 
fulfilled the Amsterdam II criteria, only 11% (2/18) of Lynch-like fulfilled them 
(p = 0.001) [4]. Similarly, Vargas et al. showed that cases meeting Bethesda criteria 
were overrepresented in LLS cases with MSH2 loss [7]. A study comprising 25 LLS 
families quantified the risk of CRC in their 177 first-degree relatives (FDRs) and 
found that MMR gene mutation carriers had the highest risk, LLS cases an interme-
diate risk, and the MMR-deficient cases due to MLH1 promoter methylation the 
lowest [1, 4–12]. Recently, a bigger cohort comprising 271 LLS CRC cases and 
1799 FDRs confirmed these findings [6]. The incidence of LS-associated tumors is 
about 11% in LLS patients, varying widely among series (Table 2.1b) [1, 5–10]. To 
date, there are no published data about the FDR risk of other tumors within the LS 
spectrum.

1.1  Current Clinical Management Recommendations

The inability to define evidence-based screening and management guidelines for 
LLS cases hampers the provision of clear-cut recommendations of their medical 
care. Therefore, LLS individuals and their relatives could be receiving different 
shades of cancer surveillance, ranging between low- and high-risk individuals, 
which mean that some of them are being subjected to unnecessarily over-screening 
and emotional distress, while others lack proper examination [13]. This is a problem 
that aggravates families and physicians and that also affects the healthcare system. 
Given the halfway risk of CRC observed among LLS, intermediate surveillance has 
been recommended as the best approach [5]. However, family history must be also 
taken into account. Of note, these LLS cases are most probably a heterogeneous 
group of different molecular and family backgrounds. Consequently, no optimal 
screening can be generalized until a specific diagnosis is made.

G. Vargas-Parra et al.
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2  Potential Causes of MMR Deficiency in Lynch-like Syndrome

As stated above, failure in the identification of pathogenic germline mutations in 
MMR genes among patients with MMR-deficient tumors does not exclude either a 
lack of detection of germline and/or somatic MMR mutations or the involvement of 
other genes resulting in overlapping phenotypes. In this section, the evidence avail-
able on these issues is reviewed.

2.1  MMR Gene Mutations

Pathogenicity Assessment of MMR Gene Variants Up to 30% of detected MMR 
variants are classified as variants of unknown significance (VUS) [14], in which 
their clinical impact is not evident. In spite of systematic efforts such as those made 
by the InSiGHT LOVD database, there will always be a proportion of cases harbor-
ing variant class 3 (VUS) in one of the distinct MMR genes (Table 2.2) [15–26]. The 
carriers of those VUS will be classified as LLS. The final proportion of cases with 
VUS will depend both on the effort put in their functional characterization and the 
actual level of evidence that the scientific community will deem as acceptable to 
classify a variant as causal. Comprehensive approaches including cDNA splicing 
evaluation – focused on the generation of aberrant transcripts leading to premature 
stop codons or in-frame deletions disrupting functional domains – and multifacto-
rial calculations of the posterior probability of pathogenicity offer a good perfor-
mance, highlighting the benefit of applying quantitative and qualitative analyses for 
variant interpretation and classification [7].

Unidentified germline MMR Gene Mutations Current mutational analysis 
techniques could be missing complex or cryptic mutations in MMR genes [27–29]. 
An example of deep intronic mutations that could be overlooked with current strate-
gies is the one found within the first intron of MSH2, at position c.212–553_c.212–479 
[27]. This change creates a canonical donor splice site at the 3′ end of the insertion 
containing a stop codon, which is predicted to truncate the protein. Other examples 
of unidentified mutations are complex structural variations comprising MMR genes. 
A recurrent inversion of MSH2 exons 1–7 has been identified in ten North American 
families [30–32], and an inversion of MSH2 exons 2–6 has been recently reported 
in two Australian families [33]. Also, a fusion of MLH1 with LRRFIP2 after para-
centric inversion on chromosome 3p22.2 has been described [29].

Besides, LLS individuals may be carriers of undetected mutations in regulatory 
regions of MMR genes, which are rarely screened in the mutational analysis of 
MMR genes. The 5′ and 3′ untranslated regions (UTRs) of most genes contain regu-
latory sequences that control mRNA processing and stability. On the one hand, 
germline variants in MMR promoter regions have been reported, some of them 
associated to allele-specific silencing or reduced promoter activity [34]. On the 
other hand, germline 3’UTR mutations in MLH1 have been related to loss of protein 

2 The Molecular Basis of Lynch-like Syndrome
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expression as well [35]. Likewise, miRNA anomalous regulation has been proposed 
as possibly responsible for low expression of MLH1 and MSH2, such as the case of 
miR-21 and miR-155 [36].

MMR Mosaicism It could be also a cause of misdiagnosis of LS although it has 
been reported only twice in LS-suspected cases. Sourrouille et al. described a CRC 
case with MSI and a frameshift mutation in MSH2 (c.2541delA) in his blood lym-
phocyte DNA, whose mother had history of a colorectal tumor showing the same 
mutation in tumor tissue but not in peripheral blood lymphocyte DNA [37]. 
Mutational analysis at normal colon DNA from her mother revealed a weak signal 
for c.2541delA mutation, evidencing the presence of somatic mosaicism. The fact 
that she passed the mutation to her son formally demonstrates that she had germinal 
mosaicism. Also, somatic mosaicism was found in a woman with synchronous 
endometrioid adenocarcinomas of the ovary and endometrium at 44 years old [38]. 
Her family met Amsterdam II clinical criteria, and MLH1 c.1050delA mutation was 
identified in her sister’s blood, who had developed an endometrial cancer as well. 
The same mutation was found in the reported case but with a wild-type allele frac-
tion of around 20% in normal tissue from different organs. Since their father had 
been affected with four tumors within the LS spectrum, this phenotype may be 
attributable to revertant somatic mosaicism [38].

Double Somatic MMR Gene (Epi)Mutations The accumulation of somatic alter-
ations in DNA repair genes can certainly mimic germline-associated phenotypes. In 
fact, double somatic hits in MMR genes have been detected in a relevant proportion 
(27–82%) of LLS cases [7, 13, 37, 39–41] (summarized in Table 2.3). While somatic 
events appear to occur at the same frequencies in MLH1 and MSH2, the general 
prevalence among different studies largely varies. The likely incorporation of sub-
exome analysis at a high coverage in the evaluation of this type of tumors will cer-
tainly be useful for the identification and characterization of these cases.

MMR genes can also be targets of somatic methylation. MMR gene inactivation 
caused by promoter hypermethylation has been reported at somatic level usually for 
MLH1 [42, 43]. In contrast, the relative contribution of somatic methylation in other 
MMR gene promoters in LLS has been poorly studied. Concerning MSH2 gene, 
Vargas et al. did not detect MSH2 promoter methylation in 13 samples from LLS 
patients harboring tumors lacking MSH2 expression [7]. This is in agreement with 
the low proportion of methylated tumors in MSH2-deficient LLS patients (1 of 40) 
previously reported [44, 45] (Table 2.4). Furthermore, Vargas et al. found no evidence 

Table 2.3 Prevalence of double somatic hits among Lynch-like syndrome

Sourrouille 
[37]

Geurts- 
Giele [13]

Haraldsdottir 
[39]

Mensenkamp 
[40]

Jansen 
[41]

Vargas- 
Parra [7]

Average 
(Range)

MLH1 
deficient

1 of 7
14%

16 of 24
67%

7 of 8
88%

8 of 18
44%

3 of 7
43%

–
–

51%
(14–88%)

MSH2 
deficient

3 of 8
38%

5 of 12
42%

16 of 20
80%

5 of 7
71%

5 of 13
33%

3 of 5
60%

54%
(33–80%)

Total 4 of 15
27%

21 of 36
58%

23 of 28
82%

16 of 25
64%

8 of 20
40%

3 of 5
60%

55%
(27–82%)

2 The Molecular Basis of Lynch-like Syndrome
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of methylation at the MSH6 promoter in the nine MSH2-deficient tumors analyzed. 
Previously, MSH6 methylation was studied in 99 sporadic tumors from LS spectrum 
with the same outcome [46, 47]. Finally, only one study has evaluated PMS2 meth-
ylation status in 100 MLH1-/PMS2- and PMS2-deficient CRC samples, finding no 
methylation in the promoter of this gene [48]. Altogether, published observations 
reinforce the notion that somatic variants in MLH1, MSH2, or MSH6 may be a fre-
quent event in LLS cases, while somatic promoter hypermethylation does not appar-
ently play a significant role.

2.2  Overlapping Phenotypes

Multiple and redundant mechanisms of DNA repair coexist within the cells. It is 
well known that DNA repair is the result of the coordinated action of many compo-
nents that are organized in multimeric complexes. Components of the MMR path-
way may cooperate with proteins involved in other DNA repair mechanisms. 
Because of this, it is likely that aberrations in other DNA repair genes may underlie 
MMR deficiency in LLS.

2.2.1  MUTYH Is a Bona Fide LLS Cancer Gene

Biallelic MUTYH mutations have been detected in 1–3% of LLS.  Morak et  al. 
reported a prevalence of 1.18% in a German-American cohort of 85 LLS cases [49]. 
More recently, a prevalence of biallelic MUTYH mutations of 3.1% in LLS was 
reported in a Spanish cohort [50]. The prevalence was similar (3.9%) when only 
cases fulfilling LS clinical criteria (Amsterdam or Bethesda) were considered. This 
percentage may be an underestimation due to the mutation detection strategy uti-
lized, based on the prescreening of MUTYH hotspot mutations [51–53]. Of note, the 
prevalence of MUTYH mutations among LLS cases is significantly higher than the 
frequency observed in controls and unselected CRC from the Spanish population 
[54]. Recently, Yurgelun et al. identified 3 biallelic MUTYH carriers in a series of 
1260 CRC patients for which neither clinical information nor tumor MSI status 
information was available [15–26].

To the best of our knowledge, 15 biallelic MUTYH carriers have been reported in 
patients with MMR-deficient tumors [49, 50, 55–58] (Table 2.5a). Interestingly, the 
LLS case with germline MUTYH biallelic mutations found in the Germanic- 
American series cohort from Morak et al. harbored double somatic MSH2 transver-
sions. These findings suggest that MUTYH deficiency could eventually cause 
somatic mutations in MMR genes, phenotypically mimicking LS.  Of note, 
LS-suspected patients harboring MLH1 methylated tumors were not included in the 
analysis of most of the series, and this may have led to the loss of some additional 
cases, as biallelic MUTYH mutations have been previously reported in MLH1 meth-
ylated tumors [49, 50, 55–58].
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MUTYH biallelic mutations have been also described in large population-based 
CRC series in the absence of MAP phenotype [59–61] or in serrated polyposis 
cohorts [52]. Most of the LLS cases identified by Castillejo et al. had less than ten 
adenomatous polyps at the time of CRC diagnosis [50], thus not meeting the clini-
cal criteria for MAP syndrome suspicion [62]. In fact, two of the five MUTYH bial-
lelic cases developed more than ten adenomatous polyps in follow-up colonoscopies, 
after CRC diagnosis. Thus, the scarcity of adenomatous polyps, the presence of 

Table 2.5a Variants in non-MMR genes identified in CRC-affected Lynch-like syndrome patients: 
Germline variants

Gene cDNA change Predicted aa change Variant ID References

Pathogenic variants

MUTYH c.494A>G p.(Tyr165Cys) rs34612342 Colebatch [56]; Cleary 
[55]; Morak [49]; 
Castillejo, Vargas [50]

c.1187G>A p.(Gly396Asp) rs36053993

c.43A>G p.(Met15Val) Not reported Seguí [58]
c.1147delC p.(Ala385Profs) rs587778536
c.1227_1228dupGG p.(Glu410Glyfs*43) rs587780078 Lefevre [57]; Vargas-Parra 

[7]
POLE c.1270C>G p.(Leu424Val) rs483352909 Palles [70]; Elsayed [72]
Variants of unknown significance

POLE c.861T>A p.(Asp287Glu) rs139075637 Jansen [73]
MCM9 c.911A>G p.(Asn304Ser) rs772909760 Liu [85]

c.1592T>C p.(Ile531Thr) Not reported
c.1974G>T p.(Gln658His) rs78791427
c.1997G>A p.(Arg666Trp) rs759280235
c.3286A>G p.(Met1096Val) rs61742362

FAN1 c.1856T>A p.(Met619Lys) Not reported Vargas-Parra [7]
SETD2 c.1204C>T p.(Arg402Trp) rs779126757 Vargas-Parra [7]

c.2508T>G p.(Cys836Trp) rs142668029
c.2798G>T p.(Gly933Val) rs202209141

Table 2.5b Variants in non-MMR genes identified in CRC-affected Lynch-like syndrome patients: 
Somatic variants in proofreading polymerase genes

Gene cDNA change Predicted aa change Variant ID References

POLE c.1100T>C p.(Phe367Ser) COSM5117983 Yoshida [74]
c.847_846delinsTT p.(Leu283Pro) Not reported Jansen [73]
c.856C>T p.(Pro286Ser) COSM3688090
c.857C>G p.(Pro286Arg) COSM937333
c.1366G>C p.(Ala456Pro) COSM937319
c.1367C>T p.(Ala456Val) Not reported
c.1376C>T p.(Ser459Pro) COSM170809
c.2284C>T p.(Arg762Trp) Not reported Vargas-Parra [7]
c.2375A>G p.(Lys792Arg) Not reported

POLD1 c.1003A>G p.(Ile335Val) Not reported Jansen [73]
c.1330C>T p.(Arg444Trp) Not reported Vargas-Parra [7]
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serrated polyps, or the presence of MSI in tumors should not exclude the MUTYH 
analysis. In all, current available evidence supports the existence of overlapping 
phenotypes between Lynch and MAP syndromes in the largest studies reported to 
date. Furthermore, our findings reinforce the need to systematically review surveil-
lance reports in patients with hereditary CRC suspicion.

The role of germline MUTYH monoallelic mutations in cancer risk is a matter of 
controversy. Many researchers have found a modest increased susceptibility to can-
cer associated to monoallelic mutations [63–66], especially when codon 396 is 
affected [65]. However, larger studies have failed to replicate these findings [54, 
67–69]. The lack of differences in the number of polyps between monoallelic carri-
ers and wild-type group observed by Castillejo et al. is consistent with a weak sus-
ceptibility effect of these monoallelic mutations [50]. It may be speculated that 
MUTYH monoallelic carriers are predisposed to second hits. Further analyses are 
needed to elucidate the role of somatic second hits in MUTYH gene.

2.2.2  The Role of POLE and POLD1

Polymerase proofreading-associated polyposis (PPAP) has a dominant inheritance 
and high penetrance [70]. This syndrome is caused by missense mutations in the 
exonuclease domain of the polymerase proofreading genes, POLE and POLD1, 
conferring a predisposition to develop attenuated colorectal polyposis and CRC at 
an early age. Mutations in these enzymes promote the accumulation of somatic 
mutations due to misincorporation of bases during DNA replication and have been 
mainly related to hypermutated microsatellite-stable tumors [70, 71]. Noteworthy, 
germline mutations in polymerase proofreading genes may in some instance be 
associated with MMR deficiency in tumors [72, 73], probably associated to somatic 
MMR mutations due to hypermutability) [73, 74] (Table 2.5a).

2.2.3  The Putative Role of FAN1 and MCM9 Genes

FAN1 monoallelic mutations have recently been associated to hereditary MSS CRC 
[75] and hereditary pancreatic cancer [76]. Therefore, FAN1 DNA repair gene 
(FANCD2/FANCI-associated nuclease 1) is emerging as a putative hereditary 
colorectal cancer gene. However, despite functional and cosegregation evidences 
[75], its role is currently a matter of controversy since no significant increase in the 
burden of FAN1 mutations is detected in CRC cases versus controls [77].

Recently three missense variants in the FAN1 gene have been identified among 
30 LLS cases with MSH2-/MSH6-deficient tumors [[7] and unpublished data] 
(Table 2.5a). The c.1856T>A (p.M619K) variant was predicted probably pathogenic 
by in silico tools (at the functional and structural levels), and c.434G>A (p.R145H) 
and c.1129C>T (p.R377W) demonstrated cosegregation in CRC- affected relatives. 
As FAN1 interacts with MMR proteins MLH1, PMS2, and PMS1 [78] and has been 
related to maintenance of genome stability [79–81], the identification of germline 
FAN1 variants in Lynch-like patients suggests that FAN1 deficiency might impair 
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MMR activity to a certain degree, leading to MMR-deficient tumors. This is the 
only study that has so far linked FAN1 to Lynch-like syndrome. While suggestive, 
larger studies and robust functional analysis of identified variants are mandatory to 
refine the role of FAN1 mutations in LLS.

MCM9 is a MutS-dependent DNA helicase that recruits MutL onto the mis-
matched base [82], involved in homologous recombination induced by interstrand 
cross-link repair [83]. In a recent study, the germline MCM9 c.672_673delGGinsC 
was reported in a family with early-onset CRC, polyposis and ovarian failure [84], 
being postulated as a possible hereditary CRC gene. Moreover, MCM9 loss of func-
tion has been implicated in some MSI tumors [82]. Being the molecular relationship 
of this gene with MMR activity, Liu et al. sequenced MCM9 gene in 109 Australian 
LS-suspected patients, finding 4 in silico predicted pathogenic missense variants out 
of 15 total variants [85] (Table 2.5a). Further functional and cosegregation studies are 
needed to guarantee MMR-deficient CRC causality among MCM9 variant carriers.

2.2.4  Other CRC Genes Might Be Involved

Multiple genes have been associated to CRC development besides the abovemen-
tioned; however, little is known about their possible implication in LLS.  Until 
recently, the picture was relatively simple as molecular characterization of patients 
and tumors was strictly guided by overall risk factors or population-based 
approaches. With the advent of NGS technologies and the progressive implementa-
tion of gene panels, a wider range of candidate genes are being studied in 
LS-suspected patients.

In a recent study, Yurgelun and colleagues used a 25-gene NGS panel to study 
1260 patients who underwent LS genetic testing based on clinical criteria. They 
found germline BRCA1/BRCA2 mutations in nine CRC cases, most of them meet-
ing NCCN criteria for LS testing. Furthermore, they found three APC and one 
STK11 mutated cases, as well as cases with MAP [15–26]. It has been reported that 
BRCA mutation carriers have a greater risk of developing CRC cancer at early age 
[86]. MMR deficiency was not formally tested, hampering the extrapolation of these 
observations to LLS.

Germline heterozygous mutations in BUB1 and BUB3, components of the spin-
dle checkpoint (SAC) responsible for correct chromosome segregation [87], have 
been identified in patients with early-onset and familial CRC [88, 89]. Recently 
Vargas et al. have identified a predicted pathogenic variant in BUB1 in one endome-
trial cancer-affected LLS case. Also, germline variants of SETD2, a H3K36 trimeth-
yltransferase necessary for recruiting MSH2/MSH6 to chromatin [90], have been 
detected in LLS cases [7] (Table 2.5a). Of note, this gene was included in the analy-
sis after being frequently reported mutated in MSI CRC [91].

With the identification of rare and potentially pathogenic variants, MCM9, FAN1, 
BUB1, and SETD2 are emerging as candidate genes responsible for LLS. Functional 
and cosegregation analysis will help in the elucidation of the pathogenicity of the 
identified variants.

G. Vargas-Parra et al.
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2.2.5  Double Somatic Alterations in Other DNA Repair Genes

The in-depth analysis of tumors with selected gene panels is beginning to unravel a 
complex picture where putative loss of heterozygosity in MMR genes and double 
somatic mutations in other MMR genes and/or proofreading polymerases coexist [7, 
73, 74, 92]. Somatic POLE driver mutations have been reported in a proportion of 
CRC, leading to an ultramutator phenotype with a predominance of C:G>T:A transi-
tions [70]  (Table 2.5b). Failure of both DNA repair mechanisms conveys a critical 
increase in the mutation rate and most surely a final polygenic effect. The exact hinder 
sequence remains unknown. The limited number of cases analyzed precludes drawing 
conclusions although it must be taken into account that pediatric tumors arising in 
CMMRD cases strongly associate with mutations in the exonuclease domain of proof-
reading polymerases [93]. Moreover, somatic mutations in other highly penetrant can-
cer genes (APC, TP53, AXIN2, BMPR1A, PTEN) are also present in tumors from LLS, 
making it difficult to understand the relative contribution of each alteration [7, 73].

3  Conclusions

Lynch-like syndrome cases are a set of highly heterogeneous cases in which the 
progressive availability of advanced sequencing technologies is continuously shed-
ding light and refining its molecular classification. Being a syndrome defined by a 
MMR deficiency, the role of this DNA repair system is and will be relevant. Carriers 
of variants of unknown significance in MMR genes will be a prominent part of LLS, 
and a continuous effort will be necessary to more accurately classify these variants. 
Also, missed MMR alterations encompassing regions not usually included in the 
analysis (deep intronic regions, regulatory regions) or complex rearrangements will 
reclassify LLS into LS in some cases.

The spectrum of germline alterations present in these cases is expanding to other 
members of the complex DNA repair systems. Germline biallelic MUTYH muta-
tions and polymerase proofreading mutations are responsible of a small proportion 
of LLS being this observation confirmed as subexome panels are being introduced 
in the clinical setting. Using this methodology, several candidate genes – i.e., FAN1, 
BUB1, MCM9, and SETD2, among others – are emerging as likely drivers of a pro-
portion of these cases. Of note, candidate genes identified so far are cancer genes, 
mostly involved in DNA repair as these genes are overrepresented in the panels used 
so far. The use of WES approaches will clarify whether the spectrum of alterations 
expands. Furthermore, the presence of double somatic hits in MMR genes accounts 
for a proportion of LLS cases although a detailed analysis of the clonal architecture 
of these alterations will be critical to convincingly show its impact.

The combined germline and somatic assessment of the mutational status of cancer 
genes by means of a subexome panel – that opens the scope of the genes tested – has 
proved useful for the elucidation of the molecular basis in a higher proportion of LLS 
cases. Further studies of larger series and more in-depth functional characterization 
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of variants detected will be critical to establish the true clinical validity of observed 
findings both at the germline and somatic level. Altogether, germline and somatic 
subexome analyses are emerging at the standard of care in the analysis of these LLS 
cases paving the way to a change in the molecular testing algorithms used so far.

Grant Support This work was funded by the Spanish Ministry of Economy and 
Competitiveness (grant SAF2015–68016-R) and co-funded by FEDER (A Way to 
Build Europe) funds, the Spanish Association Against Cancer, the government of 
Catalonia (grant 2014SGR338), Fundación Mutua Madrileña (grant AP114252013), 
and RTICC MINECO Network RD12/0036/0031. This work is also supported by 
the Mexican National Council for Science and Technology (CONACyT) fellowship 
grant awarded to GV.

Disclosures The authors declare no conflict of interest.

References

 1. Hampel H, Frankel WL, Martin E, Arnold M, Khanduja K, Kuebler P, et  al. Screening 
for the Lynch syndrome (hereditary nonpolyposis colorectal cancer). N Engl J  Med. 
2005;352:1851–60.

 2. Moreira L, Balaguer F, Lindor N, de la Chapelle A, Hampel H, Aaltonen LA, et al. Identification 
of Lynch syndrome among patients with colorectal cancer. JAMA. 2012;308:1555–65. https://
doi.org/10.1001/jama.2012.13088.

 3. Hampel H, Frankel W, Panescu J, Lockman J, Sotamaa K, Fix D, et al. Screening for Lynch 
syndrome (hereditary nonpolyposis colorectal cancer) among endometrial cancer patients. 
Cancer Res. 2006;66:7810–7.

 4. Overbeek LIH, Kets CM, Hebeda KM, Bodmer D, van der Looij E, Willems R, et al. Patients 
with an unexplained microsatellite instable tumour have a low risk of familial cancer. Br 
J Cancer. 2007;96:1605–12. https://doi.org/10.1038/sj.bjc.6603754.

 5. Rodriguez-Soler M, Perez-Carbonell L, Guarinos C, Zapater P, Castillejo A, Barbera VM, 
et  al. Risk of cancer in cases of suspected lynch syndrome without germline mutation. 
Gastroenterology. 2013;144:924–6. https://doi.org/10.1053/j.gastro.2013.01.044.

 6. Win AK, Buchanan DD, Rosty C, MacInnis RJ, Dowty JG, Dite GS, et al. Role of tumour 
molecular and pathology features to estimate colorectal cancer risk for first-degree relatives. 
Gut. 2015;64(1):101–10. https://doi.org/10.1136/gutjnl-2013-306567.

 7. Vargas-Parra GM, Gonzalez-Acosta M, Thompson BA, Gomez C, Fernandez A, Damaso E, 
et al. Elucidating the molecular basis of MSH2-deficient tumors by combined germline and 
somatic analysis. Int J Cancer. 2017. https://doi.org/10.1002/ijc.30820.

 8. Kang SY, Park CK, Chang DK, Kim JW, Son HJ, Cho YB, et al. Lynch-like syndrome : char-
acterization and comparison with EPCAM deletion carriers. Int J Cancer. 2015;136:1568–78. 
https://doi.org/10.1002/ijc.29133.

 9. Chika N, Eguchi H, Kumamoto K, Suzuki O, Ishibashi K, Tachikawa T, et al. Prevalence of 
Lynch syndrome and lynch-like syndrome among patients with colorectal cancer in a Japanese 
hospital-based population. Jpn J Clin Oncol. 2017;47(2):108–17. https://doi.org/10.1093/jjco/
hyw178.

 10. Mas-Moya J, Dudley B, Brand RE, Thull D, Bahary N, Nikiforova MN, et al. Clinicopathological 
comparison of colorectal and endometrial carcinomas in patients with lynch-like syndrome 
versus patients with Lynch syndrome. Hum Pathol. 2015;46(11):1616–25. https://doi.
org/10.1016/j.humpath.2015.06.022.

G. Vargas-Parra et al.

https://doi.org/10.1001/jama.2012.13088
https://doi.org/10.1001/jama.2012.13088
https://doi.org/10.1038/sj.bjc.6603754
https://doi.org/10.1053/j.gastro.2013.01.044
https://doi.org/10.1136/gutjnl-2013-306567
https://doi.org/10.1002/ijc.30820
https://doi.org/10.1002/ijc.29133
https://doi.org/10.1093/jjco/hyw178
https://doi.org/10.1093/jjco/hyw178
https://doi.org/10.1016/j.humpath.2015.06.022
https://doi.org/10.1016/j.humpath.2015.06.022


37

 11. O'Kane GM, Ryan E, McVeigh TP, Creavin B, Hyland JM, O'Donoghue DP, et al. Screening 
for mismatch repair deficiency in colorectal cancer: data from three academic medical centers. 
Cancer Med. 2017;6(6):1465–72. https://doi.org/10.1002/cam4.1025.

 12. Buchanan DD, Rosty C, Clendenning M, Win AK. Clinical problems of colorectal cancer and 
endometrial cancer cases with unknown cause of tumor mismatch repair deficiency (suspected 
Lynch syndrome). Appl Clin Genet. 2014;7:183–93.

 13. Geurts-Giele WR, Leenen CH, Dubbink HJ, Meijssen IC, Post E, Sleddens HF, et al. Somatic 
aberrations of mismatch repair genes as a cause of microsatellite-unstable cancers. J Pathol. 
2014;234:548–59. https://doi.org/10.1002/path.4419.

 14. Thompson BA, Spurdle AB, Plazzer J-P, Greenblatt MS, Akagi K, Al-Mulla F, et al. Application 
of a 5-tiered scheme for standardized classification of 2,360 unique mismatch repair gene 
variants in the InSiGHT locus-specific database. Nat Genet. 2014;46:107–15. https://doi.
org/10.1038/ng.2854.

 15. Chubb D, Broderick P, Frampton M, Kinnersley B, Sherborne A, Penegar S, et al. Genetic 
diagnosis of high-penetrance susceptibility for colorectal cancer (CRC) is achievable for a 
high proportion of familial CRC by exome sequencing. J Clin Oncol Off J Am Soc Clin Oncol. 
2015;33(5):426–32. https://doi.org/10.1200/JCO.2014.56.5689.

 16. Cragun D, Radford C, Dolinsky JS, Caldwell M, Chao E, Pal T. Panel-based testing for inher-
ited colorectal cancer: a descriptive study of clinical testing performed by a US laboratory. 
Clin Genet. 2014;86(6):510–20. https://doi.org/10.1111/cge.12359.

 17. Hermel DJ, McKinnon WC, Wood ME, Greenblatt MS. Multi-gene panel testing for hereditary 
cancer susceptibility in a rural Familial Cancer Program. Familial Cancer. 2017;16(1):159–66. 
https://doi.org/10.1007/s10689-016-9913-5.

 18. Howarth DR, Lum SS, Esquivel P, Garberoglio CA, Senthil M, Solomon NL. Initial results 
of multigene panel testing for hereditary breast and ovarian cancer and Lynch syndrome. Am 
Surg. 2015;81(10):941–4.

 19. Pearlman R, Frankel WL, Swanson B, Zhao W, Yilmaz A, Miller K, et  al. Prevalence 
and Spectrum of germline cancer susceptibility gene mutations among patients with 
early-onset colorectal cancer. JAMA Oncol. 2017;3(4):464–71. https://doi.org/10.1001/
jamaoncol.2016.5194.

 20. Ricker C, Culver JO, Lowstuter K, Sturgeon D, Sturgeon JD, Chanock CR, et al. Increased 
yield of actionable mutations using multi-gene panels to assess hereditary cancer suscepti-
bility in an ethnically diverse clinical cohort. Cancer Genet. 2016;209(4):130–7. https://doi.
org/10.1016/j.cancergen.2015.12.013.

 21. Rohlin A, Rambech E, Kvist A, Torngren T, Eiengard F, Lundstam U, et al. Expanding the 
genotype-phenotype spectrum in hereditary colorectal cancer by gene panel testing. Familial 
Cancer. 2017;16(2):195–203. https://doi.org/10.1007/s10689-016-9934-0.

 22. Slavin TP, Neuhausen SL, Nehoray B, Niell-Swiller M, Solomon I, Rybak C, et  al. The 
spectrum of genetic variants in hereditary pancreatic cancer includes Fanconi anemia genes. 
Familial Cancer. 2017. https://doi.org/10.1007/s10689-017-0019-5.

 23. Yurgelun MB, Allen B, Kaldate RR, Bowles KR, Judkins T, Kaushik P, et al. Identification of a 
variety of mutations in cancer predisposition genes in patients with suspected Lynch syndrome. 
Gastroenterology. 2015;149(3):604–13 e20. https://doi.org/10.1053/j.gastro.2015.05.006.

 24. Yurgelun MB, Kulke MH, Fuchs CS, Allen BA, Uno H, Hornick JL, et al. Cancer suscepti-
bility gene mutations in individuals with colorectal cancer. J Clin Oncol Off J Am Soc Clin 
Oncol. 2017;35(10):1086–95. https://doi.org/10.1200/JCO.2016.71.0012.

 25. LaDuca H, Stuenkel AJ, Dolinsky JS, Keiles S, Tandy S, Pesaran T, et  al. Utilization of 
multigene panels in hereditary cancer predisposition testing: analysis of more than 2,000 
patients. Genet Med Off J Am Coll Med Genet. 2014;16(11):830–7. https://doi.org/10.1038/
gim.2014.40.

 26. Susswein LR, Marshall ML, Nusbaum R, Vogel Postula KJ, Weissman SM, Yackowski L, 
et  al. Pathogenic and likely pathogenic variant prevalence among the first 10,000 patients 
referred for next-generation cancer panel testing. Genet Med Off J  Am Coll Med Genet. 
2016;18(8):823–32. https://doi.org/10.1038/gim.2015.166.

2 The Molecular Basis of Lynch-like Syndrome

https://doi.org/10.1002/cam4.1025
https://doi.org/10.1002/path.4419
https://doi.org/10.1038/ng.2854
https://doi.org/10.1038/ng.2854
https://doi.org/10.1200/JCO.2014.56.5689
https://doi.org/10.1111/cge.12359
https://doi.org/10.1007/s10689-016-9913-5
https://doi.org/10.1001/jamaoncol.2016.5194
https://doi.org/10.1001/jamaoncol.2016.5194
https://doi.org/10.1016/j.cancergen.2015.12.013
https://doi.org/10.1016/j.cancergen.2015.12.013
https://doi.org/10.1007/s10689-016-9934-0
https://doi.org/10.1007/s10689-017-0019-5
https://doi.org/10.1053/j.gastro.2015.05.006
https://doi.org/10.1200/JCO.2016.71.0012
https://doi.org/10.1038/gim.2014.40
https://doi.org/10.1038/gim.2014.40
https://doi.org/10.1038/gim.2015.166


38

 27. Clendenning M, Buchanan DD, Walsh MD, Nagler B, Rosty C, Thompson B, et al. Mutation 
deep within an intron of MSH2 causes Lynch syndrome. Familial Cancer. 2011;10:297–301. 
https://doi.org/10.1007/s10689-011-9427-0.

 28. Ligtenberg MJ, Kuiper RP, Chan TL, Goossens M, Hebeda KM, Voorendt M, et al. Heritable 
somatic methylation and inactivation of MSH2 in families with Lynch syndrome due to dele-
tion of the 3′ exons of TACSTD1. Nat Genet. 2009;41:112–7. https://doi.org/10.1038/ng.283.

 29. Morak M, Koehler U, Schackert HK, Steinke V, Royer-Pokora B, Schulmann K, et al. Biallelic 
MLH1 SNP cDNA expression or constitutional promoter methylation can hide genomic rear-
rangements causing Lynch syndrome. J Med Genet. 2011;48:513–9. https://doi.org/10.1136/
jmedgenet-2011-100050.

 30. Wagner A, van der Klift H, Franken P, Wijnen J, Breukel C, Bezrookove V, et al. A 10-Mb para-
centric inversion of chromosome arm 2p inactivates MSH2 and is responsible for hereditary 
nonpolyposis colorectal cancer in a North-American kindred. Genes Chromosomes Cancer. 
2002;35(1):49–57. https://doi.org/10.1002/gcc.10094.

 31. Mork ME, Rodriguez A, Taggart MW, Rodriguez-Bigas MA, Lynch PM, Bannon SA, et al. 
Identification of MSH2 inversion of exons 1-7 in clinical evaluation of families with suspected 
Lynch syndrome. Familial Cancer. 2016. https://doi.org/10.1007/s10689-016-9960-y.

 32. Rhees J, Arnold M, Boland CR. Inversion of exons 1-7 of the MSH2 gene is a frequent cause 
of unexplained Lynch syndrome in one local population. Familial Cancer. 2014;13:219–25. 
https://doi.org/10.1007/s10689-013-9688-x.

 33. Liu Q, Hesson LB, Nunez AC, Packham D, Williams R, Ward RL, et al. A cryptic paracen-
tric inversion of MSH2 exons 2-6 causes Lynch syndrome. Carcinogenesis. 2016;37(1):10–7. 
https://doi.org/10.1093/carcin/bgv154.

 34. Liu Q, Thompson BA, Ward RL, Hesson LB, Sloane MA.  Understanding the pathogenic-
ity of noncoding mismatch repair gene promoter variants in Lynch syndrome. Hum Mutat. 
2016;37(5):417–26. https://doi.org/10.1002/humu.22971.

 35. Wilding JL, McGowan S, Liu Y, Bodmer WF. Replication error deficient and proficient colorec-
tal cancer gene expression differences caused by 3'UTR polyT sequence deletions. Proc Natl 
Acad Sci U S A. 2010;107(49):21058–63. https://doi.org/10.1073/pnas.1015604107.

 36. Valeri N, Gasparini P, Braconi C, Paone A, Lovat F, Fabbri M, et al. MicroRNA-21 induces 
resistance to 5-fluorouracil by down-regulating human DNA MutS homolog 2 (hMSH2). Proc 
Natl Acad Sci. 2010;107:21098–103. https://doi.org/10.1073/pnas.1015541107.

 37. Sourrouille I, Coulet F, Lefevre JH, Colas C, Eyries M, Svrcek M, et al. Somatic mosaicism 
and double somatic hits can lead to MSI colorectal tumors. Familial Cancer. 2013;12:27–33.

 38. Pastrello C, Fornasarig M, Pin E, Berto E, Pivetta B, Viel A. Somatic mosaicism in a patient with 
Lynch syndrome. Am J Med Genet A. 2009;149:212–5. https://doi.org/10.1002/ajmg.a.32620.

 39. Haraldsdottir S, Hampel H, Tomsic J, Frankel WL, Pearlman R, de la Chapelle A, et al. Colon 
and endometrial cancers with mismatch repair deficiency can arise from somatic, rather than 
germline, mutations. Gastroenterology. 2014;147:1308–16.e1. https://doi.org/10.1053/j.
gastro.2014.08.041.

 40. Mensenkamp AR, Vogelaar IP, van Zelst–Stams WAG, Goossens M, Ouchene H, Hendriks–
Cornelissen SJB, et al. Somatic mutations in MLH1 and MSH2 are a frequent cause of mismatch- 
repair deficiency in Lynch syndrome-like tumors. Gastroenterology. 2014;146:643–6.e8. 
https://doi.org/10.1053/j.gastro.2013.12.002.

 41. Jansen AM, Geilenkirchen MA, van Wezel T, Jagmohan-Changur SC, Ruano D, van der 
Klift HM, et  al. Whole gene capture analysis of 15 CRC susceptibility genes in suspected 
Lynch syndrome patients. PLoS One. 2016;11(6):e0157381. https://doi.org/10.1371/journal.
pone.0157381.

 42. Herman JG, Umar A, Polyak K, Graff JR, Ahuja N, Issa JP, et al. Incidence and functional 
consequences of hMLH1 promoter hypermethylation in colorectal carcinoma. Proc Natl Acad 
Sci U S A. 1998;95(12):6870–5.

 43. Yamamoto H, Imai K. Microsatellite instability: an update. Arch Toxicol. 2015;89:899–921. 
https://doi.org/10.1007/s00204-015-1474-0.

G. Vargas-Parra et al.

https://doi.org/10.1007/s10689-011-9427-0
https://doi.org/10.1038/ng.283
https://doi.org/10.1136/jmedgenet-2011-100050
https://doi.org/10.1136/jmedgenet-2011-100050
https://doi.org/10.1002/gcc.10094
https://doi.org/10.1007/s10689-016-9960-y
https://doi.org/10.1007/s10689-013-9688-x
https://doi.org/10.1093/carcin/bgv154
https://doi.org/10.1002/humu.22971
https://doi.org/10.1073/pnas.1015604107
https://doi.org/10.1073/pnas.1015541107
https://doi.org/10.1002/ajmg.a.32620
https://doi.org/10.1053/j.gastro.2014.08.041
https://doi.org/10.1053/j.gastro.2014.08.041
https://doi.org/10.1053/j.gastro.2013.12.002
https://doi.org/10.1371/journal.pone.0157381
https://doi.org/10.1371/journal.pone.0157381
https://doi.org/10.1007/s00204-015-1474-0


39

 44. Nagasaka T, Rhees J, Kloor M, Gebert J, Naomoto Y, Boland CR, et al. Somatic hypermeth-
ylation of MSH2 is a frequent event in Lynch syndrome colorectal cancers. Cancer Res. 
2010;70:3098–108. https://doi.org/10.1158/0008-5472.CAN-09-3290.

 45. Rumilla K, Schowalter KV, Lindor NM, Thomas BC, Mensink KA, Gallinger S, et  al. 
Frequency of deletions of EPCAM (TACSTD1) in MSH2-associated Lynch syndrome cases. 
J Mol Diagn. 2011;13:93–9.

 46. Lima EM. DNA mismatch repair gene methylation in gastric cancer in individuals from north-
ern Brazil. Biocell. 2008;32:237–43.

 47. Vymetalkova VP, Slyskova J, Korenkova V, Bielik L, Langerova L, Prochazka P, et  al. 
Molecular characteristics of mismatch repair genes in sporadic colorectal tumors in Czech 
patients. BMC Med Genet. 2014;15:17. https://doi.org/10.1186/1471-2350-15-17.

 48. Truninger K, Menigatti M, Luz J, Russell A, Haider R, Gebbers J-O, et al. Immunohistochemical 
analysis reveals high frequency of PMS2 defects in colorectal cancer. Gastroenterology. 
2005;128:1160–71. https://doi.org/10.1053/j.gastro.2005.01.056.

 49. Morak M, Heidenreich B, Keller G, Hampel H, Laner A, de la Chapelle A, et al. Biallelic 
MUTYH mutations can mimic Lynch syndrome. Eur J Hum Genet. 2014;22:1334–7. https://
doi.org/10.1038/ejhg.2014.15.

 50. Castillejo A, Vargas G, Castillejo I, Navarro M, Barbera VM, Gonzalez S, et al. Prevalence 
of germline MUTYH mutations among lynch-like syndrome patients. European. J  Cancer. 
2014;50:2241–50. https://doi.org/10.1016/j.ejca.2014.05.022.

 51. Gomez-Fernandez N, Castellvi-Bel S, Fernandez-Rozadilla C, Balaguer F, Munoz J, Madrigal 
I, et al. Molecular analysis of the APC and MUTYH genes in Galician and Catalonian FAP 
families: a different spectrum of mutations? BMC Med Genet. 2009;10:57.

 52. Guarinos C, Juárez M, Egoavil C, Rodríguez-Soler M, Pérez-Carbonell L, Salas R, et  al. 
Prevalence and characteristics of MUTYH-associated polyposis in patients with multiple ade-
nomatous and serrated polyps. Clin Cancer Res Off J Am Assoc Cancer Res. 2014;20:1158–
68. https://doi.org/10.1158/1078-0432.CCR-13-1490.

 53. Nielsen M, Morreau H, Vasen HF, Hes FJ. MUTYH-associated polyposis (MAP). Crit Rev 
Oncol Hematol. 2011;79:1–16. https://doi.org/10.1016/j.critrevonc.2010.05.011.

 54. Balaguer F, Castellvi-Bel S, Castells A, Andreu M, Munoz J, Gisbert JP, et al. Identification 
of MYH mutation carriers in colorectal cancer: a multicenter, case-control, population-based 
study. Clin Gastroenterol Hepatol Off Clin Pract J Am Gastroenterol Assoc. 2007;5:379–87. 
https://doi.org/10.1016/j.cgh.2006.12.025.

 55. Cleary SP, Cotterchio M, Jenkins MA, Kim H, Bristow R, Green R, et al. Germline MutY human 
homologue mutations and colorectal cancer: a multisite case-control study. Gastroenterology. 
2009;136(4):1251–60.

 56. Colebatch A, Hitchins M, Williams R, Meagher a, Hawkins NJ, Ward RL. The role of MYH 
and microsatellite instability in the development of sporadic colorectal cancer. Br J Cancer. 
2006;95:1239–43. https://doi.org/10.1038/sj.bjc.6603421.

 57. Lefevre JH, Colas C, Coulet F, Bonilla C, Mourra N, Flejou JF, et al. MYH biallelic mutation 
can inactivate the two genetic pathways of colorectal cancer by APC or MLH1 transversions. 
Familial Cancer. 2010;9(4):589–94.

 58. Seguí N, Navarro M, Pineda M, Köger N, Bellido F, González S, et al. Exome sequencing 
identifies MUTYH mutations in a family with colorectal cancer and an atypical phenotype. 
Gut. 2015;64:355–6. https://doi.org/10.1136/gutjnl-2014-307084.

 59. Giráldez MD, Balaguer F, Bujanda L, Cuatrecasas M, Muñoz J, Alonso-Espinaco V, et  al. 
MSH6 and MUTYH deficiency is a frequent event in early-onset colorectal cancer. Clin 
Cancer Res Off J  Am Assoc Cancer Res. 2010;16:5402–13. https://doi.org/10.1158/1078-
0432.CCR-10-1491.

 60. Knopperts AP, Nielsen M, Niessen RC, Tops CMJ, Jorritsma B, Varkevisser J, et  al. 
Contribution of bi-allelic germline MUTYH mutations to early-onset and familial colorectal 
cancer and to low number of adenomatous polyps: case-series and literature review. Familial 
Cancer. 2013;12:43–50. https://doi.org/10.1007/s10689-012-9570-2.

2 The Molecular Basis of Lynch-like Syndrome

https://doi.org/10.1158/0008-5472.CAN-09-3290
https://doi.org/10.1186/1471-2350-15-17
https://doi.org/10.1053/j.gastro.2005.01.056
https://doi.org/10.1038/ejhg.2014.15
https://doi.org/10.1038/ejhg.2014.15
https://doi.org/10.1016/j.ejca.2014.05.022
https://doi.org/10.1158/1078-0432.CCR-13-1490
https://doi.org/10.1016/j.critrevonc.2010.05.011
https://doi.org/10.1016/j.cgh.2006.12.025
https://doi.org/10.1038/sj.bjc.6603421
https://doi.org/10.1136/gutjnl-2014-307084
https://doi.org/10.1158/1078-0432.CCR-10-1491
https://doi.org/10.1158/1078-0432.CCR-10-1491
https://doi.org/10.1007/s10689-012-9570-2


40

 61. Wang L, Baudhuin LM, Boardman LA, Steenblock KJ, Petersen GM, Halling KC, et al. MYH 
mutations in patients with attenuated and classic polyposis and with young-onset colorectal 
cancer without polyps. Gastroenterology. 2004;127:9–16.

 62. Syngal S, Brand RE, Church JM, Giardiello FM, Hampel HL, Burt RW, et al. ACG clinical 
guideline: Genetic testing and management of hereditary gastrointestinal cancer syndromes. 
Am J Gastroenterol. 2015;110:223–62.

 63. Croitoru ME, Cleary SP, Berk T, Nicola NDI, Kopolovic I, Bapat B, et al. Germline MYH 
mutations in a clinic-based series of Canadian multiple colorectal adenoma patients. J Surg 
Oncol. 2007:499–506. https://doi.org/10.1002/jso.

 64. Jones N, Vogt S, Nielsen M, Christian D, Wark PA, Eccles D, et al. Increased colorectal can-
cer incidence in obligate carriers of heterozygous mutations in MUTYH. Gastroenterology. 
2009;137:489–94., 94.e1; quiz 725–6. https://doi.org/10.1053/j.gastro.2009.04.047.

 65. Khalaf R, Jones C, Strutt W, Williamson P. Colorectal cancer in a monoallelic MYH muta-
tion carrier. J Gastrointest Surg Off J Soc Surg Aliment Tract. 2013;17:1500–2. https://doi.
org/10.1007/s11605-013-2206-5.

 66. Win AK, Dowty JG, Cleary SP, Kim H, Buchanan DD, Young JP, et  al. Risk of colorectal 
cancer for carriers of mutations in MUTYH, with and without a family history of cancer. 
Gastroenterology. 2014;146(5):1208–11 e1–5. https://doi.org/10.1053/j.gastro.2014.01.022.

 67. Lubbe SJ, Di Bernardo MC, Chandler IP, Houlston RS. Clinical implications of the colorec-
tal cancer risk associated with MUTYH mutation. J Clin Oncol Off J Am Soc Clin Oncol. 
2009;27:3975–80. https://doi.org/10.1200/JCO.2008.21.6853.

 68. Ma X, Zhang B, Zheng W. Genetic variants associated with colorectal cancer risk: comprehen-
sive research synopsis, meta-analysis, and epidemiological evidence. Gut. 2014;63:326–36. 
https://doi.org/10.1136/gutjnl-2012-304121.

 69. Theodoratou E, Campbell H, Tenesa A, Houlston R, Webb E, Lubbe S, et al. A large-scale 
meta-analysis to refine colorectal cancer risk estimates associated with MUTYH variants. Br 
J Cancer. 2010;103:1875–84. https://doi.org/10.1038/sj.bjc.6605966.

 70. Palles C, Cazier J-B, Howarth KM, Domingo E, Jones AM, Broderick P, et al. Germline muta-
tions affecting the proofreading domains of POLE and POLD1 predispose to colorectal adeno-
mas and carcinomas. Nat Genet. 2012;45:136–44. https://doi.org/10.1038/ng.2503.

 71. Valle L, Hernandez-Illan E, Bellido F, Aiza G, Castillejo A, Castillejo M-I, et al. New insights 
into POLE and POLD1 germline mutations in familial colorectal cancer and polyposis. Hum 
Mol Genet. 2014;23:3506–12. https://doi.org/10.1093/hmg/ddu058.

 72. Elsayed FA, Kets CM, Ruano D, van den Akker B, Mensenkamp AR, Schrumpf M, et  al. 
Germline variants in POLE are associated with early onset mismatch repair deficient colorec-
tal cancer. Eur J Hum Genet EJHG. 2014:1–5. https://doi.org/10.1038/ejhg.2014.242.

 73. Jansen AM, van Wezel T, van den Akker BE, Ventayol Garcia M, Ruano D, Tops CM, 
et  al. Combined mismatch repair and POLE/POLD1 defects explain unresolved suspected 
Lynch syndrome cancers. Eur J  Hum Genet. 2016;24(7):1089–92. https://doi.org/10.1038/
ejhg.2015.252.

 74. Yoshida R, Miyashita K, Inoue M, Shimamoto A, Yan Z, Egashira A, et al. Concurrent genetic 
alterations in DNA polymerase proofreading and mismatch repair in human colorectal cancer. 
Eur J Hum Genet. 2011;19(3):320–5. https://doi.org/10.1038/ejhg.2010.216.

 75. Seguí N, Mina LB, Lázaro C, Sanz-Pamplona R, Pons T, Navarro M, et al. Germline muta-
tions in FAN1 cause hereditary colorectal cancer by impairing DNA repair. Gastroenterology. 
2015:1–4. https://doi.org/10.1053/j.gastro.2015.05.056.

 76. Smith AL, Alirezaie N, Connor A, Chan-Seng-Yue M, Grant R, Selander I, et al. Candidate 
DNA repair susceptibility genes identified by exome sequencing in high-risk pancreatic can-
cer. Cancer Lett. 2016;370(2):302–12. https://doi.org/10.1016/j.canlet.2015.10.030.

 77. Broderick P, Dobbins SE, Chubb D, Kinnersley B, Dunlop MG, Tomlinson I, et al. Validation 
of recently proposed colorectal cancer susceptibility gene variants in an analysis of fami-
lies and patients-a systematic review. Gastroenterology. 2017;152(1):75–7 e4. https://doi.
org/10.1053/j.gastro.2016.09.041.

G. Vargas-Parra et al.

https://doi.org/10.1002/jso
https://doi.org/10.1053/j.gastro.2009.04.047
https://doi.org/10.1007/s11605-013-2206-5
https://doi.org/10.1007/s11605-013-2206-5
https://doi.org/10.1053/j.gastro.2014.01.022
https://doi.org/10.1200/JCO.2008.21.6853
https://doi.org/10.1136/gutjnl-2012-304121
https://doi.org/10.1038/sj.bjc.6605966
https://doi.org/10.1038/ng.2503
https://doi.org/10.1093/hmg/ddu058
https://doi.org/10.1038/ejhg.2014.242
https://doi.org/10.1038/ejhg.2015.252
https://doi.org/10.1038/ejhg.2015.252
https://doi.org/10.1038/ejhg.2010.216
https://doi.org/10.1053/j.gastro.2015.05.056
https://doi.org/10.1016/j.canlet.2015.10.030
https://doi.org/10.1053/j.gastro.2016.09.041
https://doi.org/10.1053/j.gastro.2016.09.041


41

 78. Cannavo E, Gerrits B, Marra G, Schlapbach R, Jiricny J. Characterization of the interactome 
of the human MutL homologues MLH1, PMS1, and PMS2. J Biol Chem. 2007;282:2976–86. 
https://doi.org/10.1074/jbc.M609989200.

 79. Kinch LN, Ginalski K, Rychlewski L, Grishin NV.  Identification of novel restric-
tion endonuclease- like fold families among hypothetical proteins. Nucleic Acids Res. 
2005;33:3598–605. https://doi.org/10.1093/nar/gki676.

 80. MacKay C, Déclais A-C, Lundin C, Agostinho A, Deans AJ, MacArtney TJ, et al. Identification 
of KIAA1018/FAN1, a DNA repair nuclease recruited to DNA damage by monoubiquitinated 
FANCD2. Cell. 2010;142:65–76. https://doi.org/10.1016/j.cell.2010.06.021.

 81. O'Donnell L, Durocher D. DNA repair has a new FAN1 club. Mol Cell. 2010;39:167–9. https://
doi.org/10.1016/j.molcel.2010.07.010.

 82. Traver S, Coulombe P, Peiffer I, Hutchins JR, Kitzmann M, Latreille D, et al. MCM9 is required 
for mammalian DNA mismatch repair. Mol Cell. 2015;59(5):831–9. https://doi.org/10.1016/j.
molcel.2015.07.010.

 83. Nishimura K, Ishiai M, Horikawa K, Fukagawa T, Takata M, Takisawa H, et  al. Mcm8 
and Mcm9 form a complex that functions in homologous recombination repair induced 
by DNA interstrand crosslinks. Mol Cell. 2012;47(4):511–22. https://doi.org/10.1016/j.
molcel.2012.05.047.

 84. Goldberg Y, Halpern N, Hubert A, Adler SN, Cohen S, Plesser-Duvdevani M, et al. Mutated 
MCM9 is associated with predisposition to hereditary mixed polyposis and colorectal  cancer 
in addition to primary ovarian failure. Cancer Genet. 2015;208(12):621–4. https://doi.
org/10.1016/j.cancergen.2015.10.001.

 85. Liu Q, Hesson LB, Nunez AC, Packham D, Hawkins NJ, Ward RL, et al. Pathogenic germ-
line MCM9 variants are rare in Australian lynch-like syndrome patients. Cancer Genet. 
2016;209(11):497–500. https://doi.org/10.1016/j.cancergen.2016.10.001.

 86. Phelan CM, Iqbal J, Lynch HT, Lubinski J, Gronwald J, Moller P, et al. Incidence of colorectal 
cancer in BRCA1 and BRCA2 mutation carriers: results from a follow-up study. Br J Cancer. 
2014;110(2):530–4. https://doi.org/10.1038/bjc.2013.741.

 87. Leland S, Nagarajan P, Polyzos A, Thomas S, Samaan G, Donnell R, et al. Heterozygosity for 
a Bub1 mutation causes female-specific germ cell aneuploidy in mice. Proc Natl Acad Sci U S 
A. 2009;106:12776–81. https://doi.org/10.1073/pnas.0903075106.

 88. de Voer RM, Geurts van Kessel A, Weren RD, Ligtenberg MJL, Smeets D, Fu L, et  al. 
Germline mutations in the spindle assembly checkpoint genes BUB1 and BUB3 are risk 
factors for colorectal cancer. Gastroenterology. 2013;145:544–7. https://doi.org/10.1053/j.
gastro.2013.06.001.

 89. Hanks S, Coleman K, Reid S, Plaja A, Firth H, FitzPatrick D, et al. Constitutional aneuploidy 
and cancer predisposition caused by biallelic mutations in BUB1B. Nat Genet. 2004;36:1159–
61. https://doi.org/10.1038/ng1449.

 90. Li F, Mao G, Tong D, Huang J, Gu L, Yang W, et al. The histone mark H3K36me3 regulates 
human DNA mismatch repair through its interaction with MutSα. Cell. 2013;153:590–600. 
https://doi.org/10.1016/j.cell.2013.03.025.

 91. Choi YJ, Oh HR, Choi MR, Gwak M, An CH, Chung YJ, et al. Frameshift mutation of a his-
tone methylation-related gene SETD1B and its regional heterogeneity in gastric and colorec-
tal cancers with high microsatellite instability. Hum Pathol. 2014;45:1674–81. https://doi.
org/10.1016/j.humpath.2014.04.013.

 92. Billingsley CC, Cohn DE, Mutch DG, Stephens JA, Suarez AA, Goodfellow PJ. Polymerase 
ɛ (POLE) mutations in endometrial cancer: clinical outcomes and implications for Lynch syn-
drome testing. Cancer. 2015;121:386–94. https://doi.org/10.1002/cncr.29046.

 93. Shlien A, Campbell BB, de Borja R, Alexandrov LB, Merico D, Wedge D, et al. Combined 
hereditary and somatic mutations of replication error repair genes result in rapid onset of ultra- 
hypermutated cancers. Nat Genet. 2015;47:257–62. https://doi.org/10.1038/ng.3202.

2 The Molecular Basis of Lynch-like Syndrome

https://doi.org/10.1074/jbc.M609989200
https://doi.org/10.1093/nar/gki676
https://doi.org/10.1016/j.cell.2010.06.021
https://doi.org/10.1016/j.molcel.2010.07.010
https://doi.org/10.1016/j.molcel.2010.07.010
https://doi.org/10.1016/j.molcel.2015.07.010
https://doi.org/10.1016/j.molcel.2015.07.010
https://doi.org/10.1016/j.molcel.2012.05.047
https://doi.org/10.1016/j.molcel.2012.05.047
https://doi.org/10.1016/j.cancergen.2015.10.001
https://doi.org/10.1016/j.cancergen.2015.10.001
https://doi.org/10.1016/j.cancergen.2016.10.001
https://doi.org/10.1038/bjc.2013.741
https://doi.org/10.1073/pnas.0903075106
https://doi.org/10.1053/j.gastro.2013.06.001
https://doi.org/10.1053/j.gastro.2013.06.001
https://doi.org/10.1038/ng1449
https://doi.org/10.1016/j.cell.2013.03.025
https://doi.org/10.1016/j.humpath.2014.04.013
https://doi.org/10.1016/j.humpath.2014.04.013
https://doi.org/10.1002/cncr.29046
https://doi.org/10.1038/ng.3202


43© Springer International Publishing AG, part of Springer Nature 2018 
L. Valle et al. (eds.), Hereditary Colorectal Cancer, 
https://doi.org/10.1007/978-3-319-74259-5_3

Chapter 3
Constitutional Mismatch Repair 
Deficiency

Chrystelle Colas, Laurence Brugières, and Katharina Wimmer

Abstract Inherited heterozygous mutations in the MMR genes result in Lynch 
syndrome (LS). Individuals with biallelic mutation of one of the MMR genes 
developed malignancies in childhood. This recessively inherited condition is 
named CMMRD for constitutional mismatch repair deficiency. The spectrum of 
tumours is distinct from LS. Malignant brain tumours are at least as frequent as 
gastrointestinal tumours, and in more than a third of cases, haematological malig-
nancies were also reported. Patients also displayed clinical features of neurofibro-
matosis type 1. The most commonly involved genes in CMMRD are PMS2 and 
MSH6, while biallelic MLH1 and MSH2 mutations are rare.

Because of variable clinical presentation, lack of unequivocal diagnostic features 
and phenotypical overlap with other cancer syndromes, CMMRD syndrome is fre-
quently unrecognised by clinicians, and its incidence is almost certainly underesti-
mated. A better knowledge of clinical criteria and diagnosis methods for CMMRD 
syndrome will increase the number of patients being identified at the time when 
they develop their first tumour. This will allow to adjust treatment modalities and to 
offer surveillance strategies to detect other malignancies not only to the patient but 
also to his/her family.
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Inherited heterozygous mutations in the DNA mismatch repair (MMR) genes result 
in Lynch syndrome (LS), characterised by gastrointestinal and genitourinary can-
cers in adulthood. In 1999, two reports described the phenotype of the offspring 
from consanguineous unions within LS families who carried homozygous MLH1 
germline mutations. These individuals developed haematological malignancies 
(and one individual a cerebral tumour) in early childhood [1, 2]. They also displayed 
clinical features reminiscent of neurofibromatosis type 1 (NF1). Since then, nearly 
200  paediatric and young adults have been reported carrying biallelic germline 
mutations in one of the four MMR genes involved in LS [3–5]. This recessively 
inherited condition is now recognised as a distinct childhood cancer predisposition 
syndrome (OMIM #276300) named CMMRD for constitutional mismatch repair 
deficiency (other names used include bMMRD for biallelic mismatch repair defi-
ciency or mismatch repair cancer syndrome). Although molecularly not proven, it is 
retrospectively most likely that Jacques Turcot in 1959 described the first cases of 
CMMRD when he reported on two siblings with numerous colorectal adenomatous 
polyps, colorectal carcinoma and malignant brain tumours [6]. However, during the 
following years, not only patients who should retrospectively be considered 
CMMRD patients but also polyposis patients with brain tumours who carry APC 
gene germline mutations were reported under the term Turcot syndrome [7]. Hence, 
CMMRD and Turcot syndrome essentially overlap.

1  Clinical Characteristics

Children with CMMRD are affected by a large variety of cancer types most of 
which occurring during childhood (Fig. 3.1). The median age of onset of the first 
tumour is 7.5 years with a wide range observed (0.4–39) [4]. The median survival 
time after diagnosis of the primary tumour is below 30 months, and most patients do 
not reach adulthood [3]. CMMRD patients may present with synchronous or meta-
chronous malignancies of different types [3].

The spectrum of tumours in CMMRD is distinct from Lynch syndrome (LS). 
Malignant brain tumours are at least as frequent as gastrointestinal tract carcinomas, 
and in more than a third of CMMRD patients, also haematological malignancies 
were reported. The median age at diagnosis of haematological malignancies and 
brain tumours has been estimated to 6.6 and 10.3  years, respectively [3]. Brain 
tumours are mostly high-grade gliomas, although low-grade lesions also have been 
observed. These lower-grade lesions are at high risk of transformation to high-grade 
lesions [5]. CNS primitive neuroectodermal tumours (CNS-PNET) and medullo-
blastomas are the second frequent CNS tumours. Recent molecular findings suggest 
that CMMRD-associated CNS tumours have an exceptionally high rate of somatic 
mutations resulting from complete replication repair deficiency due to the combina-
tion of the constitutional MMR deficiency with somatic mutations inactivating the 
proofreading capacity of the replicative polymerases [8].
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The most commonly observed haematopoietic malignancies are non-Hodgkin’s 
lymphomas (NHL) and in particular T-lymphoblastic NHL. T-cell acute lympho-
blastic leukaemia (T-ALL), acute myeloid leukaemia (AML) and B-cell lympho-
mas have also been observed [3, 4, 9]. The predisposition of MMR-deficient 
individuals to haematological malignancy phenotypically recapitulates the MMR- 
deficient mouse models [10, 11] supporting the notion that the MMR mouse 
models are an effective tool for expanding our knowledge of the effects of MMR 
deficiency.

Colorectal cancers (CRC) are the most prevalent LS-associated tumours seen in 
CMMRD patients, but also cancers of the small bowel, endometrium cancer, ovary 
and urinary tract have been reported [3, 4]. CRC develops in childhood, with the 
youngest patients reported to be 8 years, whereas the youngest age of adenoma was 
reported in a 6-year-old girl. Metachronous cancers of the large and small bowel 
have been reported frequently. Development of small bowel cancer was observed at 
a strikingly young age (median of 18 years, range 7–33 years) [10].

A high percentage of the published CMMRD patients developed adenomas of 
the gastrointestinal tract often associated with high-grade dysplasia developing rap-
idly into early-onset cancer. Adenomas of the colon and rectum were found in 67% 
of individuals at baseline colonoscopy and 100% of the cohort who underwent fol-
low- up surveillance [10]. Almost all patients will have polyposis by the third decade 
of life, and many of them will develop multiple synchronous adenomas ranging 
from a few to up to 100 polyps, reminiscent of familial adenomatous polyposis 
(FAP) or polymerase proofreading-associated polyposis (PPAP) which might be a 
differential diagnosis to patients with a CMMRD phenotype that lack MMR muta-
tions [11]. Adenomas of the small bowel were also reported [3, 10].
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Fig. 3.1 Example of pedigrees of CMMRD patients (authors’ unpublished data). Abbreviations: 
Ad colonic adenoma, AML acute myeloid leukaemia, CRC colorectal cancer, CLS café au lait 
spots, CT cerebral tumour, DC duodenal cancer, EC endometrial cancer, GB glioblastoma, DM 
deleterious mutation, VUS variant of unknown significance. Between brackets; age at diagnosis
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A variety of other malignancies were seen only in a few CMMRD patients. 
Neuroblastoma, Wilms tumour, occurs in the first decade of life, although sarcomas 
(osteosarcoma, rhabdomyosarcoma, dermatofibrosarcoma) and genitourinary can-
cers and renal cell carcinoma are observed in the second decade [3]. Several patients 
have been described with multiple pilomatricomas, a usually benign skin neoplasm 
that arises from hair follicle matrix cells [3, 12].

Non-neoplastic manifestations include features of NF1, in particular café au lait 
macules (CALMS). The borders are reported to be more irregular than in classic 
CALM lesions, but also classical CALM as seen in NF1 patients have been reported. 
The vast majority of these patients had multiple (two or more) CALMs, but they did 
not always reach the critical number of 6, needed to be a diagnostic criteria of NF1 
[13]. Several patients showed other features diagnostic for NF1 as freckling, benign 
cutaneous or plexiform neurofibromas, Lisch nodules and tibia pseudarthrosis, and 
one patient had an optic glioma [13]. Other features include areas of skin hypopig-
mentation, developmental venous anomalies, agenesis of the corpus callosum and 
mild immunodeficiency with decreased level of immunoglobulin (Ig) [4]. Indeed, 
the MMR deficiency leads to impaired Ig class switch recombination characterised 
by a decrease or absence of IgG2, IgG4 and IgA concomitant with increased IgM 
levels, that is, hyper-IgM syndrome [14, 15].

2  Genetics

The mode of inheritance is autosomal recessive. Biallelic mutations have been 
reported in all LS-associated MMR genes, MSH2, MLH1, MSH6 and PMS2. But, 
the distribution of mutations among these four genes is strikingly different from that 
in LS. The most commonly involved genes in CMMRD are PMS2 and MSH6, while 
biallelic MLH1 and especially MSH2 mutations are rare [3–5]. This distribution of 
biallelic mutations fits with the frequency of the mutations in these genes in the 
general population, while the distribution of heterozygous mutations in LS patients 
may be subject to ascertainment bias due to the lower penetrance and clinical sever-
ity of PMS2 and MSH6 heterozygous mutations [16]. Furthermore, it might be 
speculated that a possible lethality of homozygous mutations in MSH2 or MLH1 
may account for the distribution difference.

Most of the mutations found in CMMRD patients are trucating expected to cause 
complete expression and, consequently, function loss of the corresponding MMR 
protein. But almost 30% of those mutations have been described as variant of uncer-
tain significance (VUS) (more frequently in MSH2 and MLH1 than in PMS2 and 
MSH6) [17] and which may have some residual function of the MMR correspond-
ing protein [3, 4, 18].

In addition to the rarity of the syndrome, this high rate of potentially hypo-
morphic mutations among CMMRD patients complicates the assessment of 
genotype- phenotype correlations. Nevertheless, it is noteworthy that haematologi-
cal malignancies are significantly more prevalent in patients with biallelic MLH1/
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MSH2 than PMS2 mutations and brain tumours were significantly more prevalent 
in PMS2 mutation carriers [3, 18]. Looking at the mean age at diagnosis of the 
malignancy, MLH1/MSH2 biallelic mutation carriers tend to develop each tumour 
entity at lower age than those with MSH6 and PMS2 mutations. The percentage of 
biallelic mutation carriers with more than one malignancy was lowest in MLH1/
MSH2 and highest in PMS2 biallelics [3]. This may indicate that the chance to sur-
vive the first tumour and develop a second metachronous malignancy is higher in 
PMS2 biallelic mutation carriers than in MLH1/MSH2 biallelic carriers. This obser-
vation would be in agreement with the notion that patients with biallelic MLH1/
MSH2 mutations show a more severe phenotype than those with biallelic MSH6 and 
PMS2 mutations.

In contrast to LS, family history is often non-contributory, although both parents 
are usually obligate carriers (Fig. 3.1) [3]. Penetrance of monoallelic MSH6 and 
PMS2 mutations is lower than that of MSH2 and MLH1, and therefore it is common 
for affected children to have unaffected parents. The rate of consanguinity varies 
according to the countries of origin. A high rate of consanguinity is observed 
 especially among homozygous cases, whereas in western countries, most of the 
cases are associated with compound heterozygous mutation in non-consanguineous 
families [3].

The penetrance of cancers in CMMRD is one of the highest among childhood 
cancer syndromes. It is extremely uncommon for a patient not to be affected by the 
third decade [3, 4]. Existing data support the existence of a clinical continuum that 
spans the less severe CMMRD phenotypes that mimic LS to more severe and early- 
onset LS phenotypes that mimic CMMRD [3, 19, 20].

3  Diagnosis

Diagnosis of CMMRD in a paediatric or young adult patient has important implica-
tions for the management not only of the patient but also of the entire family. 
However, diagnosis may often be delayed or even not stated.

A rapid diagnosis of the syndrome is necessary due to the aggressiveness of 
CMMRD and the need to adjust treatment to the MMR defect and to adapt follow-
 up considering the high risk of second malignancy. Despite the wide range of 
clinical presentations, a few symptoms are highly suggestive of CMMRD and 
especially the combination of tumours belonging to the spectrum (high-grade 
gliomas, T-lymphoblastic lymphoma or colorectal carcinomas) associated with 
café au lait and/or depigmented spots. Since CMMRD may often be associated 
with frequent clinical signs and abnormalities, a clinical score for the suspect 
diagnosis of CMMRD was developed by the care for CMMRD (C4CMMRD) 
consortium (Table 3.1) [4]. This score is highly sensitive for CMMRD and sug-
gests genetic counselling and testing for patients who reach a score of three or 
more points.
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It is highly recommended to test for CMMRD in any case of childhood gastroin-
testinal cancer and to apply the clinical score to all cases of T-cell malignancies and 
malignant gliomas from countries of origins where consanguinity is high as the 
frequency of the syndrome is extremely high in these specific cancers.

3.1  Molecular Constitutional Analysis

Genetic confirmation of biallelic mutation in one of the four MMR genes is the only 
validated tool to diagnose CMMRD. This is complicated by the large number of 
variants of unknown significance in these genes and the difficulties to sequence 
PMS2 which has multiple pseudogenes [21–23]. Since the diagnosis is urgent and 
will affect both surveillance and therapeutic decisions, several diagnostic screening 
algorithms and tests were developed.

Table 3.1 Indication for CMMRD testing in cancer patients is recommended when the patient 
fulfils ≥3 points

Indication for CMMRD testing in cancer patients
> 3 
points

Malignancies/premalignancies: One is mandatory; if more than one is present in the 
patient, add the points

  Carcinoma from the LS spectruma at age < 25 years 3 points
  Multiple bowel adenomas at age < 25 years and absence of APC/MUTYH 

mutation(s) or a single high-grade dysplasia adenoma at age < 25 years
3 points

  WHO grade III or IV glioma at age < 25 years 2 points
  NHL of T-cell lineage or sPNET at age < 18 years 2 points
  Any malignancy at age < 18 years 1 point
Additional features: Optional; if more than one of the following is present, add the 
points

  Clinical sign of NF1 and/or ≥2 hyperpigmented and/or
  Hypopigmented skin alterations Ø > 1 cm in the patient

2 points

  Diagnosis of LS in a first-degree or second-degree relative 2 points
  Carcinoma from LS spectruma before the age of 60 in first-degree, second-degree or 

third-degree relative
1 point

  A sibling with carcinoma from the LS spectruma, high-grade glioma, sPNET or NHL 2 points
  A sibling with any type of childhood malignancy 1 point
  Multiple pilomatricomas in the patient 2 points
  One pilomatricoma in the patient 1 point
  Agenesis of the corpus callosum or non-therapy-induced cavernoma in the patient 1 point
  Consanguineous parents 1 point
  Deficiency/reduced levels of IgG2/4 and/or IgA 1 point

From Wimmer et al. [4] (with author’s permission)
aColorectal, endometrial, small bowel, ureter, renal pelvis, biliary tract, stomach, bladder carcinoma
Abbreviations: CMMRD constitutional mismatch repair deficiency, LS Lynch syndrome, NHL 
non-Hodgkin’s lymphomas, sPNET supratentorial primitive neuroectodermal tumour
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3.2  Immunochemistry

Loss of the corresponding MMR protein in both normal and malignant cells 
by immunochemistry is highly concordant with a diagnosis of CMMRD [4, 5]. 
In contrast to LS, where expression loss is observed only in neoplastic cells, most 
of the time, IHC in CMMRD patients shows expression loss of one (or two) of the 
MMR proteins in both neoplastic and non-neoplastic tissues. Hence, negative IHC 
staining in surrounding normal cells should not be interpreted as a failure of 
proper staining, and care should be taken to use a staining control from a different 
individual. By doing so, IHC can distinguish between the two syndromes in most 
of the cases. Furthermore, it guides subsequent mutation analysis in the four 
MMR genes.

As in LS, biallelic truncating mutations in PMS2 or MSH6 will result in isolated 
loss of these proteins, whereas mutations in MLH1 or MSH2 will lead to concurrent 
loss of MLH1/PMS2 or MSH2/MSH6, respectively, since MLH1 and MSH2 are the 
obligatory partners in the formation of MLH1/PMS2 and MSH2/MSH6 heterodi-
mers. Of note, in the case of an underlying missense mutation, IHC may show nor-
mal expression of the affected MMR gene, which may be a possible pitfall when 
using IHC analysis to confirm suspected CMMRD.

In the cases in which no tumour tissue is available for immunostaining such as 
haematologic malignancies or in a healthy individual suspected of CMMRD, immu-
nostaining for MMR can be performed on a skin biopsy [5].

3.3  Microsatellite Instability

MSI analysis following the current protocols for LS uses a panel of dinucleotide 
and/or mononucleotide repeat markers. This approach is a reliable tool to diagnose 
MMR deficiency in gastrointestinal and other LS-associated tumours of CMMRD 
patients. However, MSI analysis in tumours cannot differentiate between CMMRD 
and LS. Moreover, standard MSI analysis frequently fails to show MSI in brain 
tumours and other malignancies [3, 5]. A MSS result especially in cerebral tumour 
cannot exclude the diagnosis.

In principle, MSI is present also in DNA from normal cells of CMMRD patients, 
but altered microsatellite alleles are present only in a small proportion of the cells 
from normal tissue. A simple method to detect MSI in non-neoplastic tissue is 
germline MSI (gMSI) [24]. This assay relies on the analysis of ‘stutter’ peaks typi-
cally associated with microsatellite PCR products. Its main limitation is that  
it uses dinucleotide microsatellites and, therefore, is insensitive to a MSH6 
 deficiency [20, 24].
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3.4  Other Screening Methods

The current diagnosis of CMMRD requires identification of biallelic, deleterious 
germline MMR defects. Unfortunately, mutation analysis leads to non-informative 
results when variants of unknown functional significance (VUS) are detected, as 
observed in around 30% of patients. Moreover, the detection of PMS2 alterations 
responsible for most of CMMRD families is complicated by the presence of numer-
ous pseudogenes, requiring sophisticated mutation analysis protocols to reach high 
mutation detection rates [21–23, 25]. Assays based on lymphocytes from patients 
with CMMRD have been developed as tools for diagnosis in problematic cases 
where mutation analysis may not come to a final conclusion [20]. Two functional 
assays, the evaluation of MSI and methylation tolerance in immortalised lympho-
blastoid cells, gave unequivocal results in CMMRD patients. With abnormal results 
for both assays confirming the diagnosis of CMMRD and normal results for both 
assays rule this out, the method was 100% sensitive and 100% specific. These assays 
could be useful for confirmation or rejection of CMMRD diagnosis in patients with 
VUS or where the mutation analysis failed to detect biallelic MMR mutations 
despite an evocative CMMRD clinical phenotype. It can also be used in the absence 
of available tumours or to test the siblings if genetic testing is not possible because 
both mutations were not identified.

Recently, high mutational burden in the tumour with a mutation rate of 100/MB 
as compared to <10/MB in most childhood cancers has been described to be 
extremely specific to CMMRDD and may play a role in future diagnostic algo-
rithms [8]. Assays are also needed to evaluate response to treatment and repair of 
specific mutations.

Taken together, IHC staining of the MMR genes, (g)MSI analysis on tumour and 
normal tissues, functional tests and determination of the mutation rate in tumours 
are diagnostic methods to substantiate the suspected diagnosis. Since IHC will also 
guide target-gene mutation analysis and has been shown to render reliable results in 
most solid tumours, it is considered the preferred method. However, all methods 
have potential pitfalls and may fail to confirm the suspected diagnosis. Therefore, 
combining several assays is recommended if needed.

4  Genetic Counselling

Genetic counselling must be offered to the patients and/or their parents prior to 
performing mutation analysis in the affected child. Patients and/or their parents 
should be informed by a team of paediatric oncologists and medical geneticists 
about the suspected diagnosis if this is substantiated by MSI and/or IHC analysis. 
Considering the burden of this syndrome, psychological support should systemati-
cally be proposed to families. The family has to be informed of potential therapeutic 
implications of the test result and also of the high risk for a second malignancy in a 
patient with a positive test result. Genetic counselling must also include information 
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on the potential 25% recurrence risk in siblings and on the risks for LS-associated 
cancer in heterozygous mutation carriers, particularly both parents. A definite 
molecular diagnosis is needed to offer the families of CMMRD patients appropriate 
counselling and discuss with them the options of predictive testing as well as prena-
tal/preimplantation diagnostics if this is desired.

5  Implications for Management

5.1  Screening

The two major international groups (European Consortium Care for CMMRD 
(C4CMMRD) and International bMMRD Consortium) have designed surveillance 
protocols based on available data on tumour frequency at specific ages [5, 26, 27]. 
Specific surveillance of the gastrointestinal tract, the central nervous system (CNS) 
and haematopoietic system is performed from early childhood, while additional 
surveillance of the genitourinary tract starts from age 20.

Brain MRI is suggested to be implemented at diagnosis or from 2  years old, 
every 6 months and upon any clinical warning sign. Gastrointestinal surveillance 
with colonoscopy is effective in identification and resection of polyps. The 
International bMMRD Consortium published screening guidelines in 2012, recom-
mending annual colonoscopy screening to begin at age 3 years, which is 5 years 
earlier than the youngest diagnosis of CRC observed in CMMRD. Other groups 
have suggested that colonoscopy screening begins at age 6 due to reports of colonic 
polyps at this age [26]. Annual colonoscopy is recommended until polyps are identi-
fied and every 6 months once polyps are identified. Patients with polyps with high- 
grade dysplasia are at significant risk of carcinoma. Dependent on the polyps 
localisation and their degree of dysplasia, surgical intervention may be required 
with consideration of a subtotal colectomy with ileo-rectal anastomosis after endo-
scopic evaluation of the rectum or proctocolectomy if the rectal polyps are not man-
ageable, in the same way than in other polyposis syndromes. These considerations 
are complicated by the high prevalence of upper gastrointestinal or small bowel 
polyps and cancers. Age of onset of small bowel polyps is later than for colonic 
adenoma, in the second decade of life. Upper endoscopy and video capsule endos-
copy are recommended starting at least at 8 years of age.

Although lymphoid and other haematological malignancies are the third most 
common malignancies observed in children with CMMRD and can be observed in 
early childhood, lack of current effective tools limits the screening recommenda-
tion. Nevertheless, both repeated CBC and abdominal ultrasounds may be consid-
ered at a frequency of every 6 months.

A current suggestion is to implement whole body MRI once a year at age 6 or 
when anaesthesia is not needed anymore [5]. This method should not replace the 
brain MRI which is more sensitive for detection of CNS lesions.

The efficacy of these screening modalities is unknown, and prospective studies 
are needed for their evaluation.
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5.2  Treatment

The role of chemotherapy and radiotherapy in the occurrence of second malignan-
cies is difficult to assess. Mismatch repair deficiency affects replication. Currently 
there is no information of extensive toxicity to these CMMRD patients as a result of 
chemo-radiation therapies.

Several common chemotherapeutic agents require adequate mismatch repair to 
exert their tumour damage. These include mercaptopurine and temozolomide which 
are commonly used in haematopoietic and glioma treatment. MMR-deficient cells 
have been shown to be more tolerant to temozolomide and radiotherapy than MMR- 
proficient cells, and CMMRD tumour resistance to therapy has been reported [28–
30]. Importantly, there is no obvious lack of efficacy of other therapeutic agents 
such as alkylating agents or anthracyclines. This should prompt us to design specific 
protocols for those cases of CMMRD-associated tumours.

Finally, the hypermutation phenotype which is described for some CMMRD 
malignant cancers offers opportunities for novel approaches to the treatment of 
these patients. Specifically, immune checkpoint inhibition which has been reported 
to have a significant efficacy in LS has been shown to have significant effect in 
inducing tumour response and prolonging survival for two patients with CMMRD 
recurrent glioblastoma [31]. This underlines the need of early diagnosis of CMMRD 
which may lead to include patients in trials aiming to evaluate the efficacy of these 
drugs. Specific trials for tumours associated with this syndrome should be open to 
inclusions in the next future. Tumour sequencing commonly identifies mutations in 
targetable genes for available compounds and can potentially offer precision medi-
cine approach to these patients.

Chemoprevention may potentially be the most effective intervention for this 
highly penetrant cancer syndrome. Several compounds have been suggested 
including anti-inflammatory agents such as aspirin which has been shown to 
reduce the risk of cancer in LS [32]. Tumour maturing agents such as retinoids 
and more recently checkpoint inhibitors can be considered as potential ‘tumour 
preventive tools’ [31, 33]. These promising therapies should be assessed through 
prospective trials.

6  Conclusion

Because of variable clinical presentation, lack of unequivocal diagnostic features 
and phenotypical overlap with other cancer syndromes (e.g. NF1, Li-Fraumeni syn-
drome, FAP or PPAP), CMMRD syndrome is frequently unrecognised by clini-
cians, and its incidence is almost certainly underestimated. A better knowledge of 
clinical criteria and diagnosis methods for CMMRD syndrome will increase the 
number of patients being identified at the time when they develop their first tumour. 
This will allow to adjust treatment modalities and to offer surveillance strategies to 
detect other malignancies not only to the patient but also to siblings who carry also 
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a biallelic MMR gene mutation. Still many of these patients will die from cancer. A 
systematic collection and evaluation of all clinical data will help to improve the 
management in CMMRD. Therefore, patients, their siblings and parents should be 
asked to be included in a registry such as the one established by the European 
C4CMMRD consortium.
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Chapter 4
Mismatch Repair-Proficient Hereditary 
Nonpolyposis Colorectal Cancer

Laura Valle

Abstract Approximately 40% of the families meeting the Amsterdam criteria for a 
diagnosis of hereditary nonpolyposis colorectal cancer lack evidence of heritable 
defects in the DNA mismatch repair (MMR) system; more specifically, these 
patients have no germline mutations in the MMR genes and, therefore, no tumor 
microsatellite instability or loss of immunohistochemical staining of MMR pro-
teins. The proportion of nonpolyposis CRC families without MMR defects further 
increases when less stringent criteria for hereditary CRC are considered. As has 
been the case for other hereditary cancer syndromes, the identification of the genes 
associated with hereditary colorectal cancer would facilitate the molecular diagno-
sis of the disease and the development of appropriate surveillance guidelines and 
clinical management protocols for these patients. However, as will be discussed in 
this chapter, the identification of causal genes has not proven easy.

Keywords Familial colorectal cancer type X · MMR-proficient · Hereditary 
cancer · Colorectal cancer predisposition · Novel genes

Between 21 and 73% of the families meeting the Amsterdam criteria for a diagnosis 
of hereditary nonpolyposis colorectal cancer (CRC) lack evidence of heritable 
defects in the DNA mismatch repair (MMR) system [1, 2]. Because the genetic 
etiology of this entity is unknown, these families are grouped as familial colorectal 
cancer type X (FCCTX), being this designation a temporary one until the cause of 
the familial aggregation is identified. 

L. Valle (*) 
Hereditary Cancer Program, Catalan Institute of Oncology, IDIBELL and CIBERONC, 
Hospitalet de Llobregat, Barcelona, Spain
e-mail: lvalle@iconcologia.net

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-74259-5_4&domain=pdf
mailto:lvalle@iconcologia.net


56

1  Clinical Characteristics

MMR-proficient hereditary nonpolyposis colorectal cancer or FCCTX is not a 
single  syndrome and should not be considered as such. Nevertheless, from the 
moment FCCTX was described, researchers and clinicians tried to define the clini-
cal  features that differentiate this entity from the well-characterized Lynch syn-
drome; by definition, the only difference is the absence or presence of mismatch 
repair deficiency.

Analysis of FCCTX patients and associated tumors revealed that the tumor spec-
trum, penetrance, and age of onset were different for this group compared to Lynch 
syndrome. In particular, CRC risk among FCCTX patients is increased approxi-
mately two fold over the general population (compared to > six fold for Lynch syn-
drome patients), CRC is diagnosed later in life (>10  years later than in Lynch 
syndrome), FCCTX families usually lack extracolonic and multiple primary tumors, 
and the diagnosed colorectal tumors mainly appear in the distal/left or rectum colon 
[1–7]. Several studies have observed a high adenoma/carcinoma ratio in FCCTX 
[3, 6], which might suggest a slower adenoma-carcinoma progression rate than in 
Lynch syndrome [8, 9].

While CRCs linked to Lynch syndrome are characterized by poorly differenti-
ated tumors, mucinous differentiation, an expanding growth pattern, and lympho-
cytic reaction (e.g., tumor-infiltrating lymphocytes, peritumoral lymphocytes, and 
Crohn-like reactions), FCCTX tumors show medium/high differentiation, glandular 
and infiltrative growth patterns, and frequent dirty necrosis, similar to sporadic 
MMR-proficient tumors [3, 10].

2  Tumor Molecular Characteristics

Compared to MMR-deficient hereditary cases, i.e., Lynch syndrome, FCCTX shows 
drastic molecular differences, mostly secondary to the status of the DNA mismatch 
repair machinery. Overall, FCCTX tumors are characterized by the absence of mic-
rosatellite instability (MMR proficiency), presence of chromosomal instability, and 
lack of high CpG methylator phenotype (CIMP), which overlaps with the character-
istics of most sporadic MMR-proficient tumors [11–13]. The differences between 
hereditary (FCCTX) and sporadic MMR-proficient tumors are very subtle but prob-
ably the most relevant to elucidate the molecular characteristics of FCCTX.

Hereditary MMR-proficient colorectal tumors show the lowest methylation indi-
ces when compared to sporadic MSS, sporadic MSI, and Lynch syndrome tumors. 
In fact FCCTX tumors have an excess of LINE-1 (long interspersed nucleotide 
element- 1) hypomethylation, a marker for genome-wide hypomethylation [12]. 
LINE-1 hypomethylation is thought to interfere with chromosomal segregation, 
thus promoting chromosomal instability [14, 15]. Interestingly, LINE-1 hypometh-
ylation also occurs in MMR-proficient early-onset CRC in the absence of familial 
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history of cancer, which suggests common genetic characteristics [16]. The 
presence of LINE-1 hypomethylation has been associated with poor prognosis 
and shorter survival in several tumor types, including CRC [15–21].

The genomic profiles obtained for FCCTX tumors largely resemble those of spo-
radic MMR-proficient CRCs. Even several changes at first linked to FCCTX were 
later identified at similar frequencies in sporadic tumors, as was the case of the gain 
of chromosome 20q or the loss of chromosome 18 [11, 13, 22–24]. Other changes 
identified in small-sized studies will require validation in larger cohorts to be con-
firmed, as it is the case of the overrepresentation of chromosome 2p and 2q gains 
and of 10q loss identified in 16 FCCTX compared to 328 MMR-proficient sporadic 
CRCs [24].

As occurs for copy number alterations, no differences in the mutation frequen-
cies in known CRC genes, such as BRAF, KRAS, or PIK3CA, are observed between 
FCCTX and sporadic MMR-proficient tumors [12, 22, 24]. Nevertheless, some evi-
dence indicates that TP53 mutations might be rarer in FCCTX tumors [11, 24].

3  Attempts to Identify Causal Genes

Before the development of high-throughput sequence capture methods and next- 
generation sequencing technologies, hereditary cancer studies were mainly based 
on genome-wide linkage analysis of large individual pedigrees or multiple pedi-
grees, followed by positional cloning and study of somatic analysis of mutations, 
which lead to the identification of the main hereditary colorectal cancer genes 
(e.g., Leppert et al. and Nishisho et al. [25, 26]). However, despite the enormous 
efforts made after the identification of the most prominent hereditary CRC genes, 
i.e., MLH1, MSH2, MSH6, and PMS2, linkage analyses followed by positional clon-
ing and/or sequencing of the genes (coding regions) located within the candidate 
linkage peaks seemed to be unable to identify additional causal genes for hereditary 
nonpolyposis CRC, implying large heterogeneity, oligo- or polygenic modes of 
inheritance, or unconventional mechanisms of gene inactivation, among other pos-
sibilities. Using genome-wide linkage studies in families with CRC, several domi-
nant predisposition loci were mapped to different chromosomal regions such as 
3q13.31–q27.1, 3q22, 4q21.1, 5q14–q22, 7q31, 8q13.2, 9q22.2–31.2, 10p15.3–
p15.1, 12q24.32, 13q22.1–13q31.3, and others; however, so far no causal genes 
have been identified in those regions [27–39].

In the last decade, the rapid development of massively parallel sequencing-based 
approaches and genome-wide copy number techniques, associated to the decrease 
in their economic cost, restored hope for the identification of additional hereditary 
CRC genes. Among the approaches most commonly used for the identification of 
causal mutations in a genome-wide manner are whole-genome sequencing (WGS), 
whole-exome sequencing (WES), and genome-wide – usually array-based – scan-
ning of copy number alterations. These approaches may be used for the study of 
isolated high-risk families (large pedigrees) or of multiple families or probands 
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(often with specific phenotypes such an early age of onset) to identify a shared 
causal gene. Moreover, in some instances, combination of the abovementioned 
methodologies, such as WES/WGS and linkage data, and/or combination of germ-
line and somatic analyses are used to optimize the process.

Despite the ability of WES and WGS to uncover numerous novel causal muta-
tions and genes in Mendelian disorders, and even in several inherited cancer syn-
dromes, including polyposis CRC, the success in MMR-proficient hereditary CRC 
has been very limited, almost insignificant (reviewed by Valle [40]). Nevertheless, 
several novel genes have been proposed as responsible for hereditary nonpolyposis 
CRC cases, with more or less strong supporting evidence of causality.

In addition to the abovementioned – in principle – agnostic approaches for the 
identification of novel hereditary CRC genes, the study of genes involved in DNA 
repair or in well-known relevant pathways for colorectal carcinogenesis has been, 
and still is, a main line of research for the identification of the causes of FCCTX.

4  Candidate Genes

In the case of MMR-proficient hereditary nonpolyposis CRC, for none or very few 
of the candidate genes identified by using WGS, WES, or genome-wide scanning of 
copy number alterations, the evidence gathered to date is robust enough to include 
their testing in routine genetic diagnosis. Indeed, for most of the proposed genes, 
the identification of additional pathogenic mutations in high-risk families and/or 
stronger functional evidence is needed to consider the study of the gene in the clini-
cal setting. Table 4.1 shows the candidate genes proposed to date and the supporting 
evidence for their causal role in CRC predisposition.

Considering the evidence gathered in the original studies, including functional 
and co-segregation evidence, together with the identification of (possibly) deleteri-
ous mutations in other hereditary CRC cases, the genes with the strongest evidence 
of association with hereditary CRC were RPS20 [41], FAN1 [43], SEMA4A [46], 
BRF1 [48], PTPN12 [50], LRP6 [50], BUB1, and BUB3 [45] and the constitutional 
epigenetic silencing of PTPRJ [49]. FAN1, BUB1, and BUB3 encode proteins 
involved in DNA damage response and genetic instability and LRP6, a component 
of the Wnt-Fzd- LRP5-LRP6 complex that triggers beta-catenin signaling. RPS20 
encodes a ribosomal protein and PTPN12 and PTPRJ, protein tyrosine phospha-
tases (source: GeneCards; www.genecards.org).

Despite the supporting evidence as hereditary CRC genes in the corresponding 
original articles, a large study that included the analysis of the exomes of 1006 
early-onset unrelated CRC patients (<55 y/o at diagnosis) with at least one first- 
degree relative affected with CRC and of 1609 healthy controls showed that for all 
the candidate genes, except for RPS20, the frequency of mutations in controls did 
not differ from the frequency observed in familial cases [42, 47, 62]. Nevertheless, 
these results should be cautiously interpreted because of the extremely low fre-
quency of mutations identified in the genes together with the fact that, if causal, the 
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Table 4.1 Novel genes and candidate genes for nonpolyposis CRC predisposition identified 
through whole-exome/whole-genome sequencing or genome-wide copy number approaches

Gene Phenotype Original study
Evidence in 
favor

Evidence 
against

Nonpolyposis CRC
RSP20 HNPCC Nieminen et al. 

2014 [41]
Broderick 
et al. 2016 
[42]

FAN1 HNPCC Segui et al.  
2015 [43]

Smith et al. 
2016 
(hereditary 
pancreatic 
cancer) [44]

Broderick 
et al.  
2016 [42]

BUB1, BUB3 Early- onset, 
familial CRC

De Voer et al. 
2013 [45]

Broderick 
et al.  
2016 [42]

SEMA4A HNPCC Schulz et al. 
2014 [46]

Kinnersley 
et al.  
2016 [47]

BRF1 HNPCC Bellido et al. 
2018 [48]

PTPRJ (epimutation) Early-onset 
CRC

Venkatachalam 
et al. 2010 [49]

PTPN12, LRP6 Early-onset 
CRC

De Voer et al. 
2016 [50]

Broderick 
et al.  
2016 [42]

POLE2, POT1, MRE11, 
IL12RB1, LIMK2

Early-onset 
CRC

Chubb et al. 
2016 [61]

Spier et al. 
2015 [51] 
(POLE2)

ROBO1 HBOC, 
early-onset 
CRC

Villacis et al. 
2016 [52]

HNRNPA0, WIF1 CRC, multiple 
tumors

Wei et al.  
2015 [53]

UACA, SFXN4, TWSG1, 
PSPH, NUDT7, ZNF490, 
PRSS37, CCDC18, 
PRADC1, MRPL3, 
AKR1C4.

HNPCC Gylfe et al.  
2013 [54]

CDKN1B, XRCC4, EPHX1, 
NFKBIZ, SMARCA4, 
BARD1

HNPCC Esteban-Jurado 
et al. 2014 [55]

ADAMTS4, CYTL1, SYNE1, 
MCTP2, ARHGAP12, ATM, 
DONSON, ROS1, MCTP2

Early- onset, 
familial CRC

Tanskanen et al. 
2015 [56]

(continued)
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Table 4.1 (continued)

Gene Phenotype Original study
Evidence in 
favor

Evidence 
against

BRCA2/FANCD1, BRIP1/
FANCJ, FANCC, FANCE, 
REV3L/POLZ

HNPCC Esteban-Jurado 
et al. 2016 [57]

Garre et al. 
2015 [58] 
(BRCA2)
Yurgelun 
et al. 2015 
[59] (BRCA2, 
BRIP1)

ZRANB1, CDC27, CENPE, 
DDX12, HAUS6/FAM29A, 
HIST1H2BE, KIF23, 
TACC2, ZC3HC1, CTBP2, 
IRF5, MED12, RNF111, 
SF1, TLE1, TLE4, TRIP4, 
BTNL2, BAGE, CARD8, 
FANK1, KIR2DL1, 
KIR2DS4, KIR3DL3, 
MASP1, NLRP8

HNPCC DeRycke et al. 
2013 [60]

–

FANCM, LAMB4, PTCHD3, 
LAMC3, TREX, NOTCH3

CRC Smith et al. 2013 
[61]

Abbreviations: CRC colorectal cancer, HBOC hereditary breast and ovarian cancer, HNPCC 
hereditary nonpolyposis colorectal cancer

penetrance of the candidate genes possibly corresponds to a relatively moderate 
risk, probably dependent on the genomic and environmental contexts (see corre-
spondence for SEMA4A by Sill et  al. [63]). In fact, in the “>1000 familial CRC 
exomes” study, no significant association (T1 burden test) was detected for MSH6 
or PMS2 when considering disruptive and predictive damaging variants [62]. 
Therefore, the identification and reporting in the next years of additional families 
with comprehensive co-segregation data and evidence of the functional effect of the 
identified mutations will be crucial to finally confirm or discard the implication of 
the identified candidate genes in the predisposition to MMR-proficient CRC.

In addition to those genes, the study of relatively large numbers of families/pro-
bands has allowed the identification of additional candidate genes [54–57, 60–62, 
64] (Table 4.1), for which additional evidence needs to be gathered in order to elu-
cidate their real role in the contribution to hereditary CRC.

With regard to the genes identified through candidate gene approaches, mostly 
based on the implication of known hereditary cancer genes in different DNA 
repair pathways, we face the same issues as with the genes identified through 
agnostic approaches: the evidence gathered to date is still insufficient, even con-
tradictory in some instances, to include their study in routine genetic testing, 
being this the case for OGG1 [65–67], NUDT1 [65, 66], BMP4 [68], and EPHB 
[69]. On the other hand, some genes first identified as potential candidates, such 
as UNC5C [70] and GALNT12 [71, 72], have been discarded as causal genes for 
hereditary CRC [73, 74].
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5  Pleiotropism: Genetic Overlap with Other Hereditary 
Cancer Syndromes

The prevalence of pathogenic mutations in the novel (candidate) genes identified is 
almost insignificant when considering the entire burden of unexplained hereditary 
cases. The use of next-generation sequencing-based approaches, either for the dis-
covery of novel genes (WGS or WES) or for genetic testing (WES or multigene 
panels), has allowed the identification of hereditary CRC families with germline 
pathogenic mutations in genes classically associated with other cancer syndromes, 
such as BRCA1 and BRCA2 [57–59, 75], TP53 [76], BARD1 [55], or BRIP1 [57, 
59], or associated with other – very distinct – CRC/polyposis syndromes. This has 
been the case for the adenomatous polyposis genes, MUTYH and POLD1, and the 
juvenile polyposis gene, BMPR1A, which have been found mutated in hereditary 
nonpolyposis CRC families [77–82].

In order to clarify the contribution of non-CRC susceptibility genes to undefined 
familial CRC, Houlston and colleagues performed a mutational screen of 114 can-
cer susceptibility genes in ~850 early-onset/familial CRC patients and 1609 con-
trols, analyzing whole-exome sequencing data [62, 83]. Overall, 6.7% of the 
unexplained familial CRC patients and 5.3% of the controls carried a pathogenic or 
likely pathogenic mutation in one of the 114 genes analyzed. Despite the non- 
significant difference in the frequency between cases and controls, mutations were 
identified in interesting candidates such as FLCN, BLM, ERCC, and BRCA1/2, 
although no significant enrichment was identified in cases.

In 2017, 450 prospectively accrued CRC patients (~85% self-reported their race 
as white) diagnosed with CRC before age 50 were tested for mutations in 25 cancer 
susceptibility genes using next-generation sequencing (multigene panel) [75]. A 
total of 89% had MMR-proficient tumors. Seventy-five pathogenic or likely patho-
genic mutations were identified in 72 patients (16%); however, only 61 patients 
(13.6%) had mutations in high- or moderate-penetrance genes: 8% of the total had 
Lynch syndrome only; 0.4% had Lynch syndrome and another hereditary cancer 
syndrome; and 7.6% had a different hereditary cancer syndrome. Among the patients 
with MMR-proficient tumors (n  =  402), 5.5% carried at least one mutation in a 
high- or moderate-penetrance cancer gene; 2.2% had mutations in high-penetrance 
CRC genes: five in APC, one in APC and PMS2, two being carriers of biallelic 
mutations in MUTYH, and one in SMAD4. Overall, 3.2% had mutations in other 
high- or moderate-penetrance cancer genes: three in ATM, one in ATM and CHEK2, 
two in BRCA1, four in BRCA2, one in CDKN2A, and two in PALB2.

Similarly, 1058 CRC patients prospectively recruited without preselection for 
age at diagnosis or personal/family history were tested for mutations in 25 genes 
associated with inherited cancer risk [84]. While 3.1% (n = 33) had Lynch syn-
drome, 2.3% (n = 25) carried mutations in non-Lynch syndrome high- or moderate- 
penetrance cancer genes, including 5  in APC, 11  in BRCA1/2, 2  in PALB2, 2 in 
CHEK2, 1  in CDKN2A, 1  in TP53, and 3 being carriers of biallelic mutations in 
MUTYH. Neither proband age at CRC diagnosis nor family history of CRC and 
personal history of other cancers significantly predicted the presence of pathogenic 
mutations in non-Lynch syndrome genes.
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Chapter 5
Genetic and Environmental Modifiers 
of Cancer Risk in Lynch Syndrome

Aung K. Win and Rodney J. Scott

Abstract Lynch syndrome, caused by pathogenic mutations in DNA mismatch 
repair genes, is associated with high risks of colorectal and endometrial cancer. 
Approximately 1 in 280 (0.35%) of the population are estimated to carry a patho-
genic mutation in one of these genes. However, penetrance (age-specific cancer 
risk) estimates for mutation carriers have been found to vary substantially depend-
ing on person’s sex and which gene is mutated. Further, penetrance is also highly 
variable across carriers with mutations in the same gene. These observed differ-
ences in risk are consistent with that genetic and environmental factors are likely to 
modify cancer risks for people with Lynch syndrome. Identifying and characteris-
ing these risk-modifying factors are essential to enable targeted risk-based screen-
ing/treatment and risk-reduction strategies on the basis of ‘individual’ risk estimates 
rather than ‘average’ risk estimates. In this chapter, we review the latest evidence on 
genetic and environmental factors that have been investigated in association with 
cancer risk, primarily colorectal cancer, for people with Lynch syndrome.
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1  Introduction

Lynch syndrome is associated with increased risks of developing epithelial malig-
nancies, primarily colorectal cancer and endometrial cancer, at unusually early 
ages [1]. Since the risk is not uniform across the four DNA mismatch repair (MMR) 
genes (MSH2, MLH1, MSH6 or PMS2) or EPCAM deletion known to be associated 
with the syndrome, it is also highly variable across individuals with the same 
mutated gene [2, 3]. Approximately 1  in 280 (0.35%) of the population are esti-
mated to carry a pathogenic mutation in one of these genes [4]. People with Lynch 
syndrome are not born with any apparent premalignant change that precedes malig-
nant disease suggesting that other factors may be involved in promoting disease 
development or indeed inhibiting it.

There is substantial evidence for a wide variation in age-specific risks of cancer 
(penetrance) in Lynch syndrome by which gene is mutated [3, 5–16]. For example, 
people who have inherited a germline variant in MLH1 or MSH2 have a higher risk 
of developing colorectal cancer compared with those who have inherited a PMS2 
mutation [7, 13–16]. Cancer risk in Lynch syndrome might also vary by the type of 
mutation [17] or the person’s race/ethnicity [18] or the geographic location where 
they live [19]. Further, there is evidence for a wide variation in risk even across 
people with mutations in the same gene––the majority of carriers are either at only 
modestly increased risk or at very high risk rather than being clustered around the 
‘average’ risk [3]. This observation is consistent with the existence of factors modi-
fying disease penetrance ranging from the genetic through to the environment or a 
combination of both. This needs to be considered when providing people who have 
been diagnosed with a germline pathogenic variant as disease risk will be a function 
of the actual variant and will need to include disease penetrance conferred by the 
gene in question.

To enable comprehensive counselling and provide targeted risk-based screening 
and risk-reduction strategies, we need accurate risk estimates based on a wide range 
of factors including personal particulars (age, sex, ethnicity and geographic loca-
tion), the MMR gene mutated and the position and functional effect of the mutation, 
family history of cancer as well as all genetic and environmental/lifestyle/dietary 
factors that modify cancer risk for mutation carriers. In this review, we focus on the 
latest evidence on genetic and environmental factors that have been investigated in 
association with cancer risk for people with Lynch syndrome.

2  Genetic Modifiers

Since the identification of the genetic basis of Lynch syndrome, the question has 
been asked as to why some persons within the same family or indeed persons carry-
ing the same variant from different families develop disease at vastly different ages. 
Furthermore, disease risk is also a function of which gene happens to be associated 
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with the inherited variant. Locus-specific disease penetrance is one aspect that has 
been examined, and the results clearly indicate that MSH6 variant carriers have a 
different disease risk profile compared with MSH2 or MLH1 variant carriers [6] as 
do PMS2 variant carriers [7, 14–16]. For the purposes of this section of the chapter, 
there will be a focus on colorectal cancer risk due primarily to the frequency of this 
malignancy and the number of studies that have examined genetic modifiers of risk 
in the context of this malignancy.

2.1  Cell Cycle Control

DNA repair is integrally associated with cell cycle control, and functional polymor-
phisms in genes associated with this aspect of genomic integrity are attractive can-
didates for modifier gene studies. The gene TP53 is well recognised for its 
association with tumour development as well as its role in Li-Fraumeni syndrome 
[20]. TP53 is involved in the maintenance of genomic integrity, blocking cell prolif-
eration after DNA damage and initiating apoptosis if it is too extensive, and has 
been termed a master regulator [21]. With respect to disease risk in Lynch syn-
drome, there appears to be little evidence for an association between a functional 
polymorphism p.R72P in TP53 and the age of onset of colorectal cancer [22–26].

Other cell cycle-related genes that have been investigated in Lynch syndrome 
include CCND1, AURKA, MDM2 and IGF1, but no unequivocal results have been 
forthcoming [25, 27–37]. In a study conducted in the MD Anderson Cancer Centre, 
single nucleotide polymorphisms or SNPs in 128 cell cycle genes have been exam-
ined from which 10 (PPP2R2B, KIF20A, TGFB1, XRCC5, TNF, BCL2, TTC28, 
CHFR, CDC25C, ATM) were found to have an association with colorectal cancer 
risk in Lynch syndrome [32]. There has been no large replication study undertaken 
in Lynch syndrome to confirm or otherwise the results of these studies. Nevertheless, 
the results are suggestive of an effect that warrants further investigation.

2.2  DNA Repair

DNA is the only macromolecule that is repaired; all others are removed. The repair 
processes that have evolved are uniquely adapted to deal with the various types of 
DNA damage and synthesis error that occur. DNA repair comprises nucleotide exci-
sion repair, base excision repair, double-strand break repair, non-homologous end 
joining and mismatch repair. When considered together, DNA repair comprises over 
130 genes that function in this process. All of these genes have significant roles in 
this process in maintaining genomic integrity [38]. The DNA repair pathways of 
MMR and base excision repair (BER) are involved in the identification, removal 
and repair of replication-induced DNA errors. MMR involves correcting mis-
matched bases that occur during DNA replication [39], whereas BER is specific for 
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oxidative DNA damage repair [40]. Double-strand breaks (DSBs) in DNA are 
repaired by either homologous recombination, or non-homologous end joining 
(NHEJ), which is error prone. Functional polymorphisms in DNA repair genes have 
been implicated in colorectal cancer susceptibility in the general population, sug-
gesting that altered repair function could explain some of the phenotypic differences 
observed in Lynch syndrome. There have been only limited reports examining DNA 
repair gene polymorphisms and their effects on disease risk in Lynch syndrome and 
they include the genes ATM, MSH3, OGG1, XRCC1, XRCC2, XRCC3, BRCA2 and 
Lig4. None of the functional polymorphisms examined in these DNA repair genes 
could be shown to influence disease risk [41–44]. The failure to reveal a modifying 
effect from any of these genes does not rule out the possibility that there exist other 
DNA repair gene polymorphisms that influence disease risk. Further studies are 
required before DNA repair gene polymorphisms are shown not to be associated 
with disease expression in Lynch syndrome.

Telomerase is an enzyme involved in maintaining telomere length after cell divi-
sion. Telomere shortening has been linked to the initiation of epithelial malignan-
cies and chromosomal instability [45, 46]. A polymorphism in hTERT has been 
associated with cancer risk, and one report tentatively linked this polymorphism to 
an earlier age of cancer and/or polyp development in people with Lynch syndrome 
[47]. Of interest in this report is the absence of effect in people older than 45 years 
of age, suggesting that this modifier may no longer be effective when telomere 
shortening has already occurred in ageing populations [48]. But, another study 
reported that there was no evidence of association between any of the hTERT SNPs 
and colorectal risk in Lynch syndrome [49].

2.3  Xenobiotic Clearance and Micronutrient Metabolism

Carcinogens encompass both naturally occurring agents found primarily in plants 
and xenobiotic agents that are man-made. Exposures to carcinogens result in either 
DNA damage or DNA adduct formation, both of which can alter gene expression 
via a variety of pathways that culminate in uncontrolled cellular proliferation. The 
removal of many carcinogens is controlled by a complex process involving phase I 
enzymes such as cytochrome P450 (CYP) and phase II enzymes that include the 
glutathione S-transferases (GSTs) and N-acetyl transferases (NATs) [50]. Many of 
the genes involved in phase I and phase II clearance are polymorphic and confer 
different enzymatic activities that can be associated with the rates of carcinogen 
clearance. There have been, for example, many studies examining the presence of 
functional polymorphisms in these genes and their association with colorectal can-
cer risk [51–55]. Due to their polymorphic nature, genes involved in xenobiotic 
metabolism have been considered as modifier genes, as a result of their association 
with the risk of malignancy.

With respect to Lynch syndrome, relatively few reports exist describing disease- 
modifying effects of polymorphisms in the xenobiotic metabolising genes NAT1, 
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NAT2, GST and CYP and have been published [56–66]. A study on people with 
Lynch syndrome examining the association between disease and polymorphisms in 
NAT2 suggested an association [56] that was replicated in an independent cohort 
[57]. Further investigation of this potential association in two other unrelated 
cohorts did not confirm any association [58, 59]. Other phase I and phase II enzymes 
have been examined with equivocal results [60–66].

Thus far, the relationship between polymorphic variants in xenobiotic clearance 
enzymes is complex and is likely to reflect the underlying genetic structure of the 
population. This is evident from studies undertaken in European populations com-
pared with those from Asia where particular polymorphisms in GST show an asso-
ciation in the Korean population but not Australian or European [56, 60, 66] ones. 
Of particular note from all of these studies is the relatively small sample sizes used 
to assess risk. If the effects of xenobiotic clearance enzymes on disease risk are to 
be fully understood, much larger studies will be required to dissect apart which of 
the phase I and phase II enzymes are truly associated with disease risk in Lynch 
syndrome.

2.4  Variants from Colorectal Cancer Genome-Wide 
Association Studies

Genome-wide association studies (GWAS) have revealed a number of genetic vari-
ants that are associated with the risk of colorectal cancer [67–81]. Many of the loci 
represent novel regions within the genome where little, if any, information is known 
about the functional aspects of these associated loci. Given that the genetic associa-
tions linked to colorectal cancer risk in the general population suggests that they 
might also influence disease risk in Lynch syndrome. A Dutch study reported two 
SNPs, rs16892766 (8q23.3) and rs3802842 (11q23.1), to be associated with colorec-
tal cancer risk in Lynch syndrome [82]. Another study using Australian and Polish 
samples partially replicated these findings but only in people carrying MLH1 germ-
line variants [83]. In a combined analysis of these two studies, authors observed that 
as the number of risk alleles increased in an individual, the age of disease onset 
decreased [84]. The functional effects of rs3802842 remain to be determined as the 
regions where it resides harbour four open reading frames and do not result in any 
amino acid coding change signifying that it may be involved in some regulatory 
activity [85]. The SNP located on chromosome 8q23.3 maps to UTP23 [85] where 
it is presumed to alter the functional activity of the encoded protein. However, other 
two large studies did not observe any such associations overall or separately for 
male and female carriers or each of the MMR gene mutated [36, 86]. Using 11 
independent SNPs reported to be associated with colorectal cancer in GWAS for the 
general population, Win et al. [86] reported that there was no evidence of an asso-
ciation between the total number of risk alleles of these 11 SNPs and colorectal 
cancer risk for Lynch syndrome.  A Dutch study of 507  PMS2  mutation carriers 
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has reported no evidence of association between 24 GWAS SNPs, including SNPs 
at 11q23.1 and 8q23.3, and colorectal cancer risk for PMS2-associated Lynch syn-
drome [87].

2.5  Searching for Modifier Genes

There is some evidence that colorectal cancer risk in Lynch syndrome is modified 
by functional polymorphisms in genes. Most studies to date have taken a candidate 
gene approach which has revealed some associations or has chosen SNPs a priori 
based on the GWAS associations with colorectal cancer from the general popula-
tion. It is unclear whether any of the millions of other SNPs tested, but not associ-
ated with colorectal cancer in the general population, may predict disease risk for 
people with Lynch syndrome. The use of genome-wide approaches is likely to 
reveal modifier loci similar to that undertaken for women carrying germline 
BRCA1 variants that impact on disease risk [88].

3  Environmental Modifiers

Environmental and lifestyle factors may modify cancer risks for people with Lynch 
syndrome. Identifying modifiers of disease risk for these high-risk people is impor-
tant for understanding carcinogenesis, as it may indicate potential initiators or pro-
moters of the disease. In addition, identifying potentially protective factors or, 
conversely, harmful and avoidable risk factors could provide opportunities to reduce 
their risk of cancer. In this section of the chapter, the findings from published studies 
that investigated the environmental factors associated with colorectal cancer 
(Table 5.1) and endometrial cancer (Table 5.2) for Lynch syndrome are summarised 
and discussed.

Current evidence of environmental modifiers in Lynch syndrome have been pro-
vided mainly from three resources: Colon Cancer Family Registry (CCFR) [89–95]; 
Genetic, Environmental and Other influences among persons with Lynch syndrome 
(GEOLynch) [96–99]; and Colorectal Adenoma/Carcinoma Prevention Programme 
2 (CAAP2) [100, 101] and some others [102–106] including two from Asia [18, 
107]. There has been inconsistence or null in majority of findings for environmental 
modifiers in Lynch syndrome because of the substantial methodological challenges 
in investigating modifiers of disease for rare mutation carriers [108]. Of the studies 
investigating modifiers in Lynch syndrome, there are noticeable differences in terms 
of study design (prospective vs. retrospective/weighted cohort [109]), the definition 
of study participants (e.g. people who were tested and confirmed for having a patho-
genic MMR variant vs. people who met Amsterdam Criteria [110, 111] for heredi-
tary nonpolyposis colorectal cancer [HNPCC]), ascertainment of study participants 
(e.g. through genetics clinics or population cancer registries), the country or area 

A. K. Win and R. J. Scott
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where study conducted (e.g. European vs. Asian), the definition of environmental 
exposure (e.g. use of multivitamin supplements during the last month vs. at least 
twice a week for at least 1 month) or outcome definition (e.g. colorectal cancer vs. 
adenoma [benign precursor of colorectal cancer]).

3.1  Environmental Modifiers of Colorectal Cancer Risk 
in Lynch Syndrome

3.1.1 Body Mass and Height

A prospective cohort study from the Netherlands (GEOLynch) has reported that 
compared with normal weight, overweight/obese (body mass index [BMI] ≥ 25 kg/
m2) is associated with an increased risk of colorectal adenoma for men with Lynch 
syndrome but not for women [96]. Similarly, a case-control study from Canada has 
reported that compared with normal weight, overweight (BMI ≥ 25 kg/m2) or obese 
(BMI ≥ 30 kg/m2) is associated with an increased risk of colorectal cancer for men 
who met Amsterdam Criteria-I [110] or revised Bethesda guidelines [112] for 
HNPCC but not for women [102], although a small case-control study reported a 
null association [103]. In addition, a prospective analysis from the CAPP2 trial has 
shown that obesity is associated with an increased risk of colorectal cancer in Lynch 
syndrome [100]. This association is not different either between men and women or 
between aspirin intervention and placebo group.

A weighted cohort analysis from the CCFR has shown that BMI at age 20 years 
was positively associated with colorectal cancer risk for people with Lynch syn-
drome [89]. Consistent with this, Canadian case-control study has reported that obe-
sity or overweight at age 20 years is associated with an increased risk of colorectal 
cancer for men but not for women [102]. This study has also reported that tall height 
is associated with an increased risk of colorectal cancer risk for women. However, 
GEOLynch study has showed no evidence of association between height and 
colorectal adenoma risk for both men and women with Lynch syndrome [96].

3.1.2  Smoking

The association between smoking and colorectal cancer or adenoma in Lynch syn-
drome has been investigated in seven studies (Table 5.1). A prospective analysis 
from the GEOLynch has reported both current and former smoking are associated 
with an increased risk of colorectal adenoma in Lynch syndrome [97]. A case- 
control study from the Netherlands has reported a positive association between cur-
rent smoking and colorectal tumours but no evidence for association with former 
smoking [103]. Similarly, a weighted cohort analysis of data from the CCFR and the 
University of Texas M.D. Anderson Cancer Center has found an increased risk of 
colorectal cancer associated with current smoking but not with former smoking [90]. 
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Using data from the Creighton University HNPCC registry in the USA, both 
retrospective cohort analysis [104] and fuzzy clustering analysis [105] showed that 
ever smokers had a higher risk of colorectal cancer than never smokers. Of the two 
Asian studies, a cross-sectional study of Japanese men with Lynch syndrome 
reported that multiple colorectal cancers were more common in smokers than non- 
smokers [107], while a Taiwanese study showed no evidence for an association 
between smoking and colorectal cancer [18].

3.1.3  Alcohol Consumption

For Lynch syndrome, five studies [18, 91, 97, 103, 104] have investigated the asso-
ciation between alcohol consumption and the risk of colorectal cancer or adenoma, 
and their findings have been inconclusive (Table 5.1). Two studies showed no evi-
dence for an association between alcohol consumption and colorectal cancer [104] 
or colorectal tumours [103]. A weighted cohort analysis from the CCFR has shown 
that alcohol consumption, particularly more than 28 g/day of ethanol (~2 standard 
drinks of alcohol in the USA), is associated with an increased risk of colorectal 
cancer [91]. A trend of alcohol consumption associated with increasing risk of 
colorectal adenoma was observed in a GEOLynch study [97]. In addition, 
Taiwanese study reported an association between alcohol consumption and an 
increased risk of colorectal cancer for MSH2 mutation carriers but not for MLH1 
mutation carriers.

3.1.4  Aspirin

A two-by-two factorial, randomised, double-blind, placebo-controlled trial of 
CAPP2 investigated the effect of aspirin at a daily dose of 600 mg in 937 con-
firmed carriers of a pathologic MMR gene mutation or members of a family that 
met the Amsterdam Criteria [110] and had a personal history of a Lynch syndrome- 
associated cancer but an intact colon from 43 international sites in 16 countries. At 
a mean follow-up period of 29 months, there was no evidence of aspirin effect on 
the development of colorectal neoplasia, with most being adenomas [113]. 
However, an analysis at a mean follow-up period of 55.7 months has shown that a 
daily intake of 600 mg aspirin reduces approximately 40% incidence of colorectal 
cancer [101]. In consistence with this, a weighted cohort analysis from the CCFR 
has shown a substantial reduction of colorectal cancer risk for aspirin users [92]. 
Further, this observational study reported the potential chemopreventive effect of 
ibuprofen on colorectal cancer for people with Lynch syndrome. To provide for 
recommendation of aspirin chemoprevention in Lynch syndrome as a standard 
care, the optimum dose and duration of aspirin treatment is not yet informed. 
CAPP3, a double-blind dose non-inferiority trial, is now under way of recruiting 
3000 people with Lynch syndrome to compare the effect of 100, 300 or 600 mg 
daily aspirin.

A. K. Win and R. J. Scott
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3.1.5  Diet and Supplements

Two studies from the Netherlands and Taiwan reported fruit consumption to be 
associated with a risk reduction in colorectal cancer or adenoma in Lynch syndrome 
[18, 103]. Taiwanese study also reported that tea consumption was inversely associ-
ated with colorectal cancer for MLH1 mutation carriers [18]. These studies investi-
gated many other dietary factors including meat, fish and vegetables, and they did 
not observe evidence for association with colorectal cancer or adenoma in Lynch 
syndrome. GEOLynch study from the Netherlands investigated associations 
between diet patterns and the risk of colorectal adenoma in Lynch syndrome, and 
‘snack’ pattern was observed to be associated with an increased risk of colorectal 
adenoma [99].

With regard to dietary supplements, a prospective cohort analysis from the 
GEOLynch of 470 MMR gene mutation carriers over a median follow-up of 
39 months reported no evidence of associations between multivitamin and calcium 
supplement intake and the risk of colorectal adenoma [98]. However, a weighted 
cohort study from the CCFR of 1966 mutation carriers reported that regular intake 
of multivitamin and/or calcium supplements for at least 3 years is associated with 
an approximate halving of colorectal cancer risk [93]. There is no evidence for an 
association between folic acid supplement intake or dietary folate and colorectal 
cancer risk in Lynch syndrome [93, 103].

3.1.6  Physical Activity

A study from the Taiwan Hereditary Nonpolyposis Colorectal Cancer Consortium 
has reported that regular physical activity is associated with a decreased risk of 
colorectal cancer for MLH1 mutation carriers [18].

3.2  Environmental Modifiers of Endometrial Cancer Risk 
in Lynch Syndrome

There are only three published studies investigating environmental risk factors asso-
ciated with endometrial cancer in Lynch syndrome [94, 95, 106] (Table  5.2). 
Weighted cohort analyses from the CCFR have reported that later age at menarche, 
parity (≥1 live births) and hormonal contraceptive use (≥1 year) are associated with 
a lower risk of endometrial cancer [95], and there is no evidence of association 
between BMI at age 20 years and the risk of endometrial cancer in Lynch syndrome 
[94]. However, a Finnish study did not replicate these findings regarding female 
hormonal factors although they observed no evidence of association between adult 
BMI or BMI at age 18 years and endometrial cancer risk in Lynch syndrome [106]. 
This Finnish study has further reported that history of diabetes is associated with an 
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increased risk of endometrial cancer in Lynch syndrome [106]. An intervention 
study of oral contraceptive and medroxyprogesterone acetate in 51 women with 
Lynch syndrome has shown a reduction in endometrial epithelial proliferation asso-
ciated with a short-term exposure to exogenous progesterone [114]. For women 
with Lynch syndrome, some endogenous and exogenous hormonal factors appear to 
be associated with the risk of endometrial cancer.

3.3  Searching for Environmental Modifiers

From the current literature, there is strong evidence that regular use of aspirin sub-
stantially reduces the risk of colorectal cancer in Lynch syndrome, but there is still 
lack of information on the optimum dose and duration of aspirin use as well as 
from which age it should be started. There is accumulating evidence that a high 
body mass and cigarette smoking increase the risk of colorectal cancer or adenoma 
in Lynch syndrome. The direction and strength of observed associations are simi-
lar to those for the general population. There are only few published studies inves-
tigating other lifestyle and environmental factors including dietary factors 
associated with cancer risk in Lynch syndrome. Large prospective studies and 
clinical trials are required to further elucidate the role of environmental and life-
style factors in colorectal, endometrial and other types of cancer for people with 
Lynch syndrome, as it could provide important options to reduce cancer risk for 
these high-risk people.
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Chapter 6
Adenomatous Polyposis Syndromes: 
Introduction

Stefan Aretz

Abstract The adenomatous polyposis of the colorectum is the most frequent 
polyposis type and a precancerous condition with a high lifetime risk of colorectal 
cancer (CRC), unless detected early. Currently, at least five different inherited forms 
can be delineated by molecular genetic analyses. Although all types are defined by 
multiple adenomas which result in a similar diagnostic and therapeutic approach, a 
significant clinical variability in terms of number and age at onset and the presence 
of benign and malignant extraintestinal lesions can be observed.

Keywords Polyposis coli · FAP · Gastrointestinal polyposis

The occurrence of single colorectal polyps including adenomas is a common and 
age-related phenomenon [1, 2]. The minimum number of adenomas to diagnose an 
adenomatous polyposis is not clearly defined and also depends on the localisation, 
the age at onset, and the family history; however, at least ten synchronous, histo-
logically confirmed colorectal adenomas are usually required [3]. The adenoma-
tous polyposis of the colorectum is the most frequent polyposis type and a 
precancerous condition characterised by the presence of dozens to thousands of 
adenomas, which, unless detected early and removed, result in a high lifetime risk 
of colorectal cancer (CRC).

Even to date, the differential diagnosis of the various types of gastrointestinal 
polyposis syndromes is primarily made by endoscopy and histologic examination of 
polyps, complemented by gathering extraintestinal manifestations (see infobox) and 
the family history. To identify the predominant polyp type, a sufficient number of 
polyps have to be examined; nonetheless, in a substantial portion of cases, there is a 
broad phenotypic overlap between different polyposis types that makes a clinical 
diagnosis challenging.
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Currently, at least five different inherited forms of adenomatous polyposis can be 
delineated by molecular genetic analyses which are described in detail below 
(Table 6.1, Fig. 6.1). The APC-related familial adenomatous polyposis (FAP) is the 
most common and best known form; all the other conditions which include both 
dominantly and recessively inherited types have been identified in recent years so 
that the characterisation of the full phenotype has not yet been finished. However, 
also in unexplained cases, a hereditary basis is likely.

Although all types are defined by the presence of multiple adenomas, which 
result in a similar diagnostic and therapeutic approach, a significant clinical vari-
ability in terms of number and age at onset can be observed, even within families. 
In addition, the upper gastrointestinal tract is frequently affected, and most syn-
dromes are accompanied by a more or less syndrome-specific spectrum of benign 
and malignant extraintestinal lesions. The likelihood to identify a causative germ-
line mutation by routine diagnostics strongly depends on the clinical presentation 
with higher detection rates in those cases with a more pronounced and early-onset 
phenotype.

Extraintestinal lesions which may point to a gastrointestinal 
adenomatous polyposis

• Congenital hypertrophy of the retinal pigment epithelium (CHRPE)
• Jaw osteomas
• Multiple epidermoid cysts
• Sebaceous gland neoplasias (adenomas, epitheliomas, carcinomas)
• Hepatoblastoma, Medulloblastoma

S. Aretz
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Chapter 7
Familial Adenomatous Polyposis  
or APC- Associated Polyposis

Maartje Nielsen and Stephan Aretz

Abstract Familial adenomatous polyposis (FAP) or APC-associated polyposis is 
an autosomal dominant inherited syndrome caused by APC germline mutations. 
Most patients will develop hundreds of adenomatous polyps and thereby have a 
100% risk of developing CRC during lifetime. Depending on the location of the 
mutation in the APC gene, a milder phenotype with usually less than 100 adenomas 
is also possible, called attenuated FAP (AFAP). Patients with AFAP also have a high 
risk of developing mostly benign, extracolonic manifestations. This chapter will 
discuss the genetic and clinical aspects, detection, extracolonic manifestations, and 
tumour characteristics of this polyposis syndrome.

Keywords Familial adenomatous polyposis · APC-associated polyposis · APC 
Polyposis · AFAP

Familial adenomatous polyposis (FAP, OMIM 175100) is an autosomal dominant 
inherited polyposis syndrome caused by germline mutations in the tumour suppres-
sor gene APC; it affects approximately 2–3 in 100,000 individuals [1–3]. The inci-
dence is 1:6850 to 1:23,700 born living, irrespective of gender and ethnic background 
[2–6]. Classic FAP is associated with hundreds of adenomatous polyps and a CRC 
lifetime risk of 100% at an average age of 35–40 years. A milder phenotype, with a 
lower polyp number, is named attenuated FAP. Mutations in APC can be found in 
10–80% of patient with more than 20 adenomatous polyps [7], and less than 1% of 
all CRC cases, irrespective of polyp number, are ascribed to FAP [8].
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Originally, the term familial adenomatous polyposis was used to describe APC 
mutation-positive and mutation-negative patients, based on the clinical phenotype 
of more than a hundred polyps. Since it became clear that patients with a colorectal 
adenomatous polyposis can also have germline mutations in other genes, like the 
MUTYH gene discovered in 2002, the term APC-associated polyposis (AAP) for 
patients with proven APC mutations might be more appropriate. Since the term FAP 
is so embedded in the clinical practice, it will be difficult to replace it, and therefore 
it is relevant to realize that a diagnosis of FAP can be based on a clinical phenotype, 
a proven APC, or other germline gene mutation. In general, it is more appropriate to 
describe the phenotype as (colorectal) adenomatous polyposis unless a genetic 
cause is identified.

1  Genetics

The APC gene is a relatively large gene; its main three transcripts encompass 15 
coding exons and 18 exons altogether (NCBI, LRG_130), encoding a protein of 
2843 amino acids and located in chromosome 5q22.2. Exon 15 is by far the largest 
exon, containing over three-quarters of the coding sequence. The APC gene codes 
for a multifunctional protein that comprises several motifs and domains, allowing it 
to bind and/or interact with multiple molecules that include β-catenin, α-catenin, 
GSK3β, axin, conductin, and tubulin [9]. The APC protein is involved in the Wnt 
signal cascade, where it is part of a complex involved in downregulating β-catenin. 
When the APC function is lost, β-catenin accumulates and migrates to the nucleus 
[10]. This leads to repression of apoptosis, induction of cell cycle progression and 
proliferation, and control of cell growth.

Over 700 different disease-causing mutations have been reported throughout the 
APC gene, but most mutations occur in the 5′ half of the coding region of exon 15, 
otherwise referred to as the mutation cluster region. Hotspot mutations are found at 
codon 1061 and 1309. Differences in phenotype may relate to the location of the 
mutation within the APC gene.

Depending on clinical features and mutation detection techniques applied, muta-
tions in the APC gene can be identified in approximately 70% of patients with more 
than a 100 polyps (Fig. 7.1). A list of mutations is available online at the Leiden 
Open Variation Database (LOVD): http://chromium.liacs.nl/LOVD2/colon_can-
cer/home.php?select_db=APC. The most common germline mutations involve the 
introduction of a premature stop codon, either by a nonsense or frameshift mutation. 
With multiplex ligation-dependent probe amplification (MLPA), partial and whole 
gene deletions have been found in a substantial proportion (4–33%) of patients pre-
viously tested negative for APC mutations [11–13]. Approximately 75% of germ-
line APC mutations are inherited and 10–25% are de novo [14]. With more sensitive 
techniques, it has been shown that in 11–21% of these de novo cases, APC mosa-
icism is present in a parent or the patient [15, 16].
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Furthermore, recent studies have shown that in unexplained cases with more than 
20 adenomas, pathogenic APC mosaic mutations are present in about 25–50% if 
DNA from two or more adenomas was analysed [17, 18] (Fig. 7.2).

Finally, a small fraction of cases can have a deep intronic APC mutation or a rare 
missense mutation of the APC gene [19, 20].

2  Clinical Characteristics

Germline APC mutations lead to a broad clinical spectrum regarding colorectal pre-
sentation with polyp count ranging between tens and thousand and a high risk of 
developing extracolonic tumours. These phenotypic extremes are part of a clinical 
continuum that depends partly on the location of the germline APC mutation, 
although this is without clear thresholds.

Classic FAP patients have already developed numerous adenomatous polyps in 
their colon in their 20s making a colectomy at a relative young age necessary. These 
patients usually have mutations occurring between codon 1250 and 1464 but par-
ticularly at codon 1309 [21]. This region is also called the mutation cluster region 
(MCR), since most somatic mutation in tumours also occur between these codons 
[22]. Without surgical intervention, FAP patients almost inevitably develop CRC by 
the mean age of 40–50  years [23]. In 70–80% of patients CRC is left sided 
[24–26].

1-10 adenomas 10-19 20-99 100-999 >1000

3%
5%

12%

54%

80%

Fig. 7.1 Detection rate of APC mutations (Adapted from Grover et al. [7])
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The duodenum and the periampullary region are the second most common parts 
where adenomas will develop, and the prevalence varies between 33 and 92% 
[27–30]. In a recent Dutch follow-up study, duodenal adenomatous polyposis was 
documented in 191 of the 565 patients initially enrolled in the study (33.8%). Fundic 
gland polyposis was reported in 102 (18.1%) patients, and 24 (4.2%) patients had at 
least one gastric adenoma, all located in the antrum [31].

Duodenal carcinoma is the second most common malignancy after CRC, with a 
lifetime risk of at least 3–5% [32, 33]. During follow-up, it was the second most 
common cause of cancer death (7/33, 21%), after CRC [31]. In a Dutch cohort com-
pared to the general population, the risks of developing a duodenal adenocarcinoma 
or ampullary carcinoma (in whom duodenal carcinoma is rare) are 331 and 124 
times higher, respectively, in FAP patients [34].

A somewhat less severe, intermediate phenotype (i.e. hundreds to thousands of 
polyps) is associated with mutations within codons 157–1595, excluding the muta-
tion cluster region. Finally, part of patients with APC mutations have an even 
milder phenotype with less than a hundred adenomas and a later onset of both 
adenomas and CRC, called attenuated FAP (AFAP). On average, CRC will develop 
12 years later compared with classic FAP. Most of these patients have a mutation 
in the 5′ part, alternative spliced region in exon 9 or in the extreme 3′ site of the 
APC gene [21].

Fig. 7.2 APC mosaicism as shown with 1) exome sequencing data (Integrative Genomics Viewer) 
of leucocyte and adenoma DNA, the same APC mutation is present in four adenomas but not in 
leucocyte DNA and 2) Sanger sequencing of the corresponding region (DNA of adenoma 4, 
reverse sequence). Figure depicted from Spier et al, JMG 2016

M. Nielsen and S. Aretz



103

However, it is important to realize that although correlations between genotype 
and phenotype have been shown in groups of patients, the exact phenotype in 
patients cannot be predicted based on the location of the germline mutation alone. 
Even within families and patients with the same mutation, differences in adenoma 
count and CRC risk exist [35–37].

It is likely that other factors, external factors or genetic modifiers, influence ade-
noma count and (extra) colonic tumour risk in FAP patients.

Recently, in a study of 419 proven APC germline mutation carriers, two CRC- 
associated SNPs (single-nucleotide polymorphisms) previously found in genome- 
wide association studies for CRC, rs16892766 (8q23.3) and rs3802842 (11q23.1), 
were found to be associated with higher adenoma count [38]. Another study did not 
find an effect of CRC SNPs (including rs16892766 and rs3802842) on the number 
of colorectal adenomas in 142 analysed FAP patients. In a third study, an associa-
tion of two SNPs and CRC risk and age of diagnosis in a FAP cohort was found first, 
but this could not be reproduced in a second independent cohort, and authors 
emphasized the need of large sample sizes when searching for modifier genes in the 
future [39].

More recently, a phenotype with a high risk of gastric adenocarcinoma and 
occurrence of predominantly proximal polyposis of the stomach (GAPPS) has been 
described [40]. More precise, the diagnosis of GAPPS should be considered in indi-
viduals that have the following features: (1) gastric polyps restricted to the body and 
fundus; (2) more than 100 polyps in the proximal stomach or more than 30 polyps 
in a first-degree relative of an individual with GAPPS; (3) predominantly fundic 
gland polyps (FGPs), some having regions of dysplasia; (4) an autosomal dominant 
pattern of inheritance; and (5) no evidence of colorectal or duodenal polyposis [41]. 
In 2016 it was found that these patients have germline mutations in promoter 1B of 
APC [42]. Notably, in some patients with a proven disease-associated variant in 
promoter 1B, colonic polyposis has also been shown [41, 42] and colonoscopic 
screening might be warranted in these patients too. Interestingly, the colonic adeno-
mas in GAPPS patients show similarities in histochemical profile to fundic gland 
polyposis [43].

3  Extracolonic Manifestations

The majority (70%) of FAP patients develop extracolonic manifestations [21]. 
Besides CRC and duodenal cancer, other malignant lesions that can occur in FAP 
are thyroid carcinoma (papillary, the cribriform-morular variant; Fig. 7.3) and brain 
(usually medulloblastoma), liver (hepatoblastoma), and pancreas (pancreatoblas-
toma) tumours [33, 41, 44]. A recent follow-up study in the Netherlands with a 
mean age at last follow-up of 40 years, reported extracolonic malignancies, includ-
ing duodenal cancer, in 74 (12.7%) of 582 APC mutation carriers [31]. Thyroid 
cancer (papillary) was present in 9 of the 582 Dutch FAP patients (1.5%, 7 females/2 
males), during follow-up with a mean age of 33.5 years. One patient died because 
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of thyroid cancer at the age of 78 years. In the same cohort, hepatoblastoma was 
reported in 4 (0.7%) carriers, bladder cancer in 4 (0.7%), and pancreatic malig-
nancy, malignant brain tumour, and meningioma were each observed in two patients 
[31]. Thyroid screening and extending surveillance for other cancers based in these 
prevalences were not advised by authors, because they will unlikely contribute in a 
significant manner to the survival of FAP patients [31].

Approximately 10–25% of FAP patients develop another potentially deadly 
complication, namely, desmoid tumours. A high risk of recurrence and local infiltra-
tion make desmoid tumours the most common cause of death amongst FAP patients 
after they receive prophylactic colectomy [45]. In the Dutch follow-up study, des-
moid tumours were the third most common cause of death in general (11% of all 
deaths, n = 6/56 deaths in the total cohort), after colon cancer (25%) and cardiovas-
cular disease (12%) [31]. The mean age at death due to a desmoid tumour was 
40.5 years.

Desmoid tumours are mostly seen in the abdomen and small bowel mesentery 
and are usually initiated by traumatic events, in particular surgery [46], but it’s also 
seen in shoulder girdle, chest wall, and inguinal regions [47, 48]. Independent risk 
factors include a germline mutation distal to codon 1444, abdominal surgery, and a 
family history of desmoids [49].

Extracolonic manifestations with less clinical significance include lesions such 
as congenital hypertrophy of retinal pigment epithelium (CHRPE), present in over 
90% of FAP patients), dental abnormalities (absences of teeth amongst others), fun-
dic gland polyps, osteomas, Gardner fibromas (a benign tumour of the connective 
tissue), adrenal masses (mostly adrenocortical adenomas without endocrinopathy), 
and epidermoid cysts or lipomas on any part of the body [9, 12, 21, 41, 50]. Lipomas 

Fig. 7.3 Cribriform-morular variant of papillary thyroid carcinoma in an FAP patient with proven 
APC mutation. Left panel, HE staining, and right panel, positive β-catenin nucleic staining due to 
WNT pathway upregulation (Obtained from: http://www.hereditarypathology.org, under courtesy 
of prof. dr. Hans Morreau, LUMC)
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and osteomas were documented in 11 (1.9%) and 7 (1.2%) patients during 
follow-up in the Dutch cohort, respectively.

Two phenotypic subgroups of FAP in which patients have a specific clustering of 
extracolonic tumours besides their polyposis have been defined in the past, before it 
became clear that these were actually allelic variants of the APC-associated polypo-
sis spectrum. Patients with the so-called Gardner syndrome show a clustering of 
epidermoid cysts, Gardner fibromas, lipomas, and desmoid tumours, and patients 
with Turcot syndrome are characterized by the presence of thyroid tumours and 
central nervous system (CNS) tumours [51]. Because these terms do not refer to 
genetically distinct conditions they should not be used any longer.

4  APC Mutation Detection

In general, the detection rate of an APC germline mutation strongly depends on the 
number of colorectal adenomas, age at onset, and family history. In patients with 
more than 100 adenomas, an APC germline mutation can be found in 56–82%, irre-
spective of the family history, and the detection rate rises to 76–80% in patients with 
more than a thousand adenomas [7, 52] (Fig. 1) [7]. In patients with between 20 and 
100 adenomas, the percentage of APC mutations is still a significant 12%, but in 
patients with less than 20 adenomas, the percentage falls to 5%, although this highly 
depends on the age of diagnosis. In a patient aged 20 years with between 10 and 19 
adenomas, there is a 38% chance of finding an APC mutation, dropping to only 2% 
in patients aged 50 years. The presence of an affected family member with CRC do 
not influence outcomes in patients with more than a hundred polyps, but increases 
the mutation rate in patients aged 50 with between 10 and 19 adenomas (11% APC 
mutations detected) [7].

Sometimes patients, especially children, can present with extracolonic features 
before colorectal adenomas are diagnosed in themselves or their parents. Several 
studies have analysed (single cases or small groups) whether patients with extraco-
lonic manifestations have underlying FAP or not.

In a group of seven patients with apparently sporadic Gardner fibroma (GAF), a 
germline APC mutation was detected in 3 (43%) of them. These GAFs had a worse 
phenotype than the APC negative tested, multifocal (1) or large unresectable (2) 
GAFs [53]. One study found a higher prevalence of β-catenin staining in Gardner 
fibromas in FAP patients as compared to the total group analysed, including spo-
radic cases (90% versus 64%) [54]. Single cases presenting with Gardner fibroma 
before the age of 1 year—with previously unrecognized FAP families—with consti-
tutional APC mutations have also been reported [55–57].

A Dutch study performed immunohistochemistry of β-catenin and mutation 
analysis of CTNNB1 in 18 paediatric desmoid tumours, diagnosed between 1990 
and 2009 [48]. After selection based on nuclear β-catenin staining, a germline APC 
mutation was identified in two tumours, 11% of the total. These two cases, aged 1.5 
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and 15 years at diagnosis, were the only ones with a family history of FAP or 
polyposis in one of the parents and sibling.

For CHRPE no evidence exists momentarily that this can be a first sign of an 
underlying germline APC mutation. A total of 25 CHRPEs were found in 21 of the 
1745 (1.2%) patients from the general population whose fundus images were exam-
ined [58]. Age is not a factor relevant to the presence of CHRPE as it is a congenital 
condition, and ages of detection in this cohort ranged between 11  months and 
87 years. In these 21 patients, no evidence was found from patients’ clinical records 
to suggest the presence of FAP and Gardner and Turcot syndromes. Previously four 
cases of CHRPE (aged 4, 14, 16, and 39 years) without polyposis were send in for 
APC analysis to the diagnostic laboratory of the Leiden University Medical Hospital. 
No APC mutation was detected (own data). CHRPE or pigmented ocular fundus 
lesions in FAP do present differently than in sporadic CHRPE, in that they are more 
often multiple and bilateral [59]. Larger studies are needed in patients with young 
bilateral CHRPE to see if there is a relevant chance of detecting an underlying 
germline APC mutation.

In one child with an osteoma and no colorectal phenotype at time of diagnosis, a 
de novo frameshift APC mutation was found [52].

Lastly, in a study of 50 young patients with apparently sporadic hepatoblastoma, 
germline mutations in the APC gene were identified in up to 10%. Authors thus 
concluded that in a substantial fraction of sporadic hepatoblastoma, the disease is 
the first manifestation of a de novo FAP [60]. However, another study did not find 
this association, no APC germline mutation was found in 29 children with appar-
ently sporadic hepatoblastoma [61].

Concluding, it is possible that a patient with a de novo or familial occurring APC 
mutation might present first with a Gardner fibroma, osteoma, desmoid tumour, or 
hepatoblastoma, but larger studies on this subject are needed.

5  Tumour Characteristics

Alterations in the APC gene are present in about 80% of sporadic colorectal carci-
noma, and loss of heterozygosity (LOH) of chromosome 5q is reported in 30–40% 
of CRC cases [62]. It is therefore assumed that a mutated APC gene is an early and 
likely initiating event in colon tumorigenesis. This probably explains why patients 
with a germline APC mutation develop mainly colon tumours and less tumours 
elsewhere. Before tumorigenesis can start, a second and sometimes even third hit 
in the other APC allele is needed [63, 64]. APC normally binds to GSK3β as part 
of a complex which regulates β-catenin stability, and disruption of this complex 
leads to elevated levels of β-catenin. This then activates proteins that participate in 
cell cycle, growth, and regulation of cell death, such as CCND1, AXIN2, and 
BIRC5, called the WNT signalling pathway [65]. For adenomas to grow, WNT 
activation is beneficial, but too much activation will lead to apoptosis or evoking 
cell death [13], and retention of some functional APC protein is therefore required. 
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The so-called seven 20-amino-acid repeats (20 aa repeats) of the APC protein play 
a central role in the degradation of β-catenin [66]. It has been shown in an adenoma 
study that indeed the second hit in APC does not occur randomly but rather depends 
on the location of the first hit or underlying APC germline mutation, resulting in 
retention of one or two of the seven 20 aa repeats [67]. This retention of one or two 
aa repeats is thought to lead to a signalling activity that is sufficient to confer pro-
liferation advantage without inducing cell death and is labelled as the ‘just-right 
hypothesis’ [67].

Relevance of the APC/β-catenin signalling pathway has also been shown to be 
strongly involved in the pathogenesis of other tumours associated with FAP, such as 
desmoid tumours and thyroid cancer [68, 69] (Fig. 7.3).

Another study, focused on the early evolution of adenomas of polyposis patients, 
performed whole exome sequencing and targeted analysis of colorectal adenoma in 
FAP and MAP patients [70]. Overall it was shown that FAP adenomas have less 
coding somatic mutations (0.16 mutations/Mb) compared to MAP adenomas (0.65 
mutation/Mb, p < 0.014). Possibly, tumour suppressor genes undergo allelic loss in 
FAP rather than being disrupted by point mutations as compared to MAP, as has 
been shown previously [71].

In FAP adenomas, mutations were seen in several genes. Another frequently 
mutated gene, besides APC was the WTX gene, mutated in 9% of FAP adenomas 
(6/69). The WTX gene also has a role in the regulation of the WNT pathway [72].

A hallmark of most FAP-associated tumours is nuclear β-catenin staining, and 
this can be used as a prescreening  tool, for example, in extracolonic tumours, 
to select (young) patients that might not have developed adenomas yet, for APC 
germline analysis. When nuclear β-catenin staining is present, this is due to a 
somatic CTNNB1 mutation in most sporadic cases. In the absence of such a muta-
tion, APC germline testing should be considered [73].
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Chapter 8
Adenomatous Polyposis Syndromes: 
Polymerase Proofreading-Associated Polyposis

Claire Palles, Andrew Latchford, and Laura Valle

Abstract POLE and POLD1 encode the major subunits of polymerase ε and 
 polymerase δ, respectively. Missense germline mutations in the exonuclease 
domains (EDMs) of POLE and POLD1 have been found to be a rare cause of mul-
tiple colorectal adenomas and carcinomas. This condition is known as polymerase 
proofreading- associated polyposis (PPAP). The EDM of POLE is also somatically 
mutated in ~1% of colorectal cancers (CRCs) and ~8% of endometrial cancers. In 
this chapter we will consider the roles of these two enzymes, germline mutations 
that have been identified to date and their pathogenicity, the characteristics of 
tumours with germline or somatic mutations, clinical characteristics of patients with 
PPAP and the potential use of immunotherapy in patients with mutations in the 
EDM of POLE.
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1  Introduction

In 2013, families with colorectal polyposis and a dominant inheritance pattern were 
shown to carry one of two germline mutations (POLE p.L424V and POLD1 
p.S478N) in the exonuclease domains (EDMs) of either POLD1 or POLE [1]. Both 
of these EDM mutations led to higher mutation rates in yeast strains constructed to 
carry the equivalent mutations. The exonuclease domain is responsible for proof-
reading replication errors made during DNA replication. Mutations in this domain 
effect the proofreading capabilities of polymerases ε and δ.

Since 2013 multiple groups have identified further mutations in the EDMs of 
POLE or POLD1 [2–11]. Heterozygous mutations in POLE and POLD1 account 
for what is now known as polymerase proofreading-associated polyposis (PPAP). 
POLE p.L424V is the most commonly observed germline EDM mutation in PPAP 
cases, but several additional missense mutations have been identified which impact 
the exonuclease function of POLE and POLD1. No additional cases of POLD1 
p.S478N have been identified that are not related to those in the initial report. 
Approximately 1% of patients with evidence of an inherited form of polyposis carry 
putative pathogenic variants in the EDM of these two genes.

The EDM of POLE is also somatically mutated in ~1% of colorectal cancers 
(CRCs) and ~8% of endometrial cancers. Interestingly somatic mutation of the 
EDM of POLD1 is extremely rare. Data from TCGA (The Cancer Genome Atlas) 
show that as well as having a higher mutation burden, cancers where the POLE 
EDM is mutated have a particular mutation signature with a preponderance of C>A 
mutations flanked by Ts. This signature is signature 10 in the COSMIC Signatures 
of Mutational Processes in Human Cancer [12]. The most common somatic muta-
tion, POLE p.P286R, has never been observed as a germline mutation, but recently 
another recurrent POLE EDM somatic mutation, POLE p.V411L, was seen in a 
patient with a phenotype resembling that of constitutional mismatch repair defi-
ciency (CMMRD). Somatic mutation of POLE has also been seen as a recurrent 
driver event in glioblastomas of patients with CMMRD [11].

Two studies have shown that patients with somatic mutation of POLE have 
a good prognosis. This is thought to be due to the immune response elicited by 
these tumours as a result of the large number of neopeptides generated as a con-
sequence of hypermutation. Clinical trials are underway to determine whether 
surgery alone is curative for these patients or whether immunotherapies such as 
anti-PD-1 are beneficial.

2  Roles of Polymerases Epsilon and Delta

Polymerases δ and ε, along with all other eukaryotic polymerases, belong to the B 
family of DNA-dependent DNA polymerases. Their major function is to replicate 
the genome. Misincorporation of nucleotides by B-family member polymerases 
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is low (10−4–10−5) [13], and fidelity of replication is enhanced further by 
the proofreading function of these enzymes which reduces replication errors by 
approximately a further 100-fold [14]. Three enzymes are responsible for eukary-
otic DNA replication: polymerase α, polymerase δ and polymerase ε. Polymerase α 
initiates replication at origins and Okazaki fragments but carries out limited DNA 
synthesis. Following priming of DNA replication one or other of polymerase δ or 
polymerase ε takes over and extends from the primer sites. The model with the most 
support has polymerase ε synthesising the leading strand and polymerase δ synthe-
sising the lagging strand under normal conditions. Data supporting this model was 
generated using a Saccharomyces cerevisiae strain pol3-L612M msh2Δ. The pol3-
L612M allele confers an increase in mutation rate, and importantly for its utility in 
strand assignment, it has reduced fidelity for very specific mispairings. L612M Pol 
δ misspairs T with G with an error rate that is at least 28-fold higher than that for 
the complementary template A-C mispairing. Also L612M Pol δ is 11 fold more 
likely to delete a T base than it is to delete an A base. These biases in error rates 
for complementary nucleotides allowed McElhinny and authors [15] to determine 
which base and therefore which strand was used as a template by L612M Pol δ. By 
comparing the leading and lagging strand replication errors, McElhinny and authors 
[15] determined that over 90% of synthesis performed by L612M Pol δ use the 
 lagging strand as template (Fig. 8.1).

3  The Exonuclease Domains of Polymerase δ 
and Polymerase ε

All polymerases identified to date share the same structural organisation and consist 
of finger, thumb and palm subdomains which collectively form the polymerase 
domain. The B family polymerases additionally have an EDM and an N-terminal 

Fig. 8.1 The most 
recognised model of 
replication where 
polymerase ε is responsible 
for replication of the 
leading strand and 
polymerase δ the lagging 
strand (Reproduced from 
McElhinny et al. [15])

8 Adenomatous Polyposis Syndromes: Polymerase Proofreading-Associated Polyposis
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domain (NTD). The exonuclease domains of polymerase ε and polymerase δ are 
encoded by amino acids 268–471 and 304–517 of the proteins encoded by POLE 
(NM_006231) and POLD1 (NM_002691). In humans, the exonuclease domains of 
both proteins contain five highly conserved EXO motifs (Fig. 8.2) [13]. Synthesis 
of the new DNA strand by the polymerases occurs in the 5′ to 3′ direction. The 3′ to 
5′ polarity of the polymerase-associated exonuclease activities of polymerase ε and 
polymerase δ allows these polymerases to remove misincorporated nucleotides. 
During replication polymerase ε and polymerase δ switch between polymerising 
and editing modes. In editing mode the 3′ end of the nascent strand is in contact 
with the exonuclease active site, and during polymerising the 3′ end is in contact 
with the polymerase active site [13]. A mismatched base pair prevents the fingers of 
the polymerase from binding to an incoming trinucleotide phosphate, and so poly-
merisation stalls allowing the mismatched base to move to the exonuclease domain 
which can be 30 Å away.

Site-directed mutagenesis of the exonuclease domains of the Klenow frag-
ment of Escherichia coli polymerase 1 and POL2 and POL3, the POLD1 and 
POLE homologues found in Saccharomyces cerevisiae and Schizosaccharomyces 
pombe, followed by assessment of mutator phenotypes has allowed assessment 
of the importance of multiple positions within the exonuclease domain [16–18]. 
Murphy et al. [17] performed a mutagenesis screen to identify “mutator strains”. 
Mutated POL3 was integrated into the chromosomal POL3, and clones that had 
acquired a mutation to revert a change in a gene involved in biosynthesis of histi-
dine, HIS7, such that they can survive in media in which this amino acid is absent, 
were selected for. The rationale being that mutator polymerases would be more 
likely to revert a mutation in HIS7 than wild-type polymerase. This rationale is 
also the basis of using fluctuation assays to measure the mutator phenotypes of 
mutations identified in patients in order to determine functional effect and likely 
pathogenicity of variants.

Mutation of the exonuclease active sites POL3 p.D321 and POL3 p.E323 
( equivalent to POLE p.D275 and POLE p.E277; POLD1 p.D316 and POLD1 p.E318) 

Fig. 8.2 Exonuclease domains of human POLE and POLD1 (POLE: NM_006231 shown on the 
top line and POLD1:NM_002691 on the bottom line. Exo motifs of the two enzymes are high-
lighted in yellow and the exonuclease active site residues in the Exo 1 motif are boxed. Alignment 
was carried out using cobalt (https://www.ncbi.nlm.nih.gov/tools/cobalt/re_cobalt.cgi)

C. Palles et al.

https://www.ncbi.nlm.nih.gov/tools/cobalt/re_cobalt.cgi


117

leads to barely detectable levels of exonuclease activity in experiments assessing 
the degradation of labelled DNA substrates and very strong mutator phenotypes. As 
demonstrated by both Derbyshire and Murphy, mutation of other residues within the 
exonuclease domain also leads to similar phenotypes, for example, the POL3 equiva-
lent of the POLE p.L424V mutation (POL3 p.479) was identified in the mutation 
screen conducted by Murphy et al. [17].

4  Germline Mutations Identified in the Exonuclease 
Domains of POLD1 or POLE

Table 8.1 shows the characteristics of patients screened for germline mutations in 
the EDMs of POLE and POLD1, reports of which were published as of May 2017. 
As can be seen from Table 8.1, the majority of patients selected for screening have 
a similar phenotype to that of the patients in which POLE/POLD1 EDM were first 
reported, namely, CRC polyposis cases or familial colorectal cancer. Some papers 
only describe screening for the variants reported in [1], whilst others describe results 
from screening all of the coding regions of POLE and POLD1. POLE EDMs have 
been picked up in exome sequencing studies of familial cases of cutaneous malig-
nant melanoma [2] and families with a multiple tumour-type phenotype [6, 7].

Table 8.2 shows the variants mapping to the EDMs of POLD1 and POLE that 
have been published as of May 2017. This table is an updated version of that which 
appears in [19]. POLE p.L424V accounts for 21 families with PPAP, and less fre-
quent mutations in POLD1 p.D316G, p.D316H, p.L474P and p.S478N account for 
a further 7 families. All other variants have been identified in single cases or fami-
lies. Variants highlighted in grey currently lack supporting functional evidence from 
yeast mutation rate or biochemical assays. They are included here to highlight the 
challenges in determining the pathogenicity of variants mapping to a protein domain 
with a known function. As well as functional mutations, there seem to be rare vari-
ants mapping to the EDMs of POLE and POLD1 which are less likely to be patho-
genic. POLE p.D287E is most likely not pathogenic as it does not co-segregate with 
affection status. This variant and POLD1 p.G321S were identified as germline 
changes in cases with suspected Lynch syndrome and microsatellite unstable can-
cers. Whilst it has not been possible to test the microsatellite status of all tumours 
from the POLE/POLD1 EDM carriers identified to date, most cases with a proven 
pathogenic germline mutation have microsatellite stable cancers. Somatic POLE 
mutations do occasionally co-occur with microsatellite instability (see tumour char-
acteristics section). Whilst there are examples of germline carriers of a proven 
pathogenic EDM mutation (5,57), these are rare and so novel germline POLE/POLD1 
EDM variants identified in patients with tumours displaying microsatellite instabil-
ity or patients without polyposis phenotypes require particularly careful interpreta-
tion. If correct screening strategies and correct treatment  stratification (see later in 
the chapter) are to be applied, careful classification of germline and somatic muta-
tions in POLE and POLD1 will be required.

8 Adenomatous Polyposis Syndromes: Polymerase Proofreading-Associated Polyposis
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Mutations with functional evidence of pathogenicity are found in ~1–2% of 
cases enriched for colorectal polyposis or familial CRC.  In certain populations 
PPAP may be rarer. Esteban-Jurado et al. [20] screened 155 cases with multiple 
polyps or early-onset colorectal cancer and did not identify any germline muta-
tions in the EDMs of POLE or POLD1. As can be seen in Table 8.1, the majority 
of carriers identified to date have colonic phenotypes (polyposis or cancer), but the 
presence of other cancers seems to be mutation specific, and there is a higher bur-
den of colonic adenomas and polyps in POLE EDM carriers compared to POLD1 
EDM carriers.

The majority of sites (8/11) of POLD1 and POLE EDMs, identified in the germ-
line setting, are also somatically mutated but are only observed in 1 to 4 cancers 
within TCGA (POLE p.V411L is seen more frequency and is discussed below). 
Five of the eight sites where both germline and somatic mutations arise show evi-
dence of hypermutation in the tumours from the somatic case (defined as more than 
600 mutations). As can be seen from Table 8.2, different germline and/or somatic 
mutations affect the same amino acid but result in different substitutions, and this 
may lead to markedly different mutation rates in the tumours.

The most common somatic mutation POLE p.P286R has never been observed as 
a germline mutation, but as shown in Table 8.2, POLE p.V411L which has been 
observed 26 times in TCGA tumours was recently identified in a patient with a phe-
notype reminiscent of constitutional mismatch repair deficiency (CMMRD). This 
variant was not carried by the patient’s healthy mother, and it is presumed it was 
also not carried by the patient’s healthy father whose DNA was not available for 
genetic testing. The most likely explanation is a de novo mutation at this site. De 
novo mutations resulting in POLE p.L424V have also been reported [10]. The phe-
notype of this patient, being very reminiscent of CMMRD, differs from the pheno-
types of other PPAP patients reported to date but suggests that POLE and perhaps 
also POLD1 EDMs should be screened for in other patients with similar phenotypes 
and no mutations in mismatch repair genes. Somatic mutation of POLE has also 
been seen as a recurrent driver event in glioblastomas of patients with CMMRD. In 
contrast to other tumours in these patients, the glioblastomas were ultra-mutated 
with no copy number changes and microsatellite stable [21].

5  Tumour Characteristics

In addition to the tumours from germline POLE and POLD1 mutation carriers, 
somatic POLE proofreading domain mutations are identified in 6–12% of endome-
trial cancers [22–25], 1–2% of colorectal tumours [26–28] and more rarely in 
tumours of the stomach, pancreas, brain, breast and ovary [18, 29, 30]. In contrast 
to POLE and for reasons yet to be discovered, somatic POLD1 proofreading muta-
tions are extremely rare (reviewed by Rayner et al.) [19].
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5.1  Molecular Characteristics

Polymerase ε and δ proofreading is essential for replication fidelity; therefore, its 
disruption by pathogenic heterozygous mutations, either germline or somatic, leads 
to a phenotype of tumour ultramutation. The mutation incidence in these tumours 
often exceeds 100 mutations per megabase. Moreover, the spectrum of nucleotide 
changes is distinct from the mutation spectrum observed in tumours with and with-
out microsatellite instability, and it is characterised by a 100-fold increase in C→A 
transversions in the context TCT and a 30-fold increase in C→T transitions in the 
context TCG [12, 18, 22]. This translates into a strong bias for particular amino acid 
changes, with over-representation of serine to tyrosine or leucine, and arginine to 
isoleucine or glutamine, as well as increased glutamic acid to stop codon mutations 
[18]. In contrast to the mutation burden, proofreading-mutated tumours display very 
few copy number alterations [22, 23, 26, 27].

There is considerable variation in the number of mutations among tumours with 
polymerase proofreading mutations, and there is evidence that specific proofreading 
mutations have different effects on the mutation spectrum [18, 22, 31, 32]. It has 
been suggested that the severity of hypermutation and relative excess of G:C > T:A 
transversions might correlate with the degree of alteration of the residues within and 
close to the Exo motifs required for exonuclease activity [22].

The spectrum of mutations caused by polymerase proofreading defects causes a 
distinct pattern of missense and truncating mutations in oncogenes and tumour sup-
pressors. For this reason, mutations rarely seen in tumours with microsatellite insta-
bility (MSI) or microsatellite stablity (MSS), are  identified in proofreading-mutated 
cancers, including PIK3CA p.R88Q, PTEN p.R130Q, TP53 p.R213X, APC 
p.R1114X, APC p.Q1338X, MSH6 p.E946X, MSH6 p.E1322X and FBXW7 
p.E369X, among others [1, 18, 22, 26, 27, 33].

Most of the tumours caused by germline POLE and POLD1 proofreading 
domain mutations are microsatellite stable; nevertheless, microsatellite instability 
and/or MMR gene mutations have been detected in some cases [5, 21, 23, 26, 33, 
34]. In these cases, although the cause and effect chain has not yet been experi-
mentally established, it seems most probable that the deficient proofreading activ-
ity causes a secondary mutation in one DNA mismatch repair (MMR) gene, and 
therefore microsatellite instability, and not the other way around, i.e. the MMR 
deficiency being the cause of the polymerase proofreading mutation, as there are 
no microsatellites within the sequence encoding the polymerase exonuclease 
domain. Despite the fact that these tumours have a combination of defective 
proofreading and MMR deficiency, which might have resulted in a mutation rate 
that exceeds the maximum for tumour fitness [35, 36], the mutation rate is similar 
to those without the additional MMR deficiency (TCGA data, not shown). It 
would be of interest to know the timing and clonality of both repair defects and, 
as has been speculated [19], to examine the presence of “antimutator” mutations 
that allow continued viability, as demonstrated in yeast [37, 38].
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POLE and POLD1 are thought to be non-classic tumour suppressor genes. 
Second hits, such as loss of heterozygosity or mutations, are not common in the 
tumours, and whenever tested, expression of the proteins, assessed by immunohis-
tochemistry, has been detected [1, 5]. From a functional point of view, heterozygous 
POLE and POLD1 mutations, causing 50% of proofreading activity, would proba-
bly be enough to increase the mutation frequency; however, it remains uncertain 
whether that is sufficient to overwhelm the MMR system [31].

5.2  Prognosis, Immune Response and Therapeutic Targeting

The presence of somatic POLE proofreading mutations has been associated wit h a 
good prognosis in endometrial cancer [23–25, 34, 39, 40], glioblastomas [30] and 
colorectal tumours [28], even though proofreading-mutated cancers are usually 
high-grade tumours. Pending empirical corroboration (and reporting), this same 
observation is expected in tumours caused by germline polymerase proofreading 
mutations.

Motivated by the excellent prognosis together with the observation that POLE- 
mutated tumours show strikingly high density of tumour-infiltrating lymphocytes 
(TILs), often accompanied by a Crohn-like reaction, researchers hypothesised that 
the immune system was controlling tumour growth and therefore was the primary 
cause of the favourable prognosis of these tumours [22, 24, 40, 41]. Previous studies 
had confirmed that tumour missense mutations can lead to presentation of antigenic 
neo-epitopes by MHC-I molecules, resulting in activation of T-cell-mediated 
 cytotoxicity [42–44]. In fact, POLE-mutated tumours are characterised by a striking 
CD8+ lymphocytic infiltration, a gene signature of T-cell infiltration and upregula-
tion of cytotoxic T-cell effector markers [28, 45]. Moreover, as consequence of the 
high mutation burden, proofreading-mutated tumours are predicted to display more 
antigenic peptides than other tumours [39, 45]. Figure 8.3, taking endometrial can-
cer as example, shows the mechanisms linking proofreading mutations, immune 
response and favourable cancer prognosis [46].

Immune checkpoint inhibition is a relatively new therapeutic strategy that has 
shown promising efficacy in cancer treatment. In particular, significant response 
rates have been observed in mismatch repair (MMR)-deficient CRCs [47], which 
are characterised by a high mutation rate and therefore high neo-epitope load, 
making them more immunogenic (See Chap. 23). Based on the similar, even more 
accentuated, immunogenic properties of polymerase proofreading-mutated 
tumours, together with the presence of CD8+ lymphocytic infiltration, good 
response to immunotherapy was anticipated. Moreover, proofreading-mutated 
tumours show upregulation of genes encoding immunosuppressive checkpoints 
such as PD1 (programmed cell death protein 1), PDL1 (PD1 ligand 1), CTLA4 
(cytotoxic T lymphocyte- associated antigen 4), LAG3 (lymphocyte activation 
gene 3), TIM3 (T-cell immunoglobulin mucin receptor 3) and TIGIT (T-cell 
immunoreceptor with immunoglobulin and ITIM domains) [28], making them 
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Fig. 8.3 Possible mechanism linking polymerase proofreading mutation, immune response and 
favourable cancer prognosis. POLE mutations in endometrial tumours are represented as an exam-
ple (Reproduced from Van Gool et al. [46])
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particularly sensitive to immune checkpoint inhibitors. The efficacy of checkpoint 
inhibitors in the context of germline and somatic polymerase proofreading-
mutated tumours has been proven for several tumour types, even in the presence 
of metastasis [48, 49]. The progressive treatment of additional patients and/or 
their inclusion in clinical trials will unveil the real potential of the immune block-
ade therapy in the treatment of these tumours and the mechanisms of tumour 
resistance to these drugs [19, 50], as reported in melanoma [51]. Also, combina-
tion treatment of immune blockade therapy with radiotherapy, recently demon-
strated to potentiate immune checkpoint inhibition [52, 53], may be worthwhile 
exploring in clinical trials.

6  Clinical Features

The first description of polymerase proofreading-associated polyposis (PPAP) was 
in 2013 [1]. Palles and colleagues described three pedigrees (two of which carried a 
POLE mutation and the other carried POLD1 mutation) which included 23 affected 
individuals. Thirteen patients had colorectal cancer and 19 patients had multiple 
adenomas, with cumulative adenoma numbers ranging from 5 to 68. No extra-
colonic neoplasia was observed in individuals with POLE mutations. In contrast, in 
the family with POLD1 mutation, endometrial cancer was also a feature, diagnosed 
at a median age of 45 years. One subject with the POLD1 mutation was also reported 
to have two primary brain tumours.

Subsequently there have been reports of cohorts carrying the same germline 
POLE mutation and further POLD1 mutation, the phenotypic data of which was 
summarised by Bellido and colleagues [3]. In total 69 carriers from 29 families 
were included. Altogether, the PPAP phenotype appears to be characterised by 
an attenuated adenomatous polyposis of the colorectum (  >  80% of POLE 
and > 60% of POLD1 mutation carriers were diagnosed with ≥ 2 adenomas; on 
average, 16 adenomas), colorectal cancer (60–64% of carriers) and probably 
brain tumours (6%). Phenotypic data regarding the upper gastrointestinal tract 
is limited. Duodenal adenomas were detected in 57% of the 14 patients with 
POLE mutation who underwent upper GI endoscopy. In addition to an intestinal 
phenotype, the POLD1 phenotypic spectrum includes endometrial (57% of 
female carriers) and breast tumours (14% of female carriers). All 21 POLE/
POLD1 mutation carriers without cancer were found to have colorectal adeno-
mas which were resected, suggesting that the colorectal phenotype is strongly 
or completely expressed.

The phenotype of POLE mutation carriers has been expanded with the descrip-
tion of novel mutations not included in the summary by Bellido et al. [3]. Rohlin 
et al. (2014) identified a large family which demonstrated highly penetrant intestinal 
and extra- intestinal tumours, including colon, endometrium, ovaries brain and 
pancreas. The mutation identified in this family is also located in the proofreading 
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exonuclease domain [8]. More recently Hansen et  al. expanded the phenotypic 
spectrum further in a family in which in addition to the colorectum, cancers of the 
ovary, stomach and small intestine were observed. In addition, three cases of early-
onset pancreatic cancer were observed. This novel mutation was also located in the 
exonuclease domain of POLE [6]. The finding of novel mutations with differing 
phenotypes has led some to postulate that a genotype-phenotype correlation may 
exist for POLE. A recent case report has also highlighted a novel POLE mutation 
within the exonuclease domain, which may predispose to a more severe phenotype. 
Wimmer and colleagues described a 14-year-old boy with polyposis and a rectosig-
moid carcinoma; the youngest reported cancer patient with PPAP. Somewhat unusu-
ally the patient had other clinical features which are associated with constitutional 
mismatch repair deficiency, namely, multiple café au lait macules and a pilomatri-
coma [11]. Although the prospect of a POLE genotype-phenotype correlation is 
tempting, the small data set precludes any meaningful conclusions. Finally, a patho-
genic germline mutation outside the exonuclease domain has been described, in an 
individual with young- onset CRC who also had a family history of CRC [20].

Although our understanding of genotype and phenotype is improving, the data 
on patients with PPAP remain sparse. It is difficult to draw meaningful conclusions 
regarding cancer penetrance in such a small dataset. Conclusions are further 
 hampered by the undoubted presence of ascertainment bias in the studies. The 
 phenotype does appear to overlap with an attenuated adenomatous polyposis syn-
drome, as well as Lynch syndrome. In contrast to Lynch syndrome the cancers aris-
ing in PPAP are usually microsatellite stable, arising due to chromosomal instability, 
with driver mutations in genes such as APC and KRAS.

7  Clinical Management

7.1  Genetic Testing

There are currently no clear recommendations to guide as to who should undergo 
genetic testing to look for mutations in the PPAP genes. The limited data regarding 
phenotype of PPAP makes any firm recommendations difficult. Bellido and col-
leagues have provided proposed criteria for genetic testing [3] (Table  8.3). It is 
likely however that with the more widespread use of next-generation sequencing 
and multigene panel testing for cancer and polyposis assessment, that strict criterion 
for testing may not be required.

For those families where a pathogenic mutation is identified, predictive genetic 
testing may be performed. Again there is no consensus as to what age this should be 
offered, but given the phenotypic data, it would seem reasonable to offer predictive 
testing around the age of 14–16 years.
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7.2  Surveillance

Consensus is lacking as to how patients with PPAP should be managed clinically, 
again reflecting the paucity of phenotypic data and lack of clarity regarding cancer 
penetrance. However, the manifestation of colorectal adenomas described in the 
second decade and the increased risk and multiplicity of CRCs from the third decade 
of life, colonoscopy surveillance is advised. It has been proposed that this should 
consist of colonoscopy every 1–2 years from the age of 18 years [3, 54], which 
seems a very reasonable approach, although the report from Wimmer et al. [11] may 
suggest that an earlier start may be required with carrying the POLE p.Val411Leu 
mutation. Whether or not prophylactic surgery is required will depend upon the 
individual patient’s phenotype, which will also dictate the choice of prophylactic 
surgical intervention required. This decision-making regarding surgery can be based 
on the phenotype parameters that have been employed in FAP [55]; using this guid-
ance it is likely that for most individuals with PPAP requiring prophylactic surgery, 
colectomy and ileo-rectal anastomosis would be appropriate. No strong recommen-
dations can be given regarding surgical choice in those known to have PPAP who 
develop CRC. The choice between segmental or more extensive surgery will depend 
on the individuals colorectal phenotype, predicted functional outcome and possible 
metachronous CRC risk.

The high prevalence of duodenal adenomas and the reports of duodenal cancer 
suggest that upper GI tract surveillance is also recommended, as is performed in 
patients with FAP. This would comprise initiating upper GI endoscopy (usually with 
a side-viewing endoscope) from the age of 25 years, with the surveillance interval 
being the shortest of that as determined by the Spigelman stage and the presence or 
absence of ampullary pathology (Tables 8.4a and 8.4b).

Bellido and colleagues also suggested the need for extra-intestinal surveillance 
and proposed adding endometrial cancer screening beginning at age 40 years 
for POLD1 female carriers [3], although not stated this would likely be using 
 transvaginal ultrasound with endometrial sampling. This may seem reasonable but 

Table 8.3 Proposed criteria for genetic testing [3]

POLE POLD1

Attenuated adenomatous polyposis
Amsterdam I criteria (CRC only)
CRC and oligopolyposis both diagnosed 
under age 50 years
CRC or oligopolyposis and FDR with CRC 
under 50 years
CRC or oligopolyposis and >/= 2 first or 
second degree relatives with CRC 
regardless of age

Attenuated adenomatous polyposis
Amsterdam II criteria (CRC and EC)
CRC < 50 years or EC <60 years and 
oligopolyposis <50 years
CRC or EC or oligopolyposis and FDR 
CRC < 50 years or EC < 60 years
CRC or EC or oligopolyposis and >/= 2 first or 
second degree relatives with CRC or EC, 
regardless of age

Oligopolyposis, 5–20 adenomas; attenuated polyposis, 20–100 adenomas
CRC colorectal cancer, EC endometrial cancer
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one should be mindful that there is no evidence to support gynaecological screening 
in Lynch syndrome (although it is performed in some centres) and that many instead 
recommend a discussion regarding risk-reducing gynaecological surgery [56]. 
The reported predisposition to breast cancer means that it is unlikely to fall into the 
risk category that would require routine screening. However if familial clustering is 
observed, then individual families may meet local/national guidelines for screening 
on the basis of their family history alone. Certainly awareness and self-examination 
should be encouraged in female mutation carriers.

No doubt as our understanding of this condition evolves, more extensive clinical 
guidelines will be developed (Fig. 8.3).
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Chapter 9
Adenomatous Polyposis Syndromes: 
MUTYH-Associated Polyposis

Maartje Nielsen and Stephan Aretz

Abstract MUTYH-associated polyposis was first described in 2002. It is inherited 
recessively, and patients usually develop between tens and hundreds of adenomas 
throughout life. The risk of developing colon cancer when surveillance is not started 
in time is very high. In this chapter the clinical aspects, cancer risk, mutation spec-
trum, risk for heterozygotes and tumour characteristics will be described.

Keywords MUTYH- associated polyposis (MAP) · Polyposis · MUTYH

1  General

MUTYH-associated polyposis (MAP, OMIM 608456) is an autosomal recessive 
inherited disease caused by germline mutations in the MUTYH gene. DNA base 
excision repair (BER) plays a vital role in the cellular defence against oxidative 
damage. It was discovered in 2002, when, after identifying an excess of somatic 
G > T transversions (especially GAA > TAA) in the APC gene in adenomas in a 
Welsh family, Al-Tassan et al. suspected an underlying MUTYH deficiency. Next, 
patients from this family were indeed shown to harbour biallelic MUTYH germline 
mutations [1].
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2  Genetics

The MUTYH gene is a BER gene located on chromosome 1p34.1. There are three 
major MUTYH transcripts (α, β and γ) and at least ten isoforms of the MUTYH 
protein (429–549 amino acids) [2, 3]. The longest transcript variant, 
NM_001128425.1 (alpha 5), is being used as the coding DNA reference.

MUTYH is the only protein that recognizes an 8-oxo-7,8-dihydro-2′-
deoxyguanosine (8-oxodG) incorporated opposite to a adenine (8-oxoG:A mis-
match) and excises the undamaged (but misincorporated) adenine base using a 
base-flipping mechanism preventing the G:C > T:A transversion from occurring in 
the next replication round [4] (Fig. 9.1). DNA polymerases can subsequently restore 
an 8-oxoG:C pair that can be acted upon by another BER-glycosylase, OGG1, to 
replace the oxidized guanine with a guanine. Since OGG1 preferentially excises 
8-oxoG opposite cytosine and not adenine, MUTYH indirectly promotes 8-oxoG 
repair by OGG1 [5].

Until now more than 100 different MUTYH variants have been described 
(see LOVD database, http://chromium.lovd.nl/LOVD2/colon_cancer/home.
php?select_db=MUTYH). However, two European founder mutations, c.536A>G 
(p.Tyr179Cys) in exon 7 and c.1187G>A (p.Gly396Asp) in exon 13, predominate 
in the Western world and are found in 70–90% of MAP patients, depending on the 
geographic region [6, 7]. To date, these pathogenic variants have not been found 
in Japanese, Koreans or Jewish individuals of European origin [8–11]. Several 
other founder mutations have been reported (Table  9.1). The heterozygous fre-
quency in normal controls is reported to be 1–2% in a UK cohort and Australian/
Canadian/US cohorts [1, 12]. In the ExAC (Exome Aggregation Consortium) 
 database though, the reported heterozygous frequency for 35 reported (likely) 

G C

0 Replication round  1
Replication  round 2

G A G T
Oxidation

G C

OGG1 MUTYH

Fig. 9.1 Three-component system of 8-oxoG repair. The MUTYH protein recognizes 8-oxoG:A 
base pair and excises the improperly incorporated adenine during replication, after which other 
reparation proteins can place a cytosine opposite the 8-oxoG. OGG1 then excises the 8-oxoG from 
the 8-oxoG:C base-pair
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pathogenic MUTYH mutations, including the common two founder mutations, is 
somewhat less, about 0.8%.

Functional studies have shown that the p.Y179C mutation has a worse effect on 
the glycosylase function than the p.G382D mutation [1]. In fact, individuals with 
homozygous p.Y179C have a more severe phenotype than homozygous p.G396D, 
showing a younger age of onset (mean age of CRC diagnosis of 46 years compared 
to 58 years) [15]. A recent study in Italian patients showed an even more severe 
phenotype for MAP patients carrying the p.Glu480del mutation than those carrying 
p.Gly396Asp and/or p.Tyr179Cys, as they presented with a younger age at polyp 
diagnosis [17]. So far, these genotype-phenotype correlations do not support differ-
ences in surveillance.

Missense mutations are common in the MUTYH gene; therefore, their classifica-
tion as pathogenic usually requires functional studies that assess their effect, com-
plete or partial, on the glycosylase activity [11, 23–28].

3  Clinical Characteristics

Most reported MAP patients have between 10 and 500 polyps, although MAP 
patients with very few polyps in combination with CRC or very rarely with multiple 
hundreds of adenomas as in classical familial adenomatous polyposis (FAP) have 
also been described [29–34]. The diagnosis of the colorectal polyposis in MAP 
patients is made at an average age of 48. Colorectal carcinoma is present in about 
60% of reported MAP patients at the time of diagnosis [35–37]. Estimates indicate 
that the risk of CRC in MAP patients is about 43% at age 60 and the lifetime risk is 
assumed to be close to 100% in the absence of timely colon surveillance [31, 38]. 
The high number of adenomas is most likely responsible for this increased cancer 
risk. As occurs in Lynch syndrome, MAP adenomas seem to display an accelerated 
progression to carcinomas [39].

Table 9.1 MUTYH founder mutations in patients from different ethnical backgrounds [10, 11, 
13–22]

Ethnical background/country of origin Coding DNA annotation Protein annotation

Western countries c.536A>G
c.1187G>A

p.Gly396Asp
p.Tyr179Cys

Pakistani c.312C>A p.Tyr104*
Northern European c.1147delC p.Ala385Profs*23
Dutch c.1214C>T p.Pro405Leu
Italian c.1437_1439del p.Glu480del
British Indian c.1438G>T p.Glu480*
Spanish, Portuguese and Tunisian c.1227_1228dup p.Glu410Glyfs*43
Spanish, French, Brazilian deletion of exons 4–16
Japanese, Korean c.1118C>T

c.857G>A
p.Ala373Val
p.Gly286Glu

*indicates that the amino acid is predicted to change to a stop codon (Ter)

9 Adenomatous Polyposis Syndromes: MUTYH-Associated Polyposis
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Population-based studies show that MAP is responsible for 0.4% of all colon 
cancers and up to 1–2% of familial and early-onset (i.e. <50 years) colorectal can-
cers. It is noteworthy that of the MAP patients that have been discovered in popula-
tion colorectal cancer studies, half had no or only a few polyps, indicating a possible 
role for other genetic or external modifiers in the development of adenomas [31, 32, 
38, 40–44].

Besides colorectal cancer, higher risks for several other malignancies and benign 
tumours have been described. In a large retrospective European study of 276 MAP 
patients, standard incidence ratios for several tumours were calculated [45]. It was 
shown that the prevalence of duodenal polyposis in the MAP patient cohort was 17%, 
and the cumulative risk of duodenal carcinoma was 4%, comparable to that in APC-
associated polyposis [45]. In a recent retrospective study (combined UK/Netherlands 
series) in 92 MAP patients, duodenal adenomas were detected in 31 patients (34%) 
at a median age of 50 years. At first diagnosis a majority of these (84%) had few 
small polyps, without high-grade dysplasia or villous features (Spigelman stages I or 
II). Subsequent evaluation showed disease progression in a minority of the cases, as 
only 2/18 patients reached Spiegelman stage IV in the follow-up (9.5 years) [46].

Win et al. analysed 266 probands (91% Caucasians) with an MUTYH mutation 
(41 biallelic and 225 monoallelic) from the Colon Cancer Family Registry, includ-
ing Australian, US and Canadian patients. Hazard ratios (HRs) and 95% confidence 
intervals (CIs) were calculated for biallelic and monoallelic MUTYH mutation car-
riers. Moreover, Win et al. and Vogt et al. reported a significant increased risk for 
urinary bladder cancer (HR = 19; standardized incidence ratio (SIR) = 7) and ovar-
ian cancer risk (HR = 19; SIR = 6) [47, 45] (Table 9.2).

In a European cohort, a significant increased risk for skin cancer (SIR = 2.8), 
including melanomas, basal cell carcinomas and squamous cell carcinomas, was 
also reported, as well as a significant increase in the incidence of breast cancer 
(SIR = 3.0; 95% CI, 1.5–5.3). This breast cancer incidence was only significant 
increased when the number of breast cancers was weighed instead of the number of 
affected women. So far, surveillance recommendations have not been modified 
based on these findings. Other tumours found in MAP patients include sebaceous 
gland tumours which are present in about 2% of patients [45]. Notably, these are 
also relatively often found in patients with Lynch syndrome and can be regarded as 
marker lesions of both syndromes [48].

A study from the USA revealed abnormal thyroid ultrasound examinations in 16 
of 24 MAP individuals: a multinodular goitre in 7, and a single nodule in 6. Three of 
the 24 patients were diagnosed with papillary thyroid cancer (abstract Laguardia, 
described in [49]). Only two individuals with thyroid cancer were found in a cohort of 
276 persons with MAP; a third individual with thyroid cancer was reported elsewhere 
[50, 45]. A high incidence of thyroid cancer was not found by others and may point to 
possible selection bias in the US study. More research is needed to clarify this risk.

Few MAP patients display FAP-related clinical features. Jaw-bone cysts have 
been reported in 3–4% (11/276) individuals with MAP [45] and congenital hyper-
trophy of retinal pigment epithelium (CHRPE) in 5.5%. This last figure may also 
include misdiagnoses since pigment anomalies of the retina are quite frequent in the 
general population [51].

M. Nielsen and S. Aretz



139

Ta
bl

e 
9.

2 
E

xt
ra

co
lo

ni
c 

ca
nc

er
 r

is
k 

re
po

rt
ed

 in
 M

U
T

Y
H

 b
ia

lle
lic

 a
nd

 m
on

oa
lle

lic
 m

ut
at

io
n 

ca
rr

ie
rs

 [
47

, 4
5]

B
ia

lle
lic

 M
U

T
Y

H
 p

at
ie

nt
s 

(M
A

P)
M

ed
ia

n 
ag

e 
at

 
di

ag
no

si
s 

(r
an

ge
)

C
um

ul
at

iv
e 

ri
sk

 a
t a

ge
 7

0/
75

M
on

oa
lle

lic
 M

U
T

Y
H

 
(h

et
er

oz
yg

ot
es

)
C

um
ul

at
iv

e 
ri

sk
 

at
 a

ge
 7

0

St
ud

y
V

og
t e

t a
l. 

SI
R

, 
(9

5%
 C

I)
W

in
 e

t a
l. 

H
R

, 
(9

5%
 C

I)
V

og
t e

t a
l.

V
og

t-
 W

in
 e

t a
l. 

(9
5%

 C
I)

W
in

 e
t a

l.
W

in
 e

t a
l.

D
uo

de
na

l c
a.

12
9 

(1
5.

7–
46

5.
9

N
A

61
 (

56
–6

5)
4%

 –
 N

A
N

A
N

A
B

la
dd

er
 c

a.
7.

2 
(2

.0
–1

8.
4)

19
 (

3.
7–

97
)

61
 (

45
–6

7)
6%

 (
0–

12
) 
♂ 

an
d 
♀ 

– 
25

%
 

(5
–7

7%
) 
♂ 

an
d 

8%
 (

2–
33

%
) 
♀

N
A

N
A

a S
ki

n 
ca

.
2.

8;
 (

1.
5–

4.
8)

N
A

58
 (

30
–7

1)
17

 (
4–

29
) 

– 
N

A
G

as
tr

ic
 c

a.
4.

2 
(0

.9
–1

2.
3)

N
A

38
 (

17
–4

8)
1 

(0
–3

) 
– 

N
A

9.
3 

(6
.7

–1
3)

5%
 (

4–
7)

 ♂
 2

.3
%

 
(1

.7
–3

.3
%

) 
♀

H
ep

at
ob

ili
ar

y 
ca

.
N

ot
 in

cr
ea

se
d

N
A

N
A

N
A

4.
5 

(2
.7

–7
.5

)
3%

 (
2–

5%
) 
♂ 

1%
 

(0
.8

–2
.3

%
) 
♀

Pa
nc

re
at

ic
 c

a.
N

A
N

A
N

A
N

A
2.

3 
(0

.2
–4

.1
)

N
A

B
ra

in
 c

a.
N

A
N

A
N

A
N

A
2.

1 
(0

.9
–4

.9
)

N
A

R
en

al
 p

el
vi

s/
ki

dn
ey

 c
a.

N
A

N
A

N
A

N
A

2.
3 

(0
.1

–3
.1

)
N

A

O
va

ri
an

 c
a.

5.
7 

(1
.2

–1
6.

7)
17

 (
2.

4–
11

5)
51

 (
45

–5
6)

14
%

 (
2–

65
%

) 
– 

N
A

N
A

E
nd

om
et

ri
al

 c
a.

4.
6 

(0
.6

–1
6.

5)
N

A
1 

(4
7–

54
)

3 
(0

–7
) 

– 
N

A
2.

1 
(1

.1
–3

.9
)

3%
 (

2%
–6

%
)

B
re

as
t c

a.
3.

0 
(1

.5
–5

.3
)

N
A

53
 (

45
–7

6)
25

 (
0–

51
) 

– 
N

A
1.

4 
(1

.0
–2

.0
).

11
%

 (
8–

16
%

)
Pr

os
ta

te
 c

a.
N

A
N

A
N

A
N

A
0.

5 
(0

.3
–1

.0
)

N
A

A
bb

re
vi

at
io

ns
: c

a 
ca

nc
er

, N
A

 n
ot

 a
na

ly
se

d 
be

ca
us

e 
un

de
rp

ow
er

ed
, ♂

 m
al

e,
 ♀

 f
em

al
e

a I
nc

lu
di

ng
 m

el
an

om
as

, s
qu

am
ou

s 
ep

ith
el

ia
l c

ar
ci

no
m

as
 a

nd
 b

as
al

 c
el

l c
an

ce
rs

9 Adenomatous Polyposis Syndromes: MUTYH-Associated Polyposis



140

4  MUTYH Heterozygotes

As already mentioned, the frequency of monoallelic MUTYH mutations in the gen-
eral population is about 1–2%. These individuals will not develop polyposis, but a 
marginally increased risk (OR = 1.1–1.2 in meta-analyses) for developing CRC has 
been shown in large population-based studies [49, 33, 34]. First-degree relatives of 
MAP patients consequently show higher risks (OR = 2–3) due to a potential cluster-
ing of risk factors in a family-based setting [52–55]. A cumulative CRC risk through 
age 70 of 7.2% for heterozygous males and 5.6% for heterozygous females was 
shown in a large family-based study consisting of 9504 relatives of MAP patients, 
independent of family history. For individuals with a first-degree relative diagnosed 
with sporadic CRC before age 50 years, the risk of CRC was 12.5% for men and 
10% for women [55]. This was significantly higher in comparison with males and 
females from the general population (2.9% and 2.1%, respectively) in this study.

Heterozygous MUTYH mutation carriers in a MAP family should therefore be 
advised to undergo screening based on their family history. This includes taking part 
in population CRC screening or every-5-year colonoscopy starting from age 45, 
when CRC is present in non-MAP first-degree relatives.

A number of studies showed an increased risk of breast cancer for MUTYH het-
erozygotes, including large family-based studies [47, 56, 57]. A two-time higher 
frequency of monoallelic MUTYH mutations in families with both breast and 
colorectal cancer compared with the population has also been reported [58]. A 
slightly increased HR and cumulative risk for monoallelic MUTYH mutation carri-
ers in gastric, hepatobiliary, endometrial and breast cancer have been reported by 
Win et  al. (Table  9.2). Others did not find an association between MUTYH and 
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Fig. 9.2 Detection rate of biallelic MUTYH mutations (Adapted from meta-analysis in 
GeneReviews Nielsen et al.)
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breast cancer or hepatocellular carcinoma which may also be due to the lack of 
power given the small increase and small sample size in these studies [59–61]. 
Furthermore, the cumulative risk for these cancers does not designate the need for 
surveillance advice.

Finally, recent studies of adrenocortical (ACCs) and neuroendocrine (NET) 
tumours of the pancreas found an unexpectedly high number of MUTYH heterozy-
gotes, 2 out of 45 (4%) and 8 out of 160 (5%), respectively. In all tumours loss of 
heterozygosity (LOH) of the second allele was present. Moreover, these tumours 
showed the G > T transversion mutational profile, similar to the MUTYH-associated 
signature (COSMIC: signature 18), supporting the role of MUTYH in the tumori-
genesis [62, 63]. Previously, no ACCs, pancreas carcinomas or NETs were reported 
in 176 biallelic MUTYH patients. Notably, Scarpa et al. did not identify the MUTYH 
mutational signature or pattern in 100 pancreatic ductal adenocarcinomas using the 
same analysis pipeline [63]. A nonsignificant hazard ratio for pancreatic cancer 
(HR = 2.3 95% CI = 0.2–4.1) in monoallelic mutation carriers has been reported, 
although histology was not mentioned in these cases [47].

Recently, an increased spontaneous mutation frequency in lymphoblastoid cell 
lines (LCLs) has been shown for heterozygous p.Tyr179Cys and p.Arg245His 
 carriers compared to controls [64] supporting the notion that these patients might 
also have a higher risk for tumorigenesis.

5  Diagnosis of MAP

The chances of finding MUTYH biallelic mutations strongly depends on the number 
of adenomatous polyps identified in the patient (Fig. 9.2) and the pattern of inheri-
tance. Since MAP is an autosomal recessive disease, the disease usually manifests 
itself in a single generation (with siblings). Exceptionally, biallelic mutations can 
occur in successive generations (pseudodominant pattern; see, for example, pedi-
gree in Fig. 9.3) [36]. This option should be considered if no APC mutation is being 
found in families with 10–500 polyps in two generations or in consanguineous 
families.

Polyposis 42 
yrsG382D
/G382D

Polyposis
G382D
/G382D

Polyposis 40 yrs
G382D/
G382D

CRC 70, polyposis
G382D/ 
G382D

Polyps from 63
G382D/
G382D

Polyposis 46 yrs
G382D/
G382D

CRC 56 and 
Polyposis from 63
Not tested 

1 adenoma 49 yrs

1 adenoma 
69 yrs

Fig. 9.3 Example of a MAP family with a pseudodominant pattern of inheritance
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In most cases, MAP will be detected in isolated polyposis cases or an affected 
sibling. Usually, MAP patients have more than ten synchronous adenomatous 
colorectal polyps at time of detection. In patients with CRC and no or only a few 
polyps, the a priori likelihood of an underlying MAP is low; however, this increases 
considerably when the somatic KRAS hotspot mutation c.34 G > T in codon 12 
(exon 1) is present in the tumour. It is important to know that adenomas as well as 
hyperplastic polyps can be present in MAP patients [65]. Recently, a study from 
Ohio reported that an important part of MAP patients under surveillance showed 
studding of hyperplastic polyps (10 out of 16 MAP patients) [66].

6  Tumour Characteristics

The characteristics of MAP carcinomas are somewhat comparable to Lynch and 
sporadic mismatch repair deficient tumours, with a frequently proximal location in 
the colon, secondary colon cancers, a high number of tumour-infiltrating lympho-
cytes and relatively often mucinous histotype [15] (Fig. 9.4).

The high number of tumour-infiltrating lymphocytes suggests an increased 
immune response, which might also be an explanation for the finding that MAP 
patients with colorectal carcinoma show a significantly better survival than sporadic 
cases, as has also been demonstrated in Lynch patients [67]. As in Lynch syndrome, 
the higher somatic mutation load in the tumours might cause modified (frameshift) 
peptides which might activate the immune system more early and more effective 
than in cancers without an early-onset DNA repair defect. Indeed, comparable to 
MMR- deficient colorectal tumours, loss of HLA class I expression is a frequent 
event in MAP carcinomas. This indicates that evasion of the activated immune sys-
tem is an important step in MAP tumorigenesis because the extensive mutagenic 
background of these tumours most likely triggers a strong selective pressure favour-
ing the outgrowth of tumour cell clones with an immune evasive phenotype [68].

Only few studies investigated the molecular features of MAP tumours. In two 
studies analysing a limited number of cancer genes, mostly APC (14–83%, with a 

Fig. 9.4 Multiple polyps and two carcinomas in a 60-year-old female MAP patient. Picture show-
ing adenocarcinoma of the ascending colon, marked lymphocytic infiltrate on the right (2× 
enlarged) and Crohn’s-like infiltrate on the left (20× enlarged) (Depicted from: http://www.heredi-
tarypathology.org, with courtesy of Prof. Dr. Hans Morreau, LUMC)
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predilection for G bases in AGAA or TGAA motifs) and KRAS mutations were 
found and, to a lesser extent, TP53 and SMAD4 mutations (21–60% and 0–26%, 
respectively) [67, 69]. An important characteristic for MUTYH carcinomas is a 
KRAS hotspot mutation, c.34G>T in codon 12, present in about 60% of all MAP 
CRCs [43]. This mutation is present in only 8% of sporadic tumours [70], and a 
germline mutation analysis of MUTYH should therefore be strongly considered if 
this mutation is present [43].

In contrast to APC-related tumorigenesis, either sporadic or inherited, MUTYH- 
associated tumours are often near-diploid (52–92%) [69, 71] and frequently have 
chromosomal regions of copy-neutral loss of heterozygosity (LOH) (71%) [71].

MAP has been identified in 7/225 (3%) families meeting Lynch-like syndrome 
criteria [20]. Microsatellite instability (MSI) or DNA mismatch repair (MMR) defi-
ciency can be present in MAP tumours, as described in two small studies (MSI-high 
phenotype in 1/3 and 1/6 MAP CRCs, respectively), and is usually caused by 
somatic (biallelic) MMR mutations due to the underlying DNA repair defect. One 
study also found a MAP patient when analysing 85 previously unresolved patients 
with MMR deficient tumors [74] MMR-deficient tumours should therefore not be 
an exclusion criterion for MUTYH genetic screening. See Fig. 9.5 for an example of 
a Lynch-like family that turned out to be a MAP family [75].

When analysing the mutation spectrum for 409 cancer-related genes in two 
CRCs from individuals with biallelic MUTYH germline mutations, Weren et  al. 
showed that tumours had four and three somatic driver mutations, respectively, of 
which the majority (5/7) involved C:G > A:T transversions. Mutations were present 
in ADAMTS20, PIK3CG, SMAD4, SMARCA4, APC, KRAS and NLRP1 [76].

Rashid et al. focused on the early evolution of adenomas from MAP (and FAP) 
patients. Whole-exome analysis of colorectal adenomas (eight MAP and six FAP) 

Fig. 9.5 MAP can mimic Lynch phenotype with pseudodominant pattern of inheritance [75]
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and normal tissue DNA of MAP and FAP patients was done. Additionally, targeted 
next-generation sequencing of 20 oncogenes and direct automated sequencing of 
WTX and KRAS were performed in 55 adenomas (33 MAP, 22 FAP) [77]. This study 
showed that MAP adenomas have approximately two to four times more coding 
somatic mutations than FAP adenomas. The mean somatic mutational burden was 
0.65 mutations per megabase (Mb) compared to 0.16 mutations per Mb in FAP 
adenomas (p  <  0.014), being MUTYH-associated mutations overwhelmingly 
G:C > T:A changes. The most frequently mutated gene, harbouring a somatic muta-
tion in 50% of analysed tumours, was APC, followed by WTX, mutated in 17% of 
MAP adenomas. Only 4 of the 33 adenomas had KRAS mutations and all four were 
the p.G12C transversion. Other genes that were mutated in MAP adenomas include, 
among others, FBXW7, MAP3K5 and APOB [77]. In FAP, tumour suppressor genes 
undergo allelic loss as a second hit, rather than being disrupted by point mutations 
as occurs in MAP [78].
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Chapter 10
Adenomatous Polyposis Syndromes: 
NTHL1-Associated Polyposis / Tumor 
Syndrome

Maartje Nielsen and Stephan Aretz

Abstract In 2015 a second recessive inheritable form of polyposis was described, 
caused by mutations in the base excision repair gene, NTHL1. So far only 12 affected 
individuals have been described. Most had between 10 and 50 adenomas and two 
thirds had already developed CRC.  Other cancers described include breast and 
endometrial cancer. In this chapter the clinical characteristics, genetics, tumor char-
acteristics, and prevalence will be discussed.

Keywords NTHL1- associated polyposis · NAP · NTHL1 tumor syndrome · NAT 
Polyposis · CRC

Thirteen years after the discovery of the MUTYH-associated polyposis, a second 
recessive inherited form of adenomatous polyposis was discovered in 2015. Using 
a whole-exome sequencing approach in unsolved polyposis patients, biallelic muta-
tions in the NTHL1 gene were detected in three polyposis patients from unrelated 
Dutch families. The NTHL1 protein, similar to MUTYH, is involved in base excision 
repair. This syndrome was named NTHL1-associated polyposis (NAP, OMIM 
616415), but since there is a wide tumor spectrum besides polyps, it can also be 
named NTHL1-associated tumor syndrome (NAT).
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1  Clinical Characteristics

At the moment, including the first clinical report, biallelic NTHL1 mutations have 
been reported in 12 affected individuals from 8 different families [1–5].

Almost all patients described until now had between 10 and 50 polyps, although 
1 patient only had 8 adenomatous polyps. Furthermore, one of the patients reported 
had 5 hyperplastic polyps next to more than 15 adenomatous polyps [2]. The age of 
diagnosis was between 40 and 67 years in reported cases. In 8 of 12 patients, CRC 
was reported (age range 40–67 years). Four patients developed a second CRC.

Furthermore, extracolonic tumors were reported in the majority of the carriers 
(n = 8/12), including duodenal cancer (n = 1, 52 years), endometrial cancer (n = 2, 
57–74  years), breast cancer (n  =  3, one bilateral, 47–58  years), bladder cancer 
(n = 2, 44–66 years), meningioma (n = 2, 47 and 54 years), basal cell carcinoma 
(n = 3, 52–63 years), and others which have been reported only once. Benign tumors 
included, among others, multiple duodenal adenomas in one patient and a parotid 
gland tumor in another one [1–5].

2  Surveillance

Currently the same surveillance scheme as for MAP has been advised (see Chap. 20 
for MAP recommendations). Annual screening from age 40 for the breasts and 
endometrium might be added for females in the future, but reporting of additional 
carriers is required to establish more accurate risks for specific extracolonic tumors.

3  Genetics

The NTHL1 gene is located on chromosome 16p13.3. Until now three different, all 
truncating, germline mutations have been reported (Table 10.1). The NTHL1 protein 
is a base excision repair protein involved in repairing a number of oxidized bases, 
although it is not clear at the moment which oxidation product is target for NTHL1. 
A fraction of NTHL1 double-knockout mice develop liver (about 15%) and lung 
tumors (2–4%) during the second year of life, and the KRAS GGT to GAT transition 
was detected in DNA isolated from the lung tumors [6]. Similarly, C:G > T:A transi-
tions were found when analyzing tumors of NTHL1-associated patients [1, 4].

Table 10.1 Biallelic NTHL1 mutations reported in patient groups

1.5% 3/197 Polyposis patients NL [1]
2.27% 2/88 Polyposis patients ES [2]
0% 0/134 Polyposis patients UK [11]
0.12% 1/863 Early-onset familial CRC cases UK [5]
0% 0/523 Familial mismatch repair-proficient nonpolyposis CRC ES [2]
0% 0/48 Amsterdam-positive families ES [2]
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It had been previously reported that the NTHL1 protein is involved in repairing a 
number of oxidized bases, including thymine glycol and 2,2,4-triamino-5(2H)-oxazo-
lone (Oz), an oxidation product of 8-oxoG that causes G-to-C transversions in DNA 
[7, 8]. Since these mutations were not seen in NTHL1 knockout mice, the existence of 
a yet unidentified oxidatively modified base was speculated, whose repair is mediated 
by NTHL1 and whose mutagenic properties lead to GC > TC transitions [6].

4  Tumor Characteristics

To assess the somatic mutation spectra in 3 carcinomas from NAP individuals, a cancer 
panel analysis of 409 cancer-related genes was performed. In total, 13 to 17 somatic 
mutations per tumor were found. All three carcinomas carried mutations in APC, TP53, 
KRAS, and PIK3CA. The number of mutations was higher than that reported in MAP 
carcinomas in the same study, although lower than that previously reported for hyper-
mutated tumors. Notably, 15 of the 16 reported mutations in the driver genes were 
C:G > T:A transitions, significantly higher than in controls and similar to what has previ-
ously been described in mouse studies [9]. The tumors studied from another reported 
NAP patient were also enriched for somatic C:G > T:A transitions [4]. A causal link 
between NTHL1 deficiency and mutational signature 30 (COSMIC) has been recently 
described by clonal outgrowth of colon organoids with NTHL1 knock-out [12].

5  Prevalence

Almost all detected NAP patients were found among polyposis patient cohorts. 
Weren et al. analyzed 48 index polyposis patients using whole-exome sequencing, 
finding biallelic mutations in the index cases of 3 different families. A subsequent 
analysis in 149 polyposis patients did not yield any additional biallelic NTHL1 
mutation carriers [1].

Belhadj et al. found 2 biallelic carriers of c.268C>T (p.Gln90*) in 88 polyposis 
patients of Spanish descent. The recurrent mutation was not detected in homozygo-
sis or as compound heterozygote in a cohort of 523 familial mismatch repair-profi-
cient nonpolyposis CRCs, including 48 Amsterdam-positive families [2].

Broderick et al. found a biallelic NTHL1 mutation in a 41-year-old male case 
with coincident polyposis among 863 early-onset familial CRC cases, with no other 
CRC/polyposis germline gene mutation found previously with whole-exome 
sequencing. No inactivating homozygotes or compound heterozygotes were found 
among 1604 controls [10].

Only one NTHL1 biallelic mutation has been found in cohorts of Lynch-like, 
young CRC patients, or CRC families currently without a polyposis phenotype as of 
today (Table 10.1).

The highest prevalence of the p.Gln90* recurrent variant is encountered in sub-
jects of European descent. Weren et al. screened for the Gln90* variant in an addi-
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tional cohort of individuals without a suspected hereditary form of cancer (n = 2329) 
and a mutation frequency of 0, finding a 0.36% of heterozygous carriers. The fre-
quency in the ExAC database, which contains all germline variants identified in 
exomes derived from unrelated individuals of African, Asian, European, or Latino 
descent, is about 0.15% and 0.23% when only including persons from European 
descent. Based on this last percentage, about 1 out of 75,000 persons is expected to 
be homozygous for this mutation in the European population. The most prevalent 
mutation in NTHL1 seems therefore to be more common in individuals of European 
and possible Dutch/UK origin (Table  10.2). However, the identification of the 
mutation in different ethnicities all around the world indicates that it may be a 
mutation hotspot rather than a European founder mutation.

Based on the above findings, NTHL1 genetic testing should be performed in pol-
yposis patients, after screening of MUTYH and APC, or simultaneously, at least for 
the Gln90* recurrent mutation. The prevalence of NTHL1 mutations among (young) 
CRC, familial and nonfamilial, nonpolyposis cases seems to be too low to advise 
specific NTHL1 mutation screening in those patient groups; however, when multi-
gene panel testing is applied for routine genetic testing, NTHL1 should be included.
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Chapter 11
Adenomatous Polyposis Syndromes: 
Germline Biallelic Inactivation of Mismatch 
Repair Genes

Stefan Aretz and Maartje Nielsen

Abstract Early-onset multiple colorectal adenomas or a colorectal adenomatous 
polyposis is a common, but until recently not well-recognized, feature in the major-
ity of patients with constitutional MMR deficiency (CMMRD), a recessively inher-
ited condition caused by biallelic germline mutations in MMR genes, in particular in 
cases with PMS2 and MSH6 mutations. Adenomatous polyps occur in both the small 
intestine and large bowel, the gastrointestinal manifestations are extremely variable 
in numbers and age of onset, and the family history is often inconspicuous regarding 
LS-associated cancers. In particular the presence of high-grade dysplasia, early-
onset cancer, and café-au-lait macules distinguishes this syndrome from ordinary 
adenomatous polyposis forms. An attenuated adenomatous colorectal and duodenal 
polyposis was also present in all individuals with a novel rare, autosomal recessive 
polyposis syndrome caused by biallelic MSH3 germline mutations and characterized 
by a specific type of microsatellite instability (EMAST) in tumor tissue.

Keywords Hereditary tumor syndrome ·  CMMRD · MSH3 · Childhood cancer

Biallelic germline mutations in the Lynch syndrome-associated mismatch repair 
(MMR) genes lead to constitutional MMR deficiency (CMMRD), a recessively 
inherited tumor syndrome with a different phenotype characterized by multiple 
tumors and childhood onset [1, 2] (see Chap. 3). Interestingly, increasing evidence 
suggests that a number of affected individuals present with features overlapping 
those of colorectal adenomatous polyposis.
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1  Genetics

The majority of CMMRD cases published so far (50–60%) and around two thirds of 
those with gastrointestinal manifestations were carriers of a biallelic PMS2 germ-
line mutation [2–4]. Multiple colorectal adenomas or colorectal adenomatous pol-
yposis is a common feature in patients with biallelic PMS2 and MSH6 mutations but 
is rarely described in biallelic MSH2 and almost absent in biallelic MLH1 carriers; 
however, this might be related to the small number of cases, lack of data and short 
follow-up time due to the severe phenotype of MLH1-/MSH2-related CMMRD 
rather than a specific gene-phenotype correlation.

In patients with a CMMRD-associated adenomatous polyposis, all types of loss- 
of- function mutations (truncating, missense, splice sites, large deletions) were 
reported, and all combinations of mutation types are possible. Although a truncating 
or splice site mutation together with a presumed missense mutation was frequently 
found, biallelic truncating or biallelic missense mutations were observed. The 
majority of mutations are private and located in a broad range across the genes. Due 
to the frequency of consanguineous couples, homozygous mutations are common 
[2, 3]. Rarely, a single heterozygous PMS2 germline mutation has been identified 
despite a complete CMMRD phenotype; in other cases variants of unclear clinical 
significance (VUS) precluded a clear genetic diagnosis.

In the vast majority of CMMRD-associated gastrointestinal cancers and extrain-
testinal malignancies (glioblastomas, astrocytomas, bladder cancer, sarcomas), high 
MSI and an IHC result consistent with the mutated gene was found. However, there 
are few exceptions with a combined loss of MMR proteins in the case of MSH6 and 
PMS2 mutations or confirmed cases with MSH-L or even MSS, in particular when 
brain tumors were examined [2, 3].

Germline mutations of other MMR genes have neither been consistently linked 
to a Lynch-like phenotype nor described in cases with a gastrointestinal polyposis. 
Very recently, however, differing compound heterozygous truncating germline 
mutations in the MMR gene MSH3 have been identified in two families with an 
adenomatous polyposis and extracolonic lesions, characterizing a novel rare, auto-
somal recessive polyposis syndrome [5]. Together with MSH2, MSH3 forms the 
DNA mismatch recognition heterodimer MutSß that has a strong affinity for larger 
base-indel loops with up to ten unpaired nucleotides. Consistently, the patients’ 
tumor tissue demonstrated a specific type of microsatellite instability, high micro-
satellite instability of di- and tetranucleotides (EMAST), and immunohistochemical 
staining a complete loss of nuclear MSH3 in normal and tumor tissue, confirming 
the loss-of-function effect and causal relevance of the mutations.

2  Clinical Characteristics

Typically, CMMRD is characterized by early-onset gastrointestinal tumors, 
brain  tumors, hematological malignancies, and features suggestive of neurofibro-
matosis type 1, specifically café-au-lait (CAL) skin macules, and other 
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malignancies including embryonic tumors [1, 2] (see Chap. 3). Since several of the 
extraintestinal manifestations occur at early age and are often fatal, data on the gas-
trointestinal phenotype is obtained from limited patient numbers and somehow 
biased [6]. However, colorectal and small bowel cancers represent a dominating 
tumor type in CMMRD patients which is reported in 40% of cases; in one to two 
thirds, gastrointestinal cancer or adenomas were even the first manifestation of the 
CMMRD  syndrome [1, 3, 7].

The occurrence of multiple gastrointestinal polyps was not always recognized in 
earlier reports; nonetheless, recent data and larger cohorts showed that colorectal 
adenomas are a frequent finding in CMMRD. Only a small minority of patients 
present without any polyps; the vast majority had at least one adenoma. A polyposis- 
like phenotype with multiple adenomas meeting the established diagnostic criteria 
for adenomatous polyposis (>10–15 colorectal adenomas) was observed in about 
one third till 70% of patients [3, 6–8].

Adenomatous polyps have been identified in both the small intestine and large 
bowel. The gastrointestinal manifestations are highly dependent on age of exami-
nation and are extremely variable ranging from single or multiple early-onset 
adenomas (sometimes up to 100) in the first or second decade to few polyps not 
before the third or even fourth decade of life [8]. However, significant findings are 
usually not diagnosed during infancy (below the age of 6–8) [6]. The mean age at 
diagnosis was found to be 14 and 17  years, respectively, with a broad range 
(6–46 years) [3, 8].

The histology reveals tubulous, villous, or tubulovillous adenomas. Although the 
polyps are often asymptomatic, progression from adenoma to carcinoma can be 
rapid indicating an accelerated adenoma-carcinoma sequence for both adenoma for-
mation and the adenoma-carcinoma transition due to the greatly enhanced mutation 
rate in neoplastic and nonneoplastic tissue [1, 8]. In agreement with this, CRC may 
develop within 1–2 years after a normal colonoscopy [7], and most (around 70%) of 
the CMMRD patients with adenomas showed high-grade dysplasia in at least one 
lesion or had synchronous bowel cancer at young age [8].

Duodenal adenomas are found in 5% of cases with a mean age at diagnosis of 
14 years (range 10–32) [8]. Similar to the colorectum, an aggressive phenotype with 
frequent syn- or metachronous, early-onset duodenal, and proximal jejunal adeno-
carcinomas was noticed.

There is no marked gene-phenotype correlation besides the tendency of biallelic 
MLH1 or MSH2 mutation carriers to develop each tumor entity at lower age com-
pared to MSH6 and PMS2 biallelics [8]. It was assumed that patients with a biallelic 
PMS2 mutation had a greater incidence of LS-associated tumors or that LS-associated 
malignancies occurred only in the PMS2 and MSH6 mutation groups, respectively 
[2]; however, these observations might be due to other factors such as the severe 
phenotype of MLH1/MSH2 biallelics resulting in missing data and short follow-up 
time rather than true gene-specific differences. In a recent study including 146 
CMMRD patients, no significant difference in the frequency of LS-associated 
tumors was observed between the genes, but brain tumors occurred significantly 
more often in PMS2 and hematological malignancies significantly more often in 
MLH1-/MSH2-associated CMMRD [8].
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Although attention to the family history is important, pedigrees of CMMRD 
patients often show a paucity of LS-associated cancers or a familial history of can-
cer is lacking at all. Thus, most parents are unaffected, which is in particular due to 
the low penetrance of monoallelic PMS2 and MSH6 germline mutations [1, 2, 6].

As a consequence, until recently the majority of cases with multiple adenomas 
were misclassified as mutation-negative (attenuated) FAP or labeled as having 
Turcot syndrome in the case of a syn- or metachronous brain tumor. However, 
although the gastrointestinal findings might be very similar to simple adenomatous 
polyposis, there are striking differences in the majority of patients.

In particular, the phenotype of CMMRD patients is more severe with often very 
early onset in terms of polyp formation, high-grade dysplasia, syn- and metachro-
nous (CRC) carcinomas, and an uncommon cancer localization (jejunum). Almost 
all patients display Neurofibromatosis 1 (NF1)-like skin macules and many of them 
extraintestinal cancers, so that awareness to extracolonic features, in particular CAL 
macules, is important. In addition, affected siblings and consanguineous parents 
indicate autosomal recessive inheritance [2]. In summary, in particular the presence 
of high-grade dysplasia, early-onset cancer, and CAL macules distinguishes this 
syndrome from ordinary adenomatous polyposis forms.

All four patients with an MSH3-associated polyposis from two unrelated fami-
lies, which have been described recently [5], presented with an attenuated colorectal 
and duodenal involvement and no or late-onset cancer. This is similar to the pheno-
type observed in persons with other subtypes of attenuated adenomatous polyposis 
(MAP, NAP, PPAP, AFAP) and consistent with the findings described in MSH3- 
knockout mice. Interestingly, two of the four carriers are reported to have extraint-
estinal tumors including an early-onset astrocytoma. Since MSH3-induced EMAST 
occurs in different tumor types, there might be a broad clinical overlap with the 
tumor spectrum observed in CMMRD.

Consequently, even in the absence of cancer, a CMMRD syndrome should be 
considered in individuals with childhood-onset multiple colorectal adenomas and 
signs of NF1, if no germline mutation in the established adenomatous polyposis 
genes could be identified. Proposed criteria for CMMRD testing include multiple 
bowel adenomas at age <25 years and absence of APC/MUTYH mutation(s) or a 
single high-grade dysplasia adenoma at age <25 years [8].
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Chapter 12
Adenomatous Polyposis Syndromes: 
Unexplained Colorectal Adenomatous 
Polyposis

Stefan Aretz and Maartje Nielsen

Abstract In a considerable number of patients with clinically confirmed colorectal 
adenomatous polyposis, no germline mutation in known genes can be identified, 
although a genetic etiology is likely. The phenotype of these cases is characterized 
by a more attenuated course, no evident extracolonic manifestations, and an unsus-
picious or unclear family history in at least half of the patients. Diagnostic and 
technical difficulties to identify mutations in established genes might be relevant, in 
particular low-level APC mutational mosaicism seems to be the underlying cause in 
a large fraction of unexplained cases. During the last decades, several efforts had 
been made to uncover further genetic causes. Using different approaches including 
exome sequencing, however, only few and very rare novel genetic subtypes could be 
delineated pointing to extreme genetic heterogeneity. Consequently, large cohorts 
provided by international collaborations and novel analytic strategies are required to 
uncover the genetic basis in those patients.

Keywords Etiology · Mutation negative polyposis · Colorectal cancer 
Classification · Multiple adenomas

Gastrointestinal polyposes are genetically heterogeneous conditions. The likelihood 
to detect a pathogenic disease-causing germline mutation in one of the established 
genes strongly depends on the colorectal phenotype and family history.

In up to 30–50% of patients with a clinically confirmed colorectal adenomatosis 
(>10–15 synchronous adenomas), no germline mutation in known genes can be 
identified. However, the syn- or metachronous occurrence of dozens to hundreds of 
polyps strongly argues for an underlying genetic basis, although it remains unclear 
so far whether the predisposing genetic factors mainly act in a monogenic fashion 
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or contribute as low or moderately penetrant variants to a more complex, oligo/
polygenic trait.

The phenotype of unexplained patients is characterized by a more attenuated 
course, no evident extracolonic manifestations, and an unsuspicious or unclear family 
history in at least half of the patients. However, the detailed presentation strongly 
depends on the inclusion and selection criteria and the extent of clinical examinations 
and shows marked differences between published cohorts. In general, the majority of 
cases exhibit 10–50 adenomas, and the mean age of diagnosis (44–60 years) is 
correlated with the polyp number. A personal history of CRC was reported in 4–49%, 
duodenal adenomas in 0–35%, extraintestinal lesions in 0–14%, and a positive family 
history regarding polyposis of CRC in up to 59% of unexplained polyposis patients 
[1–4].

Reasons for missing a molecular delineation might be diagnostic difficulties. An 
incomplete histologic work-up where an insufficient number of polyps were exam-
ined prevents the evaluation of the dominating polyp histology. Patients with mixed 
polyp types or conditions with a phenotypic overlap such as Lynch syndrome, 
CMMRD, or Peutz-Jeghers syndrome, where multiple adenomas might occur, can 
result in misclassification. In around 8% of patients with more than five colorectal 
adenomas, germline mutations in hamartomatous polyposis-associated genes were 
found [5]. Further reasons are the identification of rare missense variants of unknown 
significance (VUS) [6] or cryptic mutations not discovered by routine methods, 
such as deep intronic mutations [7, 8] or promoter alterations. A considerable frac-
tion of cases might be explained by low- level APC mutational mosaicism [9, 10] 
(see Fig. 6.1 in Chap. 6). Up to one third of unexplained adenomatous polyposis 
showed a decreased allele-specific APC expression pointing to undiscovered APC 
alterations which may include epigenetic changes [11]. There are also speculations 
about environmental factors, in particular late effects of irradiation, that might 
explain few cases [12].

During the last decades, several efforts had been made to uncover further genetic 
causes. Classical approaches to gene identification such as linkage analysis are fea-
sible in a few families only, since most of the cases are sporadic or characterized by 
an uncertain family history and an attenuated course of the disease where parents 
are already deceased [1, 2, 13]. Over the past two decades, a number of candidate 
gene studies have been performed including genes from the Wnt, TGFb, or BER 
pathways without convincing results [3, 6, 14–17]. Neither loss-of-heterozygosity 
(LOH) analyses nor specific somatic mutational profiles could contribute to the 
identification of promising novel genetic causes. Germline mutations in the BUB 
gene family (BUB1B, BUB1, BUB3) were found in patients with gastrointestinal 
tumors and early-onset CRC [18, 19]. Rare germline copy number variants (CNVs) 
and low-penetrant single-nucleotide variants might contribute to the genetic predis-
position for the formation of adenomas [1, 20].

Currently, exome sequencing is considered the most powerful tool for the identi-
fication of new causative genes in Mendelian disorders of unknown etiology [21]. 
The underlying strategies include screening for recurrently mutated genes (overlap 
strategy), the biallelic hit strategy for a suspected recessive inheritance, and the tumor 
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suppressor model in cancer predisposition syndromes (selection of genes which har-
bor both a heterozygous truncating germline mutation and a somatic mutation). 
Those studies were successful in delineating few genetic subtypes, so far [4, 22, 23]. 
However, the data also consistently show that mutations in newly identified causative 
genes associated with adenomatous polyposis are very rare indicating extreme 
genetic heterogeneity. As a consequence, identifying further recurrently mutated 
genes and a more complex genetic architecture will require large cohorts which can 
be provided only by international collaborations and consortia such as the European 
Reference Network (ERN) GENTURIS (www.genturis.eu). In light of the abovemen-
tioned studies, it might be reasonable to carefully exclude APC mutational mosaicism 
and clearly reduced allele-specific APC expression prior to admittance of these 
patients in studies that aim to identify new causative, highly penetrant genes.
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Chapter 13
Hamartomatous Polyposis Syndromes

Joanne Ngeow, Eliza Courtney, Kiat Hon Lim, and Charis Eng

Abstract The hamartomatous polyposis syndromes (HPS) include a small but 
appreciable number of the gastrointestinal hereditary cancer syndromes and are 
characterized by the presence of gastrointestinal (GI) hamartomatous polyps. 
Hamartomatous polyps account for a very small percentage of all GI polyps. They 
arise from excessive proliferation of the epithelial and stromal cells native to the 
tissue of origin and contain components from any of the three germ layers forming 
the intestines. The process underlying the progression of hamartomatous polyps to 
cancer is not fully understood. HPS occur at approximately one tenth of the fre-
quency of adenomatous polyposis syndromes and account for less than 1% of 
colorectal cancer cases, although their prevalence may be higher than originally 
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thought. It is now well recognized that these syndromes confer a substantial risk of 
colonic and extracolonic malignancies, therefore making it important to identify 
individuals with HPS for further risk management.

Keywords Cowden syndrome · Juvenile polyposis · Peutz-Jeghers syndrome · 
PTEN · Hamartomas · Colorectal cancers · Extra-colonic cancer risk

The hamartomatous polyposis syndromes (HPS) include a small but appreciable 
number of the gastrointestinal hereditary cancer syndromes and are characterized 
by the presence of gastrointestinal (GI) hamartomatous polyps. Hamartomatous 
polyps account for a very small percentage of all GI polyps. They arise from exces-
sive proliferation of the epithelial and stromal cells native to the tissue of origin and 
contain components from any of the three germ layers forming the intestines. 
Figure 13.1a–c compares the histological features of hamartomatous polyps, juve-
nile polyps (hamartomatous polyp subtype), and adenomatous polyps. The process 

Fig. 13.1 (a) Hamartomatous polyp. HE X20. Elongated and proliferative glands with branching 
“arborizing” smooth muscle bands. (b) Juvenile polyp. HE X50. Cystic and dilated glands with 
edematous and markedly inflamed lamina propria. (c) Adenomatous polyp. HE X20. Round and 
tubular glands with columnar cells displaying nuclear stratification amounting to low-grade 
dysplasia
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underlying the progression of hamartomatous polyps to cancer is not fully under-
stood. HPS occur at approximately one tenth of the frequency of adenomatous pol-
yposis syndromes and account for less than 1% of colorectal cancer cases [1], 
although their prevalence may be higher than originally thought [2]. It is now well 
recognized that these syndromes confer a substantial risk of colonic and extraco-
lonic malignancies, therefore making it important to identify individuals with HPS 
for further risk management.

HPS predominantly include Peutz-Jeghers syndrome (PJS), juvenile polyposis 
syndrome (JPS), and the PTEN-hamartoma tumor syndromes (PHTS), although 
hamartomatous polyps have also been reported in other syndromes [3]. They are 
autosomal dominant conditions, and although there are clinical criteria available for 
most HPS [4], there are a number of confounding factors that result in atypical pre-
sentations that do not fulfill criteria. These include reduced penetrance, vast inter- 
and intrafamilial variation in expression, and significant de novo rates, where 
individuals have no relevant family history. Furthermore, there are phenotypic fea-
tures shared among HPS, making the ability to differentiate among them sometimes 
difficult. Genetic testing has helped resolve some of these diagnostic complications; 
however, gene mutations cannot be identified in all individuals with HPS and so are 
not used to exclude a diagnosis [3]. It is important for clinicians to be aware of the 
phenotypic features (particularly extracolonic; see Table 13.1) associated with HPS, 
as well as the confounding factors that make diagnostics difficult, so they can offer 
genetic counseling to their patients where appropriate.

In this chapter, we will describe the clinical characteristics and genetics for the 
three aforementioned HPS, as well as the current risk management recommenda-
tions for each.

1  Peutz-Jeghers Syndrome

1.1  Clinical Characteristics

PJS (OMIM 175200) is characterized by the presence of the so-called Peutz- 
Jeghers- type hamartomatous polyps in the GI tract and mucocutaneous pigmenta-
tion. The incidence of PJS is approximately 1 in 8300 to 1 in 230,000 live births [5], 
although a more recent report estimates the lower limit at 1 in 50,000 [6].

Peutz-Jeghers polyps have a distinctive frond-like structure, appropriate epithe-
lium for each area of the GI tract, and associated smooth muscle proliferation. 
Histologically, Peutz-Jeghers polyps have convoluted, stretched glands and an arbo-
rizing branching pattern of smooth muscle growth [7]. Rarely focal dysplastic 
glands can be observed [8, 9]. Polyp numbers can vary from one to hundreds and 
occur most commonly in the small bowel, but also frequently in the colon and stom-
ach [10]. They are occasionally found in the gall bladder, the bronchi, the urinary 
bladder, and the ureter [11]. More than half of individuals with PJS will experience 
polyp-related symptoms before the age of 20, with the median age of onset being 
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13 years [3, 12]. The most common symptoms are small bowel intussusception and 
obstruction, abdominal pain, rectal bleeding, and anemia.

Mucocutaneous pigmentation is present in approximately 95% of individuals 
with PJS and is found on the vermillion border of the lips, buccal mucosa, and the 
perianal region [10]. Typically these lesions present as small, brown macules in 
infancy and often fade after puberty, but sometimes persist in the buccal mucosa [3].

The clinical diagnostic criteria are based on a consensus of European experts 
[10] and include (i) two or more histologically confirmed PJS polyps; (ii) any num-
ber of PJS polyps detected in one individual, who has family history of PJS in a 
close relative(s); (iii) characteristic mucocutaneous pigmentation in an individual 
who has a family history of PJS in a close relative(s); or (iv) any number of PJS-type 
polyps in an individual who also had characteristic mucocutaneous pigmentations.

There have been a number of large-scale publications evaluating cancer risk in 
PJS [5, 13–17]. Using a retrospective cohort study design, Resta et al. [17] esti-
mated that the cumulative lifetime risk for any cancer was 89%. This is consistent 
with previous findings including 85% [14], 81% [16], and 93% [13]. The most com-
mon cancers identified in individuals with PJS were those located in the GI tract 
including the esophagus, stomach, small bowel, colon, and pancreas. Breast cancer 
in women is also commonly reported in these studies, although some argue the 
degree of risk may not as high as routinely quoted [18]. Other PJS-associated can-
cers are those of the reproductive organs. Females are at increased risk for develop-
ing sex-cord tumors with annular tubules of the ovary and adenoma malignum of 
the cervix, which can cause irregular menstruation and precocious puberty. Males 
are at increased risk for developing testicular tumors of the sex-cord and Sertoli-cell 
types, often resulting in sexual precocity and gynecomastia [5, 14]. It is important 
to note that the cancer risk figures given in these studies may be overestimated, due 
to difficulties with ascertainment bias.

Cancer risks and relevant risk management recommendations are described in 
Table 13.2. Although there is little evidence documenting the efficacy of surveil-
lance in individuals with PJS, recommendations have been established based on 
expert opinion [5, 7, 10, 15, 19]. Surveillance of the GI tract is crucial for individu-
als with PJS because of the risk of complications from polyps, such as intussuscep-
tion [20, 21]. Given that the cumulative risk of intussusception increases in childhood 
(15% by age 10), it is reasonable to begin surveillance for polyps around this age 
[21], with some evidence suggesting to commence even younger at age 4–5 [22]. 
Screening of the small bowel has traditionally been difficult, as the vast majority of 
its mucosa is not easily viewed or accessible by endoscopy. Other techniques such 
as video capsule endoscopy (VCE), barium follow through (BaFT), double-balloon 
enteroscopy, or magnetic resonance endoscopy (MRE) have been suggested. Studies 
have illustrated favorable characteristics for VCE, including reduced radiation and 
greater sensitivity to detecting small polyps (<1 cm), and are generally better toler-
ated [19, 23]. However, larger polyps (>15  mm) may be missed with VCE, and 
studies so far have shown MRE and enteroscopy to be effective in these cases [23, 
24]. Polyps greater than 1 cm in size should be removed endoscopically, and often 
a combined approach with laparoscopy or laparotomy is required to reach the region 
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Table 13.2 Cancer risk and suggested management for hamartomatous polyposis syndromes

Phenotype
Cancer risk 
(%)

Age to 
commence Interval Intervention

Peutz-Jeghers syndrome

Colon cancer 39 25 2–3 years Colonoscopy
Proximal GI tract/
small bowel cancer

11–29 10 2–3 years GI endoscopy, VCE, 
BaFT or MRE
(annual hemoglobin 
in childhood)

Pancreatic cancer 11–26 30 1–2 years Endoscopic 
ultrasound
Transabdominal 
ultrasound

Breast cancer 45 25 2 years Mammogram
1 year Self-exam

Gynecological 
cancer/tumors

18 20 1 year Transvaginal 
ultrasound
Endometrial biopsy

18–20 1 year Exo-cervix pap smear
Pelvic examination

Testicular tumor 9 10 1 year Physical exam
Ultrasound if 
clinically indicated

Juvenile polyposis syndrome

Colon cancer 38 15 2 years Colonoscopy
1 year Colonoscopy (if 

polyps detected)
– Consider colectomy if 

polyp burden too high
Proximal GI tract 
cancer

21 (if 
multiple 
polyps)

15 2 years GI endoscopy
1 year GI endoscopy (if 

polyps detected)
HHT management for SMAD4 carriers only
AVM <6 months or 

at diagnosis
– MRI (unenhanced for 

children)
PAVM At diagnosis 5–10 years (additional 

after puberty, pre/post 
pregnancy)

TTCE

GI bleeding SMAD4 
carriers

35 1 year Hemoglobin or 
hematocrit levels

Cowden syndrome

Breast cancer 85 25 6–12 months Clinical breast exam
30–35 1 year Mammogram, MRI

Endometrial cancer 28 30–35 Annual Transvaginal 
ultrasound
Endometrial biopsy

(continued)
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Table 13.2 (continued)

Phenotype
Cancer risk 
(%)

Age to 
commence Interval Intervention

Thyroid cancer
(mainly follicular)

35 At diagnosis 1 Year Clinical exam plus 
baseline ultrasound

Colon cancer 9 35 5 years Colonoscopy
Melanoma 6 15 1 year Consider annual 

dermatologic exam
Renal cancer 34 40 1–2 years Consider renal 

ultrasound

of interest. Women are recommended to undergo breast and gynecological surveil-
lance, although there is little evidence to support this recommendation in the PJS 
context specifically.

1.2  Genetics

PJS is caused by the presence of germline mutations in the tumor suppressor gene 
STK11 (LKB1) located at 19p13.3. It is 23 kb in size, is composed of ten exons 
(nine of which are coding), and encodes a 433 amino acid STK (serine-threonine 
kinase) protein [7]. The mutation detection rate in individuals fulfilling the diagnos-
tic criteria for PJS is 94% when using sequencing and multiplex ligation-dependent 
probe amplification (MLPA) [25]. Approximately 38–50% of individuals with a 
germline STK11 gene have no family history of PJS [25, 26]. The majority of muta-
tions associated with disease are truncating or missense which eliminate the kinase 
function of the protein. Importantly, up to 30% of mutations may be large deletions 
which are often not detected by sequencing alone [25], and so caution should be 
taken regarding testing methodologies in certain circumstances. There are conflict-
ing reports regarding genotype-phenotype correlations. One group reported a 
higher mutation detection rate for those who present more classically than those 
with isolated features [25], and another have reported a relationship between the 
mutation type and age of onset [12]. Other studies have not found the same relation-
ships [14, 27].

Once an STK11 mutation has been identified in the proband, at-risk blood rela-
tives can then undergo predictive testing. Parents of apparently de novo cases should 
be carefully evaluated for PJS features. Testing can be considered for the proband’s 
siblings regardless of the parents’ results due to the small possibility of gonadal 
mosaicism (although this has not been reported in PJS previously). Offspring of the 
proband are at 50% risk of inheriting the STK11 mutation and should be offered 
testing.
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2  Juvenile Polyposis Syndrome

2.1  Clinical Characteristics

JPS (OMIM 174900) is characterized by the presence of multiple juvenile-type 
hamartomatous polyps throughout the GI tract, although they occur most com-
monly in the colon and rectum [28]. The estimated incidence is 1 in 100,000 live 
births [29, 30].

Juvenile polyps are lobulated and spherical in shape and are histologically char-
acterized by overgrowth of an edematous lamina propria with inflammatory cells 
and dilated cystic glands (Fig. 13.1b; [31]). Moderate to marked inflammatory infil-
trate is commonly seen. No smooth muscle proliferation or normal glands are pres-
ent. They can vary in size from a few millimeters to several centimeters. Although 
juvenile polyps are well described, they are sometimes difficult to distinguish from 
inflammatory polyps. Singular juvenile polyps are detected in approximately 2% of 
all children, and the risk of cancer in these sporadic cases is not thought to be high 
[28, 32, 33], therefore highlighting the importance of distinguishing those with 
JPS. Diagnosis is made between 16 and 18 years of age on average, although there 
is variability in age of onset and 50% will have family history [34]. The clinical 
presentation of JPS has been distinguished into three forms: (i) juvenile polyposis 
of infancy, (ii) juvenile polyposis coli, and (iii) generalized JPS [35, 36].

Juvenile polyposis of infancy occurs very early on in life (usually by 2 years of 
age) and is the rarer form of JPS.  Individuals in this group generally have poor 
prognosis. They typically present with recurrent GI bleeding, diarrhea, hypopro-
teinemia, and malnutrition and usually have larger, recurrent polyps that cause 
rectal prolapse and intussusception. In addition, many suffer from congenital 
abnormalities, including macrocephaly and generalized hypotonia [31]. It is 
believed that this severe phenotype is the result of a contiguous gene deletion of 
BMPR1A (JPS associated gene) and PTEN (PHTS associated gene) [37, 38], 
although this has been somewhat disputed by others reporting variable phenotypes 
in individuals with large deletions [39]. Juvenile polyposis coli and generalized 
JPS are associated with varied expression and penetrance, with polyps in the for-
mer typically occurring in the colon. Symptoms in these forms tend to present in 
the second decade of life, and polyp numbers can vary over their lifetime. The typi-
cal presentation for these JPS forms includes chronic or acute GI bleeding, anemia, 
prolapsed rectal polyps, abdominal pain, and diarrhea [28, 30, 40]. Approximately 
20% of JPS patients have manifestations other than hamartomatous polyposis 
including congenital abnormalities of the heart, cranium, and urinary-sexual sys-
tems, cleft lip and palate, finger clubbing, polydactyly, macrocephaly, hyper-
telorism, and malrotation of the gut [28, 41]. However, the diagnoses of the reported 
JPS cases in these studies have been made based solely on clinical criteria, and 
there is a possibility their phenotypes are due to a different genetic syndrome 
entirely. When JPS is the result of a germline SMAD4 mutation, individuals are at 
higher risk of large gastric polyps and upper GI malignancy than when due to a 
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BMPR1A mutation [42, 43]. Additionally, hereditary hemorrhagic telangiectasia 
(HHT) occurs in approximately 15–22% of individuals carrying a germline SMAD4 
mutation and is characterized by skin and mucosal telangiectasia; cerebral, pulmo-
nary, and hepatic arteriovenous malformations; and an increased risk of associated 
hemorrhage [44, 45].

A clinical diagnosis of JPS is made based on the following criteria [46]: (i) more 
than five juvenile polyps of the colon or rectum, (ii) juvenile polyps in other parts of 
the GI tract, or (iii) any number of juvenile polyps together with family history of 
JPS.

Cancer risks and relevant risk management recommendations are described in 
Table 13.2. The lifetime risk for individuals with JPS of developing colorectal and 
upper GI (predominantly gastric) cancers is estimated to be 38% and 21%, respec-
tively [47–49]. The median age of diagnosis is reported at 42 years. Cancers of the 
colon and stomach are the most commonly observed in JPS, although there are 
small numbers of individuals with JPS presenting with cancers of the pancreas, 
small bowel, duodenum, and jejunum [48, 50]. Cancers typically occur in the third 
or fourth decade of life. A recent publication has suggested that those harboring 
SMAD4 germline mutations are associated with a more aggressive upper GI malig-
nancy risk than those with BMPR1A [42], although these results should be inter-
preted with some caution given the small number of included subjects.

The rationale for surveillance is to reduce morbidity related to polyposis [3], and 
approaches can vary depending on the clinical presentation of the individual. 
Guidelines have been published from both the UK [51] and USA [52]. Colonoscopy 
is generally recommended from age 12 to 15 (or earlier if symptomatic) and repeated 
every 2–3 years if no polyps are detected. If polyps are present, they should be sent 
for histological examination and colonoscopies repeated annually thereafter. The 
frequency can be reduced if subsequent scopes are clear. In cases where the polyp 
burden is too high, colectomy can be considered. Upper GI surveillance with endos-
copy is recommended to commence between age 15 and 25 (or earlier if symptom-
atic), with the frequency dependent on polyp findings (as described above). 
Additionally, surveillance and treatment for HHT complications is necessary for all 
SMAD4 carriers, and international guidelines have been published [53]. 
Recommendations for HHT described in Table 13.2 are for asymptomatic individu-
als only.

2.2  Genetics

Two genes are currently known to cause JPS: BMPR1A, a type 1 receptor of the 
transforming growth factor beta (TGF-β) super family, located on 10q22.3, and 
SMAD4, a tumor suppressor gene, located on 18q21.2. Approximately 40–60% of 
individuals with JPS will carry a germline mutation in either the SMAD4 or BMPR1A 
genes [44, 54]. Large deletions account for 14% of detected mutations, and a further 
10% are found in the promoter region of BMPR1A. As mentioned previously, there 

13 Hamartomatous Polyposis Syndromes



174

is a reported genotype-phenotype correlation where mutations in the SMAD4 gene 
are associated with a higher risk of large gastric polyps and a higher risk of upper 
GI malignancy than those in BMPR1A [42, 43]. Additionally, unlike SMAD4 germ-
line mutation carriers, those harboring BMPR1A germline mutations are not at risk 
of HHT. Both proteins encoded by SMAD4 and BMPR1A work in the TGF-β path-
way, which is involved in a number of cellular processes including cell growth, 
differentiation, apoptosis, and cellular homeostasis [3].

As is the case for PJS, once a causative mutation has been identified in the pro-
band, at-risk blood relatives can then undergo predictive testing. Approximately 
75% of JPS individuals will have an affected parent. Testing can be considered for 
the proband’s siblings regardless of the parents’ results due to the small possibility 
of gonadal mosaicism (although this has not been reported in PJS previously). 
Offspring of the proband are at 50% risk of inheriting the causative mutation and 
should be offered testing.

3  PTEN-Hamartoma Tumor Syndromes

3.1  Clinical Characteristics

PHTS (OMIM 601728) encompasses a number of related syndromes all caused by 
germline mutations in the PTEN gene including (i) Cowden syndrome (OMIM 
158350), (ii) Bannayan-Riley-Ruvalcaba syndrome (OMIM 153480), (iii) PTEN- 
related Proteus syndrome, and (iv) Proteus-like syndrome. PTEN-related Proteus 
syndrome and Proteus-like syndrome are particularly rare overgrowth syndromes 
and are still not thoroughly understood and thus won’t be discussed here. The phe-
notypic spectrum of PHTS is wide and variable, with Cowden syndrome (CS) and 
Bannayan-Riley-Ruvalcaba syndrome (BRRS) sharing the most overlap [3]. CS 
was first described in 1963 and was named after the first patient reported with the 
condition, Rachel Cowden [55]. It wasn’t until a decade later that Bannayan 
described the first patient with the condition later named BRRS [56].

3.1.1  Cowden Syndrome

CS is characterized by the presence of multiple hamartomas of the skin and mucous 
membranes, mucocutaneous lesions, macrocephaly, and an increased risk of 
benign and malignant lesions of the breast, thyroid, and endometrium [57, 58]. 
The incidence is estimated to be 1 in 200,000 live births [59, 60], although this 
figure is believed to be an underestimate due to underdiagnosis. It is believed that 
more than 90% of individuals with germline PTEN mutations will be symptomatic 
by age 20 and 100% by age 30 [58]. The mucocutaneous lesions are pathogno-
monic for CS and include trichilemmomas, papillomatous papules, and acral kera-
tosis. GI polyps are commonly reported in CS and histologically can include 
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hamartomatous, hyperplastic, or adenomatous polyps and rarely ganglioneuromas 
[2, 61–64]. Upper GI involvement includes esophageal glycogenic acanthosis. 
Fibrocystic breast disease, uterine leiomyoma, thyroid nodules, and goiters are 
part of the CS spectrum.

In 1995, the International Cowden Consortium established diagnostic criteria for 
CS, which at the time facilitated Nelen et al. in their search for the CS candidate 
gene [59]. It has since been revised [57], and it is now reviewed annually by the US 
National Comprehensive Cancer Network (Table 13.3). Later in 2011, using pheno-
type and genotype data from more than 3000 CS or CSL probands, Tan et al. devel-
oped a scoring system that calculates the PTEN mutation likelihood for a given 
individual based on their age and clinical presentation [65]. This was demonstrated 
to have greater sensitivity and positive predictive value for germline PTEN muta-
tions relative to the diagnostic criteria (described in Table 13.3). This web-based 

Table 13.3 The International Cowden Consortium diagnostic criteria

Pathognomonic criteria Major criteria Minor criteria

Adult Lhermitte-Duclos disease 
(LDD)

Breast cancer Other thyroid lesions (e.g., 
adenoma, multinodular 
goiter)

Facial trichilemmomas Epithelial thyroid carcinoma 
(non-medullary, especially 
follicular)

Cognitive impairment

Acral keratoses Macrocephaly Hamartomatous intestinal 
polyps

Papillomatous papules Endometrial cancer Fibrocystic breast disease
Mucosal lesions Lipomas

Fibromas
Genitourinary tumors 
(especially renal)
Genitourinary 
malformations
Uterine leiomyoma

An operational diagnosis of CS is made by meeting one of the following:
Pathognomonic mucocutaneous lesions combined with one of the following:
  Six or more facial papules, of which three or more must be trichilemmoma
  Cutaneous facial papules and oral mucosal papillomatosis
  Oral mucosal papillomatosis and acral keratosis
  Six or more palmoplantar keratoses
Two or more major criteria
One major and three or more minor criteria
Four or more minor criteria
In a family in which one individual meets the diagnostic criteria above, other relatives are 
diagnosed with CS if they meet any one of the following:
The pathognomonic criteria
Any one major criterion with or without minor criteria
Two minor criteria
History of Bannayan-Riley-Ruvalcaba syndrome
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tool enables clinicians to identify those most appropriate for genetics referral and 
PTEN genetic testing.

Cancer risks and relevant risk management recommendations are described in 
Table 13.2. Studies evaluating malignancy in CS report high cancer risks [66–69]. 
Tan et al. [69] reported a lifetime risk of breast cancer to be 85.2%, thyroid cancer 
(tend to be follicular histology) 35.2%, endometrial cancer 28%, colorectal cancer 
9%, renal carcinoma 33.6%, and melanoma 6%. Two independent studies report 
similarly high lifetime risks of these cancers [66, 68]. A recent study reported a fam-
ily with a novel germline frameshift PTEN mutation and a history of esophageal 
cancer, suggesting variability in the PHTS-related cancer spectrum [70]. Surveillance 
for cancers other than breast is controversial; however, many follow the guidelines 
published by the National Comprehensive Cancer Network [71]. These recommend 
individuals with PTEN mutations to undergo surveillance for breast, endometrial, 
and thyroid cancer and colonoscopy for polyp surveillance [72, 73]. They also sug-
gest consideration of dermatological and renal surveillance.

3.1.2  Bannayan-Riley-Ruvalcaba Syndrome

BRRS is characterized by macrocephaly, developmental delay, lipomatosis, GI 
hamartomatous polyps, hemangiomatosis, and pigmented macules on the glans 
penis in males [3, 56]. Hamartomatous polyps have been reported in approximately 
45% of individuals with BRRS, particularly in the ileum and colon [74]. These pol-
yps can increase the risk of intussusceptions and rectal bleeding; however, they are 
not believed to increase the risk of GI cancer. Originally it was thought that BRRS 
was not associated with risk of malignancy; however, it is now believed that those 
who carry a germline PTEN mutation (approximately 60%) are at a similar level of 
risk as those with CS and should therefore follow risk management guidelines dis-
cussed previously for PHTS [72].

3.2  Genetics

PHTS is usually caused by the presence of germline mutations in the PTEN tumor 
suppressor gene located on 10q23.3. PTEN [57, 75]. Depending on the inclusion 
criteria, the mutation detection rate is reported to be between 25% and 80% [58, 75]. 
A recent study estimated the de novo mutation rate to be between 10.7% and 47.6% 
[76]. Additionally, this study illustrated that often family history was not obvious in 
cases where the PTEN mutation was proven to be inherited, particularly in cases 
where the proband was a child. It is therefore important that all parents of PTEN 
mutation-positive individuals be offered predictive testing. It is also appropriate in 
certain cases to offer predictive testing to children relatives, given PHTS features 
can occur in childhood. Testing can be considered for the proband’s siblings regard-
less of the parents’ results due to the small possibility of gonadal mosaicism. 
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Offspring of the proband are at 50% risk of inheriting the causative mutation and 
should be offered testing.

There are a number of individuals who have CS or CS-like (CSL) features who 
do not have a detectable germline mutation in PTEN. There have now been a num-
ber of other possible candidate genes identified. Germline mutations in the SDH 
genes [67, 77, 78] and KLLN epimutations have been detected in CS/CSL individu-
als [67, 79]. Nizialek et al. [79] demonstrated significant levels of KLLN promoter 
methylation in CS/CSL individuals when compared with controls and that methyla-
tion load correlated with stronger CS phenotypes. The KLLN epimutation was also 
identified in PTEN mutation-positive individuals, thus suggesting its presence as a 
potential modifier of PTEN-related presentations. While paragangliomas and pheo-
chromocytomas typically associated with SDH germline mutations are not com-
monly observed in CS/CSL, there is some overlap in terms of thyroid and renal 
cancer risk. Ni et al. [78] reported a higher frequency of breast, thyroid, and renal 
malignancies in those CS/CSL individuals with SDH germline mutations. More 
recently, it has been shown that PTEN mutations and SDH variants are not necessar-
ily mutually exclusive in CS/CSL individuals and the risk of breast cancer appears 
to be higher when both are present as opposed to PTEN mutations alone [77]. This 
suggests that the SDH genes have roles both in the predisposition and risk modifica-
tion for CS/CSL-related malignancies. A recent case study reported the identifica-
tion of a germline gain-of-function EGFR mutation in an individual with 
Lhermitte-Duclos disease, a pathognomonic feature of CS [80]. Additionally, 
SEC23B [81] and USF3 [82] gene mutations may be involved in the predisposition 
of thyroid cancer in CS/CSL individuals.

4  Other Hamartomatous Polyposis Conditions

There have been a number of other conditions where hamartomatous polyps have 
been reported including Gorlin syndrome (basal cell nevus syndrome), hereditary 
mixed polyposis syndrome, multiple endocrine neoplasia 2B (MEN2B), and neuro-
fibromatosis type 1 (NF1). Clinicians should be aware of these differential diagno-
ses in the context of hamartomatous polyposis, albeit rarely the cause.

Gorlin syndrome (OMIM 109400) is characterized by multiple basal cell carci-
nomas, odontogenic keratocysts, childhood medulloblastoma, frontal bossing, ovar-
ian tumors, and palmar and plantar pits. It is an autosomal dominant condition, 
caused by germline mutations in PTCH1 and SUFU and rarely PTCH2 [3]. A 1970s 
case report described a 54-year-old male with Gorlin syndrome who was found to 
have multiple gastric hamartomatous polyps and a benign mesenteric cyst [83]. 
However, hamartomatous polyps are not commonly seen, and so GI surveillance is 
not routinely recommended in Gorlin syndrome.

Hereditary mixed polyposis syndrome (OMIM 601299) is a relatively recently 
described condition where individuals typically present with a mixed pattern of 
polyps in the colon, including adenomas, hyperplastic polyps, and hamartomatous 
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polyps. A more recent case review of 10 patients with this condition found adeno-
matous polyps and mixed hyperplastic and inflammatory type polyps to be the pre-
dominant finding, with no hamartomatous polyps identified in these individuals 
[84]. Individuals with this condition have been shown to have higher colorectal 
cancer risk [85]. Mapping studies have identified chromosomal regions 6q [86] and 
10q23, which also encompasses BMPR1A, and later studies have implicated this 
gene in some families presenting with this condition [87, 88]. More recently, a 
duplication including the SCGS gene just upstream of the GREM1 gene was identi-
fied in a family with hereditary mixed polyposis syndrome [85].

Ganglioneuromatosis in the GI tract has been reported in both NF1 (OMIM 
162200) and MEN2B (OMIM 162300), which are among the types of polyps 
described in PHTS [89, 90]. The incidence of NF1 is 1 in 5000 live births and is 
caused by germline mutations in the NF1 gene. It is characterized by multiple neu-
rofibromas, café au lait macules, iris Lisch nodules, and axillary and inguinal freck-
ling. Whilst there is associated cancer risk with NF1, GI cancer does not seem to be 
part of the spectrum [91, 92]. MEN2B is a specific subtype of MEN2 caused by 
germline mutations in the RET gene, typically M918  T, and is associated with 
 medullary thyroid cancer, pheochromocytoma and distinctive facies with enlarged 
lips, marfanoid body habitus, ocular features, and musculoskeletal manifestations. 
In addition to the GI tract, the mucosal ganglioneuromas in MEN2B individuals can 
occur on the lips, tongue, conjunctiva, and urinary system [93]
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Chapter 14
Hereditary Mixed Polyposis Syndrome

Huw Thomas and Ian Tomlinson

Abstract Hereditary mixed polyposis syndrome (HMPS) is an autosomal domi-
nant inherited condition in which affected individuals develop colorectal polyps of 
multiple and mixed histological type including serrated lesions, Peutz-Jeghers pol-
yps, juvenile polyps, conventional adenomas and colorectal carcinomas in the 
absence of any extra-colonic features. Most of the families described to date are 
Ashkenazi Jewish and have an ancestral founder mutation with a duplication of 
40 kb upstream of the GREM1 gene. This leads to increased and ectopic expression 
of GREM1 in the colonic crypt. A smaller duplication of about 16 kb also upstream 
of GREM1 has been reported in a Swedish HMPS family. Presymptomatic genetic 
testing is now available in these families, and affected individuals require careful 
colonoscopic surveillance from an early age, with polypectomy to prevent the 
development of colorectal cancer.

Keywords Hereditary mixed polyposis syndrome · HMPS · GREM1 · Colorectal 
cancer

1  Introduction

Other chapters in this book have described inherited polyposis syndromes associ-
ated with adenomatous, serrated, Peutz-Jeghers and juvenile colonic polyps, in 
which there is a clearly defined phenotype. Hereditary mixed polyposis syndrome 
(HMPS) is an unusual inherited condition in that the clinical phenotype includes 
multiple polyps of mixed histological types and, indeed, individual polyps that may 
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contain mixed histology. There is a great phenotypic variation between individual 
gene carriers with some having serrated and adenomatous polyps and others also 
having juvenile or even Peutz-Jeghers-type polyps. Extra-colonic cancers have not 
been a consistent feature of HMPS families.

The condition was originally described in a large Ashkenazi Jewish kindred. 
Genetic studies showed linkage to chromosome 15q13-q31. Genetic linkage studies 
in other Ashkenazi Jewish families who had multiple colorectal adenomas had 
previously showed linkage to this region. The HMPS and multiple adenoma families 
were shown to have the same disease-associated haplotype on chromosome 15 
indicating a founder mutation.

The genetic event causing HMPS in the Ashkenazi Jewish families has been 
shown to be a duplication that results in increased expression of the Gremlin-1 
(GREM1) gene in the colonic crypt. A Swedish kindred with HMPS has been 
reported with a smaller duplication in the same region that also affects GREM1 
expression.

The chapter will review the clinical phenotype of HMPS and the overlap with 
other conditions such as attenuated polyposis, serrated polyposis and juvenile pol-
yposis, the genetic alteration of GREM1 and how this is thought to result in the devel-
opment of mixed polyps, the role of presymptomatic diagnosis in families and the 
role of colonoscopic surveillance to prevent the development of colorectal cancer.

2  Clinical Phenotype

Hereditary mixed polyposis syndrome was first described in a large Ashkenazi 
Jewish kindred. The proband presented to St Mark’s Hospital in London in 1956 at 
the age of 38 with rectal bleeding. Rigid sigmoidoscopy revealed polyps in his 
rectum. He was a member of a large family of Lithuanian origin (St Mark’s Family 
96) with a history of colonic polyps and colorectal cancer that appeared to be 
inherited in an autosomal dominant fashion. A provisional diagnosis of familial 
polyposis coli was made. He was regularly reviewed with barium enema and rigid 
sigmoidoscopy. He developed a large colonic polyp and underwent a colectomy and 
ileo-rectal anastomosis in 1962. In the colectomy specimen, there were six polyps, 
five of which were tubular adenomas and one of which was a juvenile-type polyp 
with overlapping histological features (Fig.  14.1). He did not have the multiple 
adenomas and microadenomas characteristic of familial adenomatous polyposis. 
The case was classified as a polyposis of unspecified type by Basil Morson.

Other family members were contacted and asked for their clinical history and a 
pedigree constructed. In 1995 Whitelaw et al. published a description of the pheno-
type of St Mark’s Family 96 and called the condition hereditary mixed polyposis 
syndrome [1]. At that time there were 20 second-generation, 64 third- generation, 
102 fourth-generation and 42 fifth-generation family members (Fig. 14.2).

Affected family members of St Mark’s Family 96 had presented with bowel 
symptoms at a median age of 42. One hundred fifty-four colorectal polyps from 
family members underwent histopathological review. These included 101 tubular 
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adenomas, 7 villous adenomas, 25 hyperplastic polyps and 25 atypical or mixed 
juvenile polyps. Typically, fewer than 15 polyps were found at colonoscopy, and 
polyps had been detected at an age as young as 18 years. Eleven family members 
had had a colectomy. Thirteen family members had developed colorectal cancer at 
a median age of 47 with a range of 32 to 74. The cancers were evenly distributed 
through the colon and rectum. Upper gastrointestinal polyps were not reported.

In 2003 Rosen et al. reviewed 17 affected members of St Mark’s Family 96 who 
lived in Israel [2]. They had had 10 juvenile polyps, 21 mixed juvenile and adenoma-
tous polyps, 18 hyperplastic polyps, 1 mixed hyperplastic and adenomatous polyps, 
12 serrated adenomas and 2 tubular adenomas. There were cases of pancreatic, renal 
and breast cancer, although these cancers were not definitively linked to HMPS.

The phenotype of other Ashkenazi Jewish families from St Mark’s with the same 
founder mutation has been described. Affected individuals had multiple adenomatous 
polyps with large adenomas occurring at an age as young as 22 and 24 and serrated 
polyps and colorectal cancers presenting between the ages of 31 and 67 [3]. The 
spectrum of histological types of polyps reported in HMPS has changed over the 
years as sessile serrated polyps have been recognised in addition to adenomatous, 
hyperplastic and juvenile polyps.

A Swedish HMPS family has recently been described with a similar but smaller 
duplication in the GREM1 regulatory region on chromosome 15. Affected individuals 

Fig. 14.1 A mixed 
hyperplastic/juvenile/
adenomatous polyp with a 
hyperplastic area (a), 
juvenile area (b) and 
adenomatous area (c) 
(Fig. 2 reproduced from 
Whitelaw et al. [1]. Page 
329)
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also have polyps of mixed histological type that include adenomatous, hyperplastic 
and juvenile polyps. One individual was diagnosed with a colorectal cancer at the 
age of 33. There were two cases of gastric cancer, one of breast and one of 
lymphosarcoma reported in the family [4].

A patient who developed colorectal cancer at the age of 35 has been reported 
who had a large duplication encompassing the entire GREM1 gene, but no further 
details of colonic polyps or family history are available [5].

In summary, the phenotype of HMPS is varied with polyps of diverse histological 
types presenting at an age as young as 18 years. In some individuals there are multiple 
adenomatous polyps and in others serrated, adenomatous and juvenile polyps. Cases of 
colorectal cancer have been diagnosed as early as 31 years of age. There are no reports 
of upper gastrointestinal polyps as are found in familial adenomatous polyposis.

There has been discussion about the definition of HMPS due to the overlap of the 
clinical phenotype with that of juvenile polyposis [6]. Inherited conditions are now 
defined by molecular genetics as there is a considerable phenotypic overlap between 
several different types of polyposis. In some cases the overlap may be due to different 
genes in the same pathway being altered, as is the case for juvenile polyposis and HMPS, 
which both involve defective bone morphogenetic protein (BMP) signalling.

3  Molecular Genetics

When the phenotype of Family 96 was originally described, it was not clear whether 
this was an atypical form of a recognised polyposis syndrome or a distinct disorder. 
Initial genetic linkage studies in Family 96 excluded linkage to the then known 
colorectal cancer genes APC, MSH2 and MLH1 [1].

In 1996 a genome-wide genetic linkage study mapped the gene to chromosome 
6q16-q21 [7]. However, subsequently an individual (4.30) from Family 96 without 
the putative disease-associated haplotype on chromosome 6 developed a large 
colonic villous adenoma at the age of 42. This suggested that the reported location 
of the HMPS gene on chromosome 6 was incorrect.

Further linkage studies were undertaken with updated clinical information and a 
more stringent definition of affected status [8]. With these new criteria, linkage to 
chromosome 6 was not replicated, but linkage was found to chromosome 15q13- 
q21. It was noted that in colorectal cancers from family members, loss of 
heterozygosity at the locus on chromosome 15 was not detected suggesting that it 
may not be the site of a typical tumour suppressor gene.

Linkage to the same region of chromosome 15 had previously been demonstrated 
in another Ashkenazi Jewish family at St Mark’s (Family 1311) with a dominantly 
inherited predisposition to multiple colorectal adenomas and colorectal cancer [3]. 
When the disease-associated haplotypes of the two families were compared, they 
were identical. Three further Ashkenazi Jewish families with multiple colorectal 
adenomas were also shown to have the same disease-associated haplotype.

Analysis of candidate genes in the region on chromosome 15 did not detect any 
significant alterations. This suggested that there might be an unusual genetic event 
associated with a single founder mutation [9].

14 Hereditary Mixed Polyposis Syndrome
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Oligonucleotide arrays showed a heterozygous single copy duplication of 40Kb 
on chromosome 15q from intron 2 of the SCG5 gene to a site just upstream of the 
GREM1 CpG island. No difference in the expression of SCG5 was detected in 
affected individuals. The duplication included enhancer elements of the GREM1 
gene, and increased expression of GREM1 was demonstrated not only in intestinal 
subepithelial myofibroblasts but also at very high levels in crypt epithelial cells 
[10]. Increased expression was also seen in HMPS polyps [9].

GREM1 is a secreted antagonist of BMP signalling, binding to BMP ligands and 
preventing them from activating the pathway. Increased expression of GREM1 
would be expected to reduce BMP ligand levels and promote a stem cell phenotype. 
It is of note that a reduction of BMP signalling is the likely cause of juvenile 
polyposis syndrome in which either the type 1A BMP receptor (BMPR1A) or the 
downstream effector SMAD4 is mutated and functionally defective.

Subsequent studies in a mouse model have demonstrated that aberrant epithelial 
expression of GREM1 disrupts the intestinal morphogen gradients in the intestinal 
crypt, altering daughter cell fate and leading to the persistence of stem cell properties 
in cells that have exited the stem cell niche. These cells form ectopic crypts, 
proliferate, accumulate somatic mutations and can initiate intestinal neoplasia. 
Aberrant expression of GREM1 has also been demonstrated in sporadic colonic 
traditional serrated adenomas that are rare, premalignant polyps [11].

GREM1 is thought to act as a landscaper gene affecting the maturation of colon 
crypt cells. This would explain why loss of heterozygosity on chromosome 15 is not 
seen in HMPS tumours as would be expected if it had been acting as a tumour 
suppressor gene. It may also explain the development of polyps of mixed histological 
type, since GREM1 does not direct a tumour down any particular molecular pathway.

4  Presymptomatic Genetic Testing

The ancestral Ashkenazi HMPS duplication has a unique DNA sequence at the 
breakpoint, and this has been used to develop a simple PCR diagnostic test to 
determine carriage of the duplication in Ashkenazi Jewish individuals. Carriage of 
the duplication has been shown to be rare in the Ashkenazi Jewish population. 
A similar test has not yet been developed for the Swedish duplication.

5  Management of Affected and At-Risk Individuals

In HMPS significant colorectal polyps have been diagnosed at an age as young as 
18 years and cases of colorectal cancer have been diagnosed as young as 31 years of 
age. Colonoscopic surveillance should start by 18 years of age. There is a great 
variation in the number and types of polyps that develop in affected individuals. 
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It  has been suggested that initially colonoscopy should be two yearly and the 
 frequency adjusted depending on the number and type of polyps found.

In other intestinal polyposis syndromes, upper gastrointestinal polyps have been 
reported, and there is an increased incidence of upper gastrointestinal cancer. 
Lieberman et  al. have recently reported an HMPS family with the Ashkenazi 
duplication in which the proband’s father, who carried the duplication, had a 
phenotype similar to that of familial adenomatous polyposis with >50 colonic 
adenomas, a desmoid tumour and a duodenal carcinoma [12]. There are also two 
cases of gastric cancer in earlier generations of the Swedish family with a duplication 
affecting GREM 1 expression [4]. Upper gastrointestinal neoplasia has been recently 
reported in a GREM1 duplication carrier [12]. This may need review when the 
genotypes of these individuals have been further analysed. Various extraintestinal 
cancers have been reported in HMPS families, but it is not clear whether the 
frequency is greater than that expected in the Ashkenazi Jewish population.

Increased COX2 expression in polyps from individuals with HMPS has been 
reported [13]. Aspirin has been shown to reduce the incidence of colorectal cancer 
in individuals at high familial risk of colorectal cancer and in those at population 
risk although the precise mechanism is not certain [14]. There may be a role for 
aspirin chemoprevention in HMPS, but it would currently not be possible to under-
take an adequately powered study to investigate this.

6  Conclusion

HMPS is a rare condition in which colorectal polyps of mixed histological type 
develop as a consequence of mutations that affect the expression of the GREM1 
gene and alter bone morphogenetic protein signalling. There is an increased 
incidence of colorectal cancer. There is uncertainty as to whether it may also be 
associated with an increased incidence of upper gastrointestinal cancers. Affected 
individuals require colonoscopic surveillance and possibly upper gastrointestinal 
surveillance.

References

 1. Whitelaw SC, Murday VA, Tomlinson IPM, Thomas HJW, Cottrell S, Ginsberg A, Bukofzer 
S, Hodgson SV, Skudowitz RB, Jass JR, Talbot IC, Northover JMA, Bodmer WF, Solomon 
E. Clinical and molecular features of hereditary mixed polyposis syndrome. Gastroenterology. 
1997;112:327–34.

 2. Rosen P, Samual Z, Brazowski E. A prospective study of the clinical, genetic screening and 
pathologic features of a family with hereditary mixed polyposis syndrome. Am J Gastroenterol. 
2003;98:2317–20.

 3. Tomlinson I, Rahman N, Frayling I, Mangion J, Barfoot R, Hamoudi R, Seal S, Northover J, 
Thomas HJ, Neale K, Hodgson S, Talbot I, Houlston R, Stratton MR. Inherited susceptibility 

14 Hereditary Mixed Polyposis Syndrome



192

to colorectal adenomas and carcinomas: evidence for a new predisposition gene on 15q14-q22. 
Gastroenterology. 1999;116:789–95.

 4. Rohlin A, Eiengard F, Lundstam U, Zagoras T, Nilsson S, Edsjo A, Pedersen J, Svensson J, 
Skullman S, Goran Karlsson B, Bjork J, Nordling M. GREM1 and POLE variants in hereditary 
colorectal cancer syndromes. Genes Chromosomes Cancer. 2016;55:95–106.

 5. Venkatachalam R, Verwiel ETP, Kamping EJ, Hoenselaar E, Gorgens H, Schackert HK, van 
Krieken HJM, Ligtenberg MJL, Hoorerbrugge N, van Kessel AG, Kuiper RP. Identification 
of candidate predisposing copy number variants in familial and early-onset colorectal cancer 
patients. Int J Cancer. 2011;129:1635–42.

 6. Tomlinson I, Jaeger E, Leedham S, Thomas H. The classification of intestinal polyposis. Nat 
Genet. 2013;45:2–3.

 7. Thomas HJW, Whitelaw SC, Cottrell SC, Murday VA, Tomlinson IPA, Markie D, Jones 
T, Bishop DT, Hodgson SV, Sheer D, Northover JMA, Talbot IC, Solomon E, Bodmer 
WF. Genetic mapping of the hereditary mixed polyposis syndrome to chromosome 6q. Am 
J Hum Genet. 1996;58:770–6.

 8. Jaegers EEM, Woodford-Richens KL, Lockett M, Rowan AJ, Sawyer EJ, Heinimann K, Rozen 
P, Murday VA, Whitelaw SC, Ginsberg A, Atkin WS, Lynch HT, Southey MC, Eng C, Bodmer 
WF, Talbot IC, Hodgson SV, Thomas HJW, Tomlinson IPM. An ancestral Ashkenazi haplo-
type at the HMPS/CRAC1 locus is associated with hereditary mixed polyposis syndrome. Am 
J Hum Genet. 2003;72:1261–7.

 9. Jaeger E, Leedham S, Lewis A, Segditsas S, Becker M, Cuadrado PR, Davis H, Kaur K, 
Heinimann K, Howarth K, East J, Taylor J, Thomas H, Tomlinson I. Hereditary mixed pol-
yposis syndrome is caused by a 40-kb upstream duplication that leads to increased and ectopic 
expression of the BMP antagonist GREM1. Nat Genet. 2012;44:699–703.

 10. Lewis A, Freeman-Mills L, de la Calle-Mustienes E, Giráldez-Pérez RM, Davis H, Jaeger E, 
Becker M, Hubner NC, Nguyen LN, Zeron-Medina J, Bond G, Stunnenberg HG, Carvajal 
JJ, Gomez-Skarmeta JL, Leedham S, Tomlinson I.  A polymorphic enhancer near GREM1 
influences bowel cancer risk through differential CDX2 and TCF7L2 binding. Cell Rep. 
2014;8:983–90.

 11. Davis H, Irshad S, Bansal M, Rafferty H, Boitsova T, Bardella C, Jaeger E, Lewis A, Freeman- 
Mills L, Castro Giner F, Rodenas-Cuadrado P, Mallappa S, Clark S, Thomas H, Jeffrey R, 
Poulsom R, Rodriguez-Justo M, Novelli M, Chetty R, Silver A, Sansom O, Greten F, Wang 
LM, East J, Tomlinson I, Needham S. Subtypes of inherited and sporadic colorectal cancer 
result from GREM-1 induced acquisition of progenitor-like features by differentiated intesti-
nal epithelial cells. Nat Med. 2015;21:62–70.

 12. Lieberman S, Walsh T, Schechter M, Adar T, Goldin E, Beeri R, Sharon N, Baris H, Ben 
Avi L, Half E, Lerer I, Shirts B, Pritcahrd C, Tomlinson I, King M, Levy-Lahad E, Peretz T, 
Goldberg Y. Features of patients with hereditary mixed polyposis syndrome caused by duplica-
tion of GREM1 and implications for screening and surveillance. Gastroenterology. 2017;156: 
1876–80.

 13. Brazowski E, Misonzhnick-Bedny F, Rosen P. Immunohistochemical expression of COX-2 in 
polyps of hereditary mixed polyposis syndrome suggests the possibility of chemoprevention. 
Dig Dis Sci. 2004;49:1906–11.

 14. Burn J, Gerdes A-M, McCrea F, Mecklin J-P, Moeslein G, Olschwang S, Eccles D, Evans DG, 
Maher ER, Bertario L, Bisgaard M-L, Dunlop M, JWC H, Hodgson SV, Lindblom A, Lubinski 
J, Morrison PJ, Murday V, Ramesar R, Side L, Scott RJ, Thomas HJW, Vasen HF, Barker G, 
Crawford G, Elliott F, Movahedi M, Pylvanainen K, Wijnen JT, Fodde R, Lynch HT, Mathers 
JC, Bishop DT on behalf of the CAPP2 Investigators. Long-term effect of aspirin on cancer 
risk in carriers of hereditary colorectal cancer: an analysis from the CAPP2 randomised con-
trolled trial. Lancet. 2011;378:2081–7.

 15. Ballester-Vargas V, Tomlinson I. Hereditary mixed polyposis syndrome. In: Boardman LA, 
editor. Intestinal Polyposis Syndromes: Springer. ISBN 987-3-319-28101-8.

H. Thomas and I. Tomlinson



193© Springer International Publishing AG, part of Springer Nature 2018 
L. Valle et al. (eds.), Hereditary Colorectal Cancer, 
https://doi.org/10.1007/978-3-319-74259-5_15

Chapter 15
Serrated Polyposis Syndrome

Sabela Carballal, Francesc Balaguer, and Antoni Castells

Abstract Serrated polyps (SPs) are considered the precursor lesions of up to 
15–30% of all colorectal carcinomas through the “serrated neoplasia pathway.” 
Serrated polyposis syndrome (SPS), characterized by the presence large and/or 
numerous serrated lesions spreading throughout the colorectum, is emerging as one 
of the most common colorectal cancer polyp syndromes. This condition is associ-
ated with an increased personal and familial colorectal cancer risk. Clinical man-
agement includes yearly surveillance colonoscopy and surgery. Although the 
majority of cases occur in patients older than 50 years old with no family history of 
CRC, several lines of evidence support that a proportion of SPS could be the pheno-
typic expression of an inherited genetic syndrome, but the genetic basis for SPS 
remains elusive. Recent studies provided proof of the pathogenicity of RNF43 
germline mutation in a small subset of patients. Future research in SPS should be 
focused on understanding the phenotype and clinical management and on unravel-
ing the pathogenesis of the syndrome.

Keywords Serrated polyp · Hyperplastic polyp · Polyposis · Colorectal carcino-
genesis · Serrated pathway

1  Clinical Features

1.1  Definition and Cancer Risk

Colorectal cancer (CRC) arises through precursor lesions, called polyps, and the 
timely detection and removal of these polyps is essential in CRC prevention [1]. 
Traditionally, conventional adenomas were considered the only precursor lesions 
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that would develop into CRC through the “adenoma-carcinoma” pathway [2]. In 
contrast, hyperplastic polyps, typically observed in the rectum, were thought to be 
benign. Over the last 30 years, growing evidence has given rise to an alternative 
pathway, called “serrated pathway,” characterized morphologically by the presence 
of serrated lesions and molecularly by somatic mutations in the BRAF proto- 
oncogene, hypermethylation of the promoter regions of tumor suppressor genes, 
and microsatellite instability. This pathway is currently considered the responsible 
of up to 15–30% of all CRC [3, 4].

Serrated polyps (SPs) are defined as heterogeneous group of lesions morphologi-
cally characterized by serrated (“saw-tooth”) architecture of the epithelium that 
lines the colonic crypts [5]. The World Health Organization (WHO) classifies SPs 
into three subgroups: hyperplastic polyps (HPs), sessile serrated adenomas/polyps 
(SSA/Ps) with or without dysplasia, and traditional serrated adenomas/polyps 
(TSA/Ps). The main features defining each serrated polyp subtype are reported in 
Table 15.1.

Hyperplastic polyps (HPs) are common, accounting for 70–90% of all SP. They 
are characterized by the presence of straight crypts, which extend symmetrically 
from the surface of the polyp to the muscularis mucosae without significant distor-
tion. Distinct subtypes of HPs have been recognized; basically HPs are subdivided 
into microvesicular (MVHP) and goblet cell (GCHP) types, based on the character-
istics of lining epithelium. MVHPs and GCHPs are well characterized and display 
considerable differences in molecular and histological features as well as anatomic 

Table 15.1 Serrated polyp subtypes: endoscopic, histological, and molecular features

Serrated polyp 
subtype

Endoscopic 
description Pathological features

Molecular 
marker

Hyperplastic polyp (HP)

Microvesicular 
hyperplastic polyp 
(MVHP)

Distal colon. Flat
Multiplicity in 
the rectum

Small droplet (“microvesicular”) mucin 
within the cytoplasm of most cells

BRAF 
(30–80%)
KRAS 
(10%)

Goblet cell 
hyperplastic
Polyp (GCHP)

Left colon 
(≈90%)
Typically very 
small (< 0.5 cm)

Nearly exclusive presence of goblet 
cells, few or no luminal serrations 
(compared to MVHPs)

BRAF 
(20%)
KRAS 
(50%)

Sessile serrated 
adenoma/polyp 
(SSA/P)

Proximal colon, 
flat
Usually >0.5 cm
Covered by 
mucus cap
Cloud-like 
surface

Distorted crypt growth pattern
Dilated, mucus-filled, L-shaped 
(“boot”) and T-shaped (“anchor”) crypts
Serration at the basis of the crypt

BRAF 
(80–90%)
KRAS 
(3–8%)

Traditional serrated 
adenoma (TSA)

Distal colon
Sessile or 
pedunculated
Size often 
>0.5 cm

Complex and distorted tubulovillous or 
villous (“filiform”) configuration, 
eosinophilic cytoplasm, ectopic crypts

BRAF 
(20–60%)
KRAS 
(20–25%)

S. Carballal et al.
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distribution within the colon. HPs are considered of less clinical importance, 
 especially if they are diminutive and located in the rectosigmoid. It is unclear 
whether some MVHP can progress to SSA/Ps. The significance of GCHP is poorly 
understood; some authors have suggested that it may represent the precursor lesion 
of TSA.

Sessile serrated adenomas (SSAs) are often subtle, appear flat or slightly ele-
vated, and can be covered by yellow mucus. They are typically found in the proxi-
mal colon and they are usually larger than 0.5 mm. Histologically, the serrations are 
more prominent than those of hyperplastic polyps and involve the entire length of 
the crypt (Fig. 15.1). SSA/Ps, especially when cytological dysplasia is present, are 
considered the main precursors of serrated colorectal carcinomas [6, 7]. They 

Fig. 15.1 Endoscopic and 
histological appearance of 
sessile serrated adenoma/
polyps. (a) A slightly 
elevated lesion located at 
cecum was detected during 
endoscopic examination in 
patient with serrated 
polyposis syndrome. After 
washing the adherent 
mucus over the polyp 
surface its indistinct edges, 
“cloud-like” surface and 
color similar to 
surrounding mucosa could 
be appreciated. Polyp was 
removed by endoscopic 
mucosal resection. (b) 
Microscopically, the polyp 
showed a marked serration 
and dilated, mucus-filled 
T-shaped (‘anchor’) crypts, 
corresponding to a sessile 
serrated adenoma/polyp

15 Serrated Polyposis Syndrome
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 represent approximately 5–25% of all SPs and are found in 3.3% of average risk 
population [8].

Traditional serrated adenomas (TSAs) are less common than other types of SPs 
(1%). The majority of them are located at the distal colon, they are often >5 mm, 
and their endoscopic appearance resembles conventional adenomas. The histopath-
ological features of TSA are quite characteristic, often showing a complex and dis-
torted tubulovillous or villous (“filiform”) configuration.

Serrated polyposis syndrome (SPS) is a condition characterized by the combina-
tion of large and/or numerous serrated lesions spreading throughout the colorectum 
with an increased life-time risk of CRC [9–14]. Revised World Health Organization 
(WHO) criteria for SPS are represented in Table 15.2. Although arbitrary, this defi-
nition has been useful to standardize the diagnosis and treatment, as well as to 
prompt research in such a field.

While the prevalence of SPS remains unknown, this syndrome is emerging as 
one of the most common colorectal cancer polyp syndromes. Endoscopic detection 
and histopathological characterization is a challenge in clinical practice. Increased 
awareness of serrated polyps has likely improved the diagnosis of SPS, suggesting 
that the prevalence is greater than initially reported. Indeed, prevalence of SPS in 
primary colonoscopy or sigmoidoscopy screening programs was reported to be 
<0.1%, while recent data suggest a four-time higher prevalence [8]. The prevalence 
of SPS in preselected screening populations based on a positive fecal immunochem-
ical test (FIT) has been reported to be considerably higher (0.34–0.66%) [15, 16]. 
Moreover, SPS is often missed during a first screening colonoscopy. The rate of SPS 
after follow-up, as reported in the FIT-based screening cohort (0.8%) and in primary 
colonoscopy cohort (0.4%), seems to be more accurate estimates of the true preva-
lence of SPS.

Initial small series of patients with SPS reported up to 70% rates of CRC [14], a 
figure that probably traduced an important selection bias, overestimating the per-
ception of CRC in SPS. The prevalence of CRC reported in subsequent studies, with 
a larger number of patients, showed a lower risk between 7% and 35% [11, 17–21]. 
Few studies have tried to stratify the CRC risk based on clinical risk factors [20, 22, 
23]. Indeed, patients who fulfill both WHO criteria I and III, the presence of 
advanced adenomas or dysplasia within serrated polyps, and the number of SSA/P 
are factors that have been associated with an increased risk of CRC in SPS patients. 
However, cancer risk in patients fulfilling criterion II remains controversial. Since 
proximal SPs are detected in 4.7–12.2% of the screening population [8], this 

Table 15.2 Revised World Health Organization (WHO) criteria for SPS

Criterion I. 5 or more serrated polyps proximal to the sigmoid colon, 2 of them larger than 
10 mm.
Criterion II. Any number of serrated polyps proximal to the sigmoid in an individual who has 
any first-degree relative with SPS
Criterion III. More than 20 serrated polyps distributed throughout the colon
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 criterion is probably leading to an overdiagnosis of SPS and should be revised in the 
near future.

This high prevalence of CRC is far from the rate of incident CRC observed in the 
two largest and most recent cohorts of patients with SPS. Current observations sug-
gest that once patients with SPS undergo endoscopic surveillance with polyp 
removal (at least those >3 mm), the CRC risk is very low (5-year-cumulative inci-
dence of CRC around 2%) [22, 23].

1.2  Clinical Characteristics

Characteristics of patients with SPS have been defined mainly based on the publica-
tion of series of cases, with significant heterogeneity in the description of the clini-
cal, endoscopic, and histological features. There is no apparent sex predominance 
and the mean age at diagnosis is between 50 and 60 years. Cigarette smoking his-
tory and overweight/obesity have been associated with an increased risk of develop-
ing serrated polyps [24], suggesting that environmental factors are involved in the 
pathogenesis. In this sense, current smoking has been strongly associated with the 
presence of advanced SP [25]. However, recent studies suggest that the pathogene-
sis of SPS might be different in smokers and non-smokers [24]. History of smoking 
(current and former smokers) is significantly associated to fulfillment of WHO cri-
terion III only, compared with non-smokers [23]. Additionally, the CRC risk seems 
to be smaller in the smokers than in the non-smokers [23]. Future research needs to 
clarify the role of smoking in SPS and might influence the options for therapy and 
surveillance for smokers in the near future.

Some authors have suggested the existence of various phenotypes within the SPS 
definition. Some patients display a right-sided phenotype with large SSA/P (i.e., 
criterion I), some present with a left-sided phenotype with a greater amount of small 
polyps (i.e., criterion III), and others show a mixed phenotype with shared features 
of the previous phenotypes [20]. As mentioned, patients who fulfill both WHO cri-
teria I and III seem to be at increased risk to be diagnosed with CRC, compared with 
patients who fulfill WHO criterion I or WHO criterion III only [23]. Conventional 
adenomas frequently coexist with serrated polyps in patients with SPS. There is no 
clear evidence of an increased risk of extracolonic neoplasms in patients with SPS 
and their relatives [12].

Between 10 and 50% of SPS patients report a family history of CRC [14, 18–21, 
26, 27], and first-degree relatives of SPS patients have an increased risk for both 
CRC and SPS compared with the general population. In the largest series, the stan-
dardized incidence ratio of CRC in first-degree relatives of patients with SPS was 
approximately five times that of the general population [20].
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1.3  Clinical Management

Due to the high risk of CRC in patients with SPS, scientific societies recommend 
1-year endoscopic surveillance in all patients with SPS diagnosis [28]. Patients 
undergoing annual colonoscopy surveillance in experienced centers, with removal 
of polyps >3 mm, show a low risk of developing CRC (<2% in 5 years) [12, 22]. 
Ongoing follow-up studies are evaluating whether endoscopic surveillance can be 
performed at longer time intervals in a subset of patients that do not display CRC 
risk factors.

Surgical management should be restricted to cases with severe polyposis that is 
unmanageable endoscopically, unresectable large lesions, or the presence of 
CRC. The decision for an extended (total colectomy with ileo-rectal anastomosis if 
the rectum is spared) vs. segmental colectomy needs to be individualized for each 
patient. After surgery, it is advisable to conduct surveillance of the remaining col-
orectum every 6–12 months for the risk of metachronous lesions.

First-degree relatives of patients with SPS should undergo CRC screening start-
ing at the age of 35–40 years or 10 years before the age of diagnosis of the youngest 
affected family member [29, 30].

2  Molecular Features and Pathogenesis

2.1  Serrated Pathway of Carcinogenesis

The serrated pathway has recently emerged as an alternative pathway leading to 
sporadic CRC. The well-characterized molecular changes associated with serrated 
pathway are (1) mutations in BRAF and KRAS oncogenes, (2) microsatellite insta-
bility (MSI), and (3) CpG island methylator phenotype (CIMP) (Fig. 15.2).

The mitogen-activated protein kinase (MAPK) pathway activation through muta-
tion of the BRAF and KRAS oncogenes leads to uncontrolled cell proliferation. The 
most distinct molecular alteration associated with the serrated neoplasia pathway is 
a mutation in the BRAF proto-oncogene [31]. Moreover, aberrant hypermethylation 
of CpG islands in the promoter region of a gene can result in its silencing. In prac-
tice, the CIMP status of a given lesion is determined by the assessment of the pro-
moter methylation status of a panel 1 of five genes, in which hypermethylation of at 
least three genes is considered to be CIMP high and methylation of one or two genes 
is considered CIMP low. CIMP-high tumors have been strongly associated with the 
serrated neoplasia pathway [32, 33]. An example of a tumor suppressor gene that is 
usually silenced in CIMP tumors is the mismatch repair gene MLH1. The silencing 
of this gene results in sporadic microsatellite instability, comparable to hereditary 
microsatellite instability in patients with Lynch syndrome. For this reason, the ser-
rated neoplasia pathway is often referred to as the sporadic microsatellite instability 
pathway. However, not all CIMP tumors develop microsatellite instability. The 
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silencing of other tumor suppressor genes, such as p16INK4a, IGFBP7, and MGMT, 
might also have a prominent role in the development of CIMP-high microsatellite 
stable tumors.

Serrated pathway of colorectal carcinogenesis is represented in Fig.  15.2. 
Oncogenic BRAF (V600E) mutation seems to be the earliest event in the “classical 
serrated pathway” that proposes a progression from MVHP → SSA/P → SSA/P 
with cytological dysplasia → CRC. This sequence occurs most commonly in the 
proximal colon, leading to tumors that show CIMP high.

An alternative serrated pathway has been described, characterized by KRAS 
instead of BRAF mutation as earliest event, CIMP low, and progression to TSA 
from GCHP. However, this alternate pathway remains poorly understood [34].

Despite the association between SSA/Ps and serrated adenocarcinomas, up to 
50% of patients with SPS develop CRC at the rectosigmoid or left colon, and BRAF 
mutation is observed only in 33% of CRC [35]. These data suggest that, in the set-
ting of SPS, a considerable proportion of CRCs may arise from an adenoma rather 
than serrated polyps. Further prospective studies are needed to clarify the relation-
ship between histopathology and CRC development in SPS [22, 23].

Fig. 15.2 Serrated pathway of colorectal carcinogenesis. Oncogenic BRAF mutation is detected in 
the earliest serrated lesions, especially in MVHP. MLH1 methylation leads to MSI tumors. In con-
trast, methylation in other targets (i.e., p16INK4a, IGFBP7, and MGMT) is associated with MSS 
CRCs. Abbreviations: MSI-H high microsatellite instability, MSS microsatellite stability, CIMP 
CpG island methylator phenotype
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2.2  Pathogenesis

Given that most patients with SPS are diagnosed in the 50s, with no family history 
of polyposis, and a strong association with environmental factors (i.e., smoking) 
[21, 23], it has been suggested that, overall, SPS is not an inherited genetic syn-
drome and rather behaves as a complex disorder where disease appears as a conse-
quence of the interaction of genetic susceptibility and environment.

Nevertheless, several lines of evidence support that a small proportion of SPS 
could be the phenotypic expression of an inherited genetic syndrome: first-degree 
relatives of patients with SPS appear to have an increased risk for both CRC and 
SPS [26, 36]. Also, the multiplicity of lesions and the unrelenting and sometimes 
rapid development of colorectal neoplasia in affected individuals suggest that, for a 
minority of cases, a genetic basis is yet to be discovered. Both autosomal and reces-
sive patterns of inheritance have been described. Biallelic MUTYH mutations have 
been reported in some patients fulfilling the WHO criteria of SPS usually in the 
context of a concomitant attenuated form of adenomatous polyposis [37]. 
Additionally, studies in individual families have reported linkage to loci on chromo-
somes 1p and 2q [37]. Despite of these findings, the genetic basis of SPS remains 
largely unknown.

3  RNF43-Associated Serrated Polyposis

BRAF or KRAS mutations that are associated with serrated polyps are alone insuf-
ficient to induce intestinal tumorigenesis. After a short period of hyperproliferation, 
crypt cells undergo growth arrest due to metabolic and replicative stress, a process 
termed oncogene-induced senescence. Recently, a whole-exome sequencing study 
of 20 unrelated subjects with multiple SSA/Ps identified mutations in several puta-
tive genes (ATM, PIF1, TELO2, XAF1, RBL1, and RNF43) functionally related to 
oncogene-induced senescence [37].

RNF43 is an E3 ubiquitin ligase expressed in colon stem cells that acts as a Wnt 
inhibitor by targeting Wnt receptors for degradation. It regulates Wnt signal strength 
through the R-spondin/LGR5/RNF43 module, with its effect antagonized by the 
Wnt amplifier R-spondin [38, 39]. In the mentioned study, two patients shared the 
same germline nonsense mutation in RNF43 (p.R113X), indicating that it is also 
associated with multiple serrated polyps (odds ratio, 460; 95% confidence interval, 
23.1–16.384; p = 6.8 × 10−5).

Another study reported a family with two siblings carrying germline nonsense 
RNF43 mutation (p.R132X) and numerous serrated polyps at a young age, one of 
whom developed a CRC with microsatellite instability (MSI) [40].

More recently, Yan et al. [41] reported the results from a combination of whole- 
exome sequencing and target gene Sanger sequencing to study SPS families, spo-
radic SPs, and CRCs. In one out four SPS families, exome sequencing identified a 
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germline likely pathogenic mutation in RNF43 (c.953-1G > A; c.953_954delAG; 
p.E318fs). This mutation was detected in two siblings who fulfilled WHO criteria I 
and/or III for SPS and also in a third sibling with one SP proximal to the sigmoid 
(criterion II of WHO) and a rectal cancer diagnosed at 49 years old. Several SPs at 
right colon were also detected during screening colonoscopy in the two children of 
this last case (both confirmed gene carriers). One gene carrier could not be screened, 
and the other four family members that did not carry the germline mutation had 
normal colonoscopies. In addition, RNF43 second hit by loss of heterozygosity or 
somatic mutation was observed in all serrated polyps (n = 16), adenomas (n = 5), 
and CRCs (n = 1) arising from germline RNF43 mutation carriers. Concurrently, 
somatic RNF43 mutations were identified in 34% of sporadic SSAs/TSAs, but 0% 
of HPs. Another recent study also reported frequent RNF43 somatic mutations in 
SPs [42].

The results reported by Yan et al. suggest that germline RNF43 mutations are 
responsible for a subgroup of SPS patients, and that should become part of the rou-
tine germline testing in SPS patients.

4  Unexplained Serrated Polyposis

After Yan et al. publication, the results of two genetic screens of a large cohort of 
individuals with SPS have been published [43]. The 295 individuals of these cohorts 
were recruited from the Genetics of Colorectal Polyposis Study. The first screen 
comprised 74 individuals with SPS selected based on early age at diagnosis, high 
numbers of SPs throughout the colon, and having a first-degree relative with SPS or 
CRC. By performing whole-exome or whole-genome sequencing, no pathogenic 
variants were identified; however, two uncommon non-synonymous variants pre-
dicted to be damaging were detected in a single carrier each (RNF43 NM_017763; 
exon6, c.C640G; p.L214  V and exon4, c.C443G; p.A148G). A second targeted 
genetic screen was performed specifically testing for the RNF43 p.R113X and 
p.R132X variants to determine their prevalence in individuals with SPS (n = 221). 
None of the tested individuals with SPS were carriers of either of these two RNF43 
germline pathogenic variants.

The scarcity of RNF43 germline pathogenic variants in these 295 patients with 
SPS indicates that mutations in RNF43 may account for only a small proportion of 
SPS suggesting that additional genetic risk factors for SPS are yet to be identified. 
Given these results, it is likely that the underlying genetic cause of SPS is geneti-
cally complex and heterogeneous.
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4.1  Future Directions

Serrated polyposis syndrome is an emerging disease associated with an increased 
CRC risk. Although a great body of evidence has emerged in the last decade, many 
challenges remain ahead:

• Reassessment of the WHO definition criteria. Based on current knowledge, some 
aspects of the current WHO guidelines for the diagnosis of SPS could be chal-
lenged. Current diagnostic criteria exclude lesions based on their location in the 
rectosigmoid. This seems mainly due to the fact that diminutive HPs in the rec-
tosigmoid should probably not be taken into account for the diagnosis of 
SPS. However, up to 50% of CRC in SPS occur in this location. Accordingly, it 
would seem reasonable to reassess the WHO criteria and not exclude lesions 
purely on their location without taking into account their size and histopathol-
ogy. Also, as mentioned above, WHO criterion II should be probably removed 
from the definition of SPS. These adjustments to the current WHO guidelines 
could help in defining those patients who are at risk of developing CRC.

• CRC risk stratification. Which patients benefit most from surveillance colonos-
copy or prophylactic surgery? Future studies should mainly focus on the safety 
and feasibility of personalized treatment and surveillance for patients with SPS 
according to CRC risk factors in order to decrease the colonoscopy burden as 
well as the incidence of colonoscopy interval CRCs.

• Improving colonoscopy diagnosis. The detection rate of serrated polyps is widely 
variable among endoscopists [44].The role of ancillary techniques (narrow band 
imaging, chromoendoscopy) needs to be defined in SPS.

• Unraveling the genetic cause of SPS. Although it is likely that the majority of the 
highly penetrant familial CRC genes have been already discovered, it is likely 
that SPS displays genetic heterogeneity and new candidate genes wait to be dis-
covered. Moreover, the role of low- or moderate-penetrance genes that interact 
with other genetic variants and/or environmental factors (i.e., smoking) will need 
to be clarified.
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Chapter 16
Genetic Testing in Hereditary Colorectal 
Cancer

Conxi Lázaro, Lidia Feliubadaló, and Jesús del Valle

Abstract Genetic testing for hereditary disorders has suffered a dramatic change in 
the last decade with the incorporation of next-generation sequencing (NGS) technolo-
gies in the clinical diagnostics routine. Consequently, mutation detection yield in 
hereditary cancer in general, and in colorectal cancer in particular, has increased due 
to the fact that more genes are screened at the same time with a similar cost and turn-
around time. This chapter summarizes previous methodologies used to address 
genetic causes of hereditary colorectal cancer and tackles important issues regarding 
NGS implementation for clinical testing. Analytical validity and clinical validity and 
utility together with ELSI aspects are briefly addressed. Somatic versus germline test-
ing is also discussed due to its relevance in new clinical scenarios where novel target 
therapies are introduced for particular genetic conditions. Altogether, we highlight the 
importance of creating multidisciplinary committees to interpret genetic and genomic 
results and translate them into good laboratory practice and clinical guidelines.

Keywords Genetic testing · Mutation detection · Next generation sequencing · Gene 
panels · Germline mutations · Somatic mutations · Lynch syndrome · Familial adenoma-
tous polyposis · Microsatellite instability (MSI) · Variants of unknown  significance 
(VUS) · Multilocus inherited neoplasia alleles syndrome (MINAS) · Moderate risk genes

1  Conventional Approaches for Molecular Analysis 
of Hereditary Colorectal Cancer Patients

1.1  Hereditary Colorectal Cancer-Associated Genes

Traditional algorithms for molecular testing in hereditary colorectal cancer (CRC) 
are based on patient- and tumor-specific evidence together with family history and 
are basically designed to distinguish hereditary nonpolyposis CRC from polyposis 
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syndromes and sporadic cases, although other rare CRC phenotypes have been 
associated with hereditary forms (a revised list of genes is presented in Table 16.1).

Starting with the main clinical suspicion of CRC, a genetic testing algorithm is 
followed (Fig. 16.1). In the case of LS suspicion, simultaneous or sequential tests 

Table 16.1 Hereditary colorectal cancer genes, associated syndromes and mode of inheritance. 
Shading denotes genes recently proposed to increase CCR risk but not fully validated

Gene Syndrome Inheritance

MLH1 Lynch syndrome Dominant

MSH2 Lynch syndrome Dominant

MSH6 Lynch syndrome Dominant

PMS2 Lynch syndrome Dominant

EPCAMa Lynch syndrome Dominant

APC Familial adenomatous polyposis Dominant

MUTYH MUTYH-associated polyposis Recessive

POLE Polymerase proofreading-associated polyposis Dominant

POLD1 Polymerase proofreading-associated polyposis Dominant

NTHL1 Colorectal adenomatous polyposis Recessive

MSH3 Colorectal adenomatous polyposis Recessive

MMRb Constitutional MMR deficiency Recessive

GREM1c Hereditary mixed polyposis Dominant

SMAD4 Juvenile polyposis Dominant

BMPR1A Juvenile polyposis Dominant

STK11 Peutz-Jeghers Dominant

BUB1 Hereditary CRC Dominant

BUB3 Hereditary CRC Dominant

PTPN12 Hereditary CRC Dominant

LRP6 Hereditary CRC Dominant

RPS20 Hereditary CRC Dominant

FAN1 Hereditary CRC Dominant

FANCM Hereditary CRC Dominant

TREX2 Hereditary CRC Dominant

TP53 Early-onset hereditary CRC Dominant

POT1 Hereditary CRC Dominant

POLE2 Hereditary CRC Dominant

MRE11 Hereditary CRC Dominant

RPS20 Hereditary CRC Dominant

aOnly large deletions affecting the 3′ end
bBiallelic mutations of MMR genes (in the same or different MMR genes, including MLH1, 
MSH2, MSH6, and PMS2)
cOnly a large duplication upstream GREM1 gene
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are performed on the tumor sample as a prescreening tool to determine if germline 
genetic analysis of mismatch repair (MMR) genes is suitable. This type of algorithm 
was (and still is) used by many diagnostic laboratories because the cascade work-
flow dramatically decreased costs and turnaround times, while complete analysis of 
several genes with traditional methodologies is expensive and time-consuming.

1.2  Prescreening Tests on Tumor Samples

Since the 1990s, many different approaches have been used to analyze the possibil-
ity of hereditary CRC. The first marker used to identify hereditary CRC was micro-
satellite instability (MSI), described by Ionov et  al. [1] and Aaltonen et  al. [2] 
Microsatellites, or single sequence repeats, are a subcategory of tandem repeats; 
they consist of short nucleotide motifs (ranging in length from 1 to 10 nucleotides) 
that are repeated several times (from 5 to 50 times). They are spread through the 

Fig. 16.1 Hereditary CCR algorithm. A common strategy to identify patients with hereditary 
colorectal cancer (Adapted from Pineda et al. [9])
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Fig. 16.2 Microsatellite instability schemes. Left, a dinucleotide microsatellite of thymine and 
adenine, illustrating the length variation of this microsatellite caused by MSI. Right, two electro-
pherograms analyzing one microsatellite in the same individual: at the top normal tissue DNA with 
no MSI (MSS), at the bottom analysis of the paired tumor DNA, which clearly shows MSI

whole genome, though most often found in noncoding regions. Microsatellites 
mutate up to ten times faster than other regions [3], meaning that they are usually 
highly polymorphic, varying in length from one individual to another. Cancer MSI 
consists of the accumulation of errors (deletions and duplications) in microsatellite 
sequences during DNA replication, leading to differences in microsatellite lengths 
between tumor cells (Fig. 16.2).

By analyzing the length of several selected microsatellites in DNA from colon 
and endometrial cancer tissues, these tumors can be classified in two groups: micro-
satellite stable (MSS) and microsatellite instable (MSI or MSI-high). MSI is defined 
by instability of at least 30% of the studied microsatellite markers [4]. For this clas-
sification, the US National Cancer Institute (NCI) originally recommended the 
Bethesda panel of five markers (three dinucleotide and two mononucleotide repeats) 
[5]. However, it was subsequently demonstrated that dinucleotide microsatellites 
provide lower sensitivity and specificity than mononucleotide microsatellites, so a 
panel of five quasi-monomorphic mononucleotide microsatellites was proposed [6] 
and is now widely used.

MSI is originated by defects in the mismatch repair (MMR) system. Germline 
mutations in MMR genes lead to the accumulation of errors during DNA replication, 
which can be easily detected in the analysis of microsatellite markers. The presence 

C. Lázaro et al.



213

of MSI is a hallmark of Lynch syndrome (LS), although approximately 10% of 
sporadic CRC show MSI [7].

Loss of MMR protein expression by immunohistochemical (IHC) analysis is a 
potential alternative for the identification of LS tumors. It consists of the immuno-
histochemical staining of the 4 LS-associated MMR proteins, MLH1, MSH2, 
MSH6, and PMS2, on tumor samples, mostly formalin-fixed paraffin-embedded 
(FFPE), to test for possible loss of expression. In addition to providing evidence 
indicative of LS, loss of expression of one or two MMR proteins in the tumor is very 
useful for selecting the specific MMR gene for germline testing, because the pattern 
of staining is suggestive of the underlying molecular alteration.

MSI analysis and IHC analysis provide almost equal sensitivity, although IHC 
may give false positive results when the antibody hybridizes to a fragment of a trun-
cated protein [8], and not all pathogenic mutations result in loss of protein expres-
sion [9]. So, the two approaches can be complementary and are both widely used in 
LS screening.

Most sporadic MSI tumors (without germline alterations) also present loss of 
expression of MLH1/PMS2 proteins, often due to abnormal hypermethylation of 
the MLH1 promoter. This methylation represses MLH1 gene transcription and leads 
to the absence of normal MLH1 protein. Consequently, the analysis of MLH1 pro-
moter hypermethylation is a good prescreening method to avoid the study of MMR 
genes in sporadic cases, lowering the cost associated with gene analysis. Screening 
of the BRAF V600E mutation in tumor samples is also a valid method for identify-
ing sporadic cases with MSI because it is strongly associated with MLH1 promoter 
hypermethylation, although this mutation has occasionally been detected in LS 
tumors [10–12]. MLH1 methylation is more specific than BRAF mutation screening 
and is therefore more cost-effective. However, different ranges of specificity have 
been reported depending on the technique and criteria used for case selection [13, 14]. 
Importantly, the presence of constitutional MLH1 promoter hypermethylation, 
although rare, should also be considered as a possible cause of LS.

In summary, after tumor screening, genetic testing of the candidate MMR gene 
should be performed in selected cases (Fig. 16.1). Nevertheless, it is advisable to evalu-
ate unusual clinical cases that do not meet the molecular criteria set for the algorithm 
by a multidisciplinary team before ruling out germline MMR genetic testing.

Mutations in the POLE and POLD1 genes have recently been described as a 
cause of hereditary CRC with high penetrance [89]. Although more evidence is 
needed, it seems that mutations in POLE and POLD1 produce a phenotype of 
oligo- adenomatous colorectal polyposis, CRC, and other extra-colonic tumors 
(mainly endometrial) [15]. The majority of pathogenic mutations are located in the 
exonuclease (proofreading) domains (POLE exons 9–14, POLD1 exons 6–12), 
affecting the exonuclease activity and resulting in a reduction of the DNA replica-
tion fidelity [16]. POLE alterations are also associated with ultramutated sporadic 
colon and endometrial tumors [17]. For this reason, hypermutation assessment in 
MMR-proficient tumors could be a good prescreening marker for sporadic or 
germline cases caused by POLE mutations.

16 Genetic Testing in Hereditary Colorectal Cancer
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1.3  Germline Mutational Analysis Before the Introduction 
of Next-Generation Sequencing Approaches

In general, mutational analysis of the genes described above involves analysis of the 
whole coding region and intron-exon boundaries. For point mutations and small 
deletions and insertions, there are two screening approaches: (1) traditional Sanger 
sequencing, which is the gold standard for mutation screening, and (2) other screen-
ing methods, most based on heteroduplex conformation, such as single-strand 
conformation polymorphism (SSCP), denaturing high-performance liquid chroma-
tography (dHPLC), conformation-sensitive capillary electrophoresis (CSCE) and 
the high-resolution melting (HRM) approach which detect point mutations with a 
lower sensitivity than Sanger sequencing.

None of the above methods can detect large genomic rearrangements like exonic 
deletions/duplications. To achieve this, several semiquantitative methods were 
developed in the early 2000s, the most widely used being multiplex ligation- 
dependent probe amplification (MLPA). The frequency of large rearrangements var-
ies from one gene to another and between different populations but is generally 
around 10% of overall mutations.

1.3.1  Germline Mutations in Lynch Syndrome

LS is defined by the presence of germline mono-allelic mutations affecting the 
MLH1, MSH2 (or the 3′ end of EPCAM), MSH6, or PMS2 genes.

IHC analysis of MMR proteins is a powerful tool, since loss of expression is not 
only a hallmark of LS: in samples with loss of expression of only one of the proteins 
(mostly MSH6 or PMS2), the gene that codifies this protein is also the best candi-
date to test for deleterious mutations. When two proteins are not expressed, nor-
mally corresponding to the heterodimers MLH1/PMS2 or MSH2/MSH6, then 
MLH1 or MSH2, respectively, is the best candidate to test first; if negative, mutation 
screening of the other gene is recommended [18].

It should be noted that molecular analysis of PMS2 gene is more complex due to 
the presence of various pseudogenes in the genome. The presence of genomic 
regions with high sequence homology to PMS2 hampers conventional analysis. The 
best strategy to overcome this problem is to perform long-range PCR and/or cDNA 
sequencing [19–21].

When testing MSH2, it is important to also look for large rearrangements in the 
EPCAM (TACSTD1) gene, which is located 5′ from to the MSH2 promoter region, 
because deletions of the last exons of EPCAM originate hypermethylation of 
MSH2 promoter, resulting in a similar clinical effect to that of pathogenic MSH2 
mutations [22, 23].
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1.3.2  Germline Mutations in Familial Adenomatous Polyposis

In general, when CRC is originated in a polyposis (multiple polyps) context, it is 
related not to LS but to familial adenomatous polyposis (FAP). When there are 100 
or more polyps in the colon and rectum (the classical form of FAP), analysis of the 
APC gene is mandatory, since more than 80% of patients with classical FAP have an 
APC mutation [9]. When the number of polyps is lower (the attenuated form of 
FAP), screening should be performed for biallelic mutations in MUTYH, a recessive 
form of polyposis. Some recurrent mutations in MUTYH account for a high propor-
tion of the total mutations, although they differ among populations [24, 25]. To 
improve cost-effectiveness, some laboratories first screen for recurrent mutations. 
However, if even one mutation is found in the first screening, analysis of the rest of 
MUTYH should be completed. In CRC patients with a non-informative MUTYH 
test and a low number of polyps, MSI analysis should be considered in order to rule 
out the possibility of LS. Nevertheless, the presence of MSI-positive tumors, although 
rare, has also been reported in biallelic carriers of MUTYH mutations [26–28].

Unlike hereditary nonpolyposis CCR, in FAP prescreening of tumor samples is 
not effective, so it is advisable to proceed straight to gene analysis. Interestingly, the 
tumors of MUTYH biallelic germline mutants frequently carry the KRAS mutation 
G12C (c.34G > T) [26]. It has therefore been proposed that the study of cases with 
the attenuated form of polyposis should begin with tumor screening of the KRAS 
G12C mutation [29, 30].

2  Mutation Analysis Using Next-Generation Sequencing- 
Based Approaches

2.1  Brief Introduction to Next-Generation or Massively 
Parallel Sequencing

Next-generation sequencing (NGS), also known as massively parallel or high- 
throughput sequencing, describes a group of sequencing technologies developed in 
the first decade of this century to reduce the cost and increase the yield of sequenc-
ing. It analyzes many  DNA molecules clonally and in parallel through different 
approaches and can be used for molecular diagnostics following an essentially com-
mon workflow, shown in Fig.16.3. First, a library of DNA fragments from the 
regions of interest, surrounded by universal priming sequences, must be prepared. If 
various samples need to be sequenced together, short barcoding sequences are 
added. This targeted library can be produced in one or two steps by simplex or mul-
tiplex PCR amplification. Other common approaches involve DNA fragmentation, 
oligomer ligation, and enrichment by some kind of hybridization or primer exten-
sion. The most important quality control steps in the laboratory workflow are quan-
tification of dsDNA from the starting sample and assessment of the library quantity 
and quality at critical points and before pooling libraries from different samples.

16 Genetic Testing in Hereditary Colorectal Cancer
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Fig. 16.3 Basic NGS diagnostic workflow. Left, the main steps needed to go from the sample to 
the laboratory report and their intermediate products (blue for the laboratory workflow, green for 
the bioinformatic pipeline). Right, images depicting sample and products
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Table 16.2 Main sequencing technologies used in molecular diagnostics

Sequencing 
technology

Read 
length 
(bp)

Throughput (Mb/
run)/run time Main characteristics

Sanger (chain 
termination)

600–900 0.002–0.1/0.3–2.3 h Main company: Thermo fisher-applied 
biosystems
Different alleles are read together; detection 
based on fluorescence imaging
It has the lowest error rate (0.001–0.1%) but 
also the lowest throughput and is by far the 
most expensive
Gold standard in diagnostics for several 
decades

Ion 
semiconductor

200–400 30–15,000/2–7.3 h Company: Thermo fisher-ion torrent
After clonal amplification, sequentially 
released natural nucleotides are incorporated. 
Released protons are detected as an electric 
signal proportional to the incorporated bases
1% error rate, prone to indel errors, especially 
in homopolymeric sequences
Highly scalable platforms, with an 
intermediate price per base

Reversible 
termination

50–300 1.2–
1,800,000/4 h–11 d

Company: Illumina
After clonal amplification, sequencing 
consists of cycles of incorporation of 
fluorescently labeled reversible terminators, 
imaging, and fluorescence cleavage to allow 
addition of the next base
0.1% error rate, mainly substitution errors
It reaches the highest throughput and is the 
cheapest

Data collected mainly from company websites; error rates extracted from Glenn’s NGS Field 
Guide [47]

The main NGS technologies currently used for diagnostics are reversible termina-
tion sequencing by synthesis, provided by Illumina, and ion semiconductor sequenc-
ing, developed by Ion Torrent. Both technologies require prior clonal DNA 
amplification to ensure accurate detection. Reversible termination sequencing by syn-
thesis uses bridge PCR on a surface to generate the high-density array of template 
DNA where sequencing takes place. Ion semiconductor sequencing employs an emul-
sion PCR on primer-coated beads, which are subsequently deposited in individual 
wells for the sequencing reaction. Illumina sequencing is based on cycles of DNA 
synthesis where fluorescent reversible terminator dideoxyribonucleotides are incor-
porated. After an image has been taken, the fluorophore is detached and the hydroxyl 
group regenerated for a subsequent synthesis cycle [31]. In ion semiconductor 
sequencing, the four natural nucleotides are supplied sequentially to the DNA poly-
merase. When a nucleotide is incorporated into the growing strand, the proton released 
is detected as an electric signal proportional to the number of nucleotides incorpo-
rated [32]. Table 16.2 lists the main characteristics of the sequencing technologies 
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most commonly used for diagnostics. A newer generation of sequencers can sequence 
long single molecules without any amplification step. The most commonly used plat-
forms of this type are developed by Pacific Biosciences, which classifies its technol-
ogy as single molecule real-time (SMRT) sequencing, although it is not included in 
the table because as of February 2018 it has not reached the throughput, reliability, 
price, and ease of use that would make them suitable for application in the routine 
setting. Given the constant evolution of sequencing  technologies, however, SMRT or 
another similar platform, or another technology based on a completely different 
approach, could become widely adopted in the near time.

NGS technologies generate a large number of sequencing reads, each derived 
from a clonally amplified DNA fragment. Consequently, each allele of a locus is 
read separately. Unfortunately, these reads are usually less accurate than Sanger 
sequences. To increase sequence accuracy and ensure the detection of both alleles 
for heterozygous variants, each locus is read several times. The number of reads 
supporting the base calling of a DNA position is called read depth or coverage, and, 
rather confusingly, a position or region is considered covered if it is represented by 
at least one read. Some regions may be systematically underrepresented due to 
biases in library preparation or sequencing.

2.2  Next-Generation Sequencing Analysis

The analysis workflow begins with a quality control step to detect possible problems 
in the data, discard low-quality reads, and trim low-quality portions of good reads. 
If different samples have been pooled, barcodes allow the reads from each one to be 
separated. An alignment algorithm maps reads to the corresponding sequences to 
the human reference genome. Then, a variant caller detects differences between 
those reads and the reference genome, generating a variant list that can be filtered to 
reduce false positives. Next, an annotator retrieves information from databases to 
help determine the possible effects of the variant. More filtering usually discards 
variants classified as neutral and sometimes discards variants of unknown signifi-
cance (VUS). Selected variants are reported, and in parallel, a list of regions with 
coverage below a set threshold value can be produced. Variant detection largely 
depends on coverage. Poorly covered regions do not guarantee the sensitivity 
required for diagnostics and must be analyzed by a gap-filling technique like Sanger 
sequencing or at least disclosed in the diagnostics report.

There has been much debate about whether Sanger sequencing should be used 
to confirm variants detected by NGS [33–36]. In a recent study, Mu et  al. [37] 
Sanger- sequenced the 7845 non-polymorphic variants found in 20,000 hereditary 
cancer panels comprising 47 genes and found only 98.7% concordance. Setting the 
variant- calling quality score to increase specificity to 100% caused 176 true variants 
to be missed, reducing the sensitivity to 97.8%. Based on these data, Sanger-
sequencing confirmation is highly recommended.
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2.3  Limitations of Next-Generation Sequencing

NGS can detect point mutations and small insertions and deletions with high accu-
racy in most regions. Some regions, particularly those with high GC content, often 
corresponding to promoters and first exons (e.g., MSH6 first exon), are difficult to 
capture and can be poorly covered. This decreases the sensitivity if the problem is 
not addressed by improving the targeting design or complementing with Sanger 
sequencing [38].

Unlike Sanger sequencing, NGS can detect copy number alterations (CNAs, also 
called large rearrangements) from sequence data, identified as changes in the expected 
read depth of a region, after internal normalization, relative to the depth observed in 
other samples. Many factors can influence depth and reduce homogeneity within and 
between samples, reducing the specificity or the sensitivity of the approach [39, 40]. 
When the breakpoint is sequenced, sensitivity increases because single reads or read 
pairs can be detected partially aligning to distant positions. This also allows for the 
detection of copy-neutral structural variants but seldom happens in targeted sequenc-
ing, since only a small portion of the genome is sequenced [41–43].

NGS usually provides short reads, which are more difficult to align to repetitive 
regions. These include microsatellites (short tandem repeats, SRTs), long inter-
spersed repeats (e.g., Alu repeat elements), and segmental duplications (e.g., pseu-
dogenes). All of these are common in the human genome and can affect gene 
function. The most challenging example for hereditary colorectal cancer diagnos-
tics is the existence of the multiple highly homologous PMS2 pseudogenes, although 
a strategy has been described to address this [44].

NGS can also be used to analyze microsatellite instability in tumor samples, 
using the unstable microsatellites detected in genome data or incidentally targeted 
by the exome or even large or mid-size gene panels [45, 46].

2.4  Use of Gene Panels for Genetic Testing of Hereditary CRC 
Syndromes

With the development of the first benchtop NGS platforms, a plethora of papers were 
published addressing the use of NGS to tackle genetic testing for different hereditary 
disorders. Academic laboratories and commercial companies designed the first NGS 
assays to analyze single or small numbers of genes according to clinical phenotypes. 
The main aim was to improve on the cost-effectiveness of Sanger sequencing without 
losing quality control over the process [48]. Rapid advances in the development of 
these technologies made it possible to investigate dozens of genes simultaneously, at a 
similar price and turnaround time. Consequently the era for larger gene panels for 
genetic testing opened. Table 16.3 summarizes recent publications using different com-
mercial or ad hoc panels for molecular diagnostics in CRC patients.
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All of the above panels are theoretically valid, provided that quality control is 
maintained and meets the minimum requirements described in the previous section, 
although it is crucial for clinicians and molecular geneticists to reach a consensus 
regarding the most suitable test for their particular clinical setting. There is no single 
correct solution, and several factors must be taken into consideration: the number of 
samples to be analyzed/year, the number of different clinical conditions studied in 
both the clinical and laboratory settings, the desired turnaround time, the laborato-
ry’s NGS infrastructure, the availability of bioinformatic support, etc. It is particu-
larly important for the laboratory and clinicians to fully understand and disclose the 
range and limitations of the tests they offer.

For the sake of concision and balance, the main conclusions of four different 
publications analyzing more than one thousand patients each are discussed in this 
section [49–52], which encompass most of the knowledge derived from the use of 
NGS panels for the molecular diagnosis of hereditary colorectal cancer. In addition, 
the main contributions of other studies are briefly summarized in Table 16.3.

Table 16.3 Main results of gene panels used for CRC patients

First author 
citation no.

Patients 
# Clinical selection Panel description Main results

Susswein [49] 10,000 Hereditary cancer 
patients

GeneDx, 29 genes, 
multigene panels

9% PAT; highest yield 
LS/CRC 14.8%; 34.7% 
VUS

LaDuca [50] 2079 Hereditary cancer 
patients

Ambry (14–22 genes) 8.3% global PAT, 9.2% 
ColoNext

Yurgelun [51] 1260 Lynch 
syndrome- patients

Myriad myRisk (25 
genes)

9% LS genes PAT, 5.6% 
other HC genes, 38% 
VUS

Yurgelun [52] 1058 Consecutive CRC 
patients

Myriad myRisk (25 
genes)

9.9% PAT, 31.2% VUS

Chubb [53] 626 Early-onset CRC Exome sequencing, 
analysis 9 CRC genes

14.2% PAT (10.9% 
MMR), 10% VUS

Cragun [54] 586 CRC patients ColoNext ambry (14 
genes)

10.4% PAT, 20.1% VSD

Ricker [55] 475 Hereditary cancer 
patients

Different multigene 
panels

15.6% PAT, 43.2% VUS

Pearlman [56] 450 CRC patients 
<50 years

Myriad myRisk (25 
genes)

16% PAT; 32.2% VUS

Slavin [57] 348 Hereditary cancer 
patients

Different multigene 
panels

17% PAT, 42% VUS

Hermel [58] 227 Hereditary cancer 
patients

Different multigene 
panels

12.3% PAT; 19.4% VUS

Howarth [59] 92 HBOC + HNPCC Myriad myRisk/
ambry BRCAplus

10% PAT, 43% VUS

Rohlin [60] 91 6 CRC overlapping 
phenotypes

19 CRC genes 17.6% PAT/PPAT; 33% 
VUS
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2.4.1  Gene Composition of Panels

Academic laboratories and commercial firms have developed a variety of hereditary 
cancer panels that can be categorized as follows: (1) panels by clinical phenotype 
(Ambry [50], GeneDx [49], etc.); (2) panels by risk, which tend to include high- and 
moderate-risk genes (for instance, the 25 genes included in the myRisk panel by 
Myriad [51] or the 29 genes included by GeneDx [49]); and (3) comprehensive panels 
with a broad unbiased list of genes mutated in hereditary cancer syndromes (TruSight 
Cancer [61, 62], I2HCP [63], Table 16.4). These three types of panels provide comple-
mentary genetic information, and it is important for a comprehensive committee of 
clinic and academic staff to agree upon the specific panel to be used in a given institu-
tion. This agreement is especially essential in public health systems where a balance 
between clinical utility and translation of scientific evidence should be achieved.

2.4.2  Frequency of Pathogenic Mutations and Detection Yield 
by Cancer Type

The number of pathogenic mutations identified varies according to the clinical 
selection of patients and the gene content of the panel used. For instance, Yurgelun 
et al. [51], using a 25-gene panel, identified 14.4% of pathogenic mutations in a 

ColoNex
t Ambry

MyRisk 
Myriad

CRC 
GeneDx

CRC 
Invitae TruSight Cancer Illumina59 I2HCP Castellanos et al.60

APC APC APC APC AIP FANCC RAD51C A2ML1a ERCC8 MSH2 RB1
BMPR1
A

ATM ATM AXIN2 ALK FANCD2 RAD51D AIP EXO1 MSH3 RET
CDH1 BARD1 AXIN2 BMPR1

A
APC FANCE RB1 ALK EXT1 MSH6 RIT1a

CHEK2 BMPR1
A

BMPR1
A

CDH1 ATM FANCF RECQL4 APC EXT2 MUTYH RNASEL
EPCAM BRCA1 CDH1 CHEK2 BAP1 FANCG RET ARAF FAN1a NBN RRASa
GREM1 BRCA2 CHEK2 EPCAM BLM FANCI RHBDF2 ATM FANCA NF1 SBDS
MLH1 BRIP1 EPCAM GREM1 BMPR1 FANCL RUNX1 BAP1 FANCB NF2 SDHAF2
MSH2 CDH1 GREM1 MLH1 BRCA1 FANCM SBDS BARD1 FANCC NRAS SDHB
MSH6 CDK4 MLH1 MSH2 BRCA2 FH SDHAF2 BLM FANCD

2
NTHL1a SDHC

MUTYH CDKN2
A

MSH2 MSH6 BRIP1 FLCN SDHB BMPR1 FANCE PALB2 SDHD
PMS2 CHEK2 MSH6 MUTYH BUB1B GATA2 SDHC BRAF FANCF PDGFB SHOC2
POLD1 EPCAM MUTYH PMS2 CDC73 GPC3 SDHD BRCA1 FANCG PDGFRA SLX4
POLE GREM1 PMS2 POLD1 CDH1 HNF1A SLX4 BRCA2 FANCI PHOX2B SMAD4
PTEN MLH1 POLD1 POLE CDK4 HRAS SMAD4 BRIP1 FANCL PIK3CAa SMARCA4

*SMAD4 MSH2 POLE PTEN CDKN1
C

KIT SMARCB
1

BUB1B FANCM PMS1 SMARCB1
STK11 MSH6 PTEN SMAD4 CDKN2 MAX STK11 CBL FH PMS2 SMARCE1
TP53 MUTYH SMAD4 STK11 CEBPA MEN1 SUFU CDC73 FLCN POLD1 SOS1

NBN STK11 TP53 CEP57 MET TMEM12
7

CDH1 GPC3 POLE SOS2a
PALB2 TP53 CHEK2 MLH1 TP53 CDK4 GRB2a POLH SPRED1
PMS2 CYLD MSH2 TSC1 CDKN1

C
HNF1A POT1a STK11

POLD1 DDB2 MSH6 TSC2 CDKN2 HRAS PPM1D SUFU
POLE DICER1 MUTYH VHL CDKN2

C
KIT PRKAR1 TGFBR2

PTEN DIS3L2 NBN WRN CHEK2 KLLN PRSS1 TMEM127
RAD51C EGFR NF1 WT1 CYLD KRAS PTCH1 TP53
RAD51D EPCAM NF2 XPA DDB1 LZTR1a PTEN TSC1
SMAD4 ERCC2 NSD1 XPC DDB2 MAP2K1 PTPN11 TSC2
STK11 ERCC3 PALB2 DICER1 MAP2K2 RAD50 TSHR
TP53 ERCC4 PHOX2B ELAC2 MAX RAD51 VHL

ERCC5 PMS1 EPCAM MEN1 RAD51Ba WRN
EXT1 PMS2 ERCC2 MET RAD51C WT1
EXT2 PRF1 ERCC3 MLH1 RAD51D XPA
EZH2 PRKAR1

A
ERCC4 MLH3 RAF1 XPC

FANCA PTCH1 ERCC5 MN1 RASA1 XRCC2
FANCB PTEN ERCC6 MRE11A RASA2a

Table 16.4 Genes targeted by some panels used for hereditary cancer diagnostics

Genes present in more than one panel are denoted by bold text, with darker shading indicating 
presence in more panels. Genes present in all six panels are denoted by white text
aGenes not present in the published panel version; they correspond to I2HCP v2.2
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cohort of patients with clinical suspicion of Lynch syndrome. Interestingly, around 
9% of the patients had a LS mutation but 5.6% carried non-LS mutations. These 
mutations would have been lost if only LS genes were screened. The largest study 
published to date includes the analyses of more than 10,000 samples with clinical 
suspicion of hereditary cancer using a 29-gene panel [49] in which the global muta-
tion rate is 9.0%, although individuals with colon/stomach cancer had the highest 
yield of positive results (14.8%). While the majority of mutations were in well- 
established colon cancer genes, 28.2% were in genes considered nonclassical for 
gastrointestinal cancer, a third of them in BRCA1 and BRCA2, and the remainder in 
CHEK2, ATM, PALB2, BRIP1, and RAD51D. Notably, in this comprehensive study, 
pathogenic mutations in the whole hereditary cancer cohort were divided almost 
evenly between well-established genes such as LS genes, BRCA1/2 and other high- 
risk genes (51.8%), and recently described genes with moderate or unknown risk 
(48.2%). For endometrial cancer, the mutation detection yield was 11.9%, with 
mutations in LS genes—predominantly in MSH6—present in 61.1% of the carrier 
patients. CHEK2 and BRCA1/2 were also equally mutated in more than 10% of 
patients.

2.4.3  Frequency of Variants of Unknown Significance

The number of VUS identified differs in the literature and is associated not with 
patient phenotype but with the number of genes in the panel. The highest VUS fre-
quency is observed on the largest panels due to the larger DNA sequence analyzed. 
Moreover, the larger panels contain fewer well-studied genes or newly character-
ized genes for which few missense variants have been functionally analyzed or stud-
ied in families, as well as including genes of moderate or low penetrance in which 
cosegregation analysis or case-control studies have less statistic power. Additionally, 
VUS frequency has been related to ancestry; in the study by Susswein, patients of 
Hispanic and Caucasian ancestry have the lowest rate of VUS across panels (around 
20%), compared to those of Asian or African-American ancestry (around 37%). 
There is discussion between molecular geneticists and clinical specialists as to 
whether VUS should be reported, since they can be misinterpreted by patients and 
by doctors without specific expertise [64]. Conflicting interpretations of variants 
have also been described [65]. As such, the potential stress to patients caused by 
the identification of a VUS should be carefully considered when performing cost 
analyses of panels.

2.4.4  Identification of Multiple Mutations (MINAS)

Of 901 mutated patients in the Susswein study, 28 had more than one pathogenic 
mutation (3.1%), representing 0.3% of the total patients analyzed (28/10030). Six of 
these patients reported multiple primary cancers [49]. The presence of inherited 
pathogenic mutations in multiple cancer genes has recently been suggested as a 
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clinical entity, for which the acronym MINAS (multilocus inherited neoplasia 
alleles syndrome) has been proposed [66]. Whitworth and colleagues described five 
new cases and collected data on 82 cases identified by a systematic literature review. 
Their main conclusion seems to be that deleterious variants appeared to act indepen-
dently in many cases but not consistent effect was discernable. Several of the papers 
shown in Table 16.3 reported a similar proportion of patients with more than one 
pathogenic mutation (around 2–3%), but no clear genotype-phenotype association 
has been described to date. In order to increase knowledge in this field, Whitworth 
and colleagues proposed to create a public MINAS database using the Leiden Open 
Variation Database (LOVD) platform.

Although it cannot be considered a multilocus syndrome, it is worth mentioning 
a clinical entity fully described in the hereditary CRC field: constitutional mismatch 
repair-deficiency (CMMR-D) syndrome, in which biallelic mismatch repair gene 
mutations result in a more pronounced phenotype characterized by a broad spec-
trum of early-onset malignancies and a phenotype resembling that of neurofibroma-
tosis type 1 (reviewed by Wimmer et al.) [67].

2.4.5  Unexpected Findings

The analysis of broad gene panels comprises the identification of mutations in genes 
where they are not expected, on the basis of the patient/family clinical characteris-
tics. Of clinical relevance is the identification of mutations in highly penetrant 
genes, especially genes such as TP53 and CDH1 that are associated with high risk 
of cancer, whose management options include prophylactic surgery and/or exten-
sive surveillance measures that do not always offer the required precision (NCCN 
Guidelines). In the Susswein study, 6 out of 18 patients with pathogenic TP53 muta-
tions did not meet any Li-Fraumeni or Li-Fraumeni-like criteria, and 2 out of 4 
patients with pathogenic CDH1 mutations did not meet international gastric cancer 
criteria either. Although de novo mutations may account for some of these cases, 
more knowledge is needed and caution should be exercised in the surveillance of 
these unexpected molecular results.

2.4.6  Moderate-Risk Genes

As described above, most panel studies detect almost half of the pathogenic muta-
tions in genes of moderate or unknown risk. This represents a clinical dilemma, 
since uncertain risk impedes the use of established guidelines for the medical sur-
veillance of patients and because it is difficult to determine if these mutations are 
the sole cause of cancer in the patient/family in question. The clinical utility of 
mutations in these genes remains a matter of debate, so clinicians should plan how 
these putative results should be given to patients in pre-genetic testing consultations 
and offer clear recommendations in posttesting consultations about how patients 
should proceed in the event of positive results.
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2.4.7  Use of Gene Panels in Nonselected Consecutive CRC Patients

A recent paper presented the analysis of a panel of 25 genes associated with inher-
ited cancer risk in 1058 CRC cases without preselection for age at diagnosis, per-
sonal/family history, or MSI/MMR results [52]. One or more mutations were 
identified in 9.9% (105/1058) of patients; 33 harbored LS mutations and 74 had 
non-LS mutations. In the non-LS group, 23 patients presented mutations in high- 
penetrance genes, and 15 did not have clinical histories suggestive of their underly-
ing mutation; 38 patients had moderate-penetrance CRC risk gene mutations. These 
results demonstrate that multigene panel analysis without clinical preselection can 
identify pathogenic mutations in genes where primary or secondary cancer preven-
tion is recommended. Interestingly, APC and biallelic MUTYH mutations were 
present in 0.8% of patients, and half of these probands lacked diffuse colorectal 
polyposis, indicating that polyp number is an imperfect indicator of germline muta-
tions in these genes. Interestingly, BRCA mutations were present in 1% of all 
patients, making them more common than FAP and MAP combined. The main con-
clusion of this study is that neither proband age at CRC diagnosis nor family or 
personal history of CRC or other cancers significantly predicts the presence of 
germline mutations in non-LS genes. In addition, Pearlman and colleagues analyzed 
a cohort of 450 CRC patients younger than 50 years of age and found that one-third 
of mutation-positive patients did not meet established criteria for the affected 
gene(s) [56]. These results opened discussion about the efficacy of multigene germ-
line testing for CRC, irrespective of phenotype, due to the fact that the cost of panels 
is falling and the cancer risks for most of these genes are being more accurately 
defined. A recent study concluded that multigene panel testing was cost-effective as 
a first-line test for patients with suspicion of hereditary CRC syndrome [68].

2.5  Whole Exome Sequencing

The exome is the collection of all protein-coding regions (exons) and constitutes 
about 1% (30 Mb) of the human genome [69]. However, it is thought to contain 85% 
of disease-causing mutations [70], which makes it a cost-effective sequencing 
option in many clinical situations [71]. Whole exome sequencing (WES) seeks to 
sequence all protein-coding exons but also their intron-exon boundaries and, in 
many cases, functional non-protein-coding elements such as microRNA, long inter-
genic noncoding RNA, and untranslated regions (UTRs). The main NGS companies 
produce exome capture kits, with different designs and characteristics, which are 
reviewed in Warr et al. [72] and whose performance has been thoroughly assessed 
by Chilamakuri et al. [73] and Meienberg et al. [74]

WES has been successfully used to identify the gene responsible for several 
diseases in which the candidate-gene approach was unfeasible or had proved 
unsuccessful [70, 75–77]. The diagnostic yield of exome sequencing largely 
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depends on the type of disease; two large successive-case series [78, 79] suggest 
that it ranges from 9% to 41%, with an average frequency of 1 in 4. WES has 
been also used to associate PALB2 with familial pancreatic cancer [80] and, with 
the help of linkage analysis, tumor analysis and functional studies, to identify the 
new hereditary colorectal cancer predisposition gene RPS20 [81]. The usefulness 
of WES for hereditary CRC diagnostics was demonstrated in a study by Chubb 
et al. of 626 early-onset familial CRC cases from the UK national registry, where 
sequence data were filtered for the candidate genes MLH1, MSH2, MSH6, PMS2, 
APC, MUTYH, SMAD4, BMPR1A, POLD1, and POLE. A pathogenic or likely 
pathogenic variant was found in 14.2% of cases [53]. The main question, then, 
regarding the use of WES for hereditary cancer diagnostics is not whether it is 
possible but if it is cost- effective. If the WES platform will be used in the same 
way as a gene panel, it is probable not worth it, since the cost is higher and the 
coverage and, consequently, the sensitivity are usually lower [38, 50]. However, 
WES should be considered if the approach envisages the analysis of other genes 
after a negative result, whenever a new gene reaches clinical utility for the dis-
ease, and in a research setting.

2.6  Whole Genome Sequencing

The most comprehensive approach to identify potentially disease-causing variants 
is to resequence the two times 3 billion base pairs that compose the diploid human 
genome. Although Sanger sequencing of the first human genome took about 
11 years and cost $2.7 billion, since 2014 NGS technology has made it possible to 
resequence the genome at 30x coverage in 3-and-a-half days at a cost of approxi-
mately $1000. Whole genome sequencing (WGS) has identified many disease 
alleles [82–84] and cancer risk genes, such as MITF for familial melanoma [85], 
ATM for pancreatic cancer [86], MAX for familial pheochromocytoma [87], BRIP1 
for ovarian cancer [88], and POLE and POLD1 for colorectal cancer [89]. These 
studies often involved several rounds of variant filtering to reduce the list from the 
4,000,000 variants typically found in a WGS28 (compared to 20,000 in WES) [69] to 
a small number that can be functionally validated.

Whole genome sequencing does not require the enrichment step, which simplifies 
library preparation and ensures more homogeneous coverage and more accurate 
variant calling at equal or slightly lower mean coverages [90–92]. Although exome 
targeting kits are improving, sequencing costs are decreasing, and WGS may even-
tually cost no more than WES for the same sensitivity in coding regions. The addi-
tional information provided for noncoding regions and structural variants is 
advantageous, but the higher data volume and computing time and a lack of infor-
mation on the clinical significance of most noncoding variants make WGS less 
appealing for routine laboratory analysis.
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2.7  Pros and Cons of Next-Generation Sequencing 
Approaches

This chapter reviews the evolution of molecular diagnostics for hereditary 
CRC. Table 16.5 summarizes the main pros and cons of each approach.

Table 16.5 highlights the importance of knowing the limitations of the different 
technologies used for genetic testing, in order to be fully aware of the possible 
results, costs, time frames, and additional findings. Good communication between 
laboratory suppliers and clinicians is essential, as are professional pretest and post-
test visits. Patients must be given clear and unbiased information, and this should be 
reflected in the consent form.

Table 16.5 Pros and cons of different genetic testing approaches

Sanger- 
specific 
genes

CRC gene 
panels HC panels Exomes Genomes

Number of 
VUS found

+ ++ +++ +++++ +++++++

Detection of 
mosaicism

Difficult if 
it is less 
than 5–10%

Possible, 
depending on 
coverage

Possible, 
depending on 
coverage

Difficult to be 
cost-effective

Difficult to be 
cost-effective

CNV detection MLPA or 
similar

Array-CGH or 
NGS 
algorithmsa

Array-CGH or 
NGS 
algorithmsa

NGS 
algorithmsa

NGS 
algorithmsa

Turnaround 
time

+ (only one 
gene), ++++ 
(many 
genes)

+ ++ +++ ++++

Bioinformatic 
data volume

+ ++ +++ ++++ ++++++

Noncoding 
mutations

No No No No Yes

Unexpected 
mutations

No No Yes, but 
related to 
cancer

Yes, related or 
not to cancer

Yes, related or 
not to cancer

Incorporation 
of new risk 
genes

After 
technical 
setup

If custom 
panel, after 
technical 
setup
If commercial, 
depending on 
the company

If custom 
panel, after 
technical 
setup
If commercial, 
depending on 
the company

Immediate, 
even 
retrospective

Immediate, 
even 
retrospective

Clinical 
management of 
positive results

Clear 
guidelines

Clear 
guidelines for 
most genes

Clear 
guidelines for 
most genes

Not clear 
guidelines for 
a large set of 
genes

Not clear 
guidelines for 
a large set of 
genes

Relative cost + + ++ +++ ++++
aNot fully validated
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3  Final Considerations

As can be seen, many technical and analytical challenges remain in the use of NGS 
for hereditary cancer diagnostics. Moreover, the introduction of new target therapies 
for particular genetic status is changing genetic testing scenarios. Several clinical 
laboratories currently offer genetic tumor testing for treatment purposes. In these 
cases it is very important to sequence matching germline and tumor DNA for proper 
identification of somatic and germline mutations. Patients should be carefully 
informed of the possibility of identifying germline variants prior to testing [93]. The 
incorporation of new technologies has improved our understanding of several CRC 
cases, as well as highlighting the limits of our current knowledge.

Future studies of whole genomes in larger cohorts of patients will make it possi-
ble to establish more accurate genotype-phenotype correlations and will ultimately 
lead to precise and personalized management of CRC patients and their relatives. In 
the meantime, scientists and clinicians should build bridges of communication and 
create multidisciplinary committees to interpret genetic and genomic results and 
translate them into good laboratory practice and clinical guidelines.
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Chapter 17
Universal Tumor Screening for Lynch 
Syndrome

Heather Hampel, Rachel Pearlman, and Deborah Cragun

Abstract Lynch syndrome is estimated to affect 1 out of every 279 individuals 
worldwide. However, 95% of individuals with Lynch syndrome are not aware of 
their diagnosis. Therefore, it is important that we maximize all possible efforts to 
diagnose individuals with Lynch syndrome. Universal tumor screening is one 
approach that has been successful in helping to identify patients who might not have 
been referred for a genetics assessment otherwise. Universal tumor screening con-
sists of testing the paraffin- embedded tumor from individuals with colorectal or 
endometrial cancer for features of deficient mismatch repair including microsatel-
lite instability and/or absence of any of the four mismatch repair proteins (MLH1, 
MSH2, MSH6, and PMS2) using immunohistochemical (IHC) staining. Several 
professional organizations have recommended universal tumor screening of all 
newly diagnosed colorectal cancer patients at the time of diagnosis. Reasons for this 
recommendation are that patients whose tumors exhibit microsatellite instability 
(whether proven by MSI testing or extrapolated from abnormal IHC testing) have a 
better prognosis may need different treatment from those without microsatellite 
instability, and are more likely to have Lynch syndrome. Patients whose tumors 
exhibit MSI or have abnormal IHC without MLH1  methylation are suspicious for 
having Lynch syndrome and are candidates for genetic counseling and germline 
genetic testing. Best practices for implementing universal tumor screening have 
been explored.
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1  Introduction

Lynch syndrome is estimated to affect 1 out of every 279 individuals worldwide [1]. 
In the United States alone, the American Cancer Society predicts that there will be 
135,430 new cases of colorectal cancer diagnosed in 2017 [2]. It is projected that 
4063 of these patients (3%) have Lynch syndrome and another 12,189 of their fam-
ily members also have Lynch syndrome [3, 4]. However, it is estimated that 95% of 
individuals with Lynch syndrome are not aware of their diagnosis [5]. Therefore, it 
is important that we maximize all possible efforts to diagnose individuals with 
Lynch syndrome. Universal tumor screening is one approach that has been success-
ful in helping to identify patients who might not have been referred for a genetics 
assessment otherwise. Universal tumor screening consists of testing the paraffin-
embedded tumor from individuals with colorectal or endometrial cancer for features 
of deficient mismatch repair (MMR) including microsatellite instability (MSI: a 
characteristic found in 77–89% of tumors from individuals with Lynch syndrome) 
and/or absence of any of the four mismatch repair proteins (MLH1, MSH2, MSH6, 
and PMS2) using immunohistochemical (IHC) staining (one or more of these pro-
teins are absent in 83% of tumors from individuals with Lynch syndrome) [6]. 
Reasons for this recommendation are that patients whose tumors exhibit MSI 
(whether proven by MSI testing or extrapolated from abnormal IHC testing) (1) 
have a better prognosis [7], (2) may need different treatment from those without 
microsatellite instability [8, 9], and (3) are more likely to have Lynch syndrome [3, 
4] (Table  17.1). For cases with MSI-high tumors or tumors that are missing the 
MLH1 and PMS2 proteins, additional testing to determine if this was caused by 
acquired MLH1 promoter methylation follows. This can be done directly by assess-
ing the methylation level of the MLH1 promoter or indirectly by testing for the 
somatic BRAF V600E mutation. If MLH1 promoter methylation or the BRAF 
V600E mutation is found, the patient generally does not need additional follow-up. 
The remaining patients whose tumors exhibit MSI or have abnormal IHC without 
MLH1 promoter methylation are suspicious for having Lynch syndrome and are 
candidates for genetic counseling and germline genetic testing. Several professional 
organizations have recommended universal tumor screening of all newly diagnosed 
colorectal cancer patients at the time of diagnosis [10–13]. Best practices for imple-
menting universal tumor screening have been explored. There are many possible 
barriers to the implementation of universal tumor screening for all newly diagnosed 
CRC patients, but one of the most significant is that many cancer centers do not 
have cancer genetics professionals on staff to provide genetic counseling and fol-
low- up genetic testing to the patients whose tumors have defective mismatch repair. 
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This chapter will address all of the issues surrounding universal tumor screening for 
Lynch syndrome.

2  Universal Tumor Screening for Lynch Syndrome

2.1  Tumor Screening Methods

There are many algorithms available for tumor screening for Lynch syndrome. All 
involve the testing of tumor tissue.

MSI Approximately 77–89% of colon tumors from individuals with Lynch syn-
drome demonstrate microsatellite instability (MSI), whereas only approximately 
15% of sporadic colon tumors exhibit this molecular feature. Thus, MSI testing is 
useful in identifying patients who are more or less likely to have Lynch syndrome.

IHC Tumors from individuals with Lynch syndrome are likely to demonstrate loss 
of mismatch repair protein expression. The pattern of observed protein loss can 
provide information about which gene is not functioning properly. As a result, 
immunohistochemistry (IHC) testing can be helpful both in providing information 
about the likelihood of Lynch syndrome and in directing germline genetic testing to 
a specific gene.

MLH1 Promoter Methylation The majority of tumors that are MSI-high or are 
missing the MLH1 and PMS2 proteins on IHC are caused by acquired methylation 
of the MLH1 promoter. This can be assessed directly by studying CpG islands in the 

Table 17.1 The case for routine tumor screening for Lynch syndrome

• Lynch syndrome is common: ~3% of colorectal patients
• Reduce morbidity and mortality
• Recommended by several professional organizations
• Cost-effective
• Meets public health screening program criteria
• Becoming standard of care
•  Identifies substantially more patients with Lynch syndrome [37–40]. Routine tumor 

screening identifies over 95% of patients with Lynch syndrome. In contrast, clinical criteria 
(Bethesda or Amsterdam) fail to identify a substantial proportion of individuals with Lynch 
syndrome, and these criteria are inconsistently applied

•  Referral of patients with abnormal screen results for genetic counseling and molecular 
testing for germline MMR mutations allows for diagnostic confirmation for the patient and 
accurate testing for family members

•  Identification of a colorectal cancer patient with Lynch syndrome affects future screening for 
colorectal cancer and other Lynch syndrome-associated malignancies

•  Evidence suggests a diagnosis of Lynch syndrome may affect surgical and chemotherapeutic 
management decisions
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MLH1 promoter. This is very important to universal tumor screening programs 
because it limits the number of individuals who need follow-up genetic counseling 
and testing. Those with acquired MLH1 promoter methylation generally do not need 
germline genetic testing.

BRAF V600E Somatic Testing The somatic BRAF V600E mutation can be used as 
a surrogate for MLH1 promoter methylation testing in colorectal tumors, but not in 
endometrial tumors. This mutation is found in 68% of colorectal tumors with MLH1 
methylation, so it can identify the majority of cases with methylation, but not all. It 
is important to note that cases without the BRAF V600E mutation may still have 
MLH1 methylation [6]. This mutation is studied for treatment purposes in many 
cancers, so it is generally easier for hospitals to add this multipurpose test than to 
develop an MLH1 methylation test which would be used solely for universal tumor 
screening.

There is no consensus on whether MSI, IHC, or both are the ideal screening tool 
for Lynch syndrome. Immunohistochemistry was originally shown to be more cost- 
effective because it could reduce the number of genes that needed to be sequenced 
by identifying the 1–2 genes most likely to be mutated. However, with the advent of 
next-generation sequencing panels, the cost of genetic testing is now generally the 
same regardless of the number of genes included, which should make the cost- 
effectiveness of MSI and IHC more equivalent. There are limitations to both tests. 
For example, MSI alone may not detect all patients with MSH6 mutations since not 
all MSH6-related tumors have MSI. On the other hand, IHC alone may not detect all 
patients with Lynch syndrome because some mutations will still result in a full- 
length protein, so the protein will be present on IHC even though it is dysfunctional 
(e.g., pathogenic missense mutations). Some centers perform both tests simultane-
ously or sequentially to provide as much information as possible, but this is not the 
most cost-effective approach. The majority of centers use IHC as the screening test 
out of convenience since it does not require a molecular laboratory and BRAF as the 
follow-up test to rule out MLH1-methylated cases for tumors with the absence of 
MLH1 and PMS2 on IHC (Fig. 17.1).

3  Applications of Universal Tumor Screening for Lynch 
Syndrome: Screening All Tumors Versus a Subset 
of Tumors

When universal tumor screening was first proposed, multiple groups considered 
how to limit the screening test to the smallest number of patients possible by pro-
posing age cutoffs or scoring systems based on histologic features. However, it 
became clear that restricting tumor screening to a subset of cases would result in 
patients with Lynch syndrome being missed, so the lack of sensitivity had to be 
weighed against the decrease in cost. The largest meta-analysis of universal tumor 
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screening for Lynch syndrome among colorectal cancers recommended one of two 
possible approaches to the screening population. First, centers could elect to screen 
all cases of colorectal cancer regardless of age at diagnosis. This is the most sensi-
tive approach but does cost the most, and the ratio of positive cases to all cases 
screened becomes quite low in the oldest age groups. As a cost-saving measure, they 
also recommended that centers could elect to screen all cases of colorectal cancer 
diagnosed under age 70 and only the cases diagnosed at or after age 70 who met 
Bethesda criteria. While this might save money, it would likely lead to no testing in 
patients age 70 and older because pathology departments are unlikely to know the 
patient’s prior cancer history or family history and therefore are unable to determine 
who does and does not meet the Bethesda guidelines. In addition, most pathologists 
agree that it is much easier to adopt a policy of screening all cases of colorectal 
cancer since this makes it less likely that cases will fall through the cracks due to 
high volume.

4  Cost-Effectiveness

Most articles demonstrate positive cost-effectiveness data for universal tumor 
screening programs [14–24], including one from an integrated healthcare organiza-
tion’s perspective [18]. For universal tumor screening among colorectal cancers, all 
studies agree screening age ≤ 70 is cost-effective (US healthcare) [5, 6], and many 
support true universal tumor screening with no age restrictions [16, 17, 19]. Results 
and conclusions vary due to differences in screening protocols (and associated 
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Absent MSH2 & MSH6, 
or MSH6 or PMS2
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Fig. 17.1 Flowchart for universal tumor screening for Lynch syndrome
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costs), societal value judgment ($50,000 per life year saved), number of at-risk rela-
tives tested, and other assumptions that must be made. Prior to widespread use of 
panel- based gene testing, the most cost-effective strategy involved IHC testing first, 
followed by testing for the BRAF mutation among those with absent MLH1 stain-
ing, and subsequent targeted MMR gene sequencing and deletion analysis among 
those with absent staining for other proteins and those without the BRAF mutation, 
with an incremental cost-effectiveness ratio of less than $40,000 per life year saved 
compared with age-targeted testing [16, 17, 19]. Cascade testing among at-risk rela-
tives is one of the key factors influencing the cost-effectiveness of universal tumor 
screening for Lynch syndrome, with screening becoming more cost-effective as 
increasing numbers of relatives undergo genetic counseling and testing [16, 17, 19]. 
In addition, as noted previously, IHC was found to be more cost-effective prior to 
the advent of next-generation sequencing panels when genetic testing required 
Sanger sequencing of one gene at a time. As a result, IHC was more cost-effective 
since it predicted in which gene the mutation likely occurred. Now that all of the 
Lynch syndrome genes can be tested simultaneously using next-generation sequenc-
ing for the same cost as testing one gene using Sanger sequencing, the cost-effec-
tiveness of MSI is likely more similar to that of IHC (with the exception of requiring 
BRAF testing or MLH1 methylation testing on all MSI-high cases instead of just 
those with the absence of MLH1 and PMS2 in the case of IHC).

5  Professional Organizations Endorsing Universal Tumor 
Screening

Screening for Lynch syndrome on all newly diagnosed colorectal cancers is recom-
mended by several organizations (Table  17.2), and it is a Healthy People 2020 
objective. It is already performed in more than 100 hospitals nationwide and numer-
ous hospitals around the world (www.lynchscreening.net). The first organization to 
recommend universal tumor screening for Lynch syndrome was the Evaluation of 
Genomic Applications in Practice and Prevention (EGAPP) group out of the Centers 
for Disease Control (CDC). In 2009, the EGAPP Working Group found sufficient 
evidence to recommend offering testing for Lynch syndrome to patients with newly 
diagnosed colorectal cancer, citing its ability to reduce morbidity and mortality in 
relatives. They did not specify which screening test to use, finding that both were 
nearly equally effective. Due to the poor performance of the Amsterdam and 
Bethesda criterion, the EGAPP Working Group did not recommend use of family 
history to exclude individuals from screening. In 2013, the National Comprehensive 
Cancer Network guidelines recommended tumor screening for Lynch syndrome for 
all colorectal cancer patients or colorectal cancer patients diagnosed before age 70 
and those 70 years and above who met Bethesda guidelines and all endometrial 
cancer patients up to age 50. The guidelines also address diagnostic criteria and 
management for Lynch syndrome and include a helpful algorithm for following up 
on tumor testing results. The US Multi-Society Task Force on Colorectal Cancer 
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released a consensus statement guideline on genetic evaluation and management of 
Lynch syndrome in 2014 [11]. The National Society for Genetic Counselors (NSGC) 
and Collaborative Group of the Americas on Inherited Colorectal Cancer (CGA- 
ICC) guideline [25] does not specifically recommend universal screening for Lynch 
syndrome; however, it did endorse IHC as the preferred method of screening when 
universal screening for Lynch syndrome is being implemented based on cost con-
siderations at the time. No recommendation was made about the use of MLH1 pro-
moter methylation and/or BRAF testing after abnormal MLH1 and PMS2 results 
from IHC. This guideline also provides a review of the literature on Lynch syn-
drome with emphasis on tumor analysis and testing.

Universal tumor screening for Lynch syndrome is also recommended by the 
American Society of Clinical Oncology [26], the National Institute for Health and 
Care Excellence in the United Kingdom [27], the European Society for Medical 
Oncology [28], and the American College of Gastroenterology [13].

6  Adoption of Universal Tumor Screening for Lynch 
Syndrome

Universal tumor screening for Lynch syndrome is increasingly being adopted. 
When adoption was assessed in 2012 [29], 71% of NCI-Comprehensive Cancer 
Centers were performing universal tumor screening for Lynch syndrome. However, 
only 36% of College of Surgeons-accredited community hospital comprehensive 
cancer programs and 15% of community hospital cancer programs were performing 
universal tumor screening at that time.

Table 17.2 Professional organizations that have recommended universal tumor screening for 
Lynch syndrome among colorectal cancer patients

Tumor to 
Screen Professional organization

Year recommendation 
released

Colorectal 
cancer

Evaluation of Genetic Applications in Practice and 
Prevention [10] (CDC)

2009

Healthy People 2020 2010
National Comprehensive Cancer Network 2013
European Society of Medical Oncology [29] 2013
US Multi-society Task Force on Colorectal  
Cancer [11]

2014

American College of Gastroenterology [13] 2015
American Society of Clinical Oncology [27] 2015
National Institute for Health and Care  
Excellence [28] (UK)

2017
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7  Impact of Immunotherapy for Microsatellite Unstable 
Tumors

Patients with MSI-high tumors appear to respond well to immunotherapy [30]. A 
phase II clinical trial has shown that patients with MSI-high metastatic colorectal 
cancer may benefit from pembrolizumab, an anti-programmed death 1 immune 
checkpoint inhibitor [30]. The immune-related objective response rate was 40% 
(4/10) in patients with mismatch repair-deficient colorectal cancer, with an immune- 
related progression-free survival rate of 78% (7/9) in patients whose disease had 
progressed on prior standard chemotherapies [30]. Thus, the benefits of identifying 
patients with tumors that are MSI-high, or that have lost MMR protein expression, 
extend beyond screening for Lynch syndrome. See Chaps. 16, 23 and 24 in the 
Genetic Diagnostics, Clinical Management section of this book for more 
information.

8  Implementing Tumor Screening for Lynch Syndrome

Tumor screening programs can be challenging to implement due to the many differ-
ent stakeholders (e.g., healthcare providers from various specialties, patients, 
administrators) who need to be involved in the process, variety of approaches that 
can be considered, and multiple steps that need to be well coordinated to ensure that 
patients and their family members truly benefit from tumor screening programs. 
A guide, summarized in Table 17.3, was developed by the authors to help institu-
tions through the complex process of developing an implementation plan while con-
sidering issues of quality. This guide is based on our own research [31, 32] as well 
as the Consolidated Framework for Implementation Research (CFIR) process 
domain, which includes concepts from various implementation theories and/or 
research demonstrating how they relate to rates of adoption or implementation 
effectiveness of evidence-based recommendations [33].

Regardless of the type of systematic screening or testing approach selected, there 
are many different factors that can influence implementation success and the  likelihood 
of desired outcomes. We have used data from our own implementation research and 
practical experiences to identify several recommendations that may increase the 
likelihood of successful implementation and high uptake of genetic counseling and 
germline genetic testing by patients [31, 32]. These recommendations are summarized 
according to CFIR constructs within Table 17.4 below.

Once implemented, the most significant barrier is getting patients with abnormal 
tumor screening to undergo genetic counseling with consideration of genetic testing. 
These patients are different from those seen in the traditional genetic counseling 
model because they did not seek out genetics due to concerns about their personal 
or family history, range in age from 18 to 89+, may have little to no knowledge 
about Lynch syndrome or hereditary cancers, and are dealing with their own new 
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Table 17.3 Considerations for planning routine Lynch syndrome tumor screening based on the 
process domain of the Consolidated Framework for Implementation Research (CFIR)

Engaging stakeholders

Who are the stakeholders? Centers that have successfully implemented tumor screening tend to 
include representatives from several key stakeholder groups early on 
in the planning stage. These stakeholders may include:
•  Surgery
•  Pathology
•  Oncology
•  Gastroenterology
•  Genetics
•  Gynecology
•  Patients
•  Families
•  Hospital administrators

How can we engage 
stakeholders?

Starting and maintaining successful screening programs is easier 
and more likely to be successful with upfront support and input 
from all key stakeholders. Some ways to engage stakeholders 
include:
•  Find champions from each stakeholder group because healthcare 

providers and others are often more likely to listen to someone 
from their own specialty or group

•  Evaluate stakeholders’ interests and motivations
•  Hold a conference or meeting (tumor board)
•  Make the case (provide supporting evidence and cost- 

effectiveness data, list institutions that have already adopted the 
approach, show the impact on patients and families, provide 
supporting guidelines from various professional organizations)

•  Elicit and address barriers
Planning: Tumor screening approach

Which patients to screen? As described previously, we favor tumor screening for all newly 
diagnosed colorectal cancer patients. Limiting based on various 
criteria will miss an estimated 25–75% of patients, depending on the 
screening criteria used. Additional time and resources must be 
expended to gather and review data when complex screening criteria 
are used, and it is harder to automate or routinize the process. 
Pathologists do not usually have access to complete family histories 
to implement Bethesda criteria, and patients meeting the criteria are 
likely to be missed.

Which specimens to 
screen (biopsies versus 
tumor resections)?

•  Screening biopsies allow for surgical decision-making (subtotal 
vs. segmental resection)

•  Rectal tumors have not been exposed to neoadjuvant 
chemotherapy and radiation yet, so IHC on these biopsies is 
more reliable than after neoadjuvant chemotherapy

•  Biopsies often do not have enough tumor or normal tissue to do 
MSI.

•  Screening could be done twice (once on biopsy and once on 
surgical resection), thereby decreasing cost-effectiveness.

•  Patient may be lost to follow-up if they don’t have surgery or if 
they have surgery elsewhere.

(continued)
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Table 17.3 (continued)

What about informed 
consent?

Issues of consent slowed implementation at several centers that 
were among the early adopters of tumor screening. Consider using 
arguments from these institutions to circumvent concerns about 
informed consent for tumor screening early on:
•  Ethics committees have determined that explicit informed 

consent for screening is not necessary and that patients can 
consent for germline testing if the tumor screen is suggestive of 
Lynch syndrome.

•  Most centers do not obtain consent for screening.
•  Some centers provide patient information about screening and/or 

include a general statement in the pre-op consent form.
Who orders the screen? Requiring a separate order for each patient or leaving it up to each 

healthcare provider to order the screening increases the chance that 
cases will be missed and patients will receive inadequate care. For 
these reasons, we believe the best approach is to have a standing 
order or an automated procedure allowing pathologists to 
automatically screen all tumors.

What method should be 
used to screen tumors 
(i.e., MSI versus IHC 
versus both)? 
Alternatively, should 
institutions go straight to 
germline panel-based 
testing?

•  Using IHC or MSI as a first screen can be cost-effective, but 
doing both simultaneously is not a cost-effective approach.

•  The sensitivity and specificity are comparable between IHC and 
MSI (assuming that pathologists are experienced with IHC).

•  Most institutions have implemented IHC, probably because it 
was initially more cost-effective. However, with the advent of 
next-generation sequencing and panel-based testing of multiple 
genes simultaneously at relatively low cost, IHC may not 
necessarily be more cost-effective than MSI.

•  Germline panel-based testing as a first-line test has not been 
implemented at most centers presumably due to logistical 
concerns related to the need to obtain informed consent for this 
diagnostic test. However, given the additional opportunity to 
identify hereditary cancer syndromes other than lynch syndrome, 
it may be prudent to offer such testing (at least to a subset of 
those diagnosed at a young age, who should be referred for 
genetic counseling even if tumor screening finds no evidence of 
mismatch repair deficiency) [41]

•  Once costs fall, tumor sequencing may become the preferred 
approach because it will simplify the screening protocol, reduce 
the need for reflex testing (described below), and may provide 
additional prognostic or treatment information. Furthermore, 
tumor testing can be done without explicit informed consent 
because patients subsequently consent for germline testing if the 
tumor testing is suggestive of Lynch syndrome.

(continued)
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Table 17.3 (continued)

Should we perform 
automatic reflex testing to 
help determine patients 
with mismatch repair 
deficiency that is unlikely 
due to Lynch syndrome?

Approximately 15% of sporadic tumors will demonstrate mismatch 
repair deficiency, usually as a result of MLH1 promoter 
hypermethylation. Determining which cases are likely sporadic is 
possible with additional testing on either all tumors with 
microsatellite instability if MSI is used or on tumors with absence 
of MLH1 and PMS2 if IHC is used.
Reflex testing (using MLH1 hypermethylation or BRAF mutation 
testing) may streamline your protocol and reduce the added time, 
cost, and patient anxiety that can be associated with the need to be 
evaluated by genetics.
Furthermore, we have hypothesized that reducing the number seen 
by genetics who do not end up having Lynch syndrome makes it 
less likely that providers or patients will just assume that the 
positive screen was due to MLH1 promoter hypermethylation and 
can create more of an urgency to follow through with germline 
testing for those cases without evidence of hypermethylation.

What method should we 
use for reflex testing (i.e., 
MLH1 hypermethylation 
versus BRAF V600E 
mutation testing)?

BRAF testing only detects ~2/3 of colorectal tumors with 
hypermethylation [6]. However, hypermethylation could 
erroneously eliminate patients with Lynch syndrome who have a 
germline PMS2 mutation or MLH1 mutation with hypermethylation 
as their second hit (at this point it is not known how common this is 
though).
The type of reflex testing selected appears to depend largely on 
what is available at certain institutions. Many centers have BRAF 
available in house and do not want to send out samples for 
hypermethylation testing [note: BRAF testing does not work for 
endometrial tumors because very few of these tumors have 
hypermethylation that is caused by BRAF mutations].

Planning: Results follow-up

Where and to whom will 
positive screening results 
go (i.e., those 
demonstrating MSI-high 
or absent proteins on IHC 
staining)?

Screen-positive results should be entered into the pathology report 
and flagged in the electronic medical record so that the surgeon and 
other physicians working with the patient are aware of this result. 
This is important because patients with evidence of mismatch repair 
deficiency (i.e., MSI-high tumors or absent proteins on IHC) have a 
better prognosis than other colorectal cancer patients and may have 
different treatment options

(continued)
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Table 17.3 (continued)

Who will be responsible 
for disclosing the positive 
results to patients?

•  All individuals involved in screening need to understand the 
importance of patient follow-up with genetic counseling and 
germline genetic testing. Without follow-up, patients and their 
family members are unlikely to benefit from tumor screening 
programs, and the programs will not be cost-effective.

•  Roles and responsibilities should be well defined including 
designating who is responsible to follow up on all screen-
positive results. Without follow-up and tracking mechanisms in 
place, several centers reported that tumor screening results were 
getting lost in medical records. There was often no record that 
patients were offered genetic counseling and germline genetic 
testing, raising concerns about legal liability.

•  Several institutions have found it helpful to have a single person 
(with a backup person) who is responsible for all results 
disclosure or follow-up.

•  Having a genetic counselor follow-up has been helpful for 
several institutions because they already have the knowledge 
about Lynch syndrome and deal with this routinely. Plus, this 
takes the burden off physicians who have many other competing 
demands and may be unable to prioritize spending time 
discussing genetic implications.

•  A few institutions where tumor screening has been successful 
have indicated that when genetic counselors disclose screening 
results, they indicate they are working with Dr. _______ (the 
patient’s treating physician).

•  Unfortunately these strategies are not feasible options at some 
institutions, making patient follow-through with counseling/
germline testing more challenging. Nonetheless, some centers 
have been relatively successful when the treating physicians are 
in routine communication with genetic counselors who remind 
them which patients need follow-up and the physicians 
subsequently stress to the patient the importance of follow-up.

How will the patients be 
informed of a screen- 
positive result?

Several institutions report difficulty contacting patients and 
overcame this by meeting them at a post-op appointment for a brief 
pretest counseling session to facilitate germline testing. The 
experiences at OSU and Cleveland Clinic provide data to support 
the value of this approach. [42, 43]
Regardless of whether patients are informed by phone or at a 
post-op appointment, it is important to identify and implement ways 
to help ensure patients receive appropriate counseling and follow-up 
(see below).
Follow-up with a letter may be useful, especially in cases when 
there is difficulty contacting the patients. Sample letters for 
screen-positive and screen-negative patients are included in the 
implementation section of the Lynch Syndrome Screening Network 
(LSSN) website (www.lynchscreening.net) and are tailored 
according to whether IHC or MSI is used. Other useful information 
such as sample reports are also included in the website.

(continued)
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Table 17.3 (continued)

How will patients with 
screen-positive results 
receive appropriate 
counseling?

Patients with a positive screen will need information about germline 
testing in order to make an informed decision and benefit from the 
information. Patients can either receive a full pretest genetic 
counseling session or a shorter informed consent session with plans 
for a full genetic counseling session once results of germline testing 
are available.

What steps can you put 
into place to facilitate 
patient follow-through 
with genetic counseling 
and reduce patient 
barriers?

•  Eliminate the need for the patient to be referred to genetics, or 
automate the referral and scheduling process.

•  Schedule genetic counseling follow-up to coincide with another 
follow-up visit.

•  Have a genetic service provider meet the patient at a follow-up 
appointment.

•  Have all healthcare providers involved in patient care stress the 
importance of follow-up.

•  Make patients aware of available funds for germline testing of 
uninsured patients who meet certain qualifications or any other 
funding that may be available to ensure patients can access 
germline testing.

•  Follow up again with patients if they have not followed through 
because they may have fewer competing demands or feel a bit 
less overwhelmed after treatment is complete.

•  Send a letter to the patient if they have not followed up after a 
certain period of time.

•  Send a letter to the treating physician to remind them to follow 
up with the patient and/or to send a referral (included in the 
implementation section of the LSSN website).

•  Communicate during tumor boards to remind treating physicians 
when patients still need to follow up with genetics.

•  Put an electronic reminder system in place.
Where and to whom will 
negative screening results 
go?

Results should be documented in the chart.
Additionally, having an active tracking mechanism or someone 
review basic information about the patients with negative results can 
be helpful in identifying others for whom a genetics referral is 
appropriate if your center has time and resources available to do 
this. This improves quality of care and has resulted in the diagnosis 
of other hereditary cancer syndromes.

How and by whom will 
the patients be informed 
of negative results?

Some centers generate a standardized letter which informs the 
patient that their tumor was screened. This is useful in case they are 
asked about this in the future, and it also provides an opportunity to 
explain that there may be other causes of hereditary cancer, and 
encourage the patient to talk with their physician, and/or make an 
appointment if they have “red flags” that would suggest genetic 
counseling is indicated.
Other centers may have physicians mention the results to the 
patient, and review whether a genetics appointment is warranted for 
other reasons (e.g., polyposis, strong family history, multiple 
primaries, early age at diagnosis).
Simply putting results in the chart means that the opportunity to 
catch patients at high risk for other hereditary cancer syndromes 
may be lost.

(continued)
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Table 17.3 (continued)

Executing the plan

Will you document how 
the plan is executed?

Ways in which screening is executed can positively or negatively 
influence patient follow-up (e.g., who discloses and tracks results, 
whether processes are automated, timeliness of results disclosure 
and follow-up). Documenting whether the plan was executed as 
intended is important as deviations can make tumor screening more 
or less successful. Maintaining records on changes that are made 
(and on what dates) is critical when evaluating outcomes.
Regardless of how much you plan, it is unlikely that you can 
anticipate everything. Straying from your original plan may be 
necessary to improve patient follow-up. Most institutions we have 
talked to have altered their plans.

Reflecting and evaluating

How and who will record 
and track whether patients 
followed through after a 
positive screen?

Keeping track and verifying that patient tumors are being screened 
as intended are critical for quality assurance. Several centers have 
found that as providers and personnel change, the processes can 
break down even if they are routinized or automated.
Develop a tracking system to monitor outcomes regularly, and make 
changes to the protocol as necessary. Most successful screening 
programs have made changes over time.

Will someone be 
monitoring and tracking 
for any negative 
outcomes?

Although few negative outcomes have been reported thus far, 
tracking of any perceived negative outcomes is critical to making 
improvements or averting issues in the future. For example, some 
sites have run into challenges with following up on tumor screening 
results of prison inmates.

Under what circumstances 
and at what intervals will 
stakeholders reflect on the 
implementation process?

•  By talking about the tumor screening process and discussing 
what seems to work and what does not, several centers have 
developed ways to streamline or improve their process.

•  This should be done periodically and whenever there are any 
changes in key personnel, challenges with patient follow-
through, or any perceived negative outcomes.

How will you know if you 
are successful?

•  In addition to patient follow-through with genetic counseling 
and germline testing, other implementation outcomes have been 
measured at several different institutions, and this data is 
relatively easy to collect and compare with expected outcomes 
based on data from large centers that have been doing screening 
for years.

•  An excel spreadsheet available on the LSSN website has been 
created where you can track the number of screen-positive 
patients you can expect, the number who will require counseling 
and germline testing (depending on your screening protocol), 
and the number of patients with Lynch syndrome who are 
expected to be identified. This can be used for quality control if 
the numbers are substantially different than expected (though if 
volumes are low, numbers could differ from what is expected 
simply due to chance) [note: This excel spreadsheet can also be a 
useful tool to anticipate counseling volumes when preparing to 
start a screening program].
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diagnosis of cancer. It has been shown that institutions with a high level of patient 
follow-through with genetic counseling and testing following a screen- positive 
result all utilize genetic counselors to disclose the screen-positive results to the 
patients, and genetic counselors either facilitate physician referrals to genetics or 
eliminated the need for referrals through an agreement with the treating surgeons 
and oncologist [31]. It is also important to include tests (somatic BRAF mutation 
testing or MLH1 promoter methylation testing) to identify patients with acquired 
MLH1 promoter methylation who do not need follow-up genetic counseling and 
testing.

Tumor screening for Lynch syndrome may change with time as newer technolo-
gies are adopted. However, many of the challenges and lessons we have learned 
through implementing routine tumor screening are likely to be applicable in the 
context of other genomic technologies. Consequently, it can be valuable for stake-
holders involved in the identification of hereditary cancer syndromes to be familiar 
with concepts related to implementation science and apply these in a similar fashion 
as we have done here.

9  Cascade Testing

In controlled research settings, it has been shown that six at-risk relatives can be 
tested for every colorectal cancer patient identified with Lynch syndrome, with 
three of those relatives testing positive [3, 4]. Because this testing occurred in a 
research setting, the genetic counseling and testing were free, and the counselor 
provided services locally in the families’ homes, churches, or doctor’s offices. 
However, outside the research setting, it appears that 3.6 relatives or fewer are tested 
for every individual diagnosed with Lynch syndrome [34]. Demographic factors 
(age < 50, female sex, parenthood, level of education, employment, participation in 
medical studies), psychological factors (lack of depressive symptoms), and possible 
family history (greater number of relatives with cancer) were positively associated 
with uptake of genetic testing. Another study found that individuals with Lynch 
syndrome share their results with first-degree relatives (parents, children, and sib-
lings) but they are significantly less likely to share their results with more distant 
relatives [35]. It is very important that rates of cascade testing within known Lynch 
syndrome families improve. In fact, this is the key factor influencing the cost- 
effectiveness of universal tumor screening for Lynch syndrome, with screening 
becoming more cost-effective as increasing numbers of relatives under genetic 
counseling and testing [16, 17, 19].

Efforts to improve uptake of cascade testing of at-risk relatives once a diagnosis 
of Lynch syndrome is made in a family will be applicable for all adult-onset genetic 
conditions (e.g., hereditary breast-ovarian cancer syndrome, familial hypercholes-
terolemia), so the potential benefits are enormous. Researchers are beginning to 
explore ways to improve cascade testing through the use of secure website for shar-
ing results (Kintalk.org), videos that can be sent to relatives explaining the impor-
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Table 17.4 Recommendations when implementing tumor screening for Lynch syndrome 
organized according to four additional domains from the Consolidated Framework for 
Implementation Research (CFIR)

Domain CFIR constructs Relevant experiences and recommendations

Intervention 
characteristics

Intervention source
Perception of stakeholders 
about whether tumor 
screening is internally or 
externally developed and 
the legitimacy of the 
source

Tumor screening should be developed by multiple 
different stakeholders to improve acceptance and 
legitimacy.

Evidence strength and 
quality
Stakeholder perceptions of 
the quality and validity of 
evidence that tumor 
screening will have on the 
desired outcomes

Effectiveness of tumor screening has been 
established (assuming it is well implemented).
Recognize that evidence is not always the most 
important factor in decision-making among some 
stakeholders.

Relative advantage
Belief about the benefits of 
routine tumor screening 
compared to no routine 
screening or other methods 
of identifying Lynch 
syndrome

Family history alone is insufficient and difficult to 
collect routinely, whereas routine tumor screening 
can improve the ability to diagnose Lynch 
syndrome.
When planning there are many advantages and 
disadvantages to the different approaches that 
should be considered (see Table 17.3).

Adaptability
Ease of tailoring tumor 
screening to meet the 
institution’s needs

The initial protocol doesn’t always work. 
Programs have changed their protocol over time 
to improve efficiency or effectiveness.
Each tumor screening program looks different 
given their own structure or limitations. Know 
your patient populations, and find the best 
screening protocol based on other institutions’ 
experiences, but recognize adaptations may be 
needed to fit your institution and available 
resources.

Trialability
Ability to test tumor 
screening on a small scale 
before it is fully adopted

Some centers that faced resistance have had 
success by starting with a subset of tumors (e.g., 
all under age 50) before advancing to routine 
screening of all tumors.
Several centers started with either screening of 
endometrial or colorectal tumors first before 
screening the other tumor type.

(continued)
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Table 17.4 (continued)

Domain CFIR constructs Relevant experiences and recommendations

Complexity
Degree of difficulty in 
developing a tumor 
screening program

Program complexity reduces successful 
implementation.
Simplify the protocol and automate or routinize 
steps as much as possible. Screening all tumors is 
easier than screening based on complex criteria 
that requires elicitation and review of tumor 
pathology and/or detailed clinical and family 
history.
Reducing the number of steps that patients and 
providers must take to follow up on positive 
screens is critical for success.

Cost
Cost of implementing and 
running a tumor screening 
program

Providers at most institutions we have talked with 
lack information about tumor screening 
reimbursement.
Confusion exists about billing strategies.
Clinicians are generally not aware of problems 
with reimbursement for screening.
When performed on surgical resections, Medicare 
patients are not billed for tumor screening 
because reimbursement occurs as part of the 
diagnosis-related group (DRG).
Screening can be billed separately if performed 
on biopsies.
There are several reported cases we are aware of 
where Medicare would not pay for follow-up 
germline genetic testing or hypermethylation 
testing unless certain clinical and/or family 
history criteria are met (some of these involved 
endometrial tumor screening, but at least one was 
colorectal cancer screening).

Outer setting Patient needs and 
resources
Degree to which the needs 
of cancer patients are 
accurately assessed and 
continually addressed

Facilitate patient follow-up by scheduling it when 
it is convenient for patients (i.e., meet patients at 
post-op visits if possible).
MLH1 hypermethylation or BRAF testing is 
important in the screening protocol to rule out 
patients who do not likely have lynch syndrome. 
Adding BRAF testing or MLH1 hypermethylation 
to the protocol may prevent patient harm because 
it eliminates the need for several patients who 
likely do not have Lynch syndrome from having 
genetic counseling or worrying about the 
possibility of Lynch syndrome or follow-up 
testing

(continued)
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Table 17.4 (continued)

Domain CFIR constructs Relevant experiences and recommendations

Cosmopolitanism
Degree to which the 
organization is networked 
with external organizations 
(from which they can 
attain knowledge/
resources)

Lynch Syndrome Screening Network (LSSN) 
resources and information on starting a screening 
program may be helpful www.lynchscreening.net.
Joining the LSSN listserv allows people to 
connect with and seek advice from others who 
work at centers that have been conducting lynch 
syndrome screening and testing for many years.

Peer pressure
Pressure to implement 
tumor screening from 
other organizations with 
established tumor 
screening

Drawing attention to other institutions currently 
performing tumor screening (particularly 
competing hospitals in your area) can be a great 
motivation for implementation. The LSSN 
maintains a list of member institutions doing 
routine tumor screening who have agreed to be 
listed.

External policies and 
incentives
Strategies or policies and 
recommendations from 
outside organizations that 
influence the adoption of 
tumor screening

Present guidelines from EGAPP, the National 
Comprehensive Cancer Center (NCCN), and 
other professional organizations to support 
implementation (as previously described).

Inner setting Structural characteristics
Effect of social 
architecture and size of an 
institution on tumor 
screening

Large institutions with multiple healthcare 
providers can present challenges, highlighting the 
importance of ensuring everyone is well 
informed. Sometimes centralizing follow-up 
responsibilities with a small number of 
individuals can help to overcome this structural 
challenge.

Networks and 
communication
Quality and extent of 
communication among 
those involved in tumor 
screening and results 
follow-up

Communication with key stakeholders is critical 
to successful implementation. Successful 
programs have communication that occurs 
regularly between physicians, genetics, and 
pathology. Tumor board is a great way to keep 
lines of communication open.
Assigning one or two genetic counselors to 
communicate screening results to patients and 
promote patient follow-up has been helpful at 
some institutions. Sending letters to physicians 
and reminders for follow-up counseling has 
worked relatively well at one center, but can be 
time-consuming.

(continued)
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tance of genetic counseling and testing for Lynch syndrome, and direct contact of 
at-risk relatives by the clinician helping to take this burden off the original family 
member with a diagnosis of Lynch syndrome who may be dealing with their own 
cancer diagnosis. The results of two nationwide cascade testing programs for famil-
ial hypercholesterolemia have been published. The program in the Netherlands was 
very successful and resulted in testing 25.7 relatives per proband compared to 4.5 
relatives tested per proband in Norway [36]. The Netherlands program involved 
direct contact of the at-risk family members by a genetic field worker who arranged 
to take a blood sample from the family members at their homes for testing with 
treatment for those found to have familial hypercholesterolemia then coordinated 
by local specialist clinics. The program in Norway relied on the proband and the 
genetic counselor to contact the relatives and request follow-up testing coordinated 
by the primary care physician, which required an appointment. In the future, public 
policy may play a role if the United States was to consider some type of coordinated 

Table 17.4 (continued)

Domain CFIR constructs Relevant experiences and recommendations

Implementation climate
Capacity for change and 
support for tumor 
screening within the 
organization
•  Tension for change
•  Compatibility
•  Relative priority
•  Organizational 

incentives/rewards
•  Goals and feedback
•  Learning climate

Having a team of motivated key stakeholders who 
value tumor screening as well as some key 
individuals who make it a priority is critical for 
success.
Set goals and keep track of patient outcomes. 
Share outcomes at your center with physicians, so 
they can see the patients and family members who 
are not being diagnosed through the methods in 
current practice. Once implemented, share 
information about those patients who were 
identified, but may have been missed if screening 
had not been done or if the patient did not follow 
through with germline testing.

Readiness for 
implementation
•  Leadership 

Engagement
•  Available resources
•  Access to information 

and knowledge

Increase readiness by accessing the LSSN website 
at www.lynchscreening.net for useful information 
about screening. Make a list of available 
resources. Determine if you have a follow-up plan 
because there is no point in starting to screen 
tumors if patients and family members are not 
actually being identified by undergoing germline 
testing.

Characteristics 
of individuals

Knowledge and beliefs, 
self-efficacy, individual 
identification with 
organization

Physicians’ level of knowledge and attitudes can 
influence whether patients follow through with 
genetic counseling and testing. Knowledge and 
attitudes among physicians is even more critical if 
they are disclosing the results and if they are 
going to encourage patient follow-through with 
genetic counseling and testing.
Providing information about Lynch syndrome 
screening through tumor boards or an educational 
fact sheet about the screening protocol may 
increase physician awareness.
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effort at a nationwide cascade testing program for adult-onset conditions where 
early detection has been shown to improve outcomes and testing has been proven to 
be cost-effective.

10  Conclusions

With the growing importance of immunotherapy in the treatment of MSI-high can-
cers, we are confident that universal tumor screening for Lynch syndrome will truly 
become “universal” in the next few years. Testing improves as technology changes, 
so it may be done using different technology, but the need to identify all colorectal 
(and other) cancers with MSI for treatment purposes will help drive the continued 
adoption of this approach. As a result, we must now focus on ways to optimize uni-
versal tumor screening so that all cases with abnormal screening have access to 
genetic counseling and follow-up genetic testing. Moreover, we must work to 
improve cascade testing efforts within families once a diagnosis of Lynch syndrome 
has been made. To truly reap the benefits of universal tumor screening, we must 
ensure the identification of as many unaffected at-risk relatives as possible. One can 
imagine a day when we will not need to do universal tumor screening for the detec-
tion of Lynch syndrome anymore (even though it will always be needed to identify 
MSI-high patients for treatment purposes) because the majority of families and 
individuals with Lynch syndrome will have been diagnosed.
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Chapter 18
Classification of Genetic Variants

Maurizio Genuardi, Elke Holinski-Feder, Andreas Laner, 
and Alexandra Martins

Abstract Widespread resequencing for research and diagnostic purposes has 
 disclosed a huge amount of genetic variability in the human genome, including the 
genes associated with inherited predisposition to colorectal cancer. The functional 
and clinical consequences of the gene variants identified are often difficult to pre-
dict. Therefore, it has becoming increasingly evident that standardized approaches 
for the clinical interpretation of gene variants are needed in order to maximize the 
clinical utility of molecular testing. In this chapter, we discuss strategies for variant 
classification, with special reference to hereditary colorectal cancer genes and to the 
functional and clinical points of evidence that are available for their interpretation.

Keywords mRNA functional studies · Alternative splicing · Nonsense- mediated 
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1  General Principles

High-throughput genetic technologies have revealed the extent of DNA sequence 
variation in humans. While two individuals differ on average by 1 nucleotide per 
kilobase in their coding sequences, the differences may involve a fraction as high as 
0.5% of the whole genome [1].

The functional significance of such a vast genetic variability is largely unknown. 
Consequently, sequencing entire genomes, exomes or large gene panels yields a 
huge amount of data on variants of unknown consequences. In current medical prac-
tice, specific multigene molecular diagnostic tests are often preferred over exome or 
full genome sequencing. The former are typically focused on functionally relevant 
regions of specific genes, (mostly exons and exon-intron boundaries, occasionally 
regulatory 5′ and 3′ sequences, or other regions, depending on the underlying 
molecular mechanisms known for the condition tested). While more is known about 
the organization and function of these specific sequences (as compared to the entire 
genome), the effects of DNA changes identified must still be determined very care-
fully, given the implications for the genetic counseling of the tested individuals and 
their families. Therefore, clinical interpretation of DNA variants must be performed 
by adopting well-defined procedures that take into account multiple lines of evi-
dence in favor or against pathogenicity.

In the case of hereditary colorectal cancer genetic screens, the data useful for 
variant interpretation pertain to three different domains (Table 18.1): (1) character-
istics inherent to the DNA sequence; (2) clinical information on the patients and 
their families, including pathology and molecular tumor studies; and (3) functional 
data derived from studies assessing the consequences on either RNA synthesis/pro-
cessing or the protein(s) encoded by the variant allele.

Table 18.1 Types of evidence used for DNA variant classification

Categories of evidence
DNA sequence Clinical Functional

Variant location (i.e., 
coding, noncoding, 
mutation hotspot, 
functional domain)

Phenotype (type of cancer, tumor features, 
age of onset)

mRNA splicing level, 
allelic-specific expression 
and splicing pattern (in 
vitro and in vivo assays)

Predicted effects (i.e., 
truncating, splicing, 
missense, synonymous, 
intronic)

Co-segregation with the phenotype Quantitative mRNA 
expression

For missense changes: 
Involvement of a codon 
previously affected by 
pathogenic amino acid 
substitutions

Type of inheritance (for semidominant and 
recessive conditions: correlation with 
phenotype if co-occurrence in trans with a 
known pathogenic variant)

Protein expression level, 
localisation and function  
(in vitro and in vivo 
assays)

Population frequency
De novo variant with negative family history
Tumor molecular studies (i.e., 
microsatellite instability (MSI), specific 
mutational signatures)

In silico predictions  
(RNA, protein)
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2  Characteristics of the DNA Sequence

The type and location of the sequence change are the first important elements to 
consider. Importantly, these information are known for most variants, notable 
exceptions being some large rearrangements (inversions, amplifications) while clin-
ical and/or functional data may not be available.

Some types of variants have a very high a priori likelihood of pathogenicity. For 
tumor suppressor or “mutator” genes, such as those involved in colorectal cancer 
(CRC) predisposition, these include the overwhelming majority of variants leading 
to the introduction of premature stop codons (i.e., nonsense, frameshift, and some 
splice site variants). Notable exceptions are changes that are not predicted to disrupt 
important protein functional domains, e.g. those that introduce stop codons in the 
most 3′ portion of a gene or small in-frame alterations.

Other variants, such as deep intronic and synonymous changes, have a lower 
likelihood of disrupting gene function. However, since they can occasionally have 
consequences on RNA processing, their clinical effects cannot be established in the 
absence of other types of evidence.

Nucleotide substitutions that cause potential missense changes are often the most 
problematic variants for clinical assessment. Their effects depend on a number of 
factors: (1) functional relevance of the affected amino acid. This can be also assessed 
indirectly by comparing the amino acids present in the equivalent position in orthol-
ogous sequences from other species. Also, previous involvement of the same codon 
in a pathogenic missense change suggests a relevant role for the wild-type amino 
acid, although it does not automatically imply that any substitution in that position 
is deleterious. (2) Type of amino acid substitution (i.e., conservative vs. non- 
conservative change, based on chemical and physical characteristics of the wild 
type and of the variant amino acid). (3) Lastly, but importantly, potential conse-
quences on RNA, namely, splicing alterations induced by the nucleotide change; in 
the latter case, the amino acid change does not occur at all in the mRNA or is associ-
ated only with a fraction of the transcripts produced by the variant allele. The impact 
of nucleotide variants on RNA and protein integrity/function can be assessed by in 
vitro and/or in vivo assays (see below).

Changes in 5′ and 3′ regulatory regions can theoretically have effects on RNA 
processing and stability, which can be determined by RNA studies (see below).

3  Clinical Evidence: Phenotype Information

Information on the phenotype of the patient/family should be provided by referring 
physicians. For genes with (nearly) complete penetrance that are usually associated 
with highly characteristic phenotypes, such as APC, the detection of a variant in an 
individual who is healthy or who does not show the typical manifestations (i.e., 
late- onset CRC in the absence of multiple adenomas) is a clue in favor of non-
pathogenicity. On the other hand, the consistent association of an APC variant with 
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classical adenomatous polyposis in multiple unrelated families is suggestive of its 
pathogenicity.

The same applies to hereditary CRC syndromes associated with less specific 
phenotypes, such as Lynch syndrome (LS). However, in this case, the value of clinical 
information is lower and must be weighed against reduced penetrance and variable 
phenotypic expression.

The principles of traditional Bayesian linkage analysis can be very useful to 
assess the pathogenicity of a variant. If multiple family members are available for 
analysis, co-segregation of the variant with gene-specific phenotypic manifestations 
can be investigated, and odds ratios in favor of causality can be determined [2]. 
Gene-specific penetrance values must be considered, since MSH6 and PMS2 are 
associated with significantly lower disease risks compared to MLH1 and MSH2 [3, 4]. 
For diseases with reduced penetrance, it is particularly important to obtain infor-
mation on cancer-affected family members, since unaffected individuals have a 
relatively high chance of being carriers and are therefore less informative.

Segregation analysis is also important to verify the phase when the variant of 
interest is found in an individual who also has a bona fide pathogenic variant, if the 
associated condition is autosomal recessive or autosomal dominant and shows semi-
dominance (i.e., a more severe phenotype in individuals who are compound hetero-
zygotes or homozygotes for pathogenic variants compared to simple heterozygotes). 
Among hereditary CRC conditions, the latter phenomenon is well documented for 
LS, where biallelic constitutional inactivation of a mismatch repair (MMR) locus is 
associated with a condition characterized by early-onset pediatric cancers and mani-
festations of type 1 neurofibromatosis [5]. Co-occurrence in trans of two pathogenic 
variants in the same MMR gene is expected to lead to this phenotype, named consti-
tutional mismatch repair deficiency (CMMRD), which is more severe than LS. On 
the other hand, if the two variants are in cis, no inference on the sequence change 
under scrutiny can be made, since the phenotype could be caused by the associated 
pathogenic change alone. Therefore, if two variants, one pathogenic and one of 
unknown significance, are detected in a CMMRD patient, and segregation studies 
show that each one is inherited from a different parent, this is considered evidence 
in favor of pathogenicity. On the contrary, their detection in trans in an individual 
with a diagnosis of LS, for whom CMMRD can be excluded, provides evidence 
against pathogenicity [6]. The same principle underlies the use of co- occurrence 
analysis for the interpretation of variants identified in genes causing autosomal 
recessive conditions [7], such as MUTYH-associated polyposis (MAP): in a patient 
with attenuated or classical colorectal polyposis, the finding of a pathogenic variant 
and an unclassified MUTYH variant in trans supports pathogenicity for the latter.

Although not strictly pertaining to the clinical setting, allele population frequen-
cies, derived from the analyses of biological samples of control subjects or stored in 
public genetic databases, such as gnomAD [8], are an important source of informa-
tion for variant interpretation. In principle, the higher the frequency of a variant 
allele, the lower the likelihood of pathogenicity. However, some pathogenic alleles 
may attain polymorphic or nearly polymorphic frequencies in specific ethnic groups 
due to a founder effect. In addition, alleles causing autosomal recessive conditions, 
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such as MAP, tend to be more frequent than dominant disease alleles. Hence when 
using allele frequency data as evidence for variant interpretation, one should take 
into account both the type of inheritance and disease prevalence, and disease- 
specific thresholds should be set [7].

4  Clinical Evidence: Tumor Pathology

Tumors associated with hereditary cancer syndromes often have characteristics that 
are unusual in the nonhereditary counterparts. For instance, medullary or triple- 
negative ductal breast carcinoma is significantly more frequent in carriers of BRCA1 
pathogenic variants [9, 10]. In hereditary polyposis syndromes, the histology of 
intestinal polyps is a very important diagnostic clue: hamartomatous polyps of the 
juvenile or Peutz-Jeghers types are characteristic of juvenile polyposis and Peutz- 
Jeghers syndrome, respectively [11]. In LS patients, CRCs tend to develop in the 
right colon and are often mucinous with a prominent lymphocytic infiltration.

The most useful type of information for LS is derived from molecular studies. 
The molecular tests commonly used to identify markers of LS, microsatellite insta-
bility (MSI) and immunohistochemistry (IHC) of MMR proteins, can be equated to 
a sort of in vivo functional test [12]. A high degree of instability (MSI-H) or the 
absence of one or more MMR proteins in a tumor is indicative of MMR deficiency. 
Therefore, the consistent association of a MMR gene variant with MSI-H and/or 
with loss of the protein encoded by the variant allele is evidence for its pathogenic-
ity. Conversely, if the tumor is microsatellite stable (MSS) or shows normal expres-
sion of the protein encoded by the variant gene and by its heterodimeric partner, the 
likelihood of pathogenicity is lower.

Tumors arising in subjects with other types of hereditary CRC predisposition, 
especially those caused by impairment of DNA repair genes, are often associated 
with specific molecular alterations. The base excision repair (BER) protein MUTYH 
is involved in the repair of oxidative damage that leads to the production of 8-oxo- 
guanine, which mispairs with adenine. Hence, somatic G > T transversions in driver 
genes, such as KRAS and APC, are more frequent in MAP-associated tumors com-
pared to non-MAP CRCs [13]. Likewise, the most common type of mutations in 
tumors from biallelic carriers of pathogenic variants in NTHL1, another BER gene 
with different repair specificity, are C  >  T transitions [14]. Finally, CRCs from 
patients with PPAP (polymerase proofreading-associated polyposis) tend to have an 
ultramutated phenotype, often associated with inactivation of the MMR system 
[15–17]. In principle, these molecular signatures could be useful for the clinical 
interpretation of sequence variants identified in MUTYH, NTHL1, POLD1, and 
POLE, and further studies on larger number of samples are needed to establish how 
they can be incorporated in the classification algorithms.

In principle, clinically useful information could also derive from molecular 
tumor studies for the search of second hits in tumor suppressor or genome integrity 
maintenance genes, such as APC and the MMR genes. While it has been shown that 
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loss of heterozygosity is not a useful marker of pathogenicity for MMR genes [18], 
the value of somatic MMR gene mutations ascertained by sequencing of tumor 
DNA has yet to be determined.

5  The Role of RNA Studies

It is now widely accepted that every nucleotide variant can potentially affect RNA 
expression by directly altering either the level of transcription of a gene of interest 
(e.g. modifications of promoter or enhancer sequences), mRNA maturation (e.g. 
disruption of splicing or polyadenylation signals) or mRNA stability.

Mutations affecting pre-mRNA splicing are a major cause of genetic disease, 
including hereditary CRC [19]. The biological and clinical interpretation of 
sequence variations should therefore always take into consideration a potential 
impact on RNA splicing. Nucleotide variants may alter the splicing pattern of the 
genes to which they map to, either partially (leaky variants) or totally (complete loss 
of the reference full-length transcript). These alterations may be due to simple 
events resulting in a single aberrant transcript or, less frequently, to complex anoma-
lies yielding multiple abnormal RNAs [20–22]. As illustrated in Fig. 18.1, simple 
events include (i) exon skipping, (ii) deletion of a portion of an exon, (iii) retention 
of a contiguous intronic fragment, (iv) retention of an entire intron (no splicing), 

Fig. 18.1 Examples of variant-induced RNA splicing defects
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Fig. 18.2 RNA splicing signals

and (v) exonization of an intronic fragment located in a region noncontiguous to 
reference exons (e.g., inclusion of a so-called pseudoexon). Complex anomalies are 
often due to a combination of different simple events arising simultaneously. 
Moreover, some RNA splicing alterations do not necessarily result in aberrant RNA 
species but in changes in the ratio of normal alternative transcripts [23, 24].

In most cases, variant-induced splicing defects are due to modifications of cis- 
acting signals that are crucial for proper RNA splicing (Fig. 18.2). The best known 
signals include the sequences that directly define the splice sites, i.e., the splice sites 
themselves (donor sites and acceptor sites) and the branch sites, as well as sequences 
that contribute to the recognition of the splice sites and help regulating the splicing 
pattern of constitutive and alternative exons [21]. The latter are generally referred to 
as splicing regulatory elements (SRE), can be exonic or intronic (ESR or ISR for 
exonic or intronic splicing regulators), and either have an enhancer or silencer role 
in exon inclusion (ESE and ISR, or ESS and ISS, respectively). Whereas 
 variant- induced alterations of splice sites are relatively easy to foretell by using 
computational tools, those affecting potential SRE are still difficult to predict, 
though recent studies highlighted the promising value of new ESR-dedicated in 
silico tools [25–30]. Besides the abovementioned major splicing signals, other 
sequence features can influence RNA splicing patterns, such as chromatin confor-
mation, promoter strength, and RNA secondary structure. Importantly, it is cur-
rently estimated that splicing alterations may account for at least 15% up to 50–70% 
of all described pathogenic variants [19, 30–33].

Several cases of splicing alterations caused by nucleotide variants mapping to 
genes implicated in hereditary colorectal cancer (CRC) have been reported to date, 
including variants in APC, MLH1, MSH2, MSH3, MSH6, MUTYH, PMS2, POLE, 
PTEN, and STK11. A few examples are described in Table 18.2, among which one 

18 Classification of Genetic Variants



Table 18.2 Examples of RNA splicing anomalies caused by variants identified in genes implicated 
in hereditary colorectal cancer

RNA splicing anomalies
Gene Variant RNA data References

Exon skipping
APC c.423G>T Skipping of exon 4 [34]
MLH1 c.793C>T Skipping of exon 10 [30]
MSH2 c.942+3A>T Skipping of exon 5 [35]
MSH3 c.2319-1G>A Skipping of exon 17 [36]
MSH6 c.3991C>T Skipping of exon 9 [37]
MUTYH c.690G>A Skipping of exon 8 [38]
MUTYH c.933+3A>C Skipping of exon 10 [39]
PMS2 c.989-2A>G Skipping of exon 10 [40]
POLE c.4444+3A>G Skipping of exon 34 [41]
PTEN c.209+5G>A Skipping of exon 3 [42]
PTEN c.511C>T Skipping of exon 6 [43]
STK11 c.597+1G>A Skipping of exon 4 [44]
Partial deletion of an exon
APC c.1409-1G>A Deletion of first nt of exon 11 [34]
APC c.1959-2A>G Deletion of first 12 nt of exon 15 [34]
MLH1 c.589-2A>G Deletion of first 4 nt of exon 8 [45]
MSH2 c.1915C>T Deletion of last 92 nt of exon 12 [35]
PMS2 c.164-2A>G Deletion of first 8 nt of exon 3 [40]
PMS2 c.825A>G Deletion of first 22 nt of exon 8 [45]
PTEN c.164+1G>A Deletion of last 5 nt of exon 2 [46]
PTEN c.334C>G Deletion of last 159 nt of exon 5 [47]
Retention of a contiguous intronic fragment
APC c.532-8G>A Retention of 6 last nt of intron 4 [48]
MLH1 c.1667G>T Retention of first 88 nt of intron 14 [49]
MSH2 c.646-3T>G Retention of last 24 nt of intron 3 [50]
MSH2 c.1387-9T>A Retention of last 7 nt of intron 3 [51]
PTEN c.801+1G>A Retention of first 75 nt of intron 7 [52]
Retention of an entire intron
MUTYH c.934-2A>G Retention of full intron 10 [53]
STK11 c.597+31_598-32 Retention of full intron 4 [54]
Pseudoexon inclusion
APC c.[532-941G>A(;) 

c.532-845A>G]
167 nt pEx (intron 4) [55]

APC c.646-1806T>G 127 nt pEx (intron 5) [56]
APC c.1408+729A>G 83 nt pEx (intron 10) [56]
APC c.1408+735A>T 83 nt pEx (intron 10) [55]
MSH2 c.212-478T>G 75 nt pseudoexon (intron 1) [57]
Complex splicing anomalies
PMS2 c.538-3C>G Skipping of exon 6 and partial deletion of 

the first 49 nt of exon 8
[36]

PMS2 c.989-1G>T Skipping of exon 10 and partial deletion of 
first 27 nt of exon 10

[58]

APC (NM_001127510.2), MLH1 (NM_000249.2), MSH2 (NM_000251.2), MSH3 (NM_002439.4), 
MSH6 (NM_000179.1), MUTYH (NM_001128425.1), PMS2 (NM_000535.5), POLE 
(NM_006231.2), PTEN (NM_000314.4), STK11 (NM_00455)
nt nucleotides, pEx pseudoexon
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can find nucleotide variants mapping at exon-intron junctions, within the body of 
the exons, or deep in the introns. As shown, splicing defects may include noncoding 
variants and also variants otherwise considered as missense, nonsense, or even 
translationally silent (synonymous). These examples illustrate why any nucleotide 
variant, independently of their position or coding potential, should be investigated 
for their eventual impact on RNA splicing, CRC-associated variants being no 
exception.

Contrary to RNA splicing mutations, knowledge on variants susceptible of 
affecting the transcription level of CRC-implicated genes is currently scarce. Most 
variants identified within the minimal promoters of the MMR genes remain unstud-
ied, only a few having been classified as non-pathogenic (Class 1), likely non- 
pathogenic (Class 2) or of unknown significance (Class 3). The exception is MSH2 
c.-78_-77del, a promoter variant that is now considered as probably pathogenic 
(Class 4) in the context of Lynch syndrome [59, 60]. Another example of a genomic 
deletion in a promoter region which leads to a clinically relevant reduction of the 
expression level of the corresponding gene is the deletion of promoter 1B in the APC 
gene, which has been detected in several families with familial polyposis [61, 62]. 
Further studies are needed to assess the functional impact of variants mapping to 
the promoter regions of CRC-genes, for instance by measuring endogenous allele-
specific expression, performing luciferase reporter assays, and determining altera-
tions in transcription factor binding [59]. Moreover, one has to keep in mind that 
promoter function can also be affected by distant changes. An example of such 
situation can be found in Lynch syndrome patients carrying germline deletions in 
the 3’ portion of the EPCAM gene. These deletions lead to EPCAM transcription 
readthrough, causing silencing of the downstream MSH2 promoter [63].

Finally, variants which alter the stability and the turnover of mRNA have been 
demonstrated to modulate expression levels of cancer genes and are implicated in 
tumorigenesis. These variants may affect the secondary structure of 5′ or 3′ untrans-
lated regions, miRNA binding sites, or the polyadenylation site [64]. Interestingly, 
even if DNA or RNA analyses do not identify a causative variant, the confirmation 
of a functional impact, such as dramatically reduced expression of a MMR gene, 
may nevertheless warrant specific clinical recommendations.

6  Strategies for RNA Analyses

Variant-induced splicing anomalies are usually detected upon performing experi-
mental work that is in many cases motivated by preceding bioinformatic analyses. 
For obvious reasons, most molecular diagnostic laboratories rely on the availability 
of patients’ RNA samples and on conventional gene-specific RT-PCR approaches to 
conduct RNA splicing analyses. This type of strategy, which allowed the identifica-
tion of a large number of splicing mutations in genes implicated in hereditary CRC, 
such as most of those described in Table  18.1, implies a deep knowledge of the 
normal/alternative splicing pattern of the genes of interest, and the analysis of 
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patients’ RNA in parallel to those of several control individuals [65, 66]. Moreover, 
patients’ RNA studies need to take into consideration that, in the absence of a co-
occuring exonic variant, it is difficult to trace intronic splicing mutations especially 
if abnormal frameshift transcripts are produced and degraded by nonsense- mediated 
decay (NMD). Treatment of cellular cultures with NMD inhibitors such as puromy-
cin or cycloheximide can be used to outwit this limitation [30, 35, 66]. Complementary 
strategies include: (i) functional in cellulo assays based on the use of minigenes and 
(ii) massively parallel high throughput RNA sequencing (RNA-seq), each method 
having its advantages and limitations [18–20, 30, 35, 45, 56, 66–68]. For instance, 
minigene-based assays allow to both circumvent the need for patients RNA samples 
and to establish a direct causality effect, but depending on the type of construct, may 
miss complex splicing anomalies involving multiple exons. RNA-seq analyses have 
the advantage of interrogating multiple transcripts in parallel and at high resolution, 
but remain expensive for routine diagnostic applications [68, 69].

RT-PCR analyses of RNA samples from patients suspected of hereditary CRC 
have thus far been very useful for the identification of: (i) deleterious splicing muta-
tions (for examples please see Table 18.1 and [6]), (ii) genetic inversions [70], (iii) 
imbalanced allelic expression (RT-PCR in combination with other techniques such 
as pyrosequencing, SNuPE or SNaPshot) [18, 56, 71–75] and (iv) and to discrimi-
nate PMS2 variants from those mapping to PMS2 pseudogenes [76, 77]. RNA splic-
ing analysis may also help illuminating genotype-phenotype correlations as reported 
by Sjursen and colleagues who described the identification of a Turcot syndrome 
patient homozygous for a PMS2 splicing mutation (PMS2 c.989-1G>T) but having 
a phenotype milder than expected [58]. RT-PCR analysis revealed that PMS2 c.989-
1G>T caused the production of two aberrant transcripts, one lacking the 156 nucle-
otide-long exon 10, and the other merely lacking its first 27 nucleotides (judged as 
probably less detrimental, which provided a rational explanation for the atypical 
phenotype).

It is anticipated that in the future, whole or targeted RNA- seq, will become a 
reality in molecular diagnostic laboratories, especially with the implementation of 
new approaches allowing long sequencing reads and single-cell analysis [68, 69]. 
Still, important efforts are expected in the field of bioinformatics in order to improve 
both RNA splicing predictions and RNA-seq data processing and analysis (includ-
ing qualitative and quantitative aspects of these approaches). Moreover, further 
studies will be needed to determine the sensitivity and specificity of the different 
RNA splicing-dedicated methods. Other open questions relate to the characteriza-
tion of alternative splicing patterns in different tissues or in a same tissue exposed 
to different external stimuli, the biological role of alternative isoforms, and the 
choice of the most relevant tissues to be analyzed for detecting disease- causing 
RNA splicing defects, such as those increasing genetic predispositions to CRC. 
Adequate RNA can in principle be extracted directly from cell culture, blood (hepa-
rin, citrate, or ethylenediaminetetraacetic acid), or tissue samples, provided that 
these are not kept under nonphysiological conditions and are processed on the same 
day. If the laboratory setup or other circumstances prevent the long-term or short-
term culture of lymphocytes, RNA stabilizing agents or commercial kits like 
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RNAlater (QIAGEN) or PAXgene (PreAnalytiX) are recommended. Although these 
approaches are not as costly or time-consuming as cell cultures, the degradation of 
mRNA transcripts harboring premature termination codons (PTCs) caused by the 
sophisticated cellular quality control mechanism called NMD is likely to obscure 
results. Briefly, PTC-harboring transcripts are recognized during the “pioneer round 
of translation” and subsequently degraded, which helps preventing dominant-nega-
tive effects such as the incorporation of a misfolded protein in a multi-protein com-
plex or gain of function effects.

Even if this cellular surveillance mechanism is not perfect in recognizing all 
PTCs, the vast majority of PTC-carrying transcripts are degraded and thus not 
detectable in patient-derived RNA. Consequently, NMD can be a major source of 
error, a fact which, depending on the strategy used, must be taken into account when 
analyzing RNA.

The long-term or short-term cultivation of mononuclear peripheral blood cells, 
although comparatively time-consuming and laborious, has many technical advan-
tages over the direct preparation of RNA from tissue samples. Short-term lympho-
cyte cultures and long-term cell cultures from Epstein-Barr virus (EBV)-immortalized 
white blood cells can be used with equal results; however, the latter is likely to be 
found in only a few laboratories, due to regulatory restrictions and the considerable 
operating expenses involved. Compared to sampling fresh blood or tissue, the quan-
tity and quality of RNA from cell cultures is generally higher, and NMD inhibition 
can be performed. In principle, there are two equally efficient substances which 
have been demonstrated to reliably block NMD in cell cultures: cycloheximide and 
puromycin. Both of these antibiotics inhibit translation at the eukaryotic ribosome, 
including the pioneer round of translation, with an impact on NMD [78].

In analyzing RNA from fresh blood, cultivated white blood cells, or minigene 
constructs transiently expressed in cell lines for genes involved in CRC syndromes, 
one can wonder if they recapitulate the effects produced in disease-affected tissues. 
By virtue of their integral role in DNA repair, cell cycle control, cellular differentia-
tion, and genome maintenance, most genes associated with CRC syndromes are 
expressed ubiquitously, especially in quickly dividing tissues like white blood cells. 
In this regard, peripheral blood mononuclear cells (PBMCs) are well suited for 
RNA studies of these genes. It is nevertheless crucial to bear in mind that this is 
valid only for splicing events at constitutive exons, where the splicing machinery is 
guided and regulated primarily by the consensus DNA motifs of splice sites [20]; 
these exons are generally expected to be equally spliced in all tissues.

By contrast, exons affected by alternative splicing—that is, cassette exons 
skipped in certain isoforms—are critically regulated by a finely tuned system of 
tissue-specific splicing factors and splicing regulatory proteins such as the afore-
mentioned exonic or intronic splicing enhancers and silencers. Tissue-specific dif-
ferences in splicing patterns are well documented where RNA studies have been 
performed in different cell lines or tissues, but these differences mainly affect alter-
natively spliced exons. Consequently, these studies suggest a high overall consis-
tency of results as defined by the joint detection of the main aberrant transcript 
[26, 67, 79]. The differences observed between cell lines, patient-derived RNA, 
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and minigene constructs mainly affect additional alternative/aberrant transcripts or 
variations of intensity between distinct alternative splicing products. The European 
Mismatch Repair Working Group is currently formulating consensus proposals for 
a standardized protocol regarding cDNA analysis and the investigation of the effect 
of MMR variants on RNA splicing.

Expert groups have formulated recommendations for the interpretation and 
classification of sequence variants for LS-associated genes (International Society for 
Gastrointestinal Tumors, InSiGHT) [6] and for the two breast cancer susceptibility 
genes BRCA1 and BRCA2 (Evidence-Based Network for the Interpretation of 
Germline Mutant Alleles (ENIGMA) Consortium) [65], which advocate standard-
ized RNA testing of all suspected splice-altering variants in order to unequivocally 
assess the nature of the pathogenic effect.

Many laboratories routinely use reverse transcriptase (RT) PCR-amplified cDNA 
fragments from fresh blood collected into PAXgene tubes (PAXgene RNA), or lym-
phocyte cultures to assess mRNA expression levels and to detect splicing aberra-
tions. RT-PCR products are visualized on agarose gels to determine splicing patterns 
and to estimate the level of mRNA expression. Subsequent cloning and sequencing 
of alternate transcripts can verify splicing aberrations. This is a convenient strategy 
for confirming or excluding pathogenic splice defects. If the variant allele tested is 
found to produce only transcripts with a PTC or an in-frame deletion that disrupts a 
validated physiologically important domain, the variant can be reliably classified as 
pathogenic [6, 7, 65].

Promoter variants which are suspected to disrupt a regulatory element, like a 
transcription factor binding site, can reliably be analyzed by  quantitative reverse 
transcription PCR (RT-qPCR) or allele-specific expression (ASE; see next para-
graph). RT-qPCR enables reliable detection and quantitative measurement of prod-
ucts generated during each cycle of PCR process and is a valuable tool to assess the 
expression levels of a gene.

Reporter assays measure the activity of a promoter and are commonly used to 
study gene expression at the transcriptional level. Typically a wild type (WT) pro-
moter sequence and the corresponding sequence containing the variant of interest 
are cloned in an expression vector which is thereafter transiently expressed in cell 
culture. The activity of the promoter can be assessed by measurement of reporter 
expression (usually luciferase) [80, 81].

The determination of allele-specific expression (ASE) is a powerful tool for 
assessing the relevance of suspected pathogenic alleles and can be performed using 
RNA isolated from fresh blood, PAX RNA, or cultivated lymphocytes. This 
approach is useful without prior knowledge of the underlying cause of a pathogenic 
effect, e.g., if no causative variant was identified by DNA testing due to deep intronic 
localization, promotor methylation, genomic inversion, translocation, etc. In single- 
nucleotide extension assays such as SNuPE, SNaPshot, and pyrosequencing or in 
MALDI-ToF mass spectrometry, ASE analysis takes advantage of a previously 
detected germline exonic  single-nucleotide variant (SNV) as a proxy for allelic 
expression. This method can determine if both alleles are expressed equally or dif-
ferently compared to WT control samples.
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Minigene constructs are ex vivo systems in which variants can be functionally 
tested in a monoallelic manner, even without patient RNA. This involves the PCR 
amplification of patient DNA or, alternatively, the de novo construction via site- 
directed mutagenesis of a genomic fragment encompassing the variant of interest 
(preferably the entire exon) along with flanking intronic sequences, which is then 
cloned into a minigene system. After transient expression of these vectors in cell 
culture, possible differences in splicing patterns between WT transcripts and tran-
scripts derived from the vector carrying the variant can be assessed by RT-PCR and 
sequencing [30, 67, 73, 79, 82]. Although potentially prone to the influence of tis-
sue-specific splicing factors expressed in the corresponding cell lines, minigene 
analysis shows excellent conformity with analysis of patient-derived RNA [45]. 
Minor differences are observed in alternatively spliced exons which do not affect 
the general interpretation.

7  In Vitro Protein Functional Assays

Ideally, demonstrating that the protein encoded by the variant allele either maintains 
or loses the functional properties of the WT isoform should be compelling evidence 
for its clinical interpretation. The reality is that there are no standardized functional 
assays for hereditary CRC. In addition, most of the genes involved in CRC predis-
position have multiple functional domains and can be involved in different cellular 
pathways, some of which may not be related to tumorigenesis.

In vitro assays have been developed for DNA repair genes, namely, those 
involved in MMR and base excision repair (BER), originally in prokaryotes, and 
subsequently in different eukaryotic species.

There are a number of different MMR assays that test repair activity, protein 
stability, interaction with partner proteins, cellular localization, resistance to alkyl-
ating agents, as well as other functions specific to single components of the MMR 
machinery. Some of these these tests use different artificial substrates and 
 recombinant MMR proteins and can be performed in different cell types, including 
S. cerevisiae and human cells, or in cell-free systems [6, 83, 84]. They are available 
only in highly specialized laboratories and are currently not incorporated in routine 
diagnostic activities. In addition, their output is on a quantitative scale (i.e., % of 
repair compared to wild type), and there is interlaboratory variability in the results 
of assays testing the same properties [6].

Even less is known about the accuracy of in vitro assays for BER and polymerase 
proofreading activity. Although tests have been developed for MUTYH, they have 
been applied to a limited number of variants. Like MMR genes, a number of assays 
are available in different laboratories, and different functional properties can be 
investigated (Table 18.3).

Therefore, there is currently no single assay that can be used for the purpose of 
clinical interpretation of genetic variations in the field of hereditary CRC predispo-
sition. In general, tests performed on mammalian systems are preferred over those 
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Table 18.3 Functional assays for mismatch repair and base excision repair proteins

Assay References

Mismatch repair (MLH1, MSH2, MSH6, PMS2)

Complementation of repair activity on artificial substrates: a. in yeast; b. in 
mammalian cells

[85–90]

Repair activity in cell-free systems [91]
Complementation of repair activity measuring mutation rates at endogenous 
loci (HPRT; microsatellites) in cell lines

[92]

Cellular tolerance to methylating agents [93–95]
Protein expression and stability [96–102]
Cellular localization [97, 102–105]
Protein-protein interactions [106–108]
Protein-DNA binding [109, 110]
ATPase activity, ATP/ADP cycling, ATP-induced conformational changes [111, 112]
Base excision repair (MUTYH)

Complementation of repair activity: a. in E. coli; b. in mammalian cells [113–115]
In vitro DNA glycosylase activity [114–117]
Protein expression [113, 116]
Cellular localization [113, 116]
Sensitivity to oxidative damage [113]

in yeast or bacteria, since the conditions are more similar to those occurring in vivo 
in human cells. For MMR genes, it has been recommended that an assay be consid-
ered as evidence for variant classification when concordant results are obtained 
from two independent laboratories assessing the same function. Furthermore, mul-
tiple properties must be examined: for instance, a protein can be unstable but able to 
repair mismatches in vitro when expressed at levels that are, however, presumably 
much higher than in vivo [6]. Hence, in order to consider a variant proficient, values 
corresponding to the WT range must be obtained for all its different functional 
properties.

8  In Silico Prediction Tools

In the last two decades, a number of tools for the prediction of functional conse-
quences have been developed to assist in the biological and clinical interpretation of 
DNA variant significance [7]. In this section we refer to the programs that assess the 
potential effects of amino acid substitutions. Importantly, their accuracy, tested versus 
a set of well-defined controls (i.e., variants of established pathogenicity or neutrality), 
is estimated between 65 and 80% [118], and specificity is particularly low, causing an 
excess of false positives (i.e., neutral missense changes predicted as deleterious) [119].

Due to these caveats, they should be considered as an accessory supporting 
source of evidence for clinical interpretation, when classification is achieved using 

M. Genuardi et al.



271

other data. In addition, since these tools can perform differently with the same variant, 
depending on the gene and the protein sequence, it is advisable to use more than one 
program and to consider the outputs from different programs as a single piece of 
evidence: concordant results for pathogenicity or neutrality across two or more 
softwares can be used as supporting information, while discordant results are not 
informative [7, 120].

As discussed below, results from in silico predictions can be incorporated in 
multifactorial Bayesian models.

9  Multifactorial Analysis

All of the abovementioned characteristics provide qualitative clues for variant inter-
pretation. They can also be incorporated in multifactorial Bayesian algorithms when 
their specificities and sensitivities have been calibrated against a robust set of refer-
ence variants of established significance. These algorithms are based on estimates of 
likelihood ratios (LRs) that compare for each component the probability of the 
observed data assuming that the variant is pathogenic versus the hypothesis of non- 
pathogenicity (i.e., for the MSI-H status: % MSI-H in tumors from pathogenic variant 
carriers/% MSI-H in tumors from noncarriers). LRs derived for each point of evi-
dence are then cumulated, and a posterior probability of pathogenicity is calculated.

This approach has been initially developed for the BRCA1 and BRCA2 genes [2] 
and subsequently applied, with appropriate modifications, to the MMR genes. The 
MMR multifactorial model uses prior probabilities derived either from in silico pre-
dictions with the programs MAPP [121] and PolyPhen-2.1 [122] for potential mis-
sense changes or from values obtained on BRCA1/BRCA2 for intronic substitutions. 
LR calculations are then performed for segregation analysis, family history, and tumor 
molecular pathology data, specifically MSI, IHC, and BRAF mutation status [51].

Multifactorial analysis has the advantage of providing quantitative estimates that 
can be easily used for clinical decisions. Although this is very useful for clinicians, 
the model still needs improvements to obtain more accurate assessments for the 
components that are already incorporated and LRs from additional datasets cur-
rently not included, such as functional studies.

10  Systems for Variant Classification

The above qualitative and quantitative evidences are used to classify gene variants 
for use in the clinical setting. There are two main classification systems available 
today: one has been devised specifically for cancer predisposition genes by a work-
ing group of the International Agency for Cancer Research (IARC) [123]; the other 
one is the general system developed by a joint effort of the American College of 
Medical Genetics and Genomics (ACMG) and the Association for Molecular 
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Pathology (AMP) [7]. Both use five categories, defined by qualitative terms only for 
ACMG/AMP and also by numbers for IARC, ranging from pathogenic (IARC 
Class 5) to benign/nonpathogenic (IARC Class 1). Intermediate classes include the 
following categories: likely pathogenic (Class 4), variants of uncertain significance 
(VUSs; Class 3), and likely benign/nonpathogenic (Class 2). For Class 4 and Class 
2 variants, clinical advice is the same as for Class 5 and Class 1, respectively. Class 
3 includes variants for which available information has not been sufficient to estab-
lish their clinical relevance and are thus non-actionable clinically.

Classification can be achieved either by a combination of qualitative data or by 
multifactorial analysis. The latter is the most reliable approach, but quantitative 
models have been built only for a very limited number of genes so far. In the field of 
hereditary CRC, a Bayesian algorithm has been developed for the MMR genes only. 

In the ACMG/AMP system, qualitative components are subdivided based on the 
strength of evidence: stand-alone, very strong, strong, moderate, or supporting (in 
decreasing order of strength). The only stand-alone criterion is allele population 
frequency > 5%, allowing classification as benign.

The IARC system does not provide qualitative criteria and refers to gene-specific 
recommendations, such as those devised by the InSiGHT Variant Interpretation 
Committee (VIC) [6]. The InSiGHT MMR rules require that concordant evidence 
be available pertaining to both the clinical and the functional components of clas-
sification in order to assign a variant to a clinically actionable class (5, 4, 2, or 1). 
Sequence-based information may be used as a stand-alone criterion for variants that 
have a very high prior probability of pathogenicity (i.e., nonsense substitutions, 
with the caveats mentioned above in “Characteristics of the DNA sequence”).

The InSiGHT criteria for MMR genes have been developed by an international 
multidisciplinary panel of experts and are subject to periodic revisions based on 
novel findings that may lead to a refinement of the interpretation rules. Their use for 
classification of MMR variants is therefore strongly recommended.

In the absence of specific criteria, ACMG/AMP recommendations can be used 
for other hereditary CRC genes, having in mind that, since these are nonspecific and 
less robust, the likelihood of misclassification may be higher.

From the practical standpoint, health professionals who want to have informa-
tion on the clinical significance of DNA sequence variants can consult online data-
bases. The InSiGHT website contains information on hereditary CRC genes, 
including the classifications of >2400 MMR gene variants and the underlying evi-
dence for each of them (https://www.insight-group.org/variants/databases/). 
ClinVar, hosted by the National Center for Biotechnology Information (https://
www.ncbi.nlm.nih.gov/clinvar/), is a public archive of classification reports of dif-
ferent complexity, ranging from the representation of an allele and its interpretation 
to the classifications of expert panels, including the InSiGHT MMR VIC. It archives 
interpretations on any gene, but it does not curate submitted information nor does it 
perform interpretations. Therefore, the submissions must be critically assessed, 
checking whether they are concordant or not when there are multiple contributions 
for the same variant and verifying the level of evidence (i.e., single variant with no 
clinical information or classification of expert panel).
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Chapter 19
Prediction Models for Lynch Syndrome

Fay Kastrinos, Gregory Idos, and Giovanni Parmigiani

Abstract  Numerous strategies are currently available for the identification of indi-
viduals and families with Lynch syndrome  that have evolved considerably over 
time. Prediction models for Lynch syndrome can quantify an individual’s risk of 
carrying a germline mismatch repair gene mutation and help clinicians decide who 
should be referred for further genetic risk assessment and/or genetic testing. In this 
chapter, we review the main prediction models developed for the identification of 
individuals at risk for Lynch syndrome with a focus on their specific features, per-
formance measures as assessed by several validation studies, comparison with other 
clinical and molecular strategies for the diagnosis of Lynch syndrome, and their 
implementation and potential uses in clinical practice. We also introduce a new 
prediction model that provides prospective cancer risk estimates for individuals 
with MMR gene mutations based on comprehensive literature reviews. Lastly, we 
address the future considerations related to the use of clinical prediction models, 
including the impact of next-generation DNA sequencing technologies and the 
increased uptake of simultaneous testing of multiple genes (multigene panel testing) 
associated with inherited cancer susceptibility.
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1  Introduction

Lynch syndrome is the most common inherited colorectal cancer syndrome and is 
associated with germline mutations in the four mismatch repair (MMR) genes—
MLH1, MSH2, MSH6, and PMS2—or in EPCAM, a promoter that initiates reading 
of the MSH2 gene. The prevalence of Lynch syndrome is estimated at nearly 
1/300 in the general population [1]. Individuals with Lynch syndrome not only have 
a 20–80% increased risk of developing colorectal cancer but also additional cancers, 
including those of the uterus, ovaries, stomach, small intestines, pancreas, urinary 
tract, brain, and cutaneous sebaceous glands [2–8]. In turn, early identification of 
individuals with pathogenic MMR gene variants is important as it allows for imple-
mentation of cancer prevention strategies such as intensified screening and surveil-
lance, risk-reducing surgeries, or chemoprevention [9–14].

Numerous approaches for the identification of individuals and families with 
Lynch syndrome are available and have evolved considerably over time. Original 
strategies to select individuals for germline MMR testing were based on fulfillment 
of clinical criteria related to personal and family history of young-onset colorectal 
cancer and/or other malignancies associated with Lynch syndrome. These criteria 
included the Amsterdam criteria and the Bethesda guidelines [15–17]. Subsequently, 
molecular testing of tumors for evidence of microsatellite instability (MSI) and/or 
loss of the protein expression of the MMR genes on immunohistochemical (IHC) 
analyses was recommended as a more effective approach to evaluate individuals 
with colorectal cancer for Lynch syndrome, given its improved sensitivity and spec-
ificity compared to clinical criteria [2–4]. Current guidelines include a  universal 
approach to molecular testing, where MSI and/or IHC testing is conducted in all 
colorectal cancers regardless of age at diagnosis or family history criteria, followed 
by germline genetic testing for those with abnormal tumor testing results [2–4]. 
Clinical prediction models are also available to quantify the risk of detecting a 
mutation associated with Lynch syndrome based on personal and family history and 
help clinicians decide who should be referred for further genetic risk assessment 
and/or genetic testing [18–21].

In this chapter, we review the main prediction models developed for the identi-
fication of individuals at risk for Lynch syndrome, focusing on their specific fea-
tures and performance measures as assessed in several validation studies, compare 
the models with other clinical and molecular strategies for the diagnosis of Lynch 
syndrome, and discuss their implementation and potential uses in clinical practice. 
We also introduce a new prediction model that provides prospective cancer risk 
estimates for individuals with MMR gene mutations based on comprehensive 
 literature reviews. Lastly, we discuss the future of clinical prediction models, 
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including the potential impact of next-generation DNA sequencing technologies 
and the increased availability and uptake of panel testing, which offer simultaneous 
testing of multiple genes associated with inherited cancer susceptibility.

2  Identification of Individuals with Lynch Syndrome 
and the Rationale for Prediction Models

While multiple options are available for the identification of patients and families 
with Lynch syndrome, the optimal strategy has been debated and referral for genetic 
evaluation among individuals at increased risk for Lynch syndrome remains a chal-
lenge. Even in families with a known pathogenic MMR gene mutation, the rates of 
cascade testing in at-risk relatives who are unaffected by cancer are low [22]. 
Implementation of any strategy proven to be effective is critically important to max-
imize the diagnosis of Lynch syndrome carriers, including those who are young and 
unaffected by cancer as they stand to benefit the most from an early diagnosis of 
Lynch syndrome.

The initial approach for the identification of individuals at high risk for an inher-
ited susceptibility to colorectal cancer were the Amsterdam criteria. They were orig-
inally developed by a consensus of experts for research purposes to distinguish 
families suspected of having hereditary nonpolyposis colorectal cancer and deter-
mine the prevalence of MMR gene mutations. The Bethesda guidelines were subse-
quently developed as a broader risk assessment tool to identify patients whose 
tumors should be tested for MSI; the guidelines were also revised to include extra-
colonic malignancies associated with Lynch syndrome, extend the ages of cancer 
diagnoses, and add histopathologic characteristics of the tumor. The application of 
these clinical criteria is quite complex in routine clinical practice, and the presence 
of personal and family cancer history is weighed similarly in both the Amsterdam 
and Bethesda  guidelines. Furthermore, these  clinical criteria lack sensitivity for 
identification of individuals with Lynch syndrome: the Amsterdam may miss up to 
50% of mutation carriers, and the Bethesda guidelines may miss up to 30% of muta-
tion carriers [23–25]. Development of quantitative prediction models was fueled by 
the need for more accurate risk assessment based on personal and familial cancer 
history, compared to that obtained through the Amsterdam and revised Bethesda 
guidelines. Studies have consistently shown suboptimal assessment of family can-
cer history and genetics referrals among different healthcare professionals [26, 27]. 
An additional goal has been to provide healthcare providers with tools that could be 
more widely implemented in the systematic evaluation of candidates for genetic 
referral and testing [18–21]. 

Given the shortcomings of the clinical criteria and in light of the known hallmark 
feature of MSI in tumors associated with Lynch syndrome, there is ample evidence to 
support universal tumor testing of all newly diagnosed colorectal cancers for MSI 
and/or protein expression of the relevant MMR genes by IHC. Results from the  latter 
can also guide gene-specific germline testing [2–4]. From a clinical perspective, rec-
ognizing the heterodimeric partners MSH2-MSH6 and MLH1-PMS2 helps identify 
the causal mutations in Lynch syndrome by IHC. However, approximately 15% of 
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sporadic colorectal cancer cases exhibit MSI due mainly to somatic hypermethylation 
of the MLH1 promoter. Additional testing for BRAF mutations and MLH1 promoter 
analyses on tumor tissue is needed to limit unnecessary genetic evaluations for Lynch 
syndrome [4, 28]. Despite the recommendation for universal tumor testing in newly 
diagnosed colorectal cancer cases, a US survey-based study noted limited and/or vari-
able implementation by cancer centers; [29] barriers may be related to limited avail-
ability and/or uptake of genetic counseling services and associated costs or inconsistent 
reimbursement for molecular tumor testing, in addition to the lack of infrastructure to 
handle interpretation and disclosure of results.

Due to the aforementioned limitations related to clinical and clinicopathologi-
cal approaches for the systematic evaluation of individuals at risk for Lynch syn-
drome, quantification of risk based on prediction models offers alternative or 
complementary means for Lynch syndrome assessment. The numerical estimates 
provided by the prediction models can be helpful in communicating to patients and 
at-risk relatives the risk of carrying a pathogenic MMR gene mutation and its 
implications for cancer risks. Furthermore, use of prediction models can be more 
widely implemented than the existing clinical or clinicopathological approaches as 
the pool of individuals at risk for Lynch syndrome consists mainly of those unaf-
fected by cancer.

3  Development of Prediction Models

3.1  Historical Perspective: The Leiden and Amsterdam-Plus 
Models

The Leiden model was developed in 1998 and was the first Lynch syndrome risk 
prediction tool for the identification of MLH1 and MSH2 gene mutation carriers 
[30]. This multivariable logistic regression model was developed from 184 unre-
lated families at high risk of familial colorectal cancer, with 47 mutation carriers 
(28 MLH1, 19 MSH2). Risk estimates were based on the fulfillment of the 
Amsterdam criteria, presence of endometrial cancer in the family, and mean age at 
colorectal cancer diagnosis. In 2004, the Amsterdam-plus model was introduced. 
It was trained on 250 kindreds from familial cancer registries, 34 (14%) of whom 
had mutations in MLH1 (n = 25), MSH2 (n = 8), or MSH6 (n = 1) [31]. In addition 
to the Amsterdam criteria, the model included the following five variables: num-
ber of relatives with colorectal and endometrial cancers, number of relatives with 
more than one colorectal cancer, mean ages at colorectal and endometrial cancer 
diagnosis in affected relatives, and number of relatives with five or more adeno-
mas. Both models were developed using relatively small, selected populations 
derived from high-risk familial cancer registries and were not externally validated, 
which limited their generalizability to other settings and their wide adoption in 
clinical practice.
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4  Currently Recommended Lynch Syndrome Prediction Models

In 2006, three prediction models were introduced to quantify an individual’s prob-
ability of carrying a MMR gene mutation most commonly associated with Lynch 
syndrome. These models are MMRPredict, MMRPro, and PREMM1,2 (Prediction 
of Mismatch Repair Gene Mutations in MLH1 and MLH2) [20, 21, 32]. The latter 
model has undergone two subsequent expansions to include prediction of MSH6 
gene mutations (PREMM1,2,6) [19], and most recently PMS2 and EPCAM (updated 
to PREMM5), thereby accounting for all five germline mutations associated with 
Lynch syndrome [18]. PREMM5 will replace all preceding iterations of the PREMM 
model. While the overall purpose of developing these models were the same, there 
are important differences, including the genes considered, the populations where 
they were trained (particularly with regard to the total number of mutation carriers), 
and the statistical methodology used. Table 19.1 provides a comparison of the recent 
Lynch syndrome prediction models.

4.1  MMRPro

The MMRPro model was developed to evaluate an individual’s probability of carrying 
an MLH1, MSH2, and/or MSH6 gene mutation and used published values for MMR 
mutation prevalence and penetrance to calculate the predicted risk [21]. Unlike 
MMRPredict and PREMM, risk prediction estimates are based on a Bayesian approach 
and Mendelian inheritance laws. External validation was performed by the investiga-
tors involved in its development, in 279 patients recruited through familial colorectal 
cancer registries enriched with Lynch syndrome families where the mutation preva-
lence of any MMR gene was 43% (121/279) and included 51 MLH1, 63 MSH2, and 7 
MSH6 gene mutation carriers. The model includes data for the individual being evalu-
ated and for each first-degree relative (FDR) and second- degree relative (SDR) as 
related to the presence of colorectal and/or endometrial cancer, age at diagnosis, and 
current age or age at last follow-up for those unaffected by these cancers. It was subse-
quently extended to handle pedigrees of arbitrary size. Data on relatives who are unaf-
fected by cancer is also utilized to improve accuracy of risk prediction. The MMRPro 
model does not take into account the presence of multiple colorectal cancers in the 
proband. Among extracolonic cancers associated with Lynch syndrome, it only consid-
ers endometrial cancer. There are a number of unique features of the MMRPro model 
including its ability to (1) incorporate molecular tumor testing results including MSI 
and IHC testing, (2) calculate the residual probability of finding a mutation if molecu-
lar tumor testing is negative, and (3) provide estimates of future colorectal and endo-
metrial cancer risks for unaffected individuals (including known mutation carriers), 
untested individuals, and individuals in whom no mutation is found. With emerging 
data on the prevalence and penetrance of MMR genes since the model’s introduction, 
the investigators are currently updating the model to continue improving risk predic-
tion. The MMRPro model is accessible at http://bayesmendel.dfci.harvard.edu.
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4.2  MMRPredict

The MMRPredict model was developed from data on 870 unselected, population- 
based cases of colorectal cancer diagnosed under the age of 55 years and uses logistic 
regression methodology, similar to the PREMM models [20]. The mutation prevalence 
was 4% and included mutations in MLH1 (n = 15), MSH2 (n = 16), and MSH6 (n = 7). 
The model provides an overall likelihood of carrying a mutation in MLH1, MSH2, or 
MSH6, but does not provide risk estimates for each gene. MMRPredict’s estimates are 
derived from information obtained in two stages. The first stage involves clinical data 
for the proband such as gender, age at colorectal cancer diagnosis, location of colorec-
tal cancer (proximal versus distal), multiple colorectal cancers (synchronous or meta-
chronous), and family history limited to FDRs and the presence and age(s) of colorectal 
and/or endometrial cancer diagnoses. To refine the risk estimates based on personal 
and family cancer history, the second stage incorporates tumor molecular diagnostic 
information including MSI and IHC testing results. MMRPredict does not include 
extracolonic cancer history, does not take into account the number of relatives affected 
with colorectal or endometrial cancer, and limits family history to FDRs. The model 
was validated in an independent, retrospective series of patients with colorectal cancer 
prior to 45 years. Since MMRPredict was developed and validated in patients diag-
nosed before age 55 and 45 years, respectively, its generalizability to older individuals 
with colorectal cancer is less well characterized. Lastly, it does not generate risk esti-
mates for probands without colorectal cancer and does not account for personal history 
of extracolonic Lynch syndrome-associated cancers (including endometrial cancer) in 
the proband.

4.3  PREMM5

The PREMM5 model was introduced in 2017 and is the only prediction model to 
provide risk estimation for all five Lynch syndrome-associated genes, including 
PMS2 and EPCAM [18]. The original model was PREMM1,2 which estimated MLH1 
and MSH2 carrier probabilities [32]. This model was later expanded to PREMM1,2,6 
to include MSH6 carrier probabilities [19]. PREMM5 was developed using multi-
variable polytomous logistic regression. The training cohort includes genotype and 
phenotypic data from 18,734 individuals who underwent genetic testing through a 
commercial laboratory, based on either personal or family history of cancer. To date, 
this cohort includes the largest number of unrelated gene mutation carriers used for 
model development. Mutation prevalence was 5% (1000/18,734) with 306 MLH1, 
354 MSH2, 177 MSH6, 141 PMS2, and 22 EPCAM carriers. Proband specific vari-
ables include gender, age at genetic testing, the occurrence and age at colorectal 
cancer diagnosis (including multiple colorectal cancer diagnoses), endometrial can-
cer, and other Lynch syndrome-associated cancers (specifically cancers of the ovary, 
stomach, kidney, ureter, bile duct, small bowel, brain (glioblastoma multiforme), 
pancreas, or sebaceous gland). Variables related to family members are limited to 
FDR and SDR cancer histories and include the number of relatives with colorectal 
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cancer, endometrial cancer, or other Lynch syndrome-associated cancers as well as 
the minimum age at diagnosis of each cancer among relatives. The model does not 
include molecular tumor data in risk prediction or data on unaffected family mem-
bers and family size. The PREMM5 model was externally validated in an indepen-
dent cohort of 1058 subjects with colorectal cancer from a single institution registry, 
who were recruited without preselection for high-risk features of Lynch syndrome 
(e.g., age at diagnosis, personal/family history of cancer, or tumor MSI/MMR defi-
ciency) and performance metrics were similar between the development and valida-
tion cohorts. The investigators also compared performance of PREMM5 to 

Fig. 19.1 (a) Risk assessment using PREMM5: http://premm.dfci.harvard.edu. (b) Calculation of 
overall mutation probability through PREMM5: http://premm.dfci.harvard.edu
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PREMM1,2,6 using receiver operating characteristic curves, calibration, and reclas-
sification analysis and reported over-prediction with PREMM1,2,6. As a result they 
propose that PREMM5 replace PREMM1,2,6 in clinical practice [18]. In addition, 
analyses also support genetic evaluation and/or testing for individuals with a pre-
dicted risk score of 2.5% or greater.The PREMM5 model is accessible via an easy 
to use web-based tool for healthcare providers (http://premm.dfci.harvard.edu/). 
Figure 19.1 provides a screenshot view of the online PREMM5 risk calculator with 
a sample risk estimate and recommendation.

Fig. 19.1 (continued)
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5  Validation of Clinical Prediction Models

A number of studies have compared the performance and accuracy of the Lynch 
syndrome models in diverse populations, including those derived from high-risk 
familial cancer registries as well as population-based cohorts of individuals with 
colorectal cancer. The majority compared the performance of the original PREMM1,2 
model to MMRPredict and MMRPro [34–39], and only two studies provide external 
validation and comparison to the PREMM1,2,6 model in subjects derived from famil-
ial colorectal cancer registries and in unselected, population-based colorectal cancer 
cohorts [33, 40]. In this chapter, we present results from the more recent comparison 
studies of the three models which include PREMM1,2,6 model. As the PREMM5 
model was introduced in 2017, we present results on the only external validation 
study cohort on its performance [18], and there are no studies at the time of this 
publication that compare the MMRPro, MMRPredict, and PREMM5 models.

In a multicenter US study of 230 affected patients at high risk of colorectal can-
cer, among whom 113 gene mutation carriers were identified, similar performance 
metrics were reported for the three models; AUCs were 0.76 for MMRPredict (95% 
CI, 0.68–0.84), 0.78 for PREMM1,2,6 (95% CI, 0.72–0.84), and 0.82 for MMRPro 
(95% CI, 0.74–0.86) [39]. Each model’s performance was assessed across a range 
of sensitivities, and to obtain a sensitivity of 90%, a threshold for mutation testing 
of 4% for MMRPredict would provide 29% specificity, a threshold of 6% for 
PREMM1,2,6 would be 38% specific, and for MMRPro, a threshold of 7% would 
provide 36% specificity. The previous validation studies comparing PREMM1,2 to 
MMRPredict and MMRPro yielded similar results among selected patients at high- 
risk for colorectal cancer [35–37].

In the largest reported validation study comparing the three models, data from 
colorectal cancer patients enrolled through six clinic-based and five population- based 
registries from North America, Europe, and Australia were used to calculate predicted 
probabilities of pathogenic MLH1, MSH2, or MSH6 gene mutations by each model 
[33]. Mutations were detected in 539 of 2304 (23%) individuals from the clinic-based 
cohorts (237 MLH1, 251 MSH2, 51 MSH6) and 150 of 3451 (4.4%) individuals from 
the population-based cohorts (47 MLH1, 71 MSH2, 32 MSH6). Discrimination was 
similar for both the clinic and population-based data with AUCs of 0.76 vs 0.77 for 
MMRPredict, 0.82 vs 0.85 for MMRPro, and 0.85 vs 0.88 for PREMM1,2,6. Calibration, 
as measured by the observed versus expected ratio, followed a similar pattern as dis-
crimination for the three models. Calibration for MMRPredict was 0.38 for clinic and 
0.31 for population-based data, whereas MMRPro performed better (0.62 and 0.36, 
respectively) and more satisfactory results were observed for PREMM1,2,6 (1.0 and 
0.70 for clinic and population-based data, respectively). The investigators also report 
on a novel approach to assess performance of prediction models called clinical use-
fulness which is based on decision curve analyses. This approach offers important 
information beyond the standard performance metrics of discrimination and calibra-
tion and allows for the estimation of the net number of carriers identified by each 
model over different risk thresholds to select cases for further testing while penalizing 
for the number of patients receiving unnecessary testing. The numbers of identified 
carriers and those having unnecessary testing are also used in sensitivity and specific-

F. Kastrinos et al.



291

ity calculations and are incorporated in the calculation of the net benefit. With thresh-
olds of 5% or greater, MMRPro and PREMM1,2,6 are clinically useful in clinic-based 
cohorts; PREMM1,2,6 had an appreciable net benefit in the population-based cohorts 
as captured by its better calibration than MMRPro or MMRPredict. While all models 
overestimated the probability of being a carrier among population-based cases, they 
most often deviated in predictions under 5%, which has had limited clinical signifi-
cance so far, because germline testing has not been recommended in patients with 
predicted probabilities under 5%. However, the authors concluded that consideration 
can be given to a lower threshold in the future, if costs of mutation analysis decrease 
further or if multigene panel testing based on next-generation DNA sequencing 
becomes incorporated into clinical practice as the standard of care.

Similar results were observed in an earlier study of an unselected, population- 
based colorectal cancer cohort [37] of 725 subjects diagnosed before age 75 years 
(18 MMR gene mutation carriers), where all the models overestimated MMR gene 
mutation carrier status by 2.1–4.3-fold. The investigators corrected the prediction 
estimates for bias introduced by family size and age structure on MMRPredict and 
PREMM1,2 (MMRPro internally accounts for this already), and improvement in dis-
criminating carriers from noncarriers was noted for both models.

In the only validation study to involve the PREMM5 model, the discriminative 
ability in discerning mutation carriers from noncarriers in both the development 
(n = 18,734) and external validation (n = 1058) cohorts was similar with AUCs of 
0.81 (95% CI:0.79–0.82) and 0.83 (95% CI:0.75–0.92), respectively [18]. The poly-
tomous multivariable model showed good discrimination for MLH1 (AUC 0.89, 
95% CI:0.87–0.91), MSH2/EPCAM (AUC 0.84, 95% CI:0.82–0.86), and MSH6 
(AUC 0.76, 95% CI:0.73–0.79) but less for PMS2 (AUC 0.64, 95% CI:0.60–0.68). 
As a result, the PREMM5 model provides overall prediction of any germline muta-
tion based on multivariable logistic regression analyses and does not provide gene- 
specific risk estimates. At the currently recommended 5% threshold to pursue 
genetic testing, 721/1000 carriers would be identified using PREMM5. At a 2.5% 
threshold, 894/1000 carriers would be identified, but with lower specificity. The 
number needed to test to identify one carrier at 5% and 2.5% were 7 and 11 indi-
viduals, respectively, which represent a substantial decrease from the 19 needed to 
test if PREMM5 was not used. Between 2.5% and 10%, the NPV was 97% to 99% 
of individuals correctly identified as mutation negative. By decision curve analysis, 
the clinical impact of PREMM5 in identifying individuals who should undergo 
germline testing was observed at thresholds ≥2.5% and was superior to testing all 
subjects. PREMM5 had minimal clinical impact at thresholds below 2.5%, since few 
individuals would be excluded from genetic testing, close to a test-all approach.

6  Performance of Prediction Models Compared to Clinical 
Criteria and Molecular Tumor Testing

The ability of the Lynch syndrome prediction models to identify gene mutation car-
riers has been compared to existing clinical criteria. There is ample evidence that 
each of the models has superior performance characteristics in terms of sensitivity, 
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specificity, and positive and negative predictive values. This supports using the 
models rather than the existing clinical guidelines for the diagnosis and evaluation 
for Lynch syndrome [20, 21, 32, 34–37].

One study compared the performance of the PREMM1,2,6 model to molecular 
tumor testing [41] in 1651 patients with colorectal cancer recruited through an inter-
national consortium of population and clinic-based family registries. The preva-
lence of mutation carriers was 14% (239/2651), and the AUCs for PREMM1,2,6, 
IHC, and MSI were 0.90, 0.82, and 0.78, respectively. The strategy which most 
improved the PREMM1,2,6 model’s discriminative ability among both population 
and clinic-based cases was adding IHC tumor testing; the AUC improved to 0.94 in 
the overall and population-based cohorts and 0.92 in the clinic-based cohort. MSI 
testing added to the combination of PREMM1,2,6 + IHC provided no additional dis-
crimination. The proband’s age at colorectal cancer diagnosis impacted the discrim-
inative ability of each strategy with  every 10-year increase in the initial age of 
colorectal cancer diagnosis. IHC’s performance decreased to AUC of 0.85 for 
colorectal cancer diagnosed by 50 years, 0.84 for diagnosis by 60 years, and 0.82 
for diagnosis by 70 years. In contrast, PREMM1,2,6’s performance increased slightly 
with every 10-year increase in age of colorectal cancer diagnosis: AUC of 0.87 to 
0.88 to 0.90 for diagnoses by 50, 60, and 70 years, respectively. Similar to IHC, MSI 
testing had AUC of 0.83 for colorectal cancer diagnosed by ages 50 and 60 years, 
which decreased to 0.81 for diagnosis by 70 years.

7  Prediction Models as a First-Line Option 
in the Identification of Lynch Syndrome

Based on the aforementioned evidence in support of the prediction models for the 
identification of individuals at risk for Lynch syndrome, the National Comprehensive 
Cancer Network and a number of professional societies, including the Multi-
Society Task Force on Colorectal Cancer, include the three Lynch syndrome mod-
els as a first-line option in screening for Lynch syndrome [2, 3, 42]. The 
recommendation is that germline testing be considered when prediction scores 
using MMRPro, MMRPredict, and PREMM1,2,6 are ≥5%. Risk assessment using 
the prediction models should also be the strategy of choice when tumor testing is 
not available or feasible.

8  Prediction Models and Cost-Effective Strategies 
for the Identification of Lynch Syndrome

A number of cost-effectiveness analyses compare different strategies for identifying 
MMR gene mutation carriers among patients with colorectal cancer. These com-
parisons include prediction model estimates [43–45]. A Markov modeling analysis 
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examined clinical criteria (Amsterdam and Bethesda guidelines), the three predic-
tion models (MMRPro, MMRPredict, and PREMM1,2,6), tumor testing or up-front 
germline mutation testing followed by directed screening and risk-reducing surgery 
[43]. When clinical criteria were met or prediction models  generated a 5%  or 
greater  likelihood of carrying a MMR gene mutation, IHC testing followed by 
germline testing was offered or germline testing was directly pursued. Tumor test-
ing strategies were more costly than clinical criteria and prediction model strategies, 
assuming perfect implementation of all strategies. However, with decreased imple-
mentation rates of clinical criteria compared with tumor testing, the latter became 
more cost-effective. The most cost-effective strategy to evaluate for Lynch syn-
drome among newly diagnosed patients with colorectal cancer diagnosed before 
age 70 years was IHC testing (plus BRAF mutation testing for MLH1 protein loss), 
followed by targeted MMR gene sequencing; an incremental cost-effectiveness 
ratio (ICER) of $36,200 per life year gained (LYG) resulted from this strategy. 
However, the critical determinant of cost-effectiveness of any strategy was highly 
dependent on the number of relatives per proband who underwent germline testing 
given the opportunities for cancer risk reduction in these individuals.

Another study compared the effectiveness and cost-effectiveness of 21 screen-
ing strategies for the identification of individuals with Lynch syndrome and sup-
ported the use of prediction models as a first-line strategy  [44]. The most 
cost-effective approach in a three-step sequential strategy was one that began with 
use of the PREMM1,2,6 model, followed by IHC testing and germline analysis, 
yielding an ICER of $35,000 per LYG as compared to another favorable, albeit 
higher ICER of $47,000 per LYG for IHC testing up-front when use of prediction 
models was excluded. The study assumed perfect implementation of the proposed 
strategies, including the universal application of prediction models. The investiga-
tors concluded that more widespread implementation of prediction models to sys-
tematically assess family cancer history in screening for Lynch syndrome could 
spare considerable societal resources that would be incurred with molecular tumor 
testing. The exception for when IHC tumor testing should be used as first-line 
approach was when the assumptions made in the analysis were not upheld in clini-
cal situations, including when family history was unattainable, incomplete, or fam-
ily size was small [44].

A cost-effective analysis examined screening approaches for Lynch syndrome 
among individuals without cancer in the general population [45]. In a simulation- 
based analysis using the PREMM1,2,6 model to detect Lynch syndrome carriers and 
their at-risk relatives, integrated models of colorectal and endometrial cancers with 
a multi -generation family history were developed to predict health and economic 
outcomes of 20 primary screening strategies (with a wide range of compliance lev-
els). These strategies included different screening ages for starting risk assessment 
and different risk thresholds above which to recommend genetic testing. For each 
strategy, 100,000 simulated individuals representative of the US population were 
followed from age 20 years, and the outcomes were compared with current practice. 
Risk assessment starting at ages 25, 30, or 35 years, followed by genetic testing of 
those with PREMM1,2,6 risks estimates exceeding 5%, reduced colorectal and endo-
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metrial cancer incidence in Lynch syndrome carriers by approximately 12.4% and 
8.8%, respectively. Of note, genetic testing was equally cost-effective at a threshold 
of 2.5% with slightly higher costs but with more lives saved. For a population of 
100,000 individuals with 392 mutation carriers, this strategy increased quality- 
adjusted life years (QALY) by approximately 135 with an average cost- effectiveness 
ratio of $26,000 per QALY.  The cost-effectiveness of screening for MMR gene 
mutations starting at 25, 30, or 35 years was comparable to currently well-accepted 
cancer screening activities for colorectal, cervical, and breast cancer  and these 
results support risk assessment of unaffected individuals for Lynch syndrome based 
on their family cancer history using PREMM1,2,6.

9  Summary of Comparison of Models

The MMRPro, MMRPredict, and PREMM5 models all provide a quantitative assess-
ment of the risk of being a MMR gene mutation carrier. The decision to pursue use 
of one model over another may be related to the patient population that is being 
evaluated (such as whether the individual is affected by cancer or not), and the 
resources available to healthcare providers to perform systematic genetic risk assess-
ment effectively and efficiently in relation to their particular clinical setting. 
Preference for one prediction model over another should also consider implementa-
tion and cost, in addition to predictive performance. Validation studies show that the 
PREMM and MMRPro models have similar ability to discriminate gene mutation 
carriers from noncarriers, while MMRPredict has suboptimal performance. The pop-
ulations in which the models were validated brings to light that their specific charac-
teristics may impact the accuracy of their risk estimates and help healthcare providers 
select which may be more appropriate to use in their respective clinical settings.

MMRPro’s predictions account for family size and unaffected relatives, the 
possibility of including molecular tumor data in the risk analysis, and the option of 
predicting gene mutation carrier status following germline testing. The major limi-
tation in the widespread use of MMRPro in routine practice is the need to input the 
entire pedigree which is time consuming. Its best use at the current time is likely 
to be as a genetic counseling tool in a specialized high-risk clinic or research set-
ting. PREMM5’s major advantage is that it is easy to use, is the only model to 
include prediction for the PMS2 and EPCAM genes, and includes risk prediction 
based on personal and family cancer history up to second-degree relatives for a 
broad spectrum of Lynch syndrome related  extracolonic cancers. However, the 
model does not take into account family size, does not incorporate tumor testing 
results, or provide post hoc risk estimates based on gene sequencing results. Given 
the ease with which one can use the PREMM5 model, it may be best utilized by 
healthcare providers whose aim is primarily to identify patients who should be 
referred for genetic evaluation and is likely to be most useful in the pretesting 
decision-making process. MMRPredict was developed in a patient population with 
young-onset colorectal cancer with diagnoses at 55  years and younger and can 
only be applied to individuals with colorectal cancer. Its generalizability is limited 
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because of this, and with the increased prevalence of mutation carriers diagnosed 
over age 55 years, MMRPredict could provide less accurate results when used to 
evaluate older individuals affected by colorectal cancer and families with Lynch 
syndrome-associated cancers.

10  The Ask2me Knowledge Management and Decision 
Support Tool: Gene-Specific Prediction of Associated 
Cancer Risks in Identified Carriers

Advances in genetic sequencing technologies have led to the discovery of numerous 
new genes implicated in hereditary cancers beyond the limited few that are related 
to well-defined clinical syndromes such as Lynch syndrome. As a result, multigene 
panel testing has emerged and is increasingly being used by providers. Multigene 
panel testing can identify germline mutation carriers by simultaneously testing for 
multiple genes of moderate and high penetrance, with the ability to test from 25 to 
300 cancer susceptibility genes at a time [46]. As a result, consideration for genetic 
testing in individuals with hereditary susceptibility to colorectal cancer can extend 
beyond Lynch syndrome and at a much lower cost than was required to test for the 
MMR genes just a few years ago.

As the evidence for additional genes associated with colorectal and other gastro-
intestinal cancers continues to rapidly emerge, so does the number of potentially 
relevant gene-cancer associations. Thus quantifiable estimates related to lifetime 
cancer risks associated with specific, pathogenic gene mutations are critical to per-
sonalize cancer prevention strategies for individuals who are found to carry deleteri-
ous mutations. Currently, genetic testing reports from commercial laboratories 
include general information about the associated cancer risks, such as a lifetime risk 
or a relative risk compared to the general population and recommendations and/or 
considerations for clinical management. However, it is often more helpful to per-
sonalize and refine cancer risk prediction further to better guide screening and other 
cancer prevention strategies. As an example in the case of Lynch syndrome, the 
individual identified with a pathogenic PMS2 gene mutation at young age has about 
a 22% lifetime risk of developing colorectal cancer [47]. However, when evaluated 
at the age of 70 years old, this individual’s chance for developing colorectal cancer 
is far smaller, close to 5%, as the majority of diagnoses in this mutation group have 
been observed to occur earlier than 70 years of age.

The All Syndromes Known to Man Evaluator, or Ask2me, is a knowledge man-
agement and decision support tool that provides personalized absolute risk for carri-
ers of germline mutations in genes commonly tested in commercial panels [48]. It is 
currently web-based and available free at https:// ask2me.org. Ask2me attempts to 
address the multiple challenges related to cancer risk estimation and interpretation 
in inherited conditions with an increased susceptibility to the development of malig-
nancy. One of the challenges in this field is that information on risk is dispersed over 
a number of studies, the quality of the studies is uneven, and published results sel-
domly include  absolute risk estimates directly applicable to patient care [49]. 
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Ask2me provides a single tool for healthcare providers and researchers to access 
data from high-quality studies, in a format directly usable for clinical decisions. As 
most studies do not report the penetrance risk estimates directly, (but  rather odd 
ratios (OR), hazard ratios (HR), relative risks (RR), standardized incidence ratios 
(SIR), and cumulative risk (CR) estimates) Ask2me estimates the penetrance from 
these measures and other population sources such as the  SEER (Surveillance, 
Epidemiology, and End Results) program [50], using statistical approaches devel-
oped specifically for this purpose. Ask2me presents results through a web-based 
interface for healthcare providers, which allows users to select gene, gender, age, 
prior surgery, and prior cancer. After entering this information, the provider is pro-
vided with patient-specific risk in figures and tables and a direct link to the study 
from which the risk estimates were obtained (Fig. 19.2). For each of 65 gene-cancer 

Fig. 19.2 (a) Illustration of Ask2me lifetime cancer risk calculation for a 60-year-old carrier of an 
MSH2 pathogenic mutation. (b) Illustration of Ask2me summary of management recommenda-
tions for 60-year-old carrier of MSH2 pathogenic mutation
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associations currently assessed, risk estimates are presented by gene, cancer, and 
gender and age of the person being counseled. In clinical terms, these curves provide 
absolute risk estimates that are the foundation of decision support. It is  anticipated 
that future cancer screening and surveillance recommendations will be tailored to 
account for gene-specific variability in penetrance, in addition to the individual’s 
age. At present, the implementation of gene-specific guidelines for the initiation and 
surveillance of colorectal cancer and other extracolonic cancers by specific MMR 
gene alteration is not currently supported until additional data is available.

The architecture of Ask2me involves four aspects: (1) a structured database and 
data curation methodology, (2) quality assessment of individual studies, (3) risk 
estimation, and (4) presentation of risk in an intuitive visualization specific to the 
patient. The database is assembled using comprehensive review approaches and 

Fig. 19.2 (continued)
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stores published results in a computable form. Each entry undergoes quality assess-
ment to (1) select a single, sufficiently reliable, study to be used for the risk estima-
tion for a specific gene-cancer association or (2) conclude that no study is of 
sufficient quality and detail to provide risk estimates. Ask2me uses a ranking system 
to assess the quality of published studies for specific gene-cancer associations. 
Unless the selected study is itself a meta-analysis, a major limitation of this approach 
is that it does not currently integrate information across relevant publications; if 
more than one study has a similar ranking, Ask2me currently reports the study with 
the larger sampler size.

Ask2me is in its early stages and continues to be expanded upon and refined. 
Current limitations of its implementation include that only a fraction of the relevant 
cancer-gene combinations is covered; a single source is used for each cancer-gene 
combination; a  specific gene  mutation may have different implications on risk, 
which have yet to be addressed.

11  Implementation of Clinical Risk Assessment Strategies 
and Prediction Models for the Identification of Lynch 
Syndrome

Given the diverse clinical settings in which an individual can be evaluated for Lynch 
syndrome, prediction models are a feasible and useful screening strategy that can 
ultimately impact the clinical management and cancer prevention recommendations 
for those identified as gene mutation carriers, regardless of whether they are affected 
with colorectal cancer or not. The National Comprehensive Cancer Network and the 
US Multi-Society Task Force on Colorectal Cancer support the widespread imple-
mentation of risk prediction models for the identification of individuals at high-risk 
for Lynch syndrome who would benefit from referral for genetic counseling and 
testing [2, 42]. Such an approach could address the difficulties that healthcare pro-
viders have in obtaining an accurate family cancer history due to time and resource 
constraints [26, 51, 52]. Studies have consistently shown that the frequency of sys-
tematic genetic risk assessment based on personal and family history of cancer and 
referral for the genetic evaluation of hereditary colorectal cancer syndromes in rou-
tine clinical practice is underutilized.

In addition to the aforementioned Lynch syndrome prediction models, another 
strategy recommended by the US National Colorectal Cancer Roundtable and the 
Multi-Society Task Force on Colorectal Cancer is the implementation of a simple 
three-question Colorectal Cancer Risk Assessment Tool for the identification of 
individuals at a potentially increased risk of an inherited predisposition who merit 
more detailed assessment of personal and family cancer history [53]. The risk 
assessment tool was validated in a prospective cohort of 5335 patients referred for 
outpatient colonoscopy at a large community gastroenterology private practice 
where 20% (n  =  1069) were categorized as high risk for an inherited colorectal 
cancer syndrome, and the tool achieved an overall cumulative sensitivity of 77%. 
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Furthermore, the risk assessment tool accurately identified 95% of the individuals 
with germline MMR gene mutations associated with Lynch syndrome. A subse-
quent feasibility study integrated the three-question Colorectal Cancer Risk 
Assessment Tool into the electronic health records system of a private community- 
based gastroenterology practice to screen all patients referred for colonoscopy for 
an inherited predisposition to the development of colorectal cancer. Among 6031 
patients who underwent colonoscopy, 14% (n = 848) were identified as high-risk 
based on the Colorectal Cancer Risk Assessment Tool, of which 9% (n = 77) were 
referred for genetics evaluation [54].

A recent study implemented the PREMM1,2,6 model and the aforementioned 
Colorectal Cancer Risk Assessment Tool into the routine evaluation of individuals 
presenting for outpatient colonoscopy at an academic tertiary care center [55]. 
Subjects were screening for inherited colorectal cancer risk and Lynch syndrome in 
two stages: (1) use of the Colorectal Cancer Risk Assessment Tool (expanded to five 
question to improve specificity) and (2) those identified in stage 1 were evaluated 
with the PREMM1,2,6 prediction model. Among 700 individuals evaluated with the 
expanded Colorectal Cancer Risk Assessment Tool and PREMM1,2,6, 10% (n = 69) 
were identified as high-risk and eligible for genetic evaluation. Among these high- 
risk individuals, 33% (n = 23) pursued genetic evaluation and 10% (n = 7/69) were 
identified as carriers of a germline mutation associated with colorectal cancer.

Additional studies demonstrate the feasibility of integrating Lynch syndrome 
risk prediction models into community-based ambulatory care settings. In a study 
from a large gastroenterology practice and endoscopy facility, 3134 individuals 
completed a self-administered version of the PREMM1,2,6 model prior to their office 
visit or colonoscopy procedure [56]. Individuals with a PREMM1,2,6 score  of 5% or 
greater, (n = 177, 5.6%) underwent genetic counseling, and of those who pursued 
genetic testing, 2.1% (n = 3/146) were found to carry a germline MMR gene confer-
ring Lynch syndrome. Surveys of patient perspectives reported that 98% of those 
who underwent testing understood the information provided to them for hereditary 
cancer, and 85% felt that the assessment had an impact on their clinical care. From 
a provider perspective, 82% of the healthcare providers (ten gastroenterologists and 
one nurse practitioner) reported that use of the PREMM1,2,6 model for hereditary 
cancer risk assessment improved the care of patients and clinically impacted their 
treatment and management decisions, and 100% felt satisfied with the integration of 
hereditary risk assessment and genetic testing into their practice.

Overall, these feasibility studies support the implementation of routine risk 
assessment for Lynch syndrome in diverse clinical settings, including both aca-
demic tertiary care and large community-based ambulatory care centers. These 
results suggest that implementation of evidence-based Lynch syndrome risk predic-
tion models and assessment tools can achieve a balance between reliability and ease 
of use and integration, an important consideration in primary care settings. 
Additional studies are needed to evaluate the outcomes related to the performance 
of Lynch syndrome prediction models and their impact in the identification and 
clinical management of gene mutation carriers.
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12  Future Considerations for the Identification 
and Personalized Clinical Management of Lynch 
Syndrome and the Role of Prediction Models

With decreasing costs related to germline genetic testing and the increased uptake 
of multigene panel testing, additional studies to optimize and integrate inherited 
cancer risk assessment tools and prediction models into routine clinical care are 
essential to enhance the identification of individuals with Lynch syndrome. 
Furthermore, information from multigene panel testing will allow for an improved 
understanding of the spectrum of Lynch syndrome-associated cancers and their 
respective lifetime risk, which ultimately influence recommendations for cancer 
screening and surveillance. Based on available evidence, the PREMM5 and MMRPro 
models are effective strategies to identify individuals at high risk for Lynch syn-
drome, and their systematic implementation can be considered in routine clinical 
care and at various stages of cancer risk assessment and prevention.

The individuals that benefit the most from the early identification of Lynch syn-
drome are those who are unaffected by cancer as they can participate in screening 
and other prevention strategies to remain cancer-free. Currently, cascade testing is 
low among healthy, at-risk relatives in families with known MMR genes; the diag-
nosis of Lynch syndrome is often made in an individual with colorectal or endome-
trial cancer who had abnormal molecular tumor testing results that prompted 
germline testing, but relatives do not partake in genetic testing and Lynch syndrome 
remains undiagnosed. When a family history of cancer is present, the quantifiable 
estimates provided by prediction models simplify the risk assessment process, mak-
ing it easier for patients to understand risk and can aide them in the decision-making 
process regarding genetic evaluation and/or surveillance strategies for colorectal 
and other Lynch syndrome-associated cancers. Additional studies to better elucidate 
the performance of the prediction models among persons without cancer are under-
way, and implementation of these models in preventive care settings is crucial. 
There is an ongoing need to expand genetic risk assessment and refine management 
decision tools through the use of prediction models given the rapid advances made 
in DNA sequencing technologies and the need to personalize cancer care among 
individuals with an inherited predisposition to the development of malignancy.
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Chapter 20
Surveillance Guidelines for Hereditary 
Colorectal Cancer Syndromes

Neda Stjepanovic, Leticia Moreira, Judith Balmaña, and Joan Brunet

Abstract The identification of hereditary colorectal cancer syndromes allows the 
prevention of colorectal and related extracolonic cancers and the possibility of 
genetic counseling to family members. The management of these syndromes requires 
a multidisciplinary approach, including counseling and genetic testing, screening 
recommendations, prevention options, and treatment strategies. Gene- specific risk 
estimations are leading to adapt surveillance recommendations for some Lynch and 
polyposis patients. New techniques such as chromoendoscopy are being incorpo-
rated to screening procedures in order to increase adenoma detection. This chapter 
reviews the surveillance guidelines of the most common hereditary colorectal syn-
dromes, the types of recommendation, and the quality of evidence for each one.

Keywords Surveillance · Prevention · Screening · Guidelines

1  Introduction

Colorectal cancer (CRC) is the most common gastrointestinal neoplasia. Inherited fac-
tors account for approximately 5% of all CRC cases. The identification of hereditary 
syndromes allows the prevention of colorectal and related extracolonic cancers and the 
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possibility of genetic counseling to family members. The management of these 
 syndromes requires a multidisciplinary approach, including counseling and genetic 
testing, screening recommendations, prevention options, and treatment strategies.

The aim of this chapter is to review the surveillance guidelines of the most com-
mon CRC hereditary syndromes. The types of recommendation and quality of evi-
dence in each syndrome are summarized in Table 20.1.

1.1  Lynch Syndrome

Lynch syndrome (LS) is caused by a mutation in one of the mismatch repair genes: 
MLH1, MSH2, MSH6, or PMS2 and is characterized by an increased risk of CRC, 
endometrial, ovarian, stomach, small bowel, pancreatic, urinary tract, biliary tract, 
and central nervous system (usually glioblastoma) cancer.

For individuals with LS, prevention and early detection of associated cancers by 
active surveillance can improve quality of life and increased survival [1]. Historically, 
surveillance recommendations have been universal for all individuals with LS, 
regardless of the mutated gene. In light of recently available information regarding 
genotype-phenotype correlation for LS patients, surveillance could be adapted 
according to the gene mutated, mutation origin, and family history of cancer.

1.1.1  Colorectal Surveillance

Periodic surveillance with colonoscopy in individuals with LS has proven to be 
effective, allowing identification and resection of polyps and early stage CRC [2].

Surveillance with colonoscopies performed every 3 years has shown a reduction 
of CRC incidence by 62% and a reduction of CRC mortality by 66% [2–4]. More 
frequent screening has been associated with earlier stage of CRC at diagnosis [5–8] 
and up to 72% decrease in CRC mortality [9].

Due to an accelerated adenoma-carcinoma sequence in LS [10], CRC in this 
group of patients has been observed within a 3-year interval after the last normal 
colonoscopy and with a less favorable stage if the time from last surveillance was 
superior to 2 years [11–13]. With systematic colonoscopies performed every 2 years, 
the incidence of CRC was only 2%, as reported in a recent prospective observational 
study [14]. Therefore, colonoscopies every 1–2  years have become a widely 
accepted prevention strategy for individuals with LS (Table 20.2).

An increased risk of CRC in individuals with LS is observed from age 30, irre-
spective of the gene mutated [15]. Therefore, the onset of colorectal surveillance is 
generally accepted at the age of 20–25 years or 10 years prior to the youngest CRC 
diagnosis in the family (Table 20.2). For MLH1 and MSH2 carriers, an estimated 
cumulative risk of CRC is 40% and 48% by age 70 years, respectively, with approx-
imately 1% of carriers being diagnosed with CRC in their 20s [16]. In contrast, in 
carriers of deleterious mutations in MSH6 and PMS2 genes, the cumulative risk of 
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Table 20.1 Colorectal cancer hereditary syndrome surveillance: strength of recommendation and 
quality of supporting evidence

Syndrome Cancer risk
Surveillance 
indication

Strength of 
recommendation/quality 
of supporting evidence

Lynch syndrome 
[25, 26, 35, 42, 52, 
86, 87]

Colorectum Absolute Strong recommendation/
moderate quality of 
evidence

Endometrium/ovary Consider Conditional 
recommendation/low 
quality of evidence

Stomach Conditional (family 
history, high- 
incidence 
countries)

Weak and conditional 
recommendation/very 
low quality of evidence

Other associated neoplasia 
(small bowel, pancreas, 
urinary and biliary tract, 
skin, brain)

Not recommended 
(consider if family 
history)

Conditional 
recommendation/low 
quality of evidence

Familial 
adenomatous 
polyposis [26, 50, 
52]

Colorectum Absolute Strong recommendation/
moderate quality of 
evidence

Stomach/duodenum Absolute Strong recommendation/
low quality of evidence

Thyroid Consider Moderate 
recommendation/low 
quality of evidence

Liver (hepatoblastoma) Conditional (family 
history)

Conditional 
recommendation/ very 
low quality of evidence

Desmoid tumors Conditional (family 
history, site of APC 
mutation)

Conditional 
recommendation/ low 
quality of evidence

MUTYH- 
associated 
polyposis [26, 50, 
52]

Colorectum Absolute Strong recommendation/
low quality of evidence

Stomach/Duodenum Consider Moderate 
recommendation/low 
quality of evidence

Juvenile polyposis 
[26, 73, 75]

Colorectum Consider Strong recommendation/
very low quality of 
evidence

Stomach Consider Strong recommendation/
very low quality of 
evidence

Small bowel Consider Weak recommendation/
very low quality of 
evidence

(continued)
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Table 20.1 (continued)

Syndrome Cancer risk
Surveillance 
indication

Strength of 
recommendation/quality 
of supporting evidence

Peutz-Jeghers 
syndrome [26, 35, 
76, 78]

Colorectum Absolute Strong recommendation/
low quality of evidence

Stomach Absolute Strong recommendation/
low quality of evidence

Small bowel Consider Moderate 
recommendation/low 
quality of evidence

Pancreas Consider Moderate 
recommendation/very 
low quality of evidence

Breast Absolute Strong recommendation/
low quality of evidence

Endometrium/cervix/
ovarium

Consider Weak recommendation/
very low quality of 
evidence

Testes Consider Weak recommendation/
very low quality of 
evidence

Serrated polyposis 
syndrome [26, 89]

Colorectum Consider Conditional 
recommendation/ low 
quality of evidence

Biallelic mismatch 
repair deficiency 
syndrome [85, 86]

Brain Consider Weak recommendation/
low quality of evidence

Upper gastrointestinal tract Consider Weak recommendation/
very low quality of 
evidence

Lower gastrointestinal tract Consider Weak recommendation/
low quality of evidence

Non-Hodgkin lymphoma/
other lymphoma

Consider Weak recommendation/
very low quality of 
evidence

Leukemia Consider Weak recommendation/
very low quality of 
evidence

Endometrium Consider Weak recommendation/
very low quality of 
evidence

Urinary tract Consider Weak recommendation/
very low quality of 
evidence
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CRC has been estimated at 10–22%, and CRC is very rarely diagnosed before age 
40 [1, 15, 17, 18]. Therefore gene-specific surveillance may be considered for 
MSH6 and PMS2 carriers and endoscopic surveillance postponed until age 30 years 
(Table 20.2), unless there is family history of early-onset cancer. This gene-specific 
surveillance approach is controversial and has not been evaluated in clinical 
studies.

Standard colonoscopy has limitations for detection of flat adenomas, which are 
usually located in the proximal colon and have a high risk of malignant transforma-
tion [19]. Various endoscopic techniques that enhance the visualization of small and 
flat adenomas by using a dye spray are being developed in order to improve the 
yield of CRC surveillance. Chromoendoscopy with indigo carmine or methylene 
blue added to the standard colonoscopy has shown to be significantly more effective 
than colonoscopy alone in LS individuals with adenoma detection rate of 41% vs. 
23% [20]. Nevertheless, there are no randomized controlled trials comparing stan-
dard colonoscopy with chromoendoscopy.

1.1.2  Gastric Surveillance

The estimated risk of gastric cancer in individuals with LS is as high as 13% [21], 
with significant variability depending on mutation type, ethnicity, and place of resi-
dence. Particularly high risk of gastric cancer has been reported in individuals with 
mutations in MLH1 (5–18%) or MSH2 (2–9%) genes [1, 21, 22]. Korea and Japan 
are considered high-risk population with up to 30% of lifetime risk of gastric cancer 
in LS patients [23]. There is no clear evidence to support endoscopic surveillance in 
all LS patients [24], while identification and eradication of Helicobacter pylori are 
widely considered. Some groups recommend gastroscopies every 1–3  years in 
regions with an increased prevalence of gastric cancer or in those families with his-
tory of gastric neoplasms, starting at the age of 30–35 [25]. Recent ACG guidelines 
even consider a baseline endoscopy with biopsy at age 30–35 [26], as described in 
Table 20.2.

1.1.3  Small Bowel Surveillance

The risk of small bowel cancer ranges from 3% to 5%, being more frequent in the 
duodenum (43%) and jejunum (33%) than in the ileum (7%) [27–29]. In one obser-
vational study of 35 LS patients, findings in the small bowel were present in 9% of 
cases, including only one jejunal carcinoma and two jejunal adenomas, while addi-
tional 14% of patients had images of uncertain clinical relevance, which prompted 
further invasive investigations [30]. Therefore, routine surveillance of the small 
bowel in LS is not considered to be cost-efficient [31].
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1.1.4  Pancreatic Surveillance

Cumulative risk of pancreatic cancer in individuals with LS is up to 4% by age 
70 years [32–34]. An international pancreas consensus panel based on expert opin-
ion recommended considering annual magnetic resonance and/or endoscopic ultra-
sound surveillance in individuals with LS and one first-degree relative affected with 
pancreatic cancer [35]. These recommendations have not been included in the LS 
guidelines and more supporting evidence is needed before introducing routine pan-
creatic cancer surveillance (Table 20.2).

1.1.5  Gynecological Surveillance

The cumulative risk of endometrial cancer in women with Lynch syndrome is 
39–50% [36]. As with CRC, the risk varies depending on the gene mutated with 
up to 54% in MLH1/MSH2 carriers, 71% in MSH6 carriers, and 15% in PMS2 car-
riers [26].

Surveillance with transvaginal ultrasound and endometrial sampling has been 
evaluated in observational studies [37–43]. Transvaginal ultrasound has shown poor 
sensitivity and specificity for the diagnosis of endometrial cancer in this population 
[37, 40], while endometrial sampling could identify patients with premalignant 
endometrial lesions or asymptomatic endometrial carcinomas [38–40]. Still, sur-
vival benefit from endometrial cancer surveillance has not been observed.

Several guidelines contemplate annual gynecological examination with trans-
vaginal ultrasound and aspiration biopsy, starting at 30–35 years (Table 20.2). The 
most recent update of the NCCN guideline leaves the indication of screening to 
physician’s discretion, although no specific recommendations are made based on 
the genetic condition.

Estimates of the cumulative lifetime risk of ovarian cancer in LS patients ranges 
from 3% to 22% [26]. Transvaginal ultrasound and serum CA125 testing have not 
shown to be sensitive or specific for detection of ovarian cancer in LS patients [41, 
44, 45]. Currently, no studies on the effectiveness of ovarian screening are available 
for women with LS.

Given the high incidence of endometrial cancer, the moderate incidence of ovar-
ian cancer and the low specificity of surveillance methods, prophylactic surgery 
(i.e., hysterectomy and bilateral oophorectomy) is accepted in postmenopausal LS 
patients and premenopausal women who have completed their reproductive desire 
(Table 20.2).

1.1.6  Urinary Tract Surveillance

Estimates of the lifetime risk of urinary tract cancer in LS range from 1% to 7%, 
with greater risk among MSH2 carriers (7%), compared to MLH1 (3%) and MSH6 
(2%) [46]. Urinary surveillance with cytology in LS families found a poor 

20 Surveillance Guidelines for Hereditary Colorectal Cancer Syndromes



312

sensitivity (29%) in diagnosing cancer in asymptomatic individuals, while numer-
ous false positive results required further invasive diagnostic techniques [47]. 
Despite this, the 2017 edition of the NCCN guidelines includes consideration of 
cytology beginning at 30–35 years, taking into account the simplicity and the low 
cost of the test [48]. The benefit of the ultrasound screening is unknown and has 
only been endorsed by the SEOM guidelines starting at age 25–30 in the presence 
of a family history of urinary tract cancers (Table 20.2).

2  Adenomatous Polyposis Syndromes

The presence of numerous colorectal adenomas can be associated with different 
gastrointestinal polyposis syndromes, among which familial adenomatous polypo-
sis (FAP) and MUTYH-associated polyposis (MAP) are the most common ones. In 
patients with adenomatous polyposis syndromes, colorectal surveillance allows for 
prevention of CRC and improves their prognosis [49] (Table 20.1).

2.1  Familial Adenomatous Polyposis

Germline mutations in the APC gene are inherited in an autosomal dominant fash-
ion and are associated with FAP. This disorder is characterized by the presence of 
numerous colorectal adenomas, the classical form characterized by more than 100 
adenomas along the entire colon, with a nearly 100% risk of CRC before age 
40 years, and the attenuated form having between 10 and 100 adenomas, preferen-
tially localized in the right colon and with a later onset.

It is associated with a broad spectrum of extracolonic tumors, including hepato-
blastoma, duodenal, pancreatic, thyroid, and brain cancer. The most common extra-
colonic manifestations in FAP patients are upper gastrointestinal polyps (stomach, 
duodenum, and periampullary region). There are also benign extracolonic manifes-
tations, including the congenital hypertrophy of the retinal pigment epithelium 
(CHRPE) (70–80%), epidermoid cysts (50%), fibromas (25–50%), dental abnor-
malities (79–90%), osteomas (50–90%), and desmoid tumors (10–15%) [50, 51].

Surveillance should be recommended to all mutation carriers as well as members 
of any given family in which the causative germline mutation could not be 
identified.

2.1.1  Colorectal Surveillance

The goal of colorectal surveillance is to prevent CRC [52]. There are several studies 
demonstrating that surveillance reduces significantly CRC development and mor-
tality [49, 53, 54]. This management includes both endoscopic polypectomy and 
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surgery. Based on the risk of CRC before 20 years old is up to 1.5% [50], flexible 
sigmoidoscopy or colonoscopy should be carried out every 2 years, starting at age 
10–14 years [50]. Once adenomas are detected, total colonoscopy should be per-
formed annually until colectomy is planned (usually before 25 years old, depending 
on the size, dysplasia, and number of polyps) [50] (Tables 20.3a, 20.3b, and 20.3c). 
After surgery, annual endoscopic follow-up is recommended for the rectal remnant 
due to the risk of developing rectal cancer (up to 30% of the cases), as well as res-
ervoir endoscopic surveillance given the high risk of developing adenomas and 
advanced neoplasia (up to 60% of the cases) [55–57].

Management of attenuated FAP is commonly endoscopic, reserving surgery to 
those cases not suitable to endoscopic control. In attenuated FAP (AFAP) cases, 

Table 20.3a Surveillance guidelines for classical familial adenomatous polyposis syndrome

Tumor site Examination

ESMO 2013 [52] ACG 2015 [26] NCCN 2016 [90]

Age (y)
Interval 
(y) Age (y)

Interval 
(y) Age (y)

Interval 
(y)

Colorectum Sigmoidoscopy 12–14 2a 10–15 1–2
Colonoscopy Once 

polyps 
are 
detected

1 10–15 1–2 10–15 1

Duodenum UGI 
endoscopyb

25–30c 1–5d 25–30 1–5d 20–25 1–5d

Thyroid Cervical 
palpation

25–30 1 Late 
teens

1 Late teens 1

Cervical US
Hepatoblastoma Abdominal US Infancye 6 m Infancyf 3–6 m

Serum 
alpha- 
fetoprotein

Desmoid CT/MRI If family history 
and site of APC 
mutation

After 
colectomy

1–3g

Abdominal 
palpation

N/A 1 N/A 1

ACG American College of Gastroenterology, ESMO European Society for Medical Oncology, 
NCCN National Comprehensive Cancer Network, UGI upper gastrointestinal, US ultrasound, y 
years
aEvery 2 years until adenomas are detected, then annually
bFront view and side view
cOr when colorectal polyps are diagnosed
dBased on Spigelman stage
eUntil 7 years old. Consider family history
fUntil 5 years old. Consider family history
gEvery 1–3 years after colectomy; every 5–10 years if family history
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Table 20.3b Surveillance guidelines for attenuated familial adenomatous polyposis syndrome

Tumor site Examination

ESMO 2013 [52] ACG 2015 [26] NCCN 2016 [90]

Age (y)
Interval 
(y) Age (y)

Interval 
(y) Age (y)

Interval 
(y)

Colorectum Colonoscopy 18–20 1–2a 18–20 1–2 a Late teens 2–3
Duodenum UGI 

endoscopyb
25–30c 1–5d 25–30 1–5d 20–25 1–5d

Thyroid Cervical 
palpation

25–30 1 25–30 1 Late teens 1

Cervical US
Hepatoblastoma Abdominal 

US
Infancye 6 m

Serum 
alpha- 
fetoprotein

Desmoid CT/MRI If family history 
and site of APC 
mutation

After 
colectomy

1–3g

Abdominal 
palpation

N/A 1f N/A 1

ACG, American College of Gastroenterology, ESMO European Society for Medical Oncology, m 
months, NCCN National Comprehensive Cancer Network, UGI upper gastrointestinal, US ultra-
sound, y years
aEvery 2 years until adenomas are detected, then annually
bFront view and side view
cOr when colorectal polyps are diagnosed
dBased on Spigelman stage
eUntil 7 years old
fIf family history of desmoid tumors
gEvery 1–3 years after colectomy; every 5–10 years if family history

Table 20.3c Surveillance guidelines for MUTYH-associated polyposis syndrome

Tumor site Examination

ESMO 2013 [52] ACG 2015 [26] NCCN 2016 [90]
Age 
(y)

Interval 
(y)

Age 
(y)

Interval 
(y) Age (y)

Interval 
(y)

Colorectum Colonoscopy 18–20 1–2a 25–30 1–2 a Late 
teens

2–3

Duodenum UGI endoscopyb 25–30c 1–5d 30–35 1–5d 30–35 1–5d

Thyroid Cervical 
palpation

25–30 1

Cervical US

ACG American College of Gastroenterology, ESMO European Society for Medical Oncology, 
NCCN National Comprehensive Cancer Network, UGI upper gastrointestinal, US ultrasound, y 
years
aEvery 2 years until adenomas are detected, then annually
bFront view and side view
cOr when colorectal polyps are diagnosed
dBased on Spigelman stage
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colonoscopy is recommended instead of sigmoidoscopy every 1–2 years, starting at 
the age of 18–20 years. Once adenomas are detected, colonoscopy should be carried 
out annually [50] (Tables 20.3a, 20.3b and 20.3c).

The use of additional endoscopic techniques, such as chromoendoscopy, is lim-
ited due to the high number of detected polyps with conventional colonoscopy, 
although it could be useful to identify additional lesions in AFAP patients, espe-
cially for planning the best management and the type of surgery [58].

2.1.2  Small Bowel Surveillance

Up to 90% of FAP patients develop duodenal adenomas. Duodenal cancer is the 
second cause of cancer death in this disease, with a cumulative lifetime risk of 
5% [59].

The treatment and surveillance approach of duodenal polyps is based on the 
Spigelman’s classification, considering the number of polyps, size, histology, and 
dysplasia (Table 20.4) [60, 61]. Stage I indicates mild duodenal polyposis, whereas 
stages III–IV indicate severe duodenal disease, with an associated duodenal cancer 
risk up to 36%. Approximately 10–20% of the cases are classified as stage IV.

Management of severe duodenal disease is challenging, with a high rate of ade-
noma recurrence (>50%) and complications (such as hemorrhage, intestinal perfo-
ration, or acute pancreatitis) [62]. Therefore, a common consensus is to remove 
adenomas with high-grade dysplasia or larger than 10 mm. In most of the cases, 
duodenal adenomas are controlled by endoscopy, reserving surgery (including duo-
denotomy with polypectomy, pancreas-sparing duodenectomy, and duodenal- 
pancreatectomy) to some advanced cases [59, 62].

It is recommended an additional endoscopic assessment with a side-viewing 
endoscope for correct visualization of the papilla, especially in patients with 
Spigelman’s stages III and IV, and, if the papilla is involved, perform an endoscopic 

Table 20.4 Spigelman’s classification [60, 61]

Findings by duodenoscopy 1 point 2 points 3 points
N° of polyps <4 5–20 >20
Size (mm) <4 5–10 >10
Histology Tubular Tubulovillous Villous
Dysplasia Mild Moderate Severe
Spigelman stage Total points Surveillance
0 0 Every 4–5 years
I 1–4 Every 2–3 years
II 5–6 Every 1–3 years
III 7–8 Every 6–12 months
IV 9–12 Every 3–6 months. Surgical evaluation
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ultrasonography to complete locoregional evaluation. Recently it has been consid-
ered that the endoscopic capsule may play a role in the diagnosis of small bowel 
polyps [63].

Regarding chromoendoscopy, although it detects more duodenal lesions, it does 
not modify the definitive Spigelman stage and therefore the final management.

2.1.3  Stomach Surveillance

Gastric polyps are usually benign fundic gland polyps (FGP) and occur in 20% to 
84% of FAP patients [64], while gastric carcinomas are rare (<1%) [65]. Gastric 
surveillance is performed as part of the surveillance of duodenal polyps, but biopsy 
or polypectomy is undertaken only for large or suspicious lesions, especially in the 
antrum [64, 65].

2.1.4  Thyroid Surveillance

Some FAP patients present an increased risk for papillary thyroid carcinoma (2–6% 
lifetime risk), with a female predominance and a pike of incidence in the third 
decade of life. Therefore there is expert consensus recommending thyroid palpation 
and annual cervical ultrasonography starting at late teenage [50] (Tables 20.3a, 
20.3b, and 20.3c).

2.1.5  Hepatoblastoma Surveillance

Hepatoblastoma is a rare tumor that occurs in children with FAP usually between 
6 months to 3 years of age, with an absolute risk less than 2% [66]. There is no 
strong evidence supporting surveillance in FAP patients, but due to the aggressive-
ness of this tumor, some experts recommend abdominal ultrasonography and serum 
alpha-fetoprotein every 3–6 months up to 5–7 years of age (Tables 20.3a, 20.3b, and 
20.3c).

2.1.6  Desmoid Tumor Surveillance

Up to 15% of FAP patients develop desmoids. These lesions are related to a positive 
family history, abdominal surgery, and site of the mutation (codon 1444) and can 
occur inside the abdomen or in the abdominal wall. Based on the lack of malignant 
potential and high recurrence rate, surgery is reserved to cases with severe compli-
cations. Experts’ consensus recommends surveillance in cases with associated risk 
factors, consisting in annual abdominal palpation and abdominal CT or MRI, espe-
cially after abdominal surgery (Tables 20.3a, 20.3b, and 20.3c).
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2.1.7  Other Tumors

The incidence of other less common extraintestinal malignancies (pancreatic, brain, 
adrenal, among others) is very low, and surveillance is not currently recommended, 
except if there is a strong family history of any of these specific extraintestinal 
manifestations.

2.2  MUTYH-Associated Polyposis

The characteristic phenotype of MAP is of attenuated adenomatous polyposis, 
showing fewer than 100 adenomas and a lower risk of extracolonic manifestations 
in comparison to FAP.  It is an autosomal recessive syndrome caused by biallelic 
germline mutations in the MUTYH gene. There are several studies supporting the 
variability of mutations in MUTYH based on geographical and ethnic differences. 
The most prevalent mutations in the Caucasian population are Y179C and G396D 
[67, 68]. Up to 30% of biallelic mutation carriers display CRC without a clear pol-
yposis phenotype, commonly associated with early-onset CRC without mismatch 
repair (MMR) deficiency [67].

2.2.1  Colorectal Surveillance

Management of colorectal polyps is similar to that proposed for patients with AFAP, 
focused on controlling the polyps endoscopically (Tables 20.3a, 20.3b, and 20.3c). 
If surgery is required (total colectomy with ileorectal anastomosis, or proctocolec-
tomy with ileal pouch and ileoanal anastomosis, if the rectum is affected), subse-
quent annual endoscopic surveillance is recommended [50, 52].

2.2.2  Stomach and Duodenum Surveillance

The risk of gastric cancer is 1%, and, as in FAP patients, surveillance is usually 
based on duodenal findings or in the family history of gastric malignancies. A recent 
study reported an incidence of duodenal polyposis of 17% with a lifetime risk of 
duodenal cancer of 4% [69].

2.2.3  Other Tumors

The incidence of other FAP-related manifestations is very low (gastric fundic gland 
polyp, lipomas, CHRPE, epidermoid cyst, desmoid tumor, and thyroid carcinoma) 
[70]; hence no extra-gastrointestinal cancer surveillance is recommended.
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2.3  Polymerase Proofreading-Associated Polyposis

Recent studies have identified two different genes associated with multiple adenomas 
and early-onset CRC (POLE and POLD1) [71]. Nowadays, there are no specific rec-
ommendations for the management of these patients, and an intermediate approach 
between LS and MAP is recommended with regular colonoscopy surveillance.

3  Hamartomatous Polyposis Syndromes

These syndromes are infrequent; therefore most diagnostic criteria and surveillance 
recommendations are based on expert consensus (Table 20.1).

3.1  Juvenile Polyposis

It is the most common hamartomatous syndrome, with an incidence of 1 in 100,000 
births [72], characterized by multiple gastrointestinal hamartomatous polyps, pri-
marily in the colon and stomach, and an increased risk of gastrointestinal cancers. It 
is an autosomal dominant syndrome, 50% of cases associated with germline muta-
tions in SMAD4, BMPR1A, or ENG gene [73, 74].

3.1.1  Colorectal Surveillance

Treatment consists of endoscopic polypectomy of large polyps. Surgical resection is 
reserved for symptomatic or complicated polyps (due to severe bleeding, bowel 
obstruction, or invagination). Lifetime risk for CRC is 40–50%. Colonoscopy sur-
veillance is recommended every 1–2 years, starting at the age of 15–18 years [75] 
(Table 20.5).

3.1.2  Stomach Surveillance

The cumulative risk of gastric cancer is 21%. Gastroscopy is recommended every 
1–3 years, starting at the age of 12–15 years [26] (Table 20.5).

3.1.3  Small Bowel Surveillance

Besides upper endoscopy, some consensus recommended surveillance with capsule 
endoscopy or CT/MRI enteroscopy every 1–2 years, after the age of 25 years [75].

No extra-gastrointestinal cancer surveillance is recommended.
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3.2  Peutz-Jeghers Syndrome

It is an inherited disorder characterized by the presence of hamartoma polyps 
throughout the digestive tract and mucocutaneous hyperpigmentation. Polypoid 
lesions are of different sizes and diffusely distributed throughout the digestive tract, 
predominantly in the small intestine (60–90%) and colon (50–64%). The cumula-
tive risk of developing cancer at the age of 70 is 85–90%. The most common malig-
nancies are breast and CRC, followed by pancreas, stomach, ovaries, and sex cords 
[76]. It is an autosomal dominant syndrome due to germline mutations in the STK11 
gene (also known as LKB1) [77].

3.2.1  Colorectal Surveillance

Lifetime risk for CRC is 39%. Colonoscopy should be performed every 2–3 years, 
starting at the age of 18 years [76] (Table 20.5).

Table 20.5 Surveillance guidelines in hamartomatous syndromes

Tumor site Examination

ACG 2015 [26] NCCN 2016 [90]

Age (y)
Interval 
(y) Age (y)

Interval 
(y)

Juvenile polyposis
Colorectum Colonoscopy 12–15 1–3 15 1–3c

Stomach UGI endoscopya 12–15 1–3 15 1–3c

Peutz-Jeghers syndrome
Colorectum Colonoscopy 8,18b 3 Late 

teens
2–3

Stomach UGI endoscopy 8,18b 3 Late 
teens

2–3

Small bowel Video capsule 
endoscopy

8,18b 3

CT or MRI 8,18* 2–3
Pancreas MRI or USE 30 1–2 30–35 1–2
Breast MRI and/or 

mammogram
25 1 25 1

Endometrium/
Ovarium/
cervix

Pelvic exam and US 25 1 18–20 1

Testes Physical exam Birth to 
teenage

Birth 1

ACG, American College of Gastroenterology, NCCN National Comprehensive Cancer Network, 
UGI upper gastrointestinal, US ultrasound, y years
aFront view and side view
bFirst procedure at 8 years old; if polyps, repeat every 3 years; if no polyps, restart at 18 years old 
and every 3 years
cAnnually if polyps; if no polyps, every 2–3 years
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Treatment is endoscopic polypectomy of all polyps greater than 1.5 cm or those 
causing symptoms. However, it is sometimes necessary to perform a segmental 
bowel resection due to complications associated with chronic bleeding, intussus-
ception, or intestinal obstruction.

3.2.2  Stomach and Small Bowel Surveillance

The estimated risk of gastric cancer is 30%, with a mean age at diagnosis of 
30–40 years [78]. Lifetime risk for small bowel cancer is 13%. First gastrointestinal 
examination is recommended at the age of 8 years, by gastroduodenal endoscopy 
associated with capsule endoscopy or CT/MRI enteroscopy, every 2–3  years 
(Table 20.5).

3.2.3  Pancreas Surveillance

The cumulative risk of pancreatic adenocarcinomas is 36%. Although there is no 
evidence to support surveillance measures, some guidelines recommend endo-
scopic ultrasonography or MRI every 1–2  years, starting at the age of 30  years 
(Table 20.5) [35].

3.2.4  Breast Surveillance

The cumulative risk is 54%. Annual mammography or breast MRI is recommended, 
starting at the age of 25 years [79] (Table 20.5).

4  Serrated Polyposis Syndrome

Serrated polyposis syndrome (SPS) is an entity characterized by the presence of 
serrated polyps, mainly in the proximal colon, and an increased risk of CRC. Although 
suspected, it has not been possible to identify a causative germline defect. In a small 
proportion of patients, a biallelic MUTYH germline mutation has been identified, in 
the context of concomitant adenomatous polyposis.

Recently, a study described a CRC risk of 15% and the association of a higher 
risk to specific polyp characteristics, such as sessile serrated adenomas, proximal 
location, and presence of high-grade dysplasia [80]. Colonoscopy is recommended 
every 1–2 years, removing all polyps larger than 5 mm. Recent studies suggest that 
chromoendoscopy and narrowband imaging improve the detection rate of these pol-
yps compared with conventional white-light endoscope [81, 82] (Table 20.6).

The recommended clinical management is with endoscopic polypectomy, reserv-
ing surgery for patients with CRC or when endoscopic polypectomy is not feasible. 
Subsequent proctoscopies every 6–12 months are needed for the surveillance of the 
remnant rectal. Extracolonic surveillance is not recommended [26].
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Based on the increased relative risk of CRC in first-degree relatives compared 
with the general population, surveillance colonoscopy is recommended with an 
individualized approach taking into consideration family history and endoscopic 
findings (Table 20.6).

5  Biallelic Mismatch Repair Deficiency Syndrome

Patients with biallelic mutations in one of the MMR genes are usually affected with 
cancer during childhood, and the spectrum of cancers differs from the LS spectrum. 
There is a high incidence of CRC, adenomatous polyposis and small bowel tumors, 
hematological tumors (leukemia/ lymphoma), and brain, endometrium, and urinary 
tract tumors. Recently, two different expert consensus have proposed a surveillance 
approach acknowledging the lack of robust evidence and the need of more research 
[83, 84]. Recommendations are summarized in Table 20.7.

Table 20.6 Surveillance in serrated polyposis syndrome

Tumor site Examination

ACG 2015 [26] NCCN 2016

Age (y)
Interval 
(y) Age (y)

Interval 
(y)

Colorectum Colonoscopy
Removing 
polyps >5 mm

Diagnosis 1–3 Diagnosis 1–3

FDR:
Individualize based on 
family history and 
endoscopic findings

FDR: (a) age of SPS diagnosis
  (b) 10 years earlier that CRC
  (c) 40 years old
Stablish subsequent 
colonoscopies based on previous 
findings. If no polyps: Every 5y

ACG American College of Gastroenterology, FDR first-degree relatives, NCCN National 
Comprehensive Cancer Network, y years

Table 20.7 Surveillance recommendations in biallelic mismatch repair deficiency syndrome

Tumor site Examination

European 
consortium 2014 
[83]

US multi-society task 
force on colorectal cancer 
2017 [84]

Age (y) Interval (y) Age (y) Interval (y)

Brain MRI 2 0.5–1 2 0.5
UGI tract UGI endoscopy; 

capsule endoscopy
10 1 8 1

Lower GI tract Ileocolonoscopy 8 1 6 1
Non-Hodgkin 
lymphoma/other 
lymphoma

Clinical exam; 
optional: abdominal 
ultrasound

1 0.5 1 0.5

Leukemia Blood analysis 1 0.5 1 0.5
Endometrium Gynecological exam, 

vaginal ultrasound, 
endometrial sampling

20 1 20 1

Urinary tract Urine cytology 20 1 10 1

GI gastrointestinal, UGI upper gastrointestinal, y years
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Chapter 21
Surgical Management of Hereditary 
Colorectal Cancer Syndromes

Johannes Dörner, Mahmoud Taghavi Fallahpour, and Gabriela Möslein

Abstract Due to the advances in molecular genetic diagnostics of adenomatous 
polyposis variants as well as nonpolyposis syndromes, identification of patients 
with a genetic predisposition and their at-risk relatives is becoming increasingly 
important in clinical practice. Knowledge of the specific risk profile is gaining sig-
nificance and requires a clinically differentiated approach to correctly identify the 
indications for prophylactic and extended therapeutic surgery. In this chapter, 
decision- making and the technical details of the operation for different colorectal 
cancer (CRC) syndromes are outlined. Besides the more commonly known polypo-
sis syndromes, such as familial adenomatous polyposis (FAP), surgeons should be 
able to clinically distinguish between attenuated and classical variants of FAP and 
be aware of MUTYH-associated polyposis (MAP) and the newly described polypo-
sis polymerase proofreading-associated polyposis (PPAP), among others. Surgeons 
should be familiar with the specific indications and extent of surgery for prophylac-
tic organ removal in the lower gastrointestinal tract to knowledgeably advise patients 
and enable them to make informed decisions. Moreover, reconstructive options after 
proctocolectomy and novel innovative techniques in proctectomy, such as the trans-
anal total mesorectal excision (TaTME), are discussed.

Keywords Timing of surgery · Ileal pouch-anal anastomosis · Ileorectal anasto-
mosis · Quality of life · Desmoid disease · Prophylactic surgery

J. Dörner 
Klinik für Allgemein- und Viszeralchirurgie, HELIOS University Hospital Witten/Herdecke, 
Wuppertal, Germany 

M. T. Fallahpour 
Private University Witten/Herdecke, Witten, Germany 

G. Möslein (*) 
Center for Hereditary Tumours, HELIOS University Hospital Witten/Herdecke,  
Wuppertal, Germany
e-mail: Gabriela.Moeslein@helios-gesundheit.de

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-74259-5_21&domain=pdf
mailto:Gabriela.Moeslein@helios-gesundheit.de


328

1  Surgical Management in Polyposis Syndromes

1.1  Introduction

Since most – if not all – patients with familial adenomatous polyposis (FAP) will 
develop colon or rectal cancer at some point in their life, surgery remains the only 
definitive prophylactic option. At an early stage of polyp development, participation 
in chemopreventive studies should be encouraged. However, to date there is no evi-
dence for efficient long-term polyp (cancer) management with the agents studied so 
far. Therefore, the question is not if but rather when and how extensive the surgery 
should be. As most patients are young, socially and professionally active at the time 
of surgery, low morbidity, good social functioning, and excellent quality of life are 
important goals. In the following section, we will discuss clinical and personal fac-
tors that need to be considered for optimal patient counseling as well as technical 
details of the procedure.

1.2  Timing of Prophylactic Surgery for Familial Adenomatous 
Polyposis

The optimal timing for prophylactic surgery for familial adenomatous polyposis is 
not well established. Most surgeons will agree that prophylactic proctocolectomy is 
not indicated at the time of presentation of first polyps but should be performed 
before cancer develops. Between both extremes, decisions are usually made based 
on personal or institutional practice and are based on limited scientific evidence. A 
recent retrospective study of 303 patients who underwent colorectal surgery for 
FAP determined 46, 31, and 27 years as the optimal cutoff age for predicting the 
development of CRC in the attenuated, sparse, and profuse phenotype, respectively 
[1]. However, even though genotype and family information contribute to decision- 
making, the individual clinical findings as well as personal patient preference should 
be taken into consideration. Symptoms such as bleeding, diarrhea, or obstruction 
may warrant timely intervention independently of polyp burden. On the other hand, 
surgery may be delayed in women of childbearing age since some controversial data 
suggests reduced fertility in female patients after ileal pouch-anal anastomosis 
(IPAA) [2]. Other reasons for postponing elective surgery may be in obese patients 
with planned weight loss or patients carrying a high risk for desmoid disease [3]. In 
the absence of tumor-specific symptoms, authors have based recommendation 
toward surgery on polyp overall burden and progression that can be monitored by 
repeated colonoscopy [4]. In a retrospective study, the Saint Marks group found a 
two to three times greater risk of cancer in patients with >1000 colorectal polyps 
[5]. Until recently, a staging system similar to the Spigelman score that classifies 
duodenal polyps in FAP patients and is used to guide decision-making [6] has been 
lacking. Recently, a staging system taking into account polyp burden and size has 
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been proposed to provide guidance for stage-specific interventions including  surgery 
for colorectal polyps in FAP (Table 21.1) [7]. Once validated in prospective studies, 
it may help guide decision-making for this patient population.

Finally, recent evidence suggests that endoscopic polyp management may be 
feasible and safe in patients refusing colectomy during a median follow-up of 
almost 4–5 years [8]; however, it may only be used to delay surgery and not as a 
substitute.

1.3  Indications and Surgical Technique

1.3.1  Ileorectal Anastomosis Versus Ileoanal Pouch

The extent of removal of the target organ depends mainly on the different pheno-
types in FAP. Although a genotype-phenotype correlation has been described [9], 
the individual clinical phenotype is currently considered pivotal for surgical 
decision- making. In attenuated FAP (aFAP), distribution of the polyps is usually 
indicative, since a right-sided phenotype is common and the rectum is usually 

Table 21.1 Proposed InSiGHT staging system classification and clinical interventions for colonic 
polyposis [7]

Stagea Polyp description Clinical intervention Comments

0 <20 polyps, all <5 mm A Repeat colonoscopy in 
2 years

Biopsy at baseline to 
confirm histology; polyp 
removal discretionary (not 
clearly indicated)

1b 20–200 polyps most 
<5 mm, none, >1 cm

B Repeat colonoscopy in 
1 year

Some would consider 
colectomy, especially when 
polyp count is high

2b 200–500 polyps, <10 that 
are >1 cm

C Repeat colonoscopy in 
1 year polypectomy 
preferred

Removal of large polyps 
clearly necessary when 
performed to postpone 
surgery. The alternative 
would be to consider surgery

3b 500–1000 polyps or any 
number if there are 10–50 
that are >1 cm and 
amenable to complete 
polypectomy

D Repeat colonoscopy in 
6–12 months or consider 
colectomy

Removal of large number of
larger polyps defensible, but 
only when there are clear 
reasons to delay surgery

4 >1000 polyps and/or any 
polyps grown to confluence 
and not amenable to simple 
polypectomy; any invasive 
cancer

E Colectomy 
proctocolectomy clearly 
indicated within 
3 months to a year

Any decision to delay 
surgery
must be highly 
individualized and based on 
compelling circumstances

aPatients who cannot be allotted a particular stage (e.g., patients with mixed polyposis) call for an 
external discussion by a multidisciplinary specialty team
bPresence of high-grade dysplasia warrants upstaging of patient to stage 4
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spared entirely. Therefore, an ileorectal anastomosis (IRA) with superior functional 
outcome [10] and similar quality of life [11] is considered appropriate for the subset 
of patients with aFAP (mutation in codon 0–200 or >1500) [12]. In classical FAP, 
due to left-sided predominance with initial polyp formation in the rectosigmoid and 
progression toward proximal segments of the colon, a restorative proctocolectomy 
with an IPAA is the treatment of choice. Not surprisingly, most cancers in patients 
with classical FAP occur in the rectum [13]. Some patients with classical FAP how-
ever may present without rectal polyps at a young age but usually will develop them 
later in life with a serious risk of rectal cancer and higher morbidity due to a second 
operation if primary proctocolectomy had not been performed in the first place. 
Also, the increased risk of desmoid development after further surgeries must be 
taken into account. A recent study from Finland demonstrated a 53% cumulative 
risk of secondary proctectomy at 30 years after colectomy with IRA, mostly due to 
cancer (including suspicion of cancer) or uncontrollable rectal polyposis (44% 
each) [14]. Therefore, in patients with a classical FAP, total proctocolectomy usu-
ally is the preferred option. The accepted standard for recommending an IPAA in 
FAP patients is the presence of 20 rectal polyps at the time of colectomy. However, 
as noted previously, the timing of prophylactic surgery is not well defined and varies 
widely. Predictors for the development of cancer of the rectum are the presence of 
more than 1000 polyps or cancer at colectomy with IRA and a mutation occurring 
between codons 1250 and 1500 [15–17]. In patients with a known or family history 
for desmoid disease, it seems advisable to postpone the operation as late as safely 
possible due to the established triggering effect of surgical trauma on desmoid for-
mation [18, 19]. This recommendation however does not consider the beneficial 
effect of preventive medication as it predates the times when they were available. 
Patients with desmoids carry a high risk of failure of pouch formation if a secondary 
proctectomy must be performed after IRA [20] as desmoids in the mesentery may 
render mobilization and lengthening of the mesentery impossible. Therefore, in 
these patients it seems advisable to reduce the risk of secondary surgery by perform-
ing a restorative proctocolectomy with an ileoanal pouch as the definitive primary 
option. For classical FAP, laparoscopic restorative proctocolectomy without divert-
ing ileostomy and a hand-sewn anastomosis or possible TaTME will probably be 
the best choice, leading to a comparable quality of life to the normative population 
[21] and eliminated cancer risk of the rectum. The factors that influence surgical 
decision-making are summarized in Table 21.2.

1.3.2  Alternative Restorative Options: Permanent Ileostomy or 
the Continent Intra-Abdominal Pouch

Besides IRA and IPAA, other restorative options exist. Total proctocolectomy 
(TPC) with permanent ileostomy and total proctectomy with the formation of a 
primary continent ileostomy (the so-called Kock pouch after its describer Nils 
G.  Kock) [22] are alternative options that are occasionally performed in FAP 
patients. TPC with permanent ileostomy is performed infrequently in patients with 
an unacceptably low anal sphincter function, when cancer involving the sphincter is 

J. Dörner et al.



331

present or when IPAA construction is technically infeasible, for instance, due to 
desmoid disease with shortening of the mesentery leading to inability to advance the 
ileal pouch to the anus. TPC with permanent ileostomy is also occasionally chosen 
as a primary procedure in patients that perceive the frequent bowel movements 
associated with IPAA as too compromising to their lifestyle and prefer permanent 
ileostomy. In most of the mentioned scenarios, the continent ileostomy is a viable 
alternative to permanent ileostomy. It involves the construction of an intra- abdominal 
reservoir from the terminal ileum, which is intussuscepted to form a valve that pre-
vents stool and gas from escaping in an uncontrolled manner. A short portion of the 
ileum issues from the pouch to the abdominal skin, usually on the right lower 
abdominal quadrant. The patient can control defecation by intubating the pouch 
three to five times a day, allowing the stool to escape into a toilet and eliminating the 
necessity for wearing an ostomy bag. Overall, quality of life (QOL) in patients with 
a continent ileostomy equals or surpasses patients with conventional Brooke ileos-
tomy and the primary diagnosis of ulcerative colitis (UC) [23]. FAP patients have an 
overall superior outcome with ileoanal pouches. Nevertheless, in poorly functioning 
pouches after septic complications or fistulae, the continent ileostomy seems to be 
a recommendable important alternative to a terminal ileostomy, especially taking 
secondary complications such as acute and chronic renal failure into account.

1.3.3  Laparoscopic Versus Open Technique

The benefits of a laparoscopic approach for major colorectal surgery for benign 
disease are well documented, but growing evidence suggests that it may also be 
performed safely in rectal cancer patients with benefits in return of normal bowel 
function and length of hospital stay [24]. Well-documented advantages of laparos-
copy in FAP include better cosmesis, faster recovery, reduction of adhesions [25], 
increased pregnancy rate [26], as well as faster restoration of intestinal continuity 
[27]. To date, the only randomized, controlled study that compares open to laparo-
scopic proctocolectomy with IPAA was terminated prematurely due to poor recruit-
ment [28]. Until termination, 42 patients were randomized; there was no significant 

Table 21.2 Factors influencing choice of surgery for familial adenomatous polyposis (FAP)

Disease factors Type of mutation of the APC gene (classical FAP vs. aFAP/MAP)
Disease phenotype (number and location of polyps, presence of rectal polyps)
Presence or risk of desmoid disease
Presence of cancer

Patient factors Age
Sex
Family history
Prior surgery
Reproductive life planning
Sexual function
Compliance with follow-up surveillance
Body image, cosmesis, acceptance of (temporary) stoma

Abbreviations: MAP MUTYH-associated polyposis
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difference in the primary endpoint blood loss (laparoscopic, 261.5 ± 195.4 ml; open, 
228.1 ± 119.5 ml); the secondary endpoint duration of surgery was significantly 
longer for the laparoscopic procedure (laparoscopic group (313.9 ± 52 min), open 
group (200.2 ± 53.8 min)). A randomized trial that compared open vs. laparoscopic 
restorative proctocolectomy with IPAA found no difference in the primary endpoint 
postoperative recovery in the 3 months after surgery as measured by quality of life 
questionnaires and in the secondary outcomes postoperative morphine requirement, 
morbidity, and hospital stay [29]. Operating times were significantly higher in the 
laparoscopic procedures (210 vs. 133 min, p < 0.001). Generally, laparoscopically 
performed proctocolectomy for FAP is safe and its percentage increasing: three in 
four proctocolectomies were performed laparoscopically in a recent series from 
Japan [30]. In our view, laparoscopic proctocolectomy should be the standard of 
care if no contraindications to laparoscopy are present.

1.3.4  Mesocolic Dissection Versus Total Mesorectal Excision

Avoiding pelvic autonomic nerve damage during proctectomy is of paramount 
importance when performing restorative proctocolectomy, specifically in young 
patients in a prophylactic setting [31]. When no rectal cancer is present at the time 
of proctectomy, not only total mesorectal excision (TME) as is the standard in rectal 
cancer but also close rectal dissection (CRD) is acceptable from an oncological 
standpoint. CRD, immediately on the rectal musculature within the mesorectal fat, 
may potentially lead to a reduction in injury to the autonomic nerves that lie antero-
lateral from the mesorectal fascia. This dissection however is technically tedious as 
it is not an anatomical plane and prone to bleeding that may misguide further tissue 
preparation, which can somewhat be mitigated by the use of a vessel sealing device 
[32]. Moreover, TME with the preservation of anterolateral mesorectum seems to 
lead to similar outcomes in terms of sexual function [33]. In a randomized clinical 
trial that directly compared CRD to TME, preliminary data showed a somewhat 
lower rate of high-grade (Clavien-Dindo Grade 3) surgical complications in the 
CRD group (2 of 28 vs. 10 of 31, p = 0.027) and more favorable outcomes on some 
quality of life subscales for CRD [34]. The primary outcome (pouch compliance) of 
the trial is yet to be reported. In that trial, the indication for proctectomy was ulcer-
ative colitis in 50 patients and FAP in only 6 patients. For FAP patients, there may 
be another aspect to consider: We have identified several patients that have devel-
oped desmoids in the mesorectum that led to pouch inlet problems. Since desmoid 
disease generally originates from the mesentery, a CRD may reduce the risk of this 
complication in desmoid-prone patients. Systematic studies that have studied this 
effect are lacking. Another innovative technique, transanal total mesorectal excision 
(TaTME) [35], may provide technical advantages due to avoidance of using several 
stapler lines and a precise determination of the level of the anastomosis and by uti-
lizing a circular instead of a double-stapled anastomosis. In this technique, the low 
pelvic mesorectum is approached via the anus using a single laparoscopic port, 
leading to improved preparation of the low rectum compared to the transabdominal 
approach. It was initially developed to improve quality of TME in mid and low 
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rectal cancer but is increasingly used for proctectomy in benign disease, including 
FAP [36]. While small studies have shown TaTME to be safe and associated with a 
functional outcome comparable to published results after conventional laparoscopic 
low anterior resection for rectal cancer [37], prospective randomized studies are 
needed to determine long-term functional results. The advantage, clearly, is a circu-
lar anastomosis in the height of the dentate line avoiding the (even) small rectal 
remnant that increasingly has been identified as sequelae for future neoplastic prob-
lems leading to secondary interventions or even rectal cancer with the secondary 
need of proctectomy and ileostomy.

1.3.5  Maintaining the Ileocolic Blood Supply

Adequate, tension-free reach of the pouch into the pelvis is often challenging. 
Numerous strategies, including ileocolic vessel ligation at the origin of the superior 
mesenteric artery [38], have been described to increase mobility of the small bowel 
mesentery. At least in theory, preservation of both the circulation of the ileocolic 
and mesenteric vessels may improve healing of the anastomosis and even have long- 
term benefits of avoiding or improving inflammation in the form of pouchitis. In the 
event of requiring mesenteric lengthening, ligation of the ileocolic artery is safe. 
Alternatively, if the ileal branch of the superior mesenteric artery (SMA) is divided, 
preservation of the ileocolic vessels results in maintained perfusion via the SMA. We 
therefore recommend initial preservation of the ileocolic as well as mesenteric ves-
sels and intraoperative determination of the main length-restricting vessel that may 
subsequently be divided. Prospective studies are needed to determine whether this 
fairly simple strategy results in improved outcomes of function, pouchitis, and early 
or late surgical complications [39].

1.3.6  Hand Suture Versus Double-Stapled Anastomosis

For a long time, the pouch-anal anastomosis was performed after mucosectomy and 
hand-sewn at the level of the dentate line, as first described by Parks and Nicholls in 
1978 [40]. Conceptually, this approach removes all mucosa of the rectum and 
should eliminate risk of rectal neoplasia. The double-stapled anastomosis as 
described by Heald [41] in 1986 is easier to perform, and leads to better functional 
results, but is also associated with a higher risk of remaining rectal mucosa [42] 
with the potential of adenoma and cancer formation [43]. The short- and long-term 
consequences of either approach have been studied extensively, albeit mostly in 
patients with ulcerative colitis (UC) where inflammation of the remaining mucosa, 
so-called cuffitis, is an important issue. Hence, as prospective studies with sufficient 
follow-up are lacking, the true long-term risk of relevant neoplasia in the rectal 
remnant for both techniques is unknown. Taking recent publications describing a 
high rate of adenomas [44] into account, some skepticism concerning the general 
preference of double-stapled anastomosis remains. A retrospective study by the 
Cleveland Clinic [45] suggests that transition zone adenomas may safely be 
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managed expectantly or with mucosectomy. Most experts probably agree that close 
follow-up with annual pouchoscopy is recommended to detect neoplasia in early 
treatable stages for all patients after IPAA, regardless of anastomosis technique. 
Again, the use of TaTME with a hand-sewn circular end-to-end anastomosis or 
stapled anastomosis may provide benefit regarding extent of proctectomy.

1.3.7  Shape and Size of Pouch

While the initial report of IPAA described a hand-sewn pouch with an s- configuration 
[40], the J pouch, as described by Utsunomiya in 1980 [46], is today considered the 
ileoanal pouch shape of choice. The J pouch is easy to construct with the use of a 
GIA stapler [47] and results in good functional outcomes without the need for intu-
bation. Other pouch designs may be indicated in subgroups of patients; an S or K 
pouch may, for instance, be beneficial in patients that have a shortened mesenterium 
due to desmoid disease. Kalady reported that his standard procedure of choice at the 
Cleveland Clinic is the construction of an S pouch with a 2 cm outlet [3]. He claims 
that this configuration facilitates emptying of the pouch; however this is not sup-
ported with data. The total size of the pouch does not necessarily need to be corre-
lated with good functioning, since smaller pouches perform as well as larger 
pouches and may even lead to fewer inlet problems [48]. A Swedish group reported 
better results for the K than for the J pouch in a large group of patients [49]. However, 
as in many studies comparing other pouch designs, only a small percentage of 
patients had FAP as diagnosis. The optimal pouch design for patients receiving 
IPAA for FAP remains a matter of debate with the J pouch being considered the 
standard choice being challenged by proponents of other designs that may be pre-
ferred in special settings. Despite equal length of pouch limbs at the time of sur-
gery – regardless of the pouch design – later volume appears to depend on a variety 
of not understood influencing factors. Some of these may correlate to postoperative 
complications such as pelvic sepsis or fistulae. Clearly prospective studies in pol-
yposis patients are warranted to address these important issues that are essential for 
QOL in patients with a prophylactic versus an oncological setting.

1.3.8  Protective Ileostomy (One-Stage Versus Two-Stage IPAA)

Many institutions perform a protective diverting loop ileostomy at the time of IPAA to 
minimize the substantial risk of pelvic sepsis and functional impairment due to anasto-
motic leakage [3, 50, 51]. However, many studies have shown the feasibility of a one-
stage approach with similar rates of postoperative complications such as pelvic sepsis, 
anastomotic stricture, and a shorter duration of hospital stay [52]. The observation that 
ulcerative colitis was associated with significantly higher rates of pouch-related septic 
complications (PRSC) compared to FAP gives further support to the omission of a 
diverting ileostomy in IPAA for FAP [53]. Not surprisingly, the same study found a 
higher risk for PRSC in patients where anastomotic tension had occurred, supporting 
the use of diverting ileostomy in selected cases with patient- or procedure-related risk 
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factors for anastomotic failure, such as steroid intake,  malnutrition, and anemia or 
intraoperative complications. If a desmoid-prone patient requires IPAA, a one-stage 
procedure is advised since it is well-known that surgical trauma triggers the forma-
tion of desmoids. We performed a retrospective analysis of our own patients with 
IPAA for FAP (10/2005–10/2011) with a minimal follow-up of 12 months after proc-
tocolectomy or ileostomy closure. The decision to perform an ileostomy was taken 
intraoperatively by the surgeon based on intraoperative factors such as tension on 
the anastomosis. A total of 115 patients (52 male, 63 female) were included, and 
97 received and 18 did not receive an ileostomy. Follow-up was performed at our 
institution. There was a trend toward fewer ileostomies at the end of the treatment 
period. Twenty-one out of 97 patients that had ileostomy developed an abdominal 
wall desmoid at or close to the ileostomy site; 11 of these additionally developed mes-
enteric desmoids. None of the 18 patients without ileostomy developed abdominal 
desmoids in the observation period. Furthermore, depending on individual anatomy, 
building an ileostomy may lead to increased tension on the pouch and the pouch-
anal anastomosis. A so-called ghost or virtual ileostomy (VI) may be a good compro-
mise between unnecessary ileostomy formation and surgeons’ peace of mind. In this 
recently described technique [54], a vascular loop is passed around the terminal ileum, 
exteriorized through the abdominal wall, and securely fixed to the skin to allow easy 
secondary ileostomy construction under local anesthesia and without relaparotomy in 
the event of an anastomotic complication. In most patients where diverting ileostomy 
is not needed, the vessel may be removed easily at the bedside. A randomized con-
trolled trial compared laparoscopic anterior rectal resection with GI and without ileos-
tomy [55]. Patients with VI had lower severity of anastomotic leakage and a shorter 
hospital stay. More studies are needed to prospectively compare virtual ileostomy to 
conventional ileostomy.

1.3.9  Surgical Management of Desmoid Disease

In patients with a known or family history of desmoid disease, it is advisable to delay 
prophylactic surgery as late as safely possible. This recommendation is due to the 
known triggering effect of surgical trauma on desmoid growth, and all FAP patients 
are potentially at risk of desmoid formation. However, novel chemopreventive 
options may modify this recommendation in the future. As we have outlined, many 
patients that receive ileorectal anastomosis as a first procedure require secondary 
proctectomy due to rectal neoplasia. In desmoid-prone patients, a secondary opera-
tion not only increases the risk of desmoid growth, but there is also a substantial risk 
of failure to construct a pelvic pouch if desmoids are already present. Therefore, we 
recommend definitive proctocolectomy and pouch surgery as the initial procedure 
[18]. Asymptomatic mesenteric desmoids are present prior to surgery in about 3% of 
patients with FAP [56]. They will only in some cases progress, and chemopreventive 
options exist. Resection will almost invariably result in promotion or triggering of 
new desmoid growth that impacts the vascularization of a small bowel segment. 
Thus, we recommend to surgically ignore asymptomatic desmoids, even if of larger 
size and proceed with a planned pouch formation. We advocate to discuss with 
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patients the option of a low-dose antiestrogen therapy in combination with sulindac 
as an effective off-label chemopreventive option in these cases postsurgery, as for 
patients with a known family history of desmoid tumors. We have prospectively 
evaluated 21 patients at our institution with this strategy and discontinued medica-
tion if an MRI at 1 year after surgery showed absence of visible desmoid. Only one 
patient from a high-risk family developed desmoid disease with this strategy and 
was subsequently treated successfully with high-dose treatment [57].

1.3.10  Surgery for Duodenal Disease in FAP

In the presence of Spigelman stage 4 duodenal polyps, a prophylactic, pancreas- 
sparing duodenectomy is recommended [58], since duodenal carcinoma is the sec-
ond leading cause of death in FAP after CRC [59] and stage 4 duodenal disease is 
associated with a 36% risk of duodenal cancer [60]. Preserving the head of the 
pancreas has advantages compared to more radical procedures such as the Whipple 
procedure in terms of morbidity and long-term function [61, 62]. In a recent ran-
domized double-blind study in patients with FAP, the use of sulindac (150 mg, twice 
daily) and erlotinib (75 mg) daily compared with placebo resulted in a significantly 
lower duodenal polyp burden after 6 months [63]. The use of sulindac and erlotinib 
was associated with an acne-like rash in 87% of patients compared to only 20% of 
patients treated with placebo. Grade 3 adverse events were uncommon (2  in 92 
patients). Further studies with longer follow-up are needed to determine whether the 
observed effects will lead to improved clinical outcomes.

2  Surgical Management for Nonpolyposis Syndromes

2.1  Introduction

The surgical management of CRC in patients with a clinical diagnosis of hereditary 
nonpolyposis colorectal cancer (HNPCC) or confirmed Lynch syndrome needs to be 
highly individualized. Due to the known risk of synchronous and metachronous can-
cer, most surgeons familiar with the treatment of HNPCC favor an extended resec-
tion at the time of diagnosis of CRC. Age at diagnosis, tumor stage and location, 
comorbidities, but also gene and gender as well as patient preference must be con-
sidered in order to determine the optimal surgical strategy for every patient. A recent 
study suggests that the mutated gene has a major role in risk determination for sub-
sequent cancers in Lynch-associated CRC patients [64]. Pathogenic MSH6 carriers 
have a lower risk of developing secondary cancers compared to mutation carriers in 
MLH1 and MSH2. If the exact mutation is known, treating surgeons can estimate the 
individual risk of a patient to develop secondary cancer in Lynch- associated CRC 
patients using a risk calculator that is available at http://lscarisk.org (see pictures 1–4 
for examples). To fully understand the impact of the underlying condition and make 
an informed decision, Lynch-associated cancer should optimally be diagnosed prior 
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to cancer surgery in the first place. Unfortunately, Lynch syndrome caused by a 
germline mutation in one of the known mismatch repair (MMR) genes is underdiag-
nosed if clinical criteria (Amsterdam and Bethesda criteria) are used to select for 
patients. In other countries, such as the UK, guidelines were recently (February 
2017) released for reflex (systematic) testing of all CRC regardless even of age. 
Screening for the condition with immunohistochemical (IHC) staining of the MMR 
proteins or microsatellite instability (MSI) testing is now required [65–67]. There is 
growing evidence and expert consensus that IHC staining or MSI testing for screen-
ing in all CRC and endometrial cancer patients, irrespective of age and family his-
tory, should be performed. Many experts even argue to perform extended gene panel 
testing in all or at least in all younger patients with CRC [68, 69]. In some countries 
including the UK, national guidelines now recommend MSI screening in all CRC 
patients, and others are likely to follow. Importantly, from the surgical point of view, 
this screening should be performed prior to surgery using tumor biopsy material to 
allow for informed decision-making regarding individualized surgery. This strategy 
has been shown to be feasible and even superior to analysis of the surgical resection 
specimen, especially in patients where the tumor had been subjected to neoadjuvant 
chemo- and/or radiotherapy [70, 71]. As outlined, the diagnosis of Lynch-associated 
CRC prior to surgery optimally would allow determining extent of surgery accord-
ing to disease and patient factors. There are no randomized studies suggesting that 
Lynch patients that undergo extended surgery have a survival advantage compared 
to patients undergoing segmental oncologic resection. Retrospective studies have 
demonstrated that patients undergoing extended procedures will develop less meta-
chronic cancers and will undergo less subsequent procedures for CRC [72]. In 
females, abdominal hysterectomy and bilateral salpingo-oophorectomy should be 
considered, either at the time of surgery for CRC or as a risk-reducing procedure 
after the completion of childbearing.

Figures 21.1 and 21.2, show examples of risk calculation based on gene and 
gender (www.lscarisk.org).

Fig. 21.1 Calculation of the risk for any cancer for a 25-year-old female without previous cancer 
with a pathogenic MLH1 mutation
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Fig. 21.2 Calculation of the risk for colorectal cancer for a 40-year-old male without previous 
cancer with a pathogenic mutation in MLH1, MSH2, and MSH6, respectively
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2.2  Management of the Newly Diagnosed Patient 
with Colorectal Cancer

Most newly diagnosed CRCs in patients with Lynch syndrome present with a cancer 
proximal to the splenic flexure. But rectal as well as left colon cancers are fre-
quently the sentinel cancer. Synchronous CRCs in HNPCC (clinical criteria) and 
Lynch syndrome (identified MMR mutation) have been reported to be present in 
6–18% [73]. The cumulative incidences for any subsequent cancer from ages 40 to 
70 have been reported to be 73% for pathogenic MLH1 carriers, 76% for pathogenic 
MSH2 carriers, and 52% for pathogenic MSH6 carriers, and the cumulative inci-
dences for CRC were 46%, 48%, and 23%, respectively [64]. The diagnostic workup 
for patients with colorectal cancer should include a complete pretreatment evalua-
tion to clinically stage the tumor. If a familial colorectal cancer is suspected, screen-
ing for Lynch syndrome using IHC or MSI testing of the tumor biopsy material 
should be promptly initiated. If the screening turns out positive, germline mutation 
testing in the MMR genes should be performed to guide further management. In the 
future, tumor panel testing using a gene panel for cancer predisposition genes in all 
CRC patients may help identify any relevant gene mutations that have been shown 
to be present in about 10% of unselected CRC patients [69]. Pretreatment workup 
for any CRC must include all recommended parameters for sporadic cancer.

2.3  Colon

Because of the increased incidence of metachronous CRC in Lynch syndrome 
patients, a total abdominal colectomy with an ileorectal anastomosis (IRA) has been 
recommended as the procedure of choice at presentation of a primary colon cancer. 
Until now, studies showing a survival benefit of total vs. extended colectomy are 
lacking [74]. However, several retrospective studies have shown that extended resec-
tion significantly reduces the risk of metachronous colon cancer [72, 75]. Several 
mathematical models predict benefits of extended surgery including higher life 
expectancy especially in younger patients [76, 77]. However, the predicted benefit is 
only small or inexistent in older patients [78]. Therefore, the benefit of total colec-
tomy must be weighed against the disadvantages of extended surgery. These include 
mainly defecation-related issues such as increased stool frequency of three to five 
bowel movements per 24 h [79] and social impact, while quality of life was similar 
in patients that received segmental vs. total colectomy [80]. Most patients eventually 
adapt to the change in bowel habits. Although IRA is a more extensive procedure 
compared to segmental colectomy, morbidity and mortality are low [79]. Importantly, 
IRA does not prevent rectal cancer that occurs in approximately 8–18% of patients 
during a median follow-up of 8–13 years after surgery for colon cancer [81–83]. 
Based on these observations, Cirillo et al. propose to perform total proctocolectomy 
with IPAA in Amsterdam-positive patients with a first-degree family history of 
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rectal cancer [81]. Another option that may be discussed with patients concerned 
about functional outcomes after total colectomy is subtotal colectomy with ileosig-
moid anastomosis (ISA). This procedure combines the advantages of extended colon 
surgery with a better functional outcome. Studies comparing IRA with IRA or seg-
mental colectomy are lacking. We recently asked a group of experts (n = 73) for 
which type of surgery they would opt in the hypothetical event of receiving a diag-
nosis of a stage 1 or 2 right colon cancer with a Lynch-associated mutation at the age 
of 35 years. 32.9% would prefer subtotal colectomy with ISA, and 26% would elect 
for a segmental resection, 24.7% for total colectomy with IRA, and 13,7 for a total 
proctocolectomy with IPAA. Irrespective of performed surgery, patients will con-
tinue to need endoscopic surveillance of the remainder rectum and colon at risk.

2.4  Rectum

Like sporadic rectal cancer, treatment options in hereditary rectal cancer depend 
largely on the location of the tumor and its clinical stage. These options include 
local excision (rarely, and only in carefully selected patients), low anterior resec-
tion, abdominoperineal resection (APR) in case of sphincter involvement anorec-
tal extirpation and end colostomy. In the setting of a hereditary disposition and in 
analogy to FAP, a restorative proctocolectomy with IPAA may be discussed. 
Results of a watch-and-wait strategy following complete pathologic remission 
with radiochemotherapy as reported by Habr-Gama [84] for sporadic rectal cancer 
have not been published for familial rectal cancer. In the absence of data, this 
interesting strategy for well-selected patients cannot be recommended in Lynch-
associated rectal cancer. Restorative proctocolectomy theoretically eliminates the 
colonic and rectal cancer risk. The experience with this procedure in rectal cancer 
is scarce. However, comparable to patients with FAP, patients with Lynch-
associated rectal cancer would need to undergo surveillance for the pouch, as neo-
plasia may, albeit rarely, form in the anal canal, the pouch-anal anastomosis, and 
even the ileal pouch. The risk of metachronous colon cancer after proctectomy for 
HNPCC was reported to be 17% (median duration after index colorectal cancer 
diagnosis, 203 months; range, 27–373 months) [85] and 15.2% (mean duration 
after proctectomy, 6 years; range, 3.5–16 years) [86], respectively. In total, 51.5% 
of the patients of the series from the Cleveland Clinic developed high-risk colonic 
adenoma or cancer after a median follow-up of 101.7 months after rectal resection 
with or without proctectomy. So, given this considerable risk of metachronous 
colonic neoplasia in LS patients, the option of proctocolectomy with IPAA should 
be discussed at the time of rectal cancer. However, as in determining the optimal 
extent of resection in hereditary colon cancer, other patient and disease factors 
need to be considered. The functional results of IPAA in LS should be compared 
to the very good functional outcomes in FAP versus ulcerative colitis with less 
pouchitis and fistula formation among others. The increased frequency of bowel 
movements and the other well-known functional constraints must be individually 
weighed by an informed patient versus the benefit in oncological outcome [10, 87]. 
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Finally, all patients undergoing segmental or extended procedures for rectal cancer 
will be recommended to further pursue close endoscopic surveillance for early 
detection of further neoplasia.

2.5  The Asymptomatic Gene Mutation Carrier

2.5.1  Patients Managed with Segmental Resection

There is no evidence supporting completion colectomy in an asymptomatic patient that 
had previously been treated by segmental colectomy. These patients usually have 
received limited surgery either because the diagnosis of Lynch syndrome was unknown 
at the time of surgery or due to patient or physician preference. Treatment options 
include completion colectomy with ileorectal or ileosigmoid anastomosis in selected 
cases, surveillance, and chemoprevention. The recommended interval for colonoscopic 
surveillance is every 1–2 years [88]. In the CAPP2 trial, 600 mg aspirin per day for a 
mean duration of 25 months reduced cancer incidence after 55,7 months in carriers of 
hereditary colorectal cancer [89]. A follow-up study, the CAPP3 trial, is underway to 
determine the optimal dose and duration of aspirin treatment in mutation carriers [90].

2.5.2  Asymptomatic Mutation Carriers Without Previous CRC

Prophylactic colectomy should not be performed generally but may be offered to 
mutation carriers in whom colonoscopic surveillance is not technically feasible, 
who refuse to undergo regular colonoscopy, or who develop numerous polyps (see 
below). It may also be considered in patients with a disabling psychological impact 
due to anxiety of developing colorectal cancer. However, as mentioned earlier, 
patients will need to continue regular endoscopic surveillance, albeit with a lesser 
impact both regarding bowel preparations as well as the endoscopic procedure 
itself, since flexible sigmoidoscopy is much easier to perform with less associated 
risk than a complete colonoscopy.

2.5.3  Presence of Adenomas in the Gene Mutation Carrier

In Lynch syndrome, the adenoma to carcinoma sequence is thought to be accelerated 
compared to sporadic adenomas [91, 92], leading to carcinoma formation even if 
regular colonoscopy is performed [93]. Therefore, a more aggressive management 
compared to sporadic adenomas may be justified. The available treatment options 
for these patients include endoscopic polypectomy and close surveillance or surgical 
resection as for CRC in HNPCC. Factors to consider and to discuss with patients to 
inform decision for surveillance vs. surgery include size and number as well as his-
tology of adenomas, the frequency of recurrence, the risk of interval cancer despite 
surveillance, and the morbidity of endoscopic and prophylactic surgical treatment.
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2.6  Endometrial and Ovarian Cancer

Women diagnosed with Lynch syndrome carry an increased risk of endometrial and, 
to a lesser degree, ovarian cancer. The risk for women with HNPCC or Lynch syn-
drome to develop endometrial cancer ranges from 20% to 60% in various reports 
[94–96], and in some studies the risk exceeds the risk of CRC. The risk of ovarian 
cancer is increased to 5–12%. Obermair et al. reported that approximately 25% of 
women with HNPCC will develop endometrial cancer within 10 years after CRC 
diagnosis [97]. Equal to CRC, the risk for gynecologic cancers depends largely on 
the affected gene. In a recent prospective analysis of 1942 mutation carriers without 
previous cancer, the cumulative incidences for endometrial cancer for MLH1, 
MSH2, MSH6, and PMS2 mutation carriers were 34%, 51%, 49%, and 24% and for 
ovarian cancer 11%, 15%, 0%, and 0%, respectively [93]. In patients undergoing 
colectomy for CRC, the opportunity to perform abdominal hysterectomy and bilat-
eral salpingo-oophorectomy simultaneously should be discussed. In a prophylactic 
setting without neoplasia, abdominal hysterectomy and bilateral salpingo- 
oophorectomy should if possible be delayed until the completion of menopause or 
in premenopausal women after the completion of family planning. Patients need to 
be counseled about the long-term effects of early menopause including cardiovas-
cular and skeletal effects as well as consequences for mood and sexual function 
[98]. Women undergoing prophylactic surgery did not develop cancer in a study 
including 300 women with Lynch-associated germline mutations, whereas 33% of 
the women that did not undergo prophylactic surgery developed endometrial and 
5.5% ovarian cancer [99]. However, since HNPCC endometrial cancer has a good 
prognosis with a 5-year survival rate of 88% [100], prophylactic surgery might not 
decrease mortality. There are no prospective studies comparing prophylactic sur-
gery for gynecologic cancers with surveillance in HNPCC patients.

2.7  Conclusions

The surgical care of patients with HNPCC and Lynch syndrome needs to be highly 
individualized. Disease and patient factors including pathogenic mutation and age 
at diagnosis need to be considered and discussed with the patient, ideally by a team 
specialized in the treatment of hereditary CRC. Segmental and extended (procto)
colectomies are options if CRC is present but may in highly selected cases be 
offered to asymptomatic patients. Abdominal hysterectomy and bilateral salpingo- 
oophorectomy should be offered to women undergoing surgery for CRC and after 
family completion as a purely prophylactic measure, depending on the underlying 
gene affected.
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Chapter 22
Chemoprevention in Hereditary Colorectal 
Cancer Syndromes

Reagan M. Barnett, Ester Borras, N. Jewel Samadder, and Eduardo Vilar

Abstract Patients and families diagnosed with hereditary colorectal cancer syn-
dromes present with an accelerated carcinogenesis. In this scenario, screening mea-
sures and preventive interventions play a crucial role in modulating the cancer risk 
by decreasing its incidence and mortality. In this chapter we will provide an over-
view of the clinical evidence of chemopreventive interventions developed in 
Familial Adenomatous Polyposis and Lynch Syndrome. Specifically, we will pres-
ent the use of non-steroidal anti-inflammatory drugs (NSAIDs), which have been 
the most commonly studied agents in this field. Finally, we will discuss the latest 
clinical trials deploying targeted agents and modern NSAIDs in the context of pre-
vention of hereditary colorectal cancer syndromes.

Keywords Chemoprevention · Hereditary colorectal cancer syndromes · 
Nonsteroidal anti-inflammatory drugs · Aspirin · COX-2 inhibitors · Familial 
adenomatous polyposis · Lynch syndrome

Abbreviations

CIMP  CpG island methylator phenotype
CIN  Chromosomal instability
COX-2  Cyclooxygenase-2
coxib  COX-2 inhibitor
CRC  Colorectal cancer

R. M. Barnett · E. Borras · E. Vilar (*) 
Department of Clinical Cancer Prevention, The University of Texas MD Anderson Cancer 
Center, Houston, TX, USA
e-mail: EVilar@mdanderson.org 

N. Jewel Samadder 
Department of Internal Medicine, University of Utah College of Medicine,  
Salt Lake City, UT, USA

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-74259-5_22&domain=pdf
mailto:EVilar@mdanderson.org


350

DFMO  Difluoromethylornithine
FAP  Familial adenomous polyposis
GI  Gastrointestinal
LS  Lynch syndrome
MMR  Mismatch repair
MSI  Microsatellite instability
NF-κB  Nuclear factor-kappa B
NSAID  Nonsteroidal anti-inflammatory drug
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1  Introduction

Colorectal cancer (CRC) is the third most common cancer diagnosed in both men 
and women in the United States and the second leading cause of cancer-related 
deaths [1]. Overall, the lifetime risk of developing CRC in the general population is 
approximately 6%, being the average age at diagnosis of 66 years [2]. Approximately 
15–30% of patients diagnosed with CRC have a genetic component, given the 
occurrence of colorectal tumors in first- or second-degree relatives. These cases are 
termed familial CRC [3]. Approximately a fourth of familial CRC cases display 
specific phenotypic features in addition to their family history, thus leading to the 
diagnosis of a hereditary syndrome. This group of patients is named hereditary 
CRC, with the most prevalent conditions being familial adenomatous polyposis 
(FAP) and Lynch syndrome (LS). There are also other hereditary CRC syndromes 
that present with polyposis such as Peutz-Jeghers, juvenile polyposis, Cowden’s 
syndrome, hyperplastic polyposis and hereditary-mixed polyposis and without pol-
yposis such as familial colorectal cancer type X. These are however much more 
rare, and although chemopreventive interventions have been assessed, the level of 
available evidence is limited for these less common conditions.

Although hereditary CRC cases represent a small proportion of all patients diag-
nosed with colorectal tumors, carcinogenesis is accelerated due to their genetic 
defects affecting essential pathways involved in intestinal homeostasis, DNA repair, 
and other mechanisms [4]. Therefore, patients and families present with a higher 
lifetime risk of cancers and an earlier age of onset. In this scenario, screening mea-
sures and preventive interventions play a crucial role in modulating the cancer risk 
by decreasing its incidence and mortality. In addition, the molecular characteristics 
of premalignant lesions and tumors arising in these diseases can serve as a model, 
thus providing an excellent opportunity to understand the carcinogenic process and 
the activity of preventive interventions that could be later extrapolated to the spo-
radic setting (i.e., general population; see Fig. 22.1).

In this chapter we will provide an overview of the clinical evidence of chemopre-
ventive interventions developed in FAP and LS. Specifically, we will present the use 
of nonsteroidal anti-inflammatory drugs (NSAIDs), which have been the most com-
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monly studied agents in this field. Finally, we will discuss the latest clinical trials 
deploying targeted agents and modern NSAIDs in the context of prevention of 
hereditary CRC syndromes. This chapter does not intend to provide a systematic 
review of all the data developed but to highlight the main accomplishments and put 
them in the context of the most current research efforts in these two diseases.

2  The Normal Epithelium-Adenoma-Carcinoma Sequence

Cancer chemoprevention was first defined by Michael Sporn in 1976 as the use of 
natural, synthetic, or biologic chemical agents to reverse, suppress, or prevent car-
cinogenic progression [5]. It is based on the concepts of multifocal field and multi-
step carcinogenesis. The development of CRC is a complex process involving 
multiple molecular pathways from the formation of adenomas to the development 
of carcinoma in the digestive tract (Fig.  22.1). This process can take up to one 

Fig. 22.1 Adenoma-carcinoma sequence. The top of the diagram displays the carcinoma sequence 
in FAP, while the bottom of the diagram shows the sequence in Lynch syndrome. In each scenario 
the patient will initially lose their second copy of the gene in which they have a germline mutation 
(e.g., FAP will experience a somatic loss of their wild-type APC gene). Subsequent mutations have 
been found to occur differently between FAP and LS tumors. COX-2 overexpression is known to 
be present in FAP tumors; however its status in MMR-deficient LS tumors is still being elucidated. 
However, NSAIDs have demonstrated benefit in both FAP and LS patients groups
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decade in the sporadic setting, but it is certainly much shorter in hereditary CRC 
syndromes. In 1990 Fearon and Vogelstein proposed a model whereby CRC pro-
ceeds through a series of pathological steps due to specific genetic alterations [6]. 
This model is called the adenoma to carcinoma sequence and emphasizes the cen-
tral role of adenomas as precursor lesions (Table 22.1), and it provides evidence that 
in the majority of CRC, the primary event is the aberrant activation of the WNT 
pathway in the stem-cell niche of the intestinal crypt [7]. This is initiated by the 
inactivation of APC, consequently leading to the activation of B-catenin followed 
by the activation of RAS/RAF and the loss of TP53 at later stages [6]. Although 
genetic alterations have an important role in the development of CRC carcinogen-
esis, also epigenetic variations in cancer-related genes and noncoding RNAs con-
tribute to malignant progression [8, 9].

This model of CRC development has been recently revised, and, instead of a 
unique linear progression of events, three distinct pathways have emerged: 1. chro-
mosomal instability (CIN), 2. microsatellite instability (MSI), and 3. CpG island 
methylator phenotype (CIMP) [10, 11]. The CIN pathway, also called the traditional 
pathway, is associated with the sequential deregulation of tumor suppressor genes 
(APC and TP53) and oncogenes (KRAS, SMAD4). Also, these tumors present an 
abnormal karyotype with several chromosomal gains and losses. This pathway has 
been associated with approximately 80–85% of sporadic CRC and also with inher-
ited syndromes, such as FAP [12]. The MSI pathway is responsible for the 90% of 
tumors from LS patients and for 7–15% of sporadic CRC cases [13–16]. MSI in LS 
adenomas and carcinomas is generated by the acquisition of a second somatic hit in 
one of the DNA MMR genes. The instability introduced in coding microsatellites of 
target genes causes frameshift mutations and the subsequent functional inactivation 
of affected proteins, thereby providing a selective growth advantage. These tumors 
typically have high histological grades, a mucinous phenotype, and are diagnosed at 
lower pathological stages than CIN tumors [17]. Finally, the CIMP pathway is asso-
ciated with tumors that show aberrant methylation in CpG sites affecting specific 
regulatory sites and promoter regions of tumor suppressor genes [18, 19]. The exis-
tence of this phenotype has been debated, and a consensus on which markers should 

Table 22.1 Pathologic definition of adenoma and subtypes of lesions

Definition of adenoma: a benign tumor formed from glandular structures in epithelial tissues 
that occasionally becomes malignant
Type of adenoma Characteristics

Tubular Most common adenoma, displaying a tubular structure
Villous Typically sessile structures with cauliflower-like appearance 

and more likely to develop into malignancy
Tubulovillous Less common, with both tubular and villous properties
Sessile Flat, broad-based polyps
Serrated Have a saw-tooth appearance under the microscope
Hyperplastic Typically benign
Hamartoma Typically benign, containing an abnormal mixture of cells
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be used for its definitions has not been described yet. The CIMP phenotype has been 
recently validated as an independent pathway using genome-wide methylation 
approach [20, 21].

The majority of chemopreventive drugs developed to prevent adenomas exert 
their function by inhibiting cyclooxygenase (COX), which is responsible for the 
formation of prostaglandins, thromboxane, and prostacyclin. Specifically, prosta-
glandins (PG) have been shown to play an important role in the transition from 
normal epithelium to adenoma and later to carcinoma [22, 23]. COX has two iso-
forms: COX-1 and COX-2. COX-1 is constitutively active, whereas COX-2 is not 
expressed in most tissues and is inducible at inflammation sites by growth factors 
and cytokines. In addition, COX-2 has been shown to induce carcinogenesis by 
inhibiting apoptosis, promoting cellular proliferation, and stimulating angiogenesis. 
Eberhart et al. first demonstrated that 85% of colorectal tumors displayed an over-
expression of COX-2, as well as 50% of adenomas, thus making it an attractive 
target for treatment and prevention [24]. In addition, it has been shown that COX-2- 
derived prostaglandins may be acting on surrounding cells to promote tumor growth, 
either via a cell-autonomous or a cell-nonautonomous effect [25]. COX-2 inhibi-
tors, such as celecoxib and rofecoxib (coxibs), have been developed as chemopre-
ventive strategies and have shown much potential in both preclinical and clinical 
trials. As NSAIDs appear to exert most of their antineoplastic effects via inhibition 
of COX-2, these agents have also been extensively assessed for their prevention 
potential and better safety profile compared to COX-2 inhibitors. However, other 
evidence suggests that NSAIDs may also have antineoplastic effects that are inde-
pendent of COX-2 suppression [26]. One such mechanism is through the inhibition 
of caspases, resulting in a reduction in cell death and pro-inflammatory cytokines, 
marking a COX-independent anti-inflammatory mechanism [27]. Secondly, 
NSAIDs have been shown to downregulate nuclear factor-kappa B (NF-κB) [28]. 
NF-κB is a ubiquitous factor involved in gene regulation, especially as it relates to 
immune responses. When activated, NF-κB promotes chemoresistance through pro-
moting cell survival. Specifically, NSAIDs have been found to inhibit the I-κB 
kinase β enzyme responsible for activating NF-κB, resulting in NF-κB’s downregu-
lation [29]. Other possible COX-independent mechanisms include alteration of 
apoptotic proteins and consequently the extrinsic and intrinsic apoptotic pathways, 
as well as proteasome function and cell cycle checkpoints [28].

3  Chemoprevention in Familial Adenomatous Polyposis

Since FAP patients develop hundreds to thousands of adenomas in the lower gastro-
intestinal tract (GI) and also in the upper GI tract, there is a high lifetime risk for 
CRC development in individuals whose adenomas are not removed. Prophylactic 
surgery is the standard recommendation in this patient population. However, after 
colectomy, other manifestations of the syndrome continue to put patients at risk of 
cancer. In fact, those patients that elect rectal-sparing procedures continue 
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developing adenomas and have excessive risk for rectal cancer. Also, duodenal ade-
nomas develop in the vast majority of FAP patients and have the potential to prog-
ress into invasive cancer in up to 10%. Therefore, prophylactic colorectal surgery 
does not completely eliminate the risk of developing cancer, and therefore there is 
still a need for an exhaustive follow-up and chemoprevention development. 
Moreover, this type of surgery is normally performed in young individuals and pro-
duces strong consequences on their physical and psychological development, thus 
impacting their quality of life. Therefore, the development of chemopreventive 
agents is an unmet need, due to their ability to possibly delay the age of prophylactic 
surgery or potentially eliminate the need of these procedures.

Sulindac Studies Initially, the efficacy of NSAIDs as chemopreventive agents in 
patients with hereditary CRC syndromes was suggested in families with FAP. In the 
1983, the first case report demonstrated a drastic reduction of adenomatous polyps 
in FAP patients treated with sulindac [30]. After that, multiple randomized con-
trolled trials were designed and executed to test the clinical benefits of this agent 
[31–33]. The first randomized trial of sulindac versus placebo was published by 
Labayle in 1991 (Table 22.2) [33]. In this trial, 20 patients, all with colectomy and 
ileorectal anastomosis, were randomized to receive either placebo or sulindac 
300 mg daily for 2 months. A significant reduction in rectal polyps was observed 
with a complete regression observed in six patients taking sulindac. Subsequently, 
two studies were published in 1993 and 2002 from the same group analyzing the 
efficacy of sulindac in reducing the number of polyps in FAP patients without prior 
prophylactic surgery [31, 32]. In the first study, 22 patients with FAP, including 18 
who had not undergone colectomy, were randomized to receive either placebo or 
sulindac at a dose of 150 mg orally twice a day for 9 months. The number and size 
of the polyps every 3 months were evaluated. After 9 months of treatment, a signifi-
cant decrease in the number of polyps (44%, P = 0.014) and their diameter (35%, 
P < 0.001) compared with the placebo arm was observed. Although there were not 
significant demographic differences in the two arms, the placebo group had a greater 
number of polyps at baseline (53 versus 28). It is noteworthy that the maximal effect 
of sulindac occurred at 6 months of treatment, while the number and size of the 
polyps increased after treatment with sulindac ceased at 9 months [31]. In the sec-
ond study, 41 young FAP patients (8–25 years) with confirmed APC germline muta-
tions, but without phenotypical manifestations, were randomized in a double-blind, 
placebo-controlled study. The subjects received either 75 or 150  mg of sulindac 
twice a day (according to their body weight) or the placebo for 48  months. No 
 significant differences in the number of polyps between the two arms were observed. 
In both studies, no adverse events from sulindac were noted [32].

More additional data from small studies have reproduced similar results [34]. 
While treatment with sulindac appears to induce regression in the number and size 
of polyps, the effect appears to be restricted to the duration of treatment. The ben-
efits of sulindac are also limited to the large intestine, thus signifying differences in 
biology between duodenum and colorectal adenomas and also a need for chemopre-
ventive agents that reduced polyp burden in both the large and small GI tract, given 
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the risks among FAP patients for cancer in both of these organs and more specifi-
cally during the past decade in the duodenum [35]. Moreover, long-term use of 
NSAIDs generates gastrointestinal side effects such as bleeding, ulceration, and 
cardiovascular effects, which has fostered interest in developing more selective and 
targeted approaches [36–39]. Currently there are studies being conducted to remedy 
these limitations and concerns.

Celecoxib Studies The first clinical trial that studied celecoxib as a chemopreven-
tive agent in FAP patients was led by investigators in MD Anderson Cancer Center 
[40, 41]. Seventy-seven patients, without surgery and with polyps at the baseline 
colonoscopy, were randomized in a 2:1:1 fashion to receive either 100 or 400 mg of 
celecoxib twice daily or placebo for 6 months. The study demonstrated that treat-
ment with the two doses reduced the number of polyps and the polyp burden. After 
6 months the patients receiving 100 or 400 mg of celecoxib had 11.9% and 28.0% 

Table 22.2 Summary of clinical trials conducted in FAP patients

References Syndrome Drug
Type of 
study Trial number Outcome

Pfizer FAP Celecoxib Clinical 
trial

NCT00151476 Terminated prior to 
completion

CHIP trial FAP Celecoxib Clinical 
trial

NCT00585312 Terminated prior to 
completion

Labayle 
(1991)

FAP Sulindac Clinical 
study

N/A Decrease in rectal 
polyps

Van Stolk 
(2000)

FAP Sulindac 
sulfone

Clinical 
trial

N/A No decrease in polyp 
number

Steinbach 
(2000)

FAP Celecoxib Clinical 
study

N/A Reduction in 
colorectal polyps

Phillips 
(2002)

FAP Celecoxib Clinical 
study

N/A Reduction in 
duodenal polyps

Giardiello 
(2002)

FAP Sulindac Clinical 
study

N/A No decrease in 
adenoma number

Higuchi 
(2003)

FAP Rofecoxib Clinical 
study

N/A Decrease in number 
and size of polyps

Hallak (2003) FAP Rofecoxib Clinical 
study

N/A Inhibition of 
polyposis

Bertagnolli 
(2006)

FAP Celecoxib Clinical 
trial

NCT00005094 Not reported

Arber (2006) FAP Celecoxib Clinical 
trial

N/A Reduced colorectal 
polyps

Lynch (2010) FAP 
(children)

Celecoxib Clinical 
trial (KIM)

NCT00685568 Reduced colorectal 
polyps

Burn (2011) FAP Aspirin Clinical 
trial

N/A Decrease in polyp 
number and size

Nagengast 
(2013)

FAP Celecoxib Clinical 
trial

NCT00808743 Not reported

N/A not available
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reduction in the mean number of colorectal polyps, respectively. Also, there is a 
reduction in the polyp burden of 14.6% in patients treated with 100 mg and 30.7% 
in those patients treated with 400 mg of celecoxib, respectively. The incidence of 
side effects was similar among the groups. These results led to the approval of cele-
coxib by the FDA as chemopreventive agent in families with FAP.

After this clinical trial, additional coxibs were studied. In 2003, two small stud-
ies, Hallak et al. and Higuchi et al., were conducted with 8 and 21 patients, respec-
tively, resulting in a significant reduction in the size and number of polyps [42, 43]. 
In Hallak et al., the patients were treated with rofecoxib 25 mg per day, resulting in 
a highly significant reduction in the rate of polyp formation (70–100%) in all 
patients at 1 year and at the end of follow-up (mean 16 months) [43]. Also, a study 
by Higuchi et al. treated the patients with 25 mg of rofecoxib a day for 9 months 
[42]. At 9 months, the rofecoxib group showed a significant reduction in polyp num-
ber and size of 6.8% and 16.2%, respectively. In 2006, 1561 patients were random-
ized in a placebo-controlled double-blind study with a daily dose of 400  mg 
celecoxib for 3  years [44]. The results demonstrated that the use of celecoxib 
reduced the occurrence of adenomas (RR 0.64; 95% CI, 0.56–0.75) within 3 years 
after polypectomy. Also, they detected serious cardiovascular events in 2.5% of 
subjects in the celecoxib group and 1.9% of those in the placebo group.

Furthermore, subsequent clinical trials with celecoxib in the general population 
of individuals at moderate-high risk for CRC showed that long-term use of coxibs 
was associated with unacceptable cardiovascular side effects [38, 39, 45]. Based on 
the safety data developed in sporadic populations, the benefit of regular use of cox-
ibs in terms of delaying the growth of polyps and delaying prophylactic surgery in 
patients with FAP needs to be weighed against the risk of toxic cardiovascular 
effects. Since the onset of polyps in patients with FAP begins occurring during the 
teenage years, the toxicity profile of coxibs in these patients with FAP may be 
essentially different from that in the general population. In fact, Lynch et al. (2010) 
demonstrated that celecoxib at a dose of 16 mg/kg/day in children (10–14 years) 
with FAP is safe, well tolerated, and produced a significant reduction of the number 
of colorectal polyps [46].

Aspirin and Other NSAIDs Given the potential cardiovascular side effects of cox-
ibs, the focus of efforts to develop chemoprevention drugs for patients with heredi-
tary CRC syndromes has turned into aspirin, which has shown beneficial effects in 
terms of cardiovascular disease and CRC prevention with long-term use. The con-
certed action polyp prevention (CAPP) group accomplished an international, multi-
center, randomized, placebo-controlled trial (CAPP1 protocol) of aspirin and/or 
resistant starch in young FAP patients with confirmed APC mutations for 1–12 years 
[47, 48]. In a 2x2 factorial design, a total of 206 FAP patients were randomly 
assigned to four study arms: aspirin (600 mg daily), resistant starch (30 g daily), 
aspirin plus resistant starch, and placebo. After 17 months of treatment, the risk of 
an increased polyp number in the rectum and sigmoid colon was not significantly 
reduced in either the aspirin or resistant starch group, with relative risks of 0.77 for 
aspirin (95% CI 0.54–1.10 aspirin versus non-aspirin group and 1.05 for resistant 
starch; 95% CI 0.73–1.49 resistant starch versus nonresistant starch group). 
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Noteworthy, the diameter of the largest polyp detected by endoscopy at the end of 
intervention tended to be smaller in the aspirin group (P = 0.05). In addition, the 
planned subgroup analyses of patients who elected to continue on the study for 
more than 1 year found a significant reduction in the size of the largest polyps in the 
aspirin group (P  =  0.02). In summary, the CAPP1 study found a trend toward 
reduced polyp load (number and size) with 600 mg of aspirin daily. However, this 
study does not provide sufficient evidence to recommend long-term use of aspirin in 
FAP patients, and long-term toxicity studies would still need to be conducted.

Combination Studies: DFMO Combinations Polyamines (putrescine, spermidine, 
and spermine) are low-molecular-weight, organic cations that are ubiquitous in all 
higher eukaryotes. Polyamine levels are elevated in neoplastic tissues compared to 
normal tissues and in presymptomatic patients with FAP.  Activity of ornithine 
decarboxylase (ODC), the first enzyme in the polyamine synthesis, is also signifi-
cantly elevated in presymptomatic patients with germline APC mutations [49].

Difluoromethylornithine (DFMO) is a potent enzyme-activated irreversible 
inhibitor of ODC and inhibits the promotion and proliferation/progression stages of 
initiated cancer cells [50–52]. Although DFMO is thought to inhibit proliferation of 
fast-growing colon adenomas and CRC cells by polyamine depletion, the chemo-
preventive mechanism of polyamine depletion is not clear. Recently, Witherspoon 
et al. identified the first shared mechanism for CRC chemoprevention and chemo-
therapy suggesting a common metabolic target for both premalignant and malignant 
colon cells [53]. They conducted an untargeted metabolite profiling study of DFMO 
actions on cancer cell lines and intestinal tumors from ApcMin/+ mice and found that 
DFMO has anti-CRC activity that arises from thymidine synthesis.

DMFO is the most studied example of a polyamine-metabolism inhibitor that 
suppresses cancer development in animal models leading to the design and imple-
mentation of prevention clinical trials of DFMO in CRC [54–57]. However, the 
efficacy of DFMO alone in polyp prevention has not been reported [58–61]. 
Moreover, the clinical use of DFMO has been limited by side effects found at high 
doses, including hearing loss, diarrhea, abdominal pain, emesis, anemia, leukope-
nia, and thrombocytopenia [58]. Studies in rodent models have shown that combi-
nation of DFMO and NSAIDs such as sulindac prevents the growth and viability of 
human colon cancer cells. After that, one phase III clinical chemoprevention trial 
evaluating the combination of DFMO and sulindac for the prevention of colon polyp 
recurrence in sporadic patients was published [54]. Three hundred seventy-five 
patients with history of resected adenomas were randomly assigned to receive 
DFMO 500 mg and sulindac 150 mg once daily or placebo for 36 months, stratified 
by use of aspirin (81 mg) at baseline and clinical site. Patients that received DFMO 
and sulindac had reduced recurrence of all adenomas (70% reduction) and advanced 
adenomas (92% reduction) and recurrence of more than one adenoma (95% reduc-
tion). There was no significant difference between the two arms in regard to serious 
side effects, but some patients presented hearing changes. Moreover, this study was 
not designed to have adequate power to identify differences in toxicity rates between 
two groups, such as cardiovascular toxicity. New trials will help us to determine the 
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risk of cardiovascular events and also the clinical implications of audiological 
changes. Ultimately, DMFO with an NSAID treatment could be a good chemopre-
vention strategy in very high-risk populations, such as FAP. In fact, a clinical trial is 
currently ongoing for patients with FAP (NCT01483144).

Duodenal Adenoma Prevention Duodenal adenomas are also common in FAP 
patients and present a unique management situation when it comes to prevention, as 
some agents may act differently in the small intestine versus the large intestine in 
relation to prevention of adenomas [35]. Specifically, given the lack of effect sulin-
dac has on the small intestine, combination studies have been considered. Recently, 
a study was published by Samadder et al. detailing their clinical trial with the com-
binatory treatment of sulindac and erlotinib on preventing duodenal neoplasia in 
FAP patients [62]. This was a double-blind randomized placebo-controlled study 
conducted with 92 participants diagnosed with FAP. Participants were given either 
150 mg of sulindac twice daily combined with 75 mg of erlotinib once daily (n = 46) 
for 6 months or were placed on the placebo arm (n = 46). The end point of the trial 
was a positive change in duodenal polyp burden at 6 months compared to the base-
line at trial initiation. A 71% reduction in duodenal polyp burden was observed 
between the treatment and placebo groups. In relation to toxicity, 87% of the 
sulindac- erlotinib group presented with acneiform rash, compared to 20% in the 
placebo group, and only two participants experienced grade three side effects. 
Based on this experience, a new clinical trial testing an alternative scheduling of 
erlotinib has been launched (NCT02961374). In this phase II trial, a dose of erlo-
tinib of 350 mg once weekly will be administered to a total of 70 FAP patients. This 
study will examine the effects of erlotinib alone in reducing the polyp burden both 
in the small and the large intestine.

4  Chemoprevention in Lynch Syndrome

Chemoprevention in Lynch syndrome is a more complicated model to develop as 
endoscopic end points such as adenoma burden are more difficult to assess and the 
follow-up time required for an adequate clinical trial is longer than would be ideal. 
There is also a barrier in finding participants willing to participate in a trial with a 
placebo arm, which is important for separating results from possible psychosomatic 
influence [63, 64]. The CAPP3 study, which is currently ongoing, contains no pla-
cebo arm and has allowed the investigators to quickly obtain over 1000 participants, 
with the end goal being 3000. Since this trial is looking specifically at dosing of 
aspirin, withholding a placebo arm is logical, especially given the CAPP2 trial has 
included a placebo arm and the results have been communicated. However, other 
studies which require a placebo arm are beginning to offer other effective agents in 
place of a placebo in order to recruit more patients, who may be disinclined to par-
ticipate otherwise. This has proved to be a particular problem in Lynch syndrome 
prevention trials, as well as in some prevention trials in general.
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Aspirin Studies Aspirin has thus far been the primary NSAID for chemoprevention 
in Lynch syndrome patients, including a large clinical trial (CAPP2) that was con-
ducted by Dr. John Burn in Europe (Table  22.3) [65–68]. A total of 861 Lynch 
syndrome patients were given 600 mg of aspirin or aspirin placebo or 30 mg resis-
tant starch or starch placebo per day for up to 4 years. The end point of the study was 
development of CRC. At a mean follow-up time of 55.7 months, 18 of 427 partici-
pants on the aspirin arm and 30 of 434 in the aspirin placebo arm had developed 
CRC. They found 600 mg of aspirin given over an average of 25 months was effec-
tive in reducing CRC occurrence in LS patients. A total of 27 of 463 participants 
being given resistant starch and 26 of 455 participants on the starch placebo devel-
oped CRC, yielding no significant effect of resistant starch on cancer development 
in LS patients. A non-inferiority clinical trial (CAPP-3) is now being conducted by 
the same group to study the long-term effect of aspirin at different doses, including 
100, 300, or 600 mg per day in 3000 Lynch syndrome patients [48].

In the CAPP2 study, the team also evaluated the effect of aspirin on obesity in LS 
patients and how it related to risk reduction [69]. They demonstrated that LS partici-
pants who were obese had an increased risk of CRC. Each increase of 1 kg/m2 in 
BMI resulted in a 7% increase of CRC risk, double what has been seen in the gen-
eral population. Aspirin use was actually seen to abrogate the excess cancer risk in 
these patients. Overall, this study demonstrated the further benefits of aspirin che-
moprevention but also highlighted the potential benefit for lifestyle interventions in 
overweight and/or obese patients with LS.

Further Studies A phase I–II multidose safety and efficacy of celecoxib in LS 
patients was concluded in 2002; however the clinical results related to polyp burden 
or cancer reduction have not been made available (NCT00001693). The participants 
were given either 200  mg or 400  mg of celecoxib or a placebo for 12  months. 
However, a paper by Glebov et  al. did report that the trial saw changes in gene 
expression in healthy colonic samples, suggesting celecoxib may inhibit inflamma-
tion [70]. The authors identified 175 genes that showed significant alteration 
between pre- and posttreatment biopsies from 25 patients, with many of these genes 
related to immune response. However, more research is needed to determine the 
clinical relevancy of these results.

A new wave of early phase clinical trials are being conducted with other NSAIDs 
that show an improved cardiovascular safety profile, such as naproxen [71]. 
Currently, there is a multicenter phase 1b biomarker trial of naproxen in patients 
who are at risk for MMR-deficient CRC (NCT02052908). This study includes both 
mutation-positive and mutation-negative LS patients (n = 80) that are randomized to 
either 440 mg, 220 mg naproxen, or placebo for a total of 6 months. All participants 
undergo colonoscopy before and after the intervention as well as collection of 
blood, plasma, tissue, and urine for subsequent biomarker studies with mRNA-seq, 
miRNA-seq and determination of levels PGE2 in tissue, naproxen in blood and 
plasma, and PGM in urine. The primary end point of this trial is safety and modula-
tion of PGE2 levels in tissue. This study has completed accrual, and its results are 
expected for early 2018.
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5  Limitations

There are several obstacles which need to be overcome when it comes to chemopre-
vention in hereditary CRC syndromes. First, this method of prevention is only a 
viable option for patients with an identified germline mutation in either APC or one 
of the Lynch syndrome-associated genes (MLH1, MSH2, MSH6, PMS2, EPCAM). 
For patients with a variant of uncertain significance (VUS), Lynch-like patients 
[72], and familial cancer type X patients, the value of chemoprevention is not known 
[73]. This approach is also limited by individuals who refuse genetic testing as well 
as those who the medical professional fails to identify as being at risk for these 
conditions. In short, chemoprevention is limited to those who are identified as being 
at risk for FAP or LS, are offered genetic testing, accept genetic testing, and receive 
a mutation-positive test result in one of the relevant genes.

Secondly, willingness of health-care professionals to recommend chemopreven-
tion, especially in the case of Lynch syndrome, can be an obstacle. While sulindac 
and celecoxib are well established in prevention of adenomas and CRC in FAP 
patients, the use of aspirin in LS patients is still being evaluated. There are no con-
crete guidelines for optimal dosage and duration of aspirin in LS, which lends to 
hesitancy among professionals to recommend it. Chen et al. published a study in 

Table 22.3 Summary of clinical trials conducted in LS

References Syndrome Drug
Type of 
study Trial number Outcome

NCI (1998) LS Celecoxib Clinical 
trial

NCT00001693 Results not available

Glebov 
(2006)

LS Celecoxib Clinical 
trial

NCT27002448 Not reported

Rijcken 
(2007)

LS Sulindac Clinical 
trial

N/A Benefit not seen 
adverse effect of 
increased cell 
proliferation observed

Burn 
(2008)

LS Aspirin Clinical 
trial

ISRCTN59521990 No adenoma or 
carcinoma reduction 
seen

Burn 
(2011)

LS Aspirin Clinical 
trial

ISRCTN59521991 Reduced polyp burden

Burn 
(2016)

LS Aspirin Clinical 
trial

(trial ID- EudraCT) 
#2014–000411-14

Ongoing

CAPP3 
(2017)

LS Aspirin Clinical 
trial

NCT02497820 (Israel) Ongoing

Vilar 
(2017)

LS Naproxen Clinical 
trial

NCT 02052908 Ongoing

N/A not available
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2017 evaluating willingness of medical teams to recommend aspirin for risk reduc-
tion among their LS patients [74]. A cohort of 181 professionals responded to their 
query, including 59 genetics specialists, 49 gastroenterologists, and 73 colorectal 
surgeons. Seventy-six percent of clinicians believe aspirin was an effective method 
of risk reduction in this population, and 72% felt comfortable discussing it with 
their patients. Eighty percent of genetics specialists had discussed aspirin with their 
patients, compared to 69% of gastroenterologists and 68% of colorectal surgeons. 
Health-care professionals who were confident in their knowledge of aspirin as a 
chemopreventive as well as those who saw ten or more LS patients per year were 
both more likely to recommend this method of risk reduction to their patients. 
Seventy-eight percent reported they had explicitly recommended aspirin to their 
patients. Eighty-seven percent believed more patient literature was needed for edu-
cation about aspirin use. Since geographic location has not been assessed, it is pos-
sible that some of these percentages could be drastically reduced in more rural areas 
where LS is not as well known. More research in this area is warranted for further 
understanding barriers which either exist or are perceived to exist.

Third, the interest by pharmaceutical companies in developing agents for the 
field of prevention has been minimal during the last two decades. In fact, the notable 
failure of celecoxib in FAP has steered many companies away from this field. Also 
the need for long-term follow-up to observe incidence of cancer as well as the dif-
ficulty to mobilize enough number of patients is perceived as a barrier to entry in the 
field by many companies.

6  Conclusion

The ultimate goal of chemoprevention in groups at high risk for GI cancers is to 
reduce polyp burden, prolong the need for prophylactic colectomy, prevent cancer 
development, and potentially decrease the frequency of screening procedures. An 
ideal and effective chemopreventive agent will accomplish all of the above and also 
be effective in both the upper and lower GI tract. There has been considerable prog-
ress in identifying potential drugs to accomplish this including novel immunother-
apy approaches such as checkpoint inhibitors and vaccines [75, 76], but we still 
have more work to do in order to each of those goals with a single agent. Significant 
thought must be interjected into future clinical trial designs in order to achieve suc-
cess, and they should be guided by successful preclinical models. The limitations 
which have been discovered in previous studies should be taken into consideration 
when moving forward. If we are critical of our ideas and expectations, thoughtful in 
our trial design, and impeccable in our execution, then we will find an efficacious 
method for preventing hereditary colorectal cancers.
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Chapter 23
The Immune Biology of Microsatellite 
Unstable Cancer

Matthias Kloor and Magnus von Knebel Doeberitz

Abstract Lynch syndrome-associated cancers arise through DNA mismatch repair 
(MMR) deficiency. MMR deficiency boosts the accumulation of insertion/deletion 
mutations at repetitive microsatellite sequences throughout the cancer cell genome 
(microsatellite instability, MSI). As microsatellite sequences are common in gene- 
encoding regions, MMR deficiency can cause gene inactivation through frameshift 
mutations. These frameshift mutations can trigger the generation of mutant proteins 
carrying novel amino acid sequences resulting from a shift of the translational read-
ing frame (frameshift neoantigens). MSI cancers express a defined set of neoanti-
gens, which are the direct result of functionally relevant driver mutations. The fact 
that these mutation events not only always affect the same genes but also exactly the 
same microsatellite loci within these genes leads to the unique situation that most 
MSI cancers share a precisely defined set of mutational neoantigens. MSI cancer 
patients frequently develop immune responses against these neoantigens. 
Surprisingly, such immune responses were also observed in tumor-free Lynch syn-
drome carriers, indicating that Lynch syndrome is characterized by lifelong interac-
tion between the immune system and precancerous cells. We discuss the current 
knowledge about driver mutation-derived neoantigens, immune evasion mecha-
nisms of MSI cancers, and potential clinical approaches to improve the host’s 
immune response against frameshift neoantigens.
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1  Overview

Lynch syndrome-associated cancers arise through deficiency of the DNA mismatch 
repair (MMR) system. MMR deficiency boosts the accumulation of insertion/dele-
tion mutations at repetitive sequence stretches throughout the cancer cell genome, a 
phenotype termed microsatellite instability (MSI). As such repetitive microsatellite 
sequences are also common in gene-encoding regions, MMR deficiency can directly 
lead to gene inactivation through frameshift mutations. In addition, frameshift 
mutations at coding microsatellites can trigger the generation of mutant proteins 
that carry novel amino acid sequences resulting from a shift of the translational 
reading frame (frameshift neoantigens). MSI cancers typically express a defined set 
of neoantigens, which are the direct result of functionally relevant driver mutations. 
The fact that these driver mutation events not only always affect the same genes but 
also exactly the same microsatellite loci in these genes leads to the unique situation 
that the majority of MSI cancers share a precisely defined set of mutational neoan-
tigens. MSI cancer patients frequently develop specific immune responses against 
these neoantigens. Surprisingly, such immune responses were also observed in 
tumor-free Lynch syndrome mutation carriers, indicating that Lynch syndrome is 
characterized by a lifelong interaction between the immune system and potential 
precancerous cell clones. In the following, we outline the current knowledge about 
driver mutation-derived neoantigens and their role in the natural course of Lynch 
syndrome. We will discuss immune evasion mechanisms of MSI cancers and poten-
tial clinical approaches to improve patients’ prognosis by modulating the host’s 
anti-FSP immune responses.

2  Genomic Instability in Lynch Syndrome Cancers

Cancer outgrowth requires enormous phenotypic flexibility, which allows survival 
in changing conditions through selection of the fittest cancer cell clone [1]. The 
plasticity of cancer, which manifests in the classical survival-enhancing cancer hall-
marks [2], is enabled by instability of the cancer cells’ genome, which is a unifying 
feature of malignant tumors. The most common forms of genomic instability in 
cancer are chromosomal instability (CIN) [3, 4], genome-wide epigenetic altera-
tions (CpG island methylator phenotype, CIMP) [5, 6], and DNA MMR deficiency, 
the latter being typical of Lynch syndrome-associated cancers.

Genomic instability provides cancer cells with high adaptability during the pro-
cess of Darwinian evolution from an initiated cell clone toward large clinically 
apparent tumors. In addition, genomic instability leads to structural changes in pro-
teins that can lead to the recognition of cancer cells by the immune system. Although 
structural changes due to genomic alterations are common in all types of malignant 
cancers, the “visibility” for the immune system is particularly high in MMR- 
deficient cancers that develop in the context of Lynch syndrome.
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The reason for the pronounced immunogenicity of MMR-deficient cancers is 
rooted in the molecular mechanism that drives their development. In contrast to 
other types of genomic instability, mutations accumulating in MMR-deficient can-
cer cells are mostly insertion/deletion mutations. The phenotype of genomic altera-
tions observed in MMR-deficient cancers is in fact dominated by insertion/deletion 
mutations at microsatellite sequences and therefore termed microsatellite instability 
(MSI) or high-level microsatellite instability (MSI-H).

If these insertion/deletion mutations affect microsatellite sequences in gene- 
encoding genome regions (coding microsatellites, cMS), they can, unlike missense 
mutations typically found in oncogenes such as KRAS or BRAF, lead to shifts of the 
translational reading frame and to mutational neoantigens that result from these 
frameshifts (frameshift peptides, FSPs). These FSPs in part encompass very long 
stretches of entirely novel amino acid sequences, which only occur in MMR- 
deficient cells harboring the respective frameshift mutation. In this regard, MMR- 
deficient cancers resemble virally infected cells, as they express a variety of antigens 
that are entirely foreign to the host’s immune system. The link between the mecha-
nisms of genomic instability enabling the outgrowth of Lynch syndrome-associated 
cancers and the recognition of these cancers by the host’s immune system will be 
discussed in the following. As among Lynch syndrome-associated cancers, the larg-
est body of information is available on colorectal cancer (CRC), which is also the 
most common and a clinically very relevant manifestation, we will start with this 
tumor type and its special clinical presentation in frame of Lynch syndrome.

3  Clinical Presentation of Lynch Syndrome Cancers

Lynch syndrome-associated CRCs display the MSI phenotype, which makes them 
strikingly different from sporadic, non-MSI CRCs. Histologically, typical features 
of Lynch syndrome-associated CRCs are poor differentiation, often with a mixed 
appearance containing areas of mucinous or solid growth, and a high number of 
tumor-infiltrating lymphocytes, which is in line with the favorable prognostic of 
these cancers [7–10]. In contrast to sporadic CRCs that predominantly develop in 
the distal colon, Lynch syndrome cancers more frequently grow out in the proximal 
colon, and they can be accompanied by syn- or metachronous occurrence of addi-
tional tumors. Although Lynch syndrome CRCs can grow to large local tumor 
masses, they rarely develop hematogenous metastases to distant organs [9, 11, 12], 
which is in line with the concept that the host’s immune response may control tumor 
cell spread and dissemination.

All these clinical observations and histopathology characteristics reflect the fact 
that the interaction between tumor cells and immune cells is of high relevance for 
the course of the disease in Lynch syndrome mutation carriers. In fact, rigorous 
immune surveillance is also a possible reason for the limited penetrance of Lynch 
syndrome; as despite a very high likelihood of continuously developing multiple 
MMR-deficient cell clones during life [13], only 50–70% of Lynch syndrome 
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 mutation carriers will develop clinically manifest cancers [14]. We will discuss the 
basic molecular mechanisms behind the immunogenicity of MMR-deficient cells 
and its potential consequences on immune surveillance in more detail in the 
following.

4  Coding Microsatellite Instability as a Driver of MSI 
Tumor Development

The clinical presentation of MSI cancers and their immunological characteristics 
are all directly or indirectly traceable back to the initial enabling mechanism of 
genomic instability – DNA MMR deficiency. This is why most of the immunologi-
cal features typical of Lynch syndrome-associated colorectal cancers are also 
encountered in MSI colorectal cancers of sporadic origin [8], notably including a 
high sensitivity toward immune checkpoint blockade [15]. This clearly indicates 
that the recognition of cancer cells and their antigens by the immune system in 
Lynch syndrome is not primarily related to the hereditary nature of the disease, but 
rather a direct consequence of the specific neoantigen-inducing somatic mutations 
occurring in cancers with a deficient MMR system.

In order to understand the special immunology of MSI cancers, it is important to 
take a closer look at the steps taking place between tumor initiation and the mani-
festation of full-blown cancer. MMR-deficient cells have an exceptionally high rate 
of somatic mutations, which not only but predominantly accumulate as insertion/
deletion mutations at repetitive sequence stretches [16, 17]. The majority of these 
repetitive microsatellites including the ones commonly used for diagnostic purposes 
are located in noncoding regions; mutations affecting such noncoding microsatel-
lites are commonly regarded, with some exceptions [18], as functionally irrelevant 
[19]. In stark contrast, single-nucleotide deletions or insertions at microsatellites in 
gene-encoding regions have immediate functional consequences, as they can induce 
a shift of the translational reading frame and therefore inactivation of the respective 
gene.

It is mutations of such coding microsatellites (cMS) that apparently are key fac-
tors for promoting MMR-deficient cancer outgrowth [12, 20–22]. In fact, the num-
ber of microsatellites in gene-encoding regions is high within the human genome; 
there are more than 10,000 mononucleotide repeats of a length of 6 or more repeat 
units located in genomic regions annotated as gene encoding [23]. However, most 
of these cMS are never or only very rarely found mutant in MSI cancers. This indi-
cates that slippage events occurring at cMS sequences are significantly less frequent 
than slippage events leading to insertion/deletion mutations at long, noncoding mic-
rosatellites that are used for diagnostic purposes [24, 25]. This observation reflects 
the fact that the rate of spontaneous slippage and consecutive mutation is closely 
related to the length of a microsatellite, with a steep increase from a mutation rate 
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of close to zero in short microsatellites (4–6 repeat units) to mutation rates of more 
than 90% in microsatellites with a length of 20 repeat units or longer [21, 26].

From another perspective, if a cMS is recurrently found to be mutant in MSI 
cancers, it suggests selection and functional relevance (Fig. 23.1). And in fact, MSI 
cancers do show recurrent cMS mutation patterns that enabled a novel systematic 
approach, which was entirely based on tracking mutation frequencies of cMS, to 
identify tumor suppressor genes in the pre-genomic era [20, 22, 23]. These analyses 
have in the meantime been validated and complemented by whole-genome sequenc-
ing and exome sequencing data that also add valuable information about the fre-
quency of MSI and non-MSI mutations in MMR-deficient cancers [17, 27, 28].

The distribution of cMS mutations in the human genome thus influences the 
spectrum of genes that are inactivated preferentially in MMR-deficient cells. This 
may explain why MMR-deficient cancers have a characteristic organ distribution: 
whereas colorectal cancer, one of the most frequent cancers in humans, shows 

MSI cancer progression

tumor initiation
(MMR deficiency)

accumulation of growth-promoting cMS mutations

shared 
FSP 

neoantigens

Fig. 23.1 The development of MSI cancers in Lynch syndrome follows a process of Darwinian 
evolution. During this process, random mutation events at coding microsatellite (cMS) sequences 
accumulate as a consequence of DNA mismatch repair (MMR) deficiency (left). Though the 
majority of MMR-deficient cell clones will not progress into a detectable lesion, a very small sub-
set will by chance acquire mutations in cMS that favor proliferation and survival, predominantly 
mediated by mutations affecting cMS located in tumor suppressor genes such as TGFBR2 or genes 
relevant for antigen presentation such as B2M. These clones will progress into manifest MSI can-
cers. As the pattern of cMS mutations found in manifest MSI cancers is shaped by functional rel-
evance and selection, clinically manifest MSI cancers in Lynch syndrome share a set of recurrent 
cMS mutations that in part occur at frequencies of up to 90% of cancers. From the immunology 
point of view, this means that MSI cancers share a defined set of frameshift peptide (FSP) neoan-
tigens that directly result from functionally relevant cMS mutations
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MMR deficiency in approximately 15% of tumors, MMR deficiency is extremely 
rare in other common tumor types such as breast cancer and lung cancer [28, 29]. 
This may reflect the fact that the patterns of cMS target genes that are inactivated by 
MMR deficiency provide the outgrowing cancer cells a selective growth advantage 
only under certain conditions and in certain organs. The close relation between tar-
get gene mutation patterns and clinical manifestations becomes further apparent 
through the significant differences between different manifestations of MMR- 
deficient cancers, for example, colorectal and endometrial cancers [27].

One of the first described target genes containing a cMS (an A10 mononucleo-
tide repeat) frequently affected by mutation in MMR-deficient cancers is the trans-
forming growth factor beta receptor II (TGFBR2) gene [30]. Underlining the 
concept of distinct cMS mutation spectra in different types of MMR-deficient can-
cers, TGFBR2 mutations are very common in MMR-deficient colorectal cancers 
(more than 80% carry TGFBR2 mutations) but rarely observed in MSI endometrial 
cancer.

With regard to tumor immunology and potential vaccination approaches to pre-
vent cancers in Lynch syndrome, we face the unique situation that a defined set of 
target genes is found mutant in the majority of cancers and that the observed muta-
tions uniformly affect the same location within these genes. Therefore, all MSI 
cancers in Lynch syndrome share at least some identical mutation-induced neoanti-
gens that may serve as vaccine agents for a tumor-preventive application. An over-
view of cMS-containing genes that are of potential relevance as a source of 
vaccination targets in MSI cancers has been provided in [31].

5  Frameshift Peptide (FSP) Neoantigens in Lynch Syndrome 
Cancers

As discussed above, mutations of coding microsatellites (cMS) are a major driver of 
cancer development in Lynch syndrome. Due to their susceptibility toward poly-
merase slippage, they are frequently hit by insertions and deletions, if those slippage 
events are not recognized and properly corrected by a functional MMR system.

CMS mutations are not only capable of promoting tumorigenesis by abrogating 
the function of critical tumor suppressor proteins, but they can also lead to the for-
mation of neoantigens that directly result from shifts of the translational reading 
frame (frameshift peptides, FSPs) (Fig. 23.2).

FSP neoantigens are similar to viral antigens in the sense that they are com-
pletely novel to the host’s immune system, as they only occur in MMR-deficient cell 
clones with a potential to develop into manifest cancers. Frameshift mutations have 
early been identified as a mechanism to generate powerful tumor-specific neoanti-
gens [32], and their outstanding significance for the recognition of tumor cells by 
the immune system has been convincingly confirmed by recent studies [33–35]. 
Whereas point mutation-induced neoantigens only differ from the wild-type protein 
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by the exchange of single amino acids, FSP neoantigens are often long amino acid 
stretches at the C-terminus of the mutant protein, and they can contain many immu-
nologically relevant neoepitopes that can be presented by many types of HLA class 
I and HLA class II molecules [31]. Hence, the high immunogenicity of MSI cancers 
in Lynch syndrome is not only caused by a defined set of shared neoantigens, but 
these neoantigens are also entirely different from any human protein sequences and 
in their sum encompass neopeptide stretches sufficiently long to contain at least a 
few epitopes that may potentially be presented on the specific HLA class I and II 
molecules of every patient [31]. Particularly the existence of shared antigens occur-
ring at a high frequency is different from any other types of human cancers [36], and 
the high risk of developing cancer in Lynch syndrome provides a scenario suitable 
for evaluating the efficacy of neoantigen-based cancer-preventive vaccines, as 
effects of a vaccine on the tumor incidence in the vaccinated population in compari-
son with the control population can potentially be observed in comparatively short 
follow-up intervals and with realistic study group sizes.

Fig. 23.2 Coding microsatellite mutations lead to the generation of frameshift peptide (FSP) neo-
antigens. (a) Schematic illustration: slippage events during DNA replication lead to insertions or 
(more frequently) deletions of single nucleotides at repetitive microsatellite sequences. Translation 
of cMS-mutant sequences results in the generation of FSP neoantigens (lower panel, red). Although 
the mutation only affects one single nucleotide, the entire carboxy-terminal amino acid sequence 
is changed because of the shift of the reading frame. (b) Example of a single-nucleotide deletion 
affecting the A10 coding microsatellite located in the TGFBR2 gene. A change of the microsatel-
lite length from A10–A9 results in a mutational FSP neoantigen that encompasses 34 novel amino 
acids that can be recognized as foreign by the immune system
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6  Immune Responses Against Predicted FSP Neoantigens 
in Lynch Syndrome Patients

In 2001, immune responses against FSP neoantigens caused by cMS mutations 
affecting the TGFBR2 gene have first been described in the scientific literature [37, 
38]. Importantly, these studies also demonstrated the capacity of FSP-specific T 
cells to specifically lyse MSI tumor cells expressing the respective TGFBR2-derived 
FSP neoantigen [37]. In the following years, immune responses against numerous 
other FSP neoantigens have been detected [37, 39–42], and it was shown that spon-
taneous FSP-specific T-cell responses are common in MSI CRC patients and even 
in tumor-free Lynch syndrome mutation carriers [43]. Such FSP-specific T cells 
were present in the peripheral blood, but also among tumor-infiltrating lympho-
cytes, which exhibited cytotoxic activity on MSI cancer cells [43]. We can therefore 
assume that a significant proportion of lymphocytes infiltrating MSI cancers is spe-
cific for FSP neoantigens, which could also be the reason for the observation that 
MSI CRCs with a very high number of FSP-inducing cMS mutations are particu-
larly densely infiltrated with lymphocytes [44].

One of the surprising findings of the studies addressing immune response pat-
terns in Lynch syndrome was the observation that Lynch syndrome mutation carri-
ers who had never developed a clinically apparent lesion already presented with 
FSP-specific T-cell responses [43]. Such responses were not observed in patients 
diagnosed with microsatellite stable (MSS) CRC or in healthy individuals who were 
not carriers of Lynch syndrome-causing mutations, underlining the specificity of the 
observation. What, however, is the reason for this finding? How can the immune 
system “know” neoantigens that evidently only develop in cells that have lost the 
functionality of the MMR system, as it is the case in MSI cancer cells? The most 
likely answer came from a histopathology study published in 2012 [13]: The nor-
mal-appearing gut mucosa of a 40-year-old Lynch syndrome mutation carrier is 
estimated to contain thousands of MMR-deficient crypt foci that have lost a func-
tional MMR system as a consequence of somatic second hits. Part of these MMR-
deficient crypt foci already express MMR deficiency-induced FSP neoantigens 
[45], which show that the immune system interacts with non-cancerous and precan-
cerous MMR-deficient cells long before manifest cancers grow out. It is thus con-
ceivable that FSP neoantigen- specific immune surveillance may contribute to the 
elimination of such early MMR-deficient lesions before they become clinically 
apparent. Although there is no experimental evidence proving this hypothesis, 
immune surveillance in Lynch syndrome may very well be a unique example for the 
existence of the “elimination” and “equilibrium” phases in human cancer develop-
ment according to the immuno-editing model [46, 47]. Successful immune surveil-
lance and elimination of precancers by the immune system may also explain why 
Lynch syndrome has a limited penetrance [48].
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7  Immune Evasion in MSI Cancer

If immune surveillance in fact controls the outgrowth of MMR-deficient cell clones 
by T-cell-mediated elimination, the question emerges which mechanisms enable 
clinically manifest Lynch syndrome-associated cancers to appear. Conceptually, 
two possible explanations exist: First, the immune system may – transiently or per-
sistently – lose the capacity of controlling tumor outgrowth, and second, outgrow-
ing tumor cell clones can evade a still functional immune surveillance by losing the 
capacity of presenting neoantigens on their surface (Fig. 23.3).

In fact, the latter variant, i.e., inactivation of HLA antigens, is the most common 
mechanism that enables MSI cancer cells to grow out in an environment of pro-
nounced neoantigen-specific immune responses [49]. HLA inactivation is fre-
quently observed in a variety of tumor types and particularly common among 
tumors that are characterized by a high antigen load and pronounced responses of 
the adaptive immune system [50, 51]. It is known that different cancers use different 
mechanisms to impair their capacity of presenting antigens, which could lead to 
their own rejection and elimination, to the immune system [51, 52].

In Lynch syndrome-associated CRCs, the most common molecular alterations 
associated with a loss of HLA class I antigen presentation are mutations of the Beta- 
2- microglobulin (B2M) gene (Fig. 23.3b) [53]. These mutations lead to the inactiva-
tion of the HLA class I antigen light chain B2M, so that no functional HLA class I 
antigen complexes are presented any more on the cell surface. Consequently, HLA 
class I epitopes derived from FSP neoantigens cannot be presented anymore, and 
CD8-positive T cells that might lead to cytolytic tumor cell destruction cannot rec-
ognize B2M-mutant MSI CRC cells.

What are the reasons for the observation that immune evasion of MSI CRCs is 
typically mediated by B2M mutations? First, B2M mutations are an “efficient” way 
of eliminating HLA class I antigen expression from the tumor cell perspective: Only 
two mutations (one on each B2M allele) are required to shut down the cell surface 
expression of all six possible HLA class I antigens (encoded by HLA-A, HLA-B, and 
HLA-C, two per each of the three gene loci). Second, the B2M gene sequence 
encompasses four cMS (one (CA)4 dinucleotide repeat in exon 1, two A5, and one 
C5 mononucleotide in exon 2), which – naturally – are preferred mutational targets 
in MMR-deficient cells such as Lynch syndrome cancer cells [53]. Hence, the basic 
mechanism of MMR deficiency-induced microsatellite instability not only leads to 
the generation of multiple FSP neoantigens enhancing the immunogenicity of 
Lynch syndrome cancers, but it also enables their outgrowth by facilitating immune 
evasion through B2M mutation-mediated loss of HLA class I antigen expression.

Interestingly, Lynch syndrome-associated MSI CRCs have a higher frequency of 
B2M mutations when compared to MSI CRCs with a sporadic background [54]. 
This observation may point to an increased immune selection pressure during the 
development of Lynch syndrome cancers, potentially because the immune system 
of Lynch syndrome mutation carriers has been pre-sensitized to FSP neoantigens 
through the recurrent generation of MMR-deficient cell clones during life (Fig. 23.4) 
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[13, 45]. Although no data are available currently to support this hypothesis, evi-
dence is strong that B2M mutations in fact reflect immune evasion, as it preferen-
tially occurs in cancers that develop in an active local immune environment [55].

The consequences of B2M mutations on the clinical appearance of MSI cancers 
are wide-ranging. Among locally restricted MSI CRCs, B2M mutations are associ-
ated with a higher stage, i.e., infiltration depth of the tumor and local lymph node 
metastases [53]. In contrast, B2M-mutant cancers are only very rarely associated 

Fig. 23.3 Mechanisms of immune evasion in MSI colorectal cancer. MSI cancers show several 
alterations that lead to a breakdown of functional recognition and attack by the host’s T cells (a). 
(b) Beta2-microglobulin (B2M) mutations are the most common alteration (approximately 30% of 
MSI colorectal cancers) leading to immune evasion through a complete breakdown of HLA class 
I-mediated presentation of tumor antigens in MSI cancer. Mutation-induced loss of B2M, the 
essential light chain of HLA class I antigens, induces a complete lack of assembled HLA class I 
antigens on the tumor cell surface. As a consequence, CD8-positive T cells cannot attack B2M- 
mutant MSI cancer cells. (c) Mutations have also been described in genes encoding essential com-
ponents of the cellular antigen-processing and presentation machinery, most prominently mutations 
leading to a loss of the transporters of antigen presentation (TAP1 and TAP2), which are encoun-
tered in approximately 10% of MSI colorectal cancers. (d) Mutations of the genes CIITA and 
RFX5, which are required for functional HLA class II antigen expression on the tumor cell surface, 
are found in up to 20% of MSI colorectal cancers and associated with a complete loss of HLA class 
II antigens on the tumor cell surface. (e) Additional direct and indirect mechanisms do not structur-
ally interfere with the tumor cells’ capacity to present FSP neoantigens, but influence the T-cell 
activation status. Most importantly, expression of PD-L1, which is induced upon prolonged 
immune activation, e.g., through IFN-gamma secretion, on tumor-associated macrophages can 
induce exhaustion of PD-1-positive T cells infiltrating MSI cancers
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with distant metastases disease relapses in the further course of the disease [53, 56, 
57]. B2M gene mutations and lack of B2M expression are in fact the strongest favor-
able prognostic marker in MSI CRC. Though the mechanisms underlying the favor-
able prognosis of B2M-mutant cancers are still not fully resolved, the existing data 
indicate that they are curable by surgery in almost all cases. This is important to 
note, as immune evasion through B2M mutations does therefore not jeopardize the 
efficacy of tumor-preventive vaccines in Lynch syndrome: If the immune selection 
pressure imposed on emerging MSI cancer cell clones can be increased by vaccina-
tion with FSP neoantigens or by other immunomodulatory approaches, not only a 
lower cancer incidence would be expected but also a better prognosis and better 
treatment options in cancers might still develop.

MMR-deficient crypt focus

FSP neoantigens

MMR-deficient 
epithelial cells

T cells

humoral & cellular immune responses
(auto-immunization?)

a. b.

c.

age (years)

pr
ev

al
en

ce
 o

f M
M

R-
D

CF
(p

er
 1

 c
m

2 m
uc

os
a)

10 20 30 40 50 60 70

0.5

1.0

1.5

2.0

Fig. 23.4 MMR-deficient crypt foci may cause autoimmunization of Lynch syndrome mutation 
carriers. MMR-deficient crypt foci, which occur at a high frequency in phenotypically normal tis-
sue in Lynch syndrome mutation carriers, may be recognized by the host’s immune system (a). (b) 
Detailed view. MMR-deficient crypt foci harbor coding microsatellite mutations that can give rise 
to the generation of FSP neoantigens, even before a clinically manifest tumor develops. Humoral 
and cellular immune responses against FSP neoantigens have been detected in healthy, tumor-free 
Lynch syndrome mutation carriers [43]. (c) The prevalence of MMR-deficient crypt foci (inlay: 
immunohistochemical EPCAM staining of an MMR-deficient crypt focus in an EPCAM deletion 
carrier; loss of EPCAM/MSH2 is marked by a black arrow) increases with age (dashed line: 95% 
confidence interval, derived from Staffa et  al. [45]). This may be responsible for the increased 
incidence of colon cancer with higher age in Lynch syndrome. The precise consequences of MMR- 
deficient crypts for the induction of immune responses over time in Lynch syndrome are not yet 
known and require further research
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In addition to B2M mutations, MSI CRCs show MMR deficiency-induced muta-
tions of other genes required for functional antigen presentation via HLA class I and 
II antigens; these genes include the genes coding for the transporter of antigen pre-
sentation TAP1 and TAP2 [58] as well as the HLA class II regulatory genes CIITA 
and RFX5 [59, 60].

Although much less is known about immune evasion of Lynch syndrome- 
associated cancers outside the colon, it appears that – in analogy to cMS mutation 
patterns – there are substantial differences regarding genetic alterations leading to 
immune evasion. For example, MSI endometrial cancers only very rarely show B2M 
mutations but instead present with mutations of the JAK1 gene in about one- third of 
tumors. JAK1 mutations can lead to impaired interferon-gamma-mediated upregula-
tion of antigen presentation components and therefore likely to immune evasion 
[61]. The reasons for these differences are not known, although one can speculate 
about a potential influence of different neoantigen patterns resulting from distinct 
cMS mutation profiles as well as about differences of the local immune milieu.

8  Immune Checkpoint Blockade in MSI Cancers

As already mentioned above, not only loss of functional HLA-mediated antigen 
presentation can favor cancer outgrowth in Lynch syndrome, but alterations of the 
local immune environment also seem to play an important role in a subset of 
cancers.

Generally, the pronounced effector T-cell infiltration typically observed in MSI 
CRCs is accompanied and balanced by high expression levels of immune check-
point molecules [62]. The exceptionally high neoantigen load typical of MSI can-
cers [63, 64] apparently can induce PD-1 (programmed cell death protein 1) receptor 
expression on tumor-infiltrating T cells upon prolonged stimulation [65]. If such 
PD-1-positive T cells interact with the ligand PD-L1 (programmed death-ligand 1), 
which is often expressed by myeloid cells surrounding MSI CRCs, they may become 
exhausted and, at least transiently, lose their killing capacity [62]. T-cell exhaustion 
may therefore allow MSI tumor cells to grow out even if they still have functional 
HLA-mediated antigen presentation capacity.

In such a scenario, it is apparent that reactivation of exhausted T cells may lead 
to tumor regression and potentially even elimination. In fact, novel immune check-
point modulators [65] that directly target the exhaustion-related molecules PD-1/
PD-L1 have proven to be very effective specifically in tumors displaying the MSI 
phenotype [15] with an objective response rate of approximately 40%. Clinical 
responses upon treatment with the anti-PD-1 antibody were detectable in patients 
with MSI CRCs and extracolonic MSI cancers, including MSI cholangiocellular 
carcinoma, MSI endometrial cancer, and MSI gastrointestinal cancer [15].

The high response rate of MSI cancer patients toward anti-PD-1 antibody treat-
ment underlines the fact that MSI cancer patients in most cases have pre-existing 
CD8-positive T-cell responses that can be reactivated by checkpoint blockade [66].
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9  Vaccination with FSP Antigens

Immunomodulation through checkpoint blockade has quickly become a very impor-
tant new treatment column in patients with advanced-stage MSI cancers. It also has 
increased the need for MSI typing to be performed in patients with metastasized 
cancers because of the potential availability of a highly effective treatment option in 
case a positive MSI typing result is found.

However, in tumor-free Lynch syndrome individuals, the immune checkpoint 
blockade approaches that are currently available in the clinics are not appropriate 
due to their side effect profiles [15]. Therefore, alternative approaches need to be 
considered that – in addition to secondary prevention approaches including regular 
colonoscopy – may help to reduce the tumor incidence in Lynch syndrome mutation 
carriers. One milestone in this direction has been achieved with the publication of 
the results of the randomized controlled CAPP2 trial that evaluated aspirin as a 
chemopreventive agent in Lynch syndrome [67]. The study showed that daily intake 
of 600 mg aspirin for approximately 2 years leads to a significant reduction of the 
cancer incidence in Lynch syndrome mutation carriers. Although the mechanisms 
underlying the cancer-preventive effect of the multivalent drug aspirin are not fully 
resolved, there are indications that the mechanism of action may involve a shift 
from a non-specific inflammatory state toward a more active state of the adaptive 
immune system, which enhance the likelihood of T cells recognizing and poten-
tially eliminating immunogenic early cancer precursor cells [68].

In addition to using aspirin as a chemopreventive agent, more specific approaches 
are currently discussed. The fact that Lynch syndrome cancers share a broad reper-
toire of cMS mutations and resulting FSP neoantigens, as described above, opens up 
the possibility to design entirely novel preventive vaccines that are based on the 
combination of highly immunogenic FSP neoantigens. Neoantigens that can be 
used in preventive vaccines should occur in many Lynch syndrome cancers, prefer-
entially already during the early steps of tumor development and ideally before 
immune evasion phenomena can occur [20, 26, 43, 45].

Following this rationale, a vaccine with three FSP antigens that fulfill these 
requirements (those derived from the −1 mutant variants of the cMS-containing 
genes AIM2, HT001, and TAF1B; Micoryx, http://clinicaltrials.gov/show/
NCT01461148) has recently been successfully tested in an initial clinical phase I/
IIa trial [31]. The strong and specific induction of immune responses against the 
vaccine antigens observed in this trial nurtures the hope that preventive vaccines 
that specifically target immunogenic neoantigens derived from early driver muta-
tions may in the future help to prevent tumor formation in Lynch syndrome. Such a 
success would also serve as a proof of principle that it is possible to sensitize the 
immune system toward cancer cells before cancer development starts, which may 
open up the path toward a variety of potential cancer-preventive vaccines beyond 
the boundaries of Lynch syndrome in the future. The unique high-risk scenario of 
Lynch syndrome represents, in that sense, the perfect setting to evaluate the concept 
of anticancer vaccines. In addition to a potential application for cancer prevention, 
FSP neoantigen-based vaccines may also have beneficial effects in the treatment of 
MSI cancers, alone or in combination with immune checkpoint blockade.
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Chapter 24
Hereditary Colorectal Cancer: 
Immunotherapy Approaches

David J. Hermel and Stephen B. Gruber

Abstract Advances in our understanding of the tumor-immune microenvironment 
have provided new therapeutic approaches to treat cancer. While first-line medical 
treatment for colorectal cancer typically involves chemotherapy and biological 
agents, the clinical efficacy of immune checkpoint inhibitors in microsatellite 
instability- high colorectal cancer has prompted renewed interest in immunotherapy 
as a treatment strategy for this tumor type. For patients with hereditary colorectal 
cancer syndromes characterized by exceptionally high somatic mutational loads, 
immunotherapy has specifically shown exceptional promise. In this chapter, we 
explore the rationale for immunotherapy in the treatment of colorectal cancer 
and  focus on various immunotherapeutic strategies attempted thus far, including 
autologous, peptide, dendritic and viral vector-based vaccines, adoptive cell trans-
fer, chimeric antigen receptor T-cell therapy, and immune checkpoint inhibitors. 
In addition, we discuss novel combination approaches and innovative techniques 
under investigation to create a more immune-responsive tumor environment for 
microsatellite stable colorectal cancer.

Keywords Immunotherapy · Hereditary colorectal cancer · Cancer vaccines · 
Adoptive cell transfer · Immune checkpoint inhibitors

Compelled by anecdotal evidence of erysipelas predating tumor regression in a subset 
of patients, William Coley carried out the first clinical study of immunotherapy in 1891 
using a killed bacterial suspension as a therapy for patients with inoperable tumors [1]. 
Since Coley’s early foray into the field of cancer immunotherapy, a wealth of unique 
immunotherapeutic approaches have garnered initial enthusiasm from in  vitro and 
in vivo preclinical experiments, yet controlled clinical trials, on the whole, have failed to 
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achieve anticipated potential, except in very specific circumstances [2]. Nonetheless, 
with improved understanding of the complex regulatory mechanisms governing the 
tumor-immune interface [3] as well as the impressive clinical results achieved with 
immune checkpoint inhibitors in multiple tumor types [4], renewed interest in the field 
has spurred innovative strategies aimed at leveraging and augmenting a patient’s innate 
antitumor response in an effort to effectively treat colorectal cancer (CRC).

In direct contrast to melanoma, renal carcinoma, and even non-small cell lung 
cancer (NSCLC), early benefit of immunotherapy in CRC was not immediately 
realized [5]. However, accumulating data have revealed that subsets of CRC patients 
with hypermutated tumor phenotypes – specifically those arising on the basis of 
Lynch syndrome driven by mutations in the mismatch repair (MMR) system or 
those hypermutated CRCs attributable to mutations in the DNA polymerase genes 
POLE and POLD1 [6] – have an unprecedented clinical response to immune check-
point therapy. In this chapter, we will explore the rationale for immunotherapy in 
CRC, as well as the success and failures of various immunomodulatory strategies 
employed by investigators and clinicians to target malignant CRC cells.

1  Rationale for Immune Response

With a clear association to intestinal dysbiosis [7] and inflammatory bowel disease [8], 
CRC would seem to have an inherent biological predisposition to the effects of immu-
nologics. Moreover, a host of molecular inflammatory mediators, including TGF-β, 
have been implicated in the pathogenesis of CRC [9], with anti- inflammatory agents, 
such as nonsteroidal anti-inflammatory drugs, associated with a decreased incidence of 
CRC [10]. Furthermore, multiple studies have explicitly demonstrated that the extent 
and location of tumor-infiltrating lymphocytes (TILs) are prognostic and predictive of 
the metastatic potential of CRC. This suggests that the immune response to CRC has a 
fundamental role in the pathogenesis and clinical course of the disease.

Numerous studies have investigated the association between TILs and CRC pro-
gression and survival. In a study of 959 resected CRC specimens, designation of a 
strong immune cell infiltrate by histopathologic assessment in 377 samples corre-
lated with the absence of early metastatic processes, including vascular emboli, 
lymphatic invasion, and perineural inflammation [11]. Further characterization of 
this infiltrate with flow cytometry identified a predominance of early memory and 
effector memory CD8+ T cells. Moreover, the extent of CD45RO+ memory T cells 
using tissue microarray analysis of 415 specimens correlated with clinical outcomes 
and was an independent prognostic factor [12]. Subsequent genomic and in situ 
immunostaining of tumors from this patient cohort found that increased immune 
cell density (CD3, CD8, GZMB, and CD45RO) in both the center and invasive 
margin could better predict patient survival than the histopathological methods 
devised by the UICC-TNM classification.

Given the demonstrated prognostic utility of TILs in CRC, a follow-up analysis 
of 602 stage I and II CRC patients from 2 independent cohorts quantified the sur-
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vival benefit and tumor recurrence rate in 4 groups of patients stratified based on 
tumor CD45RO+ and CD8+ cells in the center and invasive margin. Patients with 
the highest density of immune cells had a 5-year survival rate of 86.2% and a 4.8% 
tumor recurrence rate, while those with the lowest density of immune cells had a 
27.5% 5-year survival rate and a 75% tumor recurrence rate [13]. This immune 
criterion was found to be an independent prognostic factor in multivariate analysis, 
which lead to the introduction of an “immunoscore” [14] that was subsequently 
validated as a prognostic marker in a worldwide consortium-based analysis of 1336 
stage I/II/III colon cancer patients [15]. The interplay of other immune cells in the 
tumor microenvironment, including M1 and M2 tumor-associated macrophages 
[16], tumor-infiltrating dendritic cells [17], and different T regulatory subsets [18], 
may aid in the future clinical refinement of this score.

Beyond the prognostic information conferred by TILs, the presence of a Crohn’s- 
like lymphoid reaction (CLR) is an important, independent marker of the host 
immune response and CRC outcomes. In a population-based study of 2369 incident 
cases of CRC, patients whose tumors demonstrated a prominent CLR experienced 
better CRC-specific survival and overall survival (OS) than those patients whose 
tumors lacked a CLR. This prognostic advantage was evident even after adjustment 
for the presence of traditional prognostic factors, microsatellite instability (MSI), 
and the presence of TILs [19].

Representative histopathologic images illustrate the recognizable microscopic 
features of the host immune response in CRCs. TILs are recognized by their small 
blue mononuclear cells, typically surrounded by a halo (Fig. 24.1). True TILs need 
to be directly observed infiltrating between tumor cells, not in the surrounding 
stroma. The advancing edge of CRCs is the best place to assess the presence of a 
prominent inflammatory reaction. Standard pathologic criteria consider a minimum 
of three lymphoid aggregates to be present at the leading edge of the tumor in order 
to be considered a prominent CLR.  Figure  24.2 illustrates the low-power histo-
pathologic appearance of CLR.

Fig. 24.1 Tumor- 
infiltrating lymphocytes 
(TILs) infiltrating between 
tumor cells are shown with 
arrows (Photomicrograph 
courtesy of Dr. Joel 
Greenson)
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2  Therapeutic Strategies for Immune Modulation in CRC

Given the well-delineated evidence for immune cell involvement in the tumorigen-
esis of CRC, multiple therapeutic strategies have been attempted to specifically aug-
ment the host adaptive immune response to hone in on malignant cells. Some of the 
earliest approaches in this regard include cancer vaccines and autologous adoptive 
cell transfer, with more recent approaches including immune checkpoint inhibitors 
and novel combination regimens.

2.1  Autologous Tumor Cell Vaccines

Some of the initial clinical trials of immunotherapy in CRC used autologous whole- 
tumor vaccines as a way to activate host defenses against a variety of non-specific 
antigens present in the tumor. Augmentation of the immune response to the tumor 
cells was sought to be achieved with an adjuvant immunostimulatory agent, such as 
bacillus Calmette-Guerin (BCG). The results of this approach largely failed, except 
possibly within subgroup analyses. A randomized phase III study of 412 stage II 
and III colon cancer patients found no difference in clinical outcomes between sur-
gical resection alone and surgical resection in combination with intradermal vaccine 
injections of an autologous tumor cell-BCG vaccine at a 7.6-year median follow-up 
period [20]. A similar study of this vaccine with a booster vaccination given at 
6  months demonstrated no significant difference in OS between vaccinated and 
unvaccinated patients [21]. However, vaccinated patients did have a 44% risk reduc-
tion for recurrence at 5.3-year median follow-up, and subgroup analysis of patients 
with stage II colon cancer did show improved recurrence-free survival (RFS) and 
OS in vaccinated patients [22]. Subsequent retrospective investigation of banked 

Fig. 24.2 Low-power view of Crohn’s-like lymphoid reaction (CLR – shown with left arrows) at 
the advancing edge of an invasive colorectal cancer (right arrow). These lymphoid aggregates are 
constituted largely of B cells, with smaller populations of T cells (Photomicrograph courtesy of Dr. 
Joel Greenson)
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tumor samples from this study identified improved disease- specific survival and an 
increased recurrence-free interval in vaccinated patients with MSI irrespective of 
tumor stage [23].

An alternative strategy using whole-tumor vaccines in CRC made use of a non- 
lytic, attenuated Newcastle disease virus (NDV) strain rather than BCG to stimulate 
the immune response [24]. In a prospective, randomized phase III trial of 50 patients 
with CRC-proven hepatic metastases, there was no significant difference in OS 
between those vaccinated and those not, yet those with colon primary (vs. rectal) 
had descreased metastases and improved OS in the intention-to-treat analysis.

Given the technical difficulty with garnering autologous tumor cells, a novel vac-
cine was developed using irradiated, allogenic CRC cells in combination with 
GM-CSF-producing cells and showed early promise in a phase I study [25]. In addi-
tion, a phase I study of an autologous tumor-based product incorporating a plasmid 
encoding GM-CSF and a bifunctional short hairpin RNAi targeting the proprotein 
convertase furin, which normally activates both TGF-β1 and TGF-β2, has shown 
success in a variety of advanced solid tumors [26]. Future studies are planned with 
this vaccine in patients with metastatic CRC planning to undergo curative resection.

2.2  Peptide Vaccines

In contrast to autologous whole-cell tumor vaccines, which contain a myriad of 
undefined tumor antigens, peptide vaccines consist of specific antigens that are 
designed to generate a host tumor-directed immune response. A number of peptide 
vaccines have been tested in early-phase clinical trials directed against known CRC- 
associated antigens, including SART3 [27], p53 [28], MUC1 [29], heat shock pro-
tein gp96 [30], β-HCG [31], CEA [32], survivin 2b [33], RNF43 and TOMM34 
[34]. While many of these studies succeeded in generating a measured host immune 
response against the various targeted antigens, there were no substantial survival 
advantages demonstrating clinical benefit.

Other studies have utilized vaccines with multiple antigens combined to trigger 
a broader immune response. For example, in an HLA-A-status double-blind, phase 
II clinical trial of 96 chemotherapy-naïve, advanced CRC patients, a vaccine with 
HLA-A24-restricted peptides RNF43, TOMM34, KOC1, VEGFR1, and VEGFR2 
was tested in combination with oxaliplatin-based chemotherapy as first-line therapy 
[35]. No difference in OS, PFS, or overall response rates (ORR) was observed 
between the HLA groups; however, HLA-matched patients with a neutrophil/lym-
phocytic ratio of <3.0 showed a delayed response to therapy.

Similarly, a phase II clinical study evaluated the utility of a personalized peptide 
vaccination (PPV) in patients with CRC. This vaccine included a range of 2–4 pep-
tides based on preexisting IgG titers to 31 MHC class I epitopes from 15 tumor- 
associated antigens [36]. In this study, 60 patients with previously treated, advanced 
CRC were treated with 2 series of 6 vaccinations while receiving standard-of-care 
therapy. In the interim between the two vaccination series, repeat IgG titer testing 
was performed, and, based on the IgG titer response, new peptide combinations 
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were selected. Overall, 1- and 2-year survival rates were unimpressive at 53% and 
22%, respectively. However, in subgroup analysis, increased peptide-specific cyto-
toxic response after vaccinations was associated with an improvement in OS.

2.3  Dendritic Cell Vaccines

As an essential intermediary between antigen presentation and the T-cell effector 
response, dendritic cells (DCs) have been utilized in clinical vaccine trials as a ratio-
nal approach to elicit an antigen-mediated T-cell response against directed tumor 
cells. Prior to injection, DCs are loaded with tumor-specific antigens in vitro. In 
CRC patients, a number of different strategies have been employed to maximize the 
efficacy of DC vaccines with limited success thus far.

An early straightforward approach involved loading autologous DCs with CEA 
peptide CAP-1 and administering the cells to 21 patients with advanced CEA- 
expressing malignancies (11 with CRC) [37]. While no significant toxicities were 
observed, efficacy of the vaccine was limited, with only one patient experiencing 
stable disease after vaccination.

In contrast to the previous study, which loaded autologous DCs with only one 
antigenic peptide, an alternative clinical phase 1/2 trial loaded DCs with six HLA- 
A*0201 binding peptides derived from CEA, MAGE, HER2/neu, keyhole limpet 
hemocyanin protein, and pan-DR epitope peptide [38]. Of the 11 evaluable patients 
with CRC, all had progressive disease despite the increased immune titers to the 
tumor-associated antigens.

However, some encouraging results have been observed as well. In a phase II 
clinical study, autologous DCs pulsed with an allogenic melanoma cell lysate con-
taining high expression of MAGE-A3 were tested in a group of 20 patients with 
MAGE-enriched stage IV CRC [39]. Although median PFS was 2.4 months, five 
patients (25%) experience greater than 6-month prolonged PFS, showing evidence 
of durability in a population that initially had progressive disease.

In addition, a phase II, randomized clinical trial explored a vaccine with autolo-
gous DCs pulsed with autologous tumor lysate in combination with cytokine- 
induced killer  cell therapy in 54 patients with either gastric or CRC [40]. The 13 
CRC patients in the treatment arm showed significant improvement in 5-year 
disease- free and OS compared to the CRC controls (66% vs. 8% and 75% vs. 15%, 
respectively). Further studies are exploring this in the adjuvant setting.

The first randomized clinical trial in metastatic CRC patients with autologous 
DCs was completed in 2016. In this phase II study, 52 patients were randomized to 
either receive an autologous tumor lysate DC vaccine plus best supportive care 
(BSC) or BSC [41]. While this vaccine did generate a tumor-specific immune 
response, there were no benefits seen in PFS and OS, and the study was terminated 
early due to futility. In general, while a few studies highlight some positive results 
from DC vaccination, no substantial clinical benefit has been observed in clinical 
trials with this treatment modality.
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2.4  Viral Vector-Based Vaccines

Many viruses have been engineered to express tumor-associated antigens and exert 
their immunogenicity by directly infecting DCs and facilitating an accelerated T- 
and B-cell response against cancer-specific cells. Multiple viral vectors have been 
studied in CRC, including poxvirus, adenovirus, and adeno-associated virus, with 
various tumor-associated antigens incorporated into the viral architecture for cellu-
lar expression, such as CEA, epithelial glycoprotein (Ep-CAM), and guanylyl 
cyclase 2C (GUCY2C) [42].

An early phase I clinical trial tested a poxvirus expressing CEA and three co- 
stimulatory molecules (B7–1, ICAM-1, and LFA-3; TRICOM), with a follow-up 
booster vaccination of a fowl pox virus expressing the same transgenes [43]. In this 
study, of 58 patients with advanced CEA-expressing cancers, 40% of patients had 
stable disease for at least 4 months, many with prolonged stable disease for greater 
than 6 months, and the majority had CEA-specific T-cell responses after vaccination.

In addition, a poxvirus vaccine, OXB-301, expressing oncofetal antigen 5 T4 
was studied in a phase II trial of 20 metastatic CRC patients both pre- and postop-
eratively after resection of CRC liver metastases [44]. Patients with an above-the- 
median 5 T4 antibody response and a proliferative lymphocytic infiltration in the 
metastatic lesions had significantly prolonged OS compared to patients that did not 
have these findings.

Two other open-label, single-arm trials tested this vaccine before, during, and 
after chemotherapy in patients with metastatic CRC [45, 46]. In both studies, the 
majority had 5 T4 antibody-specific immune responses, with ORR of 54% and 58%, 
respectively, yet survival at 2 years was comparable to historic data. Moreover, a 
randomized, phase II study using a canarypox viral vector expressing CEA and 
B7–1 in combination with palliative chemotherapy was tested in 118 patients with 
metastatic CRC [47]. All patients developed anti-canarypox IgG, but increased anti- 
CEA antibody titers were detected in only three patients. Overall, only 42 (40.4%) of 
104 evaluable patients achieved an objective clinical response, which is comparable 
to chemotherapy alone, casting doubt on the therapeutic efficacy of this approach.

Researchers have also investigated a combination poxvector vaccine encoding 
CEA and MUC1 plus TRICOM and unique approaches to augment host immunity 
to this vaccine. For example, a prospective, randomized phase II clinical trial evalu-
ated whether this vaccine in combination with autologous DCs modified ex vivo or 
the vaccine alone would provide greater clinical benefit and induce more specific 
antigen-specific immune responses in patients disease-free after CRC surgery and 
perioperative chemotherapy [48]. There were no differences in clinical outcomes 
(RFS/OS) between the two strategies.

Alternatively, another viral vector evaluated in clinical trials is the recombinant 
non-replicating adenovirus serotype 5 (Ad5)-based vector platform with early 1 (E1) 
and early 2b (E2b) gene deletions and a transgene inserted for CEA. In a completed, 
phase I/II trial in patients with metastatic CRC who had failed prior chemotherapy, 
29-month OS was 20% in the intent-to-treat group with a median OS of 11 months 
[49]. Further investigation was deemed warranted with a phase III trial planned.
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2.5  Adoptive Cell Transfer Therapy

In contrast to vaccines that activate the adaptive immune response, adoptive cell 
transfer therapy involves the passive infusion of T cells into a patient. The process 
begins with the extraction of T cells from a patient, ex vivo activation and expan-
sion, and passive reinfusion into a patient, typically after a lymphodepleting pre-
parative regimen. An early open, nonrandomized clinical study investigated the 
utility of a TIL infusion and modulated doses of IL-2 as adjuvant treatment in 47 
patients with liver metastases from CRC [50]. Overall, postoperative administration 
of this infusion did not lead to a significantly improved long-term survival or 
reduced risk of cancer recurrence.

A subsequent phase I/II study of 71 metastatic CRC patients who underwent 
radical or palliative surgery likewise evaluated the efficacy of a TIL infusion. In this 
study, TILs were extracted from sentinel lymph nodes in 55 patients with stage I–IV 
disease (9 with stage IV disease) [51]. These lymphocytes were expanded ex vivo 
and transfused them back into patients without any apparent toxicity. In a 24-month 
follow-up of the stage IV patients, there was a significant survival benefit in com-
parison to the control group (55.6 versus 17.5, p = 0.02).

While TILs from the previous studies did not undergo T-cell reengineering, a 
phase I study of three patients with metastatic, treatment-refractory CRC utilized 
autologous peripheral T cells that were genetically modified to express a high- avidity 
murine T-cell receptor against CEA [52]. These T cells were adoptively transferred 
into patients with IL-2 after receiving an immunodepleting regimen of cyclophos-
phamide and fludarabine. Though all patients had reductions in serum CEA and one 
patient had a partial objective response, all developed a severe transient inflamma-
tory colitis with early closure of the study secondary to adverse events.

A notable case report as part on an ongoing phase II clinical trial (NCT01174121) 
identified a patient with metastatic CRC who had regression of all seven of her 
metastatic CRC lung lesions after receiving adoptive transfer of ex vivo expanded 
TILs directed against mutant KRAS p.G12D [53]. The therapy was preceded by a 
myeloablative regimen of cyclophosphamide and fludarabine and followed by five 
doses of IL-2. The highest reacting T-cell clone against KRAS p.G12D contained an 
increasing frequency of CD28 and CD57 markers and had a central memory pheno-
type (CD45RO + CD62L+). The identification of HLA-C*08:02-restricted T-cell 
receptors that target KRAS p.G12D neoepitopes provides an opportunity to develop 
T-cell receptor gene therapy directed against a common driver mutation found in 
multiple cancer types and is an exciting avenue of current research.

A subsequent study by Maoz et al. investigated a large, population-based sample 
of 4346 colorectal cancer patients that had been studied for the presence of KRAS 
p.G12D and imputed HLA types to better understand the generalizability of this 
important single case report [54]. The prevalence of any KRAS mutation was 33.2% 
(1441 of 4346 patients), and nearly 38% of the KRAS-positive tumors harbored a 
p.G12D mutation. HLA typing found that 18.4% of patients had the same HLA- 
C*08:02 type observed in the above case report. Overall, 2.3% of a representative 
population of CRC cases shared the same combination of KRAS mutation and HLA 
configuration as the patient that responded to the adoptive transfer of TILs.
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2.6  Adoptive CAR-T-Cell Therapy

Chimeric antigen receptor T (CAR-T)-cell therapy has achieved impressive results 
in the treatment of CD19+ B-cell hematologic malignancies, but developing CAR-T 
therapy for solid tumors has been challenging to date. CAR-T cells are genetically 
modified autologous T cells that express a single-chain variable fragment (scFv) 
against a tumor-associated antigen and a CD3ζ domain that triggers cell activation 
upon antigen binding [55]. Despite the success in hematologic malignancy, it has 
been difficult to replicate that success in solid tumors for a variety of reasons, 
including the heterogeneity of solid tumors, difficulty in trafficking the cells to the 
tumor, the challenges of overcoming the inhibitory tumor microenvironment of 
solid tumors, and the associated systemic toxicity of this therapy [56].

CAR-T-cell therapy has been evaluated in CRC, with, as of yet, no real demon-
stration of substantial efficacy in early phase trials, with most trials ongoing to date. 
A case report of significant toxicity in a patient with HER-2-positive colon cancer 
who received HER-2-targeted CAR-T-cell therapy has led to reconsideration of 
appropriate antigen targets [57]. This patient developed lethal pulmonary toxicity 
5 days after T-cell administration, which was thought to be due to recognition of 
HER-2 on lung epithelial cells. While no lymphodepletive preconditioning regimen 
was used in this patient, CAR-T-cell therapy remains in its infancy as a treatment for 
CRC at the present time.

2.7  Immune Checkpoint Inhibitors

Remarkable progress in our understanding of the tumor microenvironment has led 
to the recognition that tumor immune evasion constitutes a new, independent hall-
mark of cancer cell biology [58]. One of the fundamental inhibitory mechanisms 
exploited by tumor cells for immune escape is that of the immune checkpoint recep-
tor/ligand interaction, which physiologically serves to dampen immune over- 
activation to ensure tissue homeostasis. Antibodies directed against immune 
checkpoints, cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and pro-
grammed death-1 receptor (PD-1) and its ligand (PD-L1), have demonstrated clini-
cal efficacy in melanoma, NSCLC, and renal cell carcinoma [59]. While they were 
first thought to be ineffective in CRC based upon the results of early phase trials 
with inhibitors of CTLA-4 [60], PD-1 [61], and PD-L1 [62], a 3-year follow-up 
analysis from a trial with PD-1 inhibitor nivolumab [63] interestingly noted one 
patient with refractory MSI-high (MSI-H) CRC who achieved a complete response 
that was ongoing at 3 years [64]. The case prompted efforts to identify characteris-
tics of this specific patient conducive to clinical benefit from immune checkpoint 
inhibitor therapy.

To date, emerging biomarkers of immune checkpoint inhibitor efficacy include 
MSI, upregulation of PD-L1 on tumor and immune cells, TIL expression, and 
somatic mutational load. In regard to mutational load, experimental evidence has 
shown that increased mutational burden directly leads to increased tumor  neoantigen 

24 Hereditary Colorectal Cancer: Immunotherapy Approaches



394

formation and facilitates a more robust immune response from checkpoint blockade 
[65]. Whole exome sequencing of tumor DNA from patients on anti- CTLA- 4 and 
anti-PD-1 therapy have revealed a correlation between response to therapy and non-
synonymous mutational load [66–68]. Additionally, studies have shown that effi-
cacy of immune checkpoint inhibitors is significantly associated with neoantigen 
burden [68]; however, no consensus neoantigen sequences with associated clinical 
benefit have been identified, and, in some cases, patients with low mutational bur-
den and atypical neoantigen patterns have derived clinical benefit from checkpoint 
blockade [66, 67].

MSI is present in approximately 15% of all CRCs and arises from dysfunctional 
DNA replication secondary to either monoallelic germline or, more often sporadic, 
MMR-deficient (MMR-D) enzyme activity [69]. Indeed, MSI is one of the hall-
marks of Lynch syndrome. MSI-H CRCs are characterized by significantly increased 
mutational load when compared to microsatellite stable (MSS) CRCs. For example, 
whole exome pyrosequencing of 454 primary CRCs found 8 times more somatic 
nonsynonymous variations in MSI cancers than in MSS cancers [70]. In addition, a 
study of 103 MSI CRCs from 2 independent cohorts identified a correlation between 
CD8+ TIL density and the total number of frameshift mutations [71]. The robust 
immune response in these tumors is thought to be secondary to a T-cell-driven 
response to mutation-derived neoepitopes. This reaction, in combination with other 
elements of tumor environment, including PD-L1 expression, is thought to facili-
tate the response to immune checkpoint inhibitors.

The first clinical data to show benefit in MSI-H CRC emerged from a multicenter 
phase II study of PD-1 inhibitor pembrolizumab in patients with chemo-refractory 
MSI-H or MSS metastatic CRC [72]. Among a total of 32 patients with CRC (10 with 
dMMR and 18 with pMMR) who were given 10 mg/kg of pembrolizumab every 
14 days, 4 patients with dMMR CRC experienced a response and 7 had stable dis-
ease. In contrast, patients with pMMR had no responses, and two achieved stable 
disease at 12 weeks. Updated at ASCO 2017, among a total of 61 patients with MSI-H 
CRC with a median follow-up of 7.4 months, ORR for MSI-H CRC was 26.2% (95% 
CI, 15.8–39.1%), with 15 confirmed responses and 1 unconfirmed response [73]. In 
addition, median duration of response was not reached, and 100% of responses were 
ongoing. Given these encouraging results, the FDA granted accelerated approval for 
pembrolizumab in patients with MSI-H metastatic colon cancer in May 2017. This 
landmark approval was notable since FDA approved pembolizumab for the treatment 
of any tumor demonstrating the MSI-H phenotype or deficient MMR, regardless of 
the tumor site of origin. This data have also resulted in efforts to encourage more 
broad MSI screening, even in those with metastatic disease.

In addition to pembrolizumab, combination checkpoint inhibition with nivolumab 
(3 mg/kg) and/or ipilimumab (1 mg/kg) is currently being investigated in patients 
with MSI-H metastatic CRC [74]. With the combination arm still enrolling, an 
interim analysis of 74 patients in the nivolumab monotherapy arm demonstrated an 
ORR of 31.1%, and the disease control rate was 68.9%. Median PFS was 9.6 months, 
and median OS had still not been reached. The majority of patients achieving stable 
disease at greater than 18 weeks remained on study, and 83% of responses were 
ongoing at the time of the interim analysis.
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In addition to MSI-H CRC, new approaches are under study for patients with 
MSS CRC.  One strategy is to combine immune checkpoint inhibitors with a 
mitogen- activated protein kinase kinase (MEK) inhibitor, which has been shown in 
preclinical studies to upregulate PD-L1 tumor expression and foster a more attrac-
tive milieu for checkpoint blockade. This was tested in a phase 1b clinical trial using 
PD-L1 inhibitor atezolizumab in conjunction with the MEK inhibitor cobimetinib 
in patients with heavily pretreated MMR-proficient (pMMR) metastatic CRC [75]. 
In this study, 800 mg of atezolizumab was given every 2 weeks in combination with 
escalating doses of cobimetinib to 23 patients. The ORR was 17%, with tumor 
shrinkage of at least 30% in four patients and stable disease in five patients (22%). 
Of the four responders, three had CRCs that were pMMR, and one had a tumor with 
an unknown MMR status. Responses were ongoing at the data cutoff point and 
lasted up to 7.7 months.

Overall, PD-1 inhibitors have demonstrated impressive results in patients with 
MSI CRC. Early clinical trials of immune checkpoint inhibitors in combination with 
chemotherapy and radiation are accruing data. Finding ways to elicit a substantial 
response in patients with MSS CRC has been encouraging in preliminary studies.

3  Conclusion

While the diversity of hereditary CRC syndromes suggests that many therapeutic 
approaches will be required to address the underlying pathophysiology of these 
distinct entities, some important lessons about immunotherapy are already emerg-
ing. First, all of the refractory or relapsing cancers arising in Lynch syndrome are 
likely to benefit from some type of immunotherapy in the future. Second, immuno-
therapy holds promise for rare genetic syndromes characterized by exceptionally 
high somatic mutational loads, such as those related to inherited mutations in 
POLD1 or POLE. Third, as expertise continues to develop in the manipulation of 
the adaptive host immune response, it appears likely that targeted therapies for 
hereditary CRCs with specific mutational profiles will be able to incorporate 
immune regulation with other types of chemotherapy. The promise of engineered T 
cells for hematologic malignancies and other forms of immune therapy have special 
challenges in the setting of the complex tumor microenvironment of CRC, but 
improved understanding of the role of TILs, CLR, and immune manipulation offers 
an enticing future for the successful management of patients with hereditary CRCs.
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Abstract Hereditary colorectal cancer syndromes represent approximately 5% of 
the total of colorectal cancer cases. Although there are a myriad of diseases that are 
considered rare due to their frequency, there are two conditions that are common 
enough to be found in the daily medical oncology clinic: Lynch syndrome and 
Familial Adenomatous Polyposis. In this chapter, we will review the specific aspects 
of these two conditions from the medical oncology standpoint with particular 
emphasis to the use of systemic chemotherapy and targeted therapies for the treat-
ment of these cases.
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Abbreviations

CALGB  The Cancer and Leukemia Group B
CMMR-D  Congenital deficiency of mismatch repair
Cox-2  Cyclo-oxygenase-2
CRC  Colorectal cancer
FAP  Familial adenomatous polyposis
FU  5-Fluorouracil
LS  Lynch syndrome
MMR  Mismatch repair
MSI  Microsatellite instable
MSS  Microsatellite stable
NGS  Next-generation sequencing
NSAIDs  Nonsteroidal anti-inflammatory drugs
PPAP  Polymerase proofreading-associated polyposis
TCGA  The Cancer Genome Atlas
TILs  Tumor-infiltrating lymphocytes

1  Introduction

Colorectal cancer (CRC) continues to be the third most common cancer diagnosed 
in the United States in both men and women [1] in spite of the sustained decline in 
incidence observed among adults older than 50 years, which has been attributed to 
an increased uptake of colonoscopy screening with removal of premalignant polyps 
[1]. In parallel, the incidence rate predicted by 2030 among young patients aged 
20–34 years is increasing at a rate of 90–124% [2] due to unclear reasons that most 
likely include a myriad of factors such as changes in diet, obesity, reduced physical 
activity, and exposure to carcinogenic agents. While age at diagnosis of cancer is a 
factor that has been associated with hereditary cancer syndromes, a surge in genetic 
cases is not expected to be a contributing factor to the increasing rates observed 
among young adults.

Although the prevalence of hereditary cases among the colorectal cancer popula-
tion is stable at around 5% [3], several studies have recently reported remarkably 
higher rates among young-onset cohorts with 16% in CRC patients diagnosed under 
age 50 [4] and 35% under age 35 [5], which is a reflection of the enrichment of genetic 
cases among individuals that present with an extreme phenotype and also the nonlin-
ear nature of the association between age and diagnosis of hereditary cancer. 
Furthermore, the availability of germline next-generation sequencing (NGS) tools 
paired with the discovery of immunotherapy for patients with hereditary syndromes, 
such as checkpoint blockade for the treatment of stage IV cases arising in a back-
ground of Lynch syndrome (LS) [6], has led medical oncologists to increasingly rec-
ognize the presence of hereditary syndromes in patients diagnosed under age 50.
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In general, the biology of tumors diagnosed in patients with hereditary syn-
dromes is considered to be identical to those arising in the sporadic setting [7]. In 
fact, the biology knowledge acquired on colorectal carcinogenesis was derived from 
the study of premalignant lesions and carcinomas from patients diagnosed with LS 
as a prototype of sporadic microsatellite instable (MSI) CRC [also known as hyper-
mutant in the post-The Cancer Genome Atlas (TCGA) era], which represents 
approximately 15% of the total of early stage CRC, and familial adenomatous pol-
yposis (FAP) as the model for microsatellite stable (MSS) tumors harboring chro-
mosomal instability (non-hypermutant), which represents approximately the 
remaining 85% [8] . Therefore, the medical management of hereditary cases does 
not defer substantially from the current guidelines developed for sporadic CRC, but 
there are some specific considerations that medical oncologists need to address 
involving the diagnostic workup of patients and unaffected family members, the 
discussion of surgical treatments, updating the prognostic assessment, and the 
selection of chemotherapeutic agents.

In this chapter, we provide an overview of the prognostic aspects and therapeutic 
interventions available for the management of patients diagnosed with locally 
advanced and metastatic CRC arising in a genetic background of mainly LS and FAP.

2  Lynch Syndrome and Microsatellite Instability 
as a Prognostic and Predictive Biomarker

The controversy on the role of MSI as a prognostic marker has been settled, and the 
assessment of MSI is now considered standard of care for early stages. Colorectal 
tumors displaying MSI that are diagnosed at early stages have a better prognosis 
compared to MSS. This survival advantage matches with the observation that MSI 
tumors experience lower rates of local tumor recurrence, especially at distant sites, 
than do MSS tumors [9] although this effect is restricted to stage II [10–13]. This 
favorable biological effect in early stages contrasts with the poorer prognosis 
observed in metastatic MSI CRC [14]. BRAF mutations are thought to be the main 
contributor to this worse outcome with dismal overall and progression-free survival 
compared to wild-type tumors [15–17]. But at the same time, in the early stages of 
disease, there are conflicting results among studies that point toward a modulatory 
effect of MSI over BRAF mutations in survival [14, 18, 19]. In fact, the PETACC-3 
survival analysis stratifying stage II and III patients based on MSI and BRAF status 
did not confirm the prognostic effect of BRAF on relapse of the disease, but those 
patients with tumors harboring BRAF mutations had a poorer prognosis once they 
had relapsed, thus pointing out on the detrimental effect induced by acquisition of 
BRAF alterations in the metastatic disease setting [13].

Regarding the value of MSI as a predictive marker of response to fluorouracil 
(5-FU), the initial studies performed in the 1990s and early 2000s were not  definitive 
(Table 25.1) [12, 20] due to the retrospective and single-institution nature of most of 
them as well as the use of different methodologies and criteria to determine MSI 
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Table 25.1 Clinical studies analyzing the effect of 5-fluorouracil in cohorts of MSI CRC

Reference
Study 
type

No. of 
patients

Tumor 
stage

MSI-H 
(%)

Follow-up 
duration (mo) Effect

5-Fluouracil

Elsaleh et al.
PMID 10832824

R 656 III 8.5 54 Benefit

Hemminki et al.
PMID 11040179

P NR 95 III 12 31 Benefit

Liang et al.
PMID 12237891

P NR 244 IV 21.3 NA Benefit

Ribic et al.
PMID 12867608

R from 
RCT

570 II/III 16.7 88.8 Detriment

Carethers et al.
PMID 10381918

R 204 II/III 17.6 43.7 None

Benatti et al.
PMID 16322293

R 1263 All 20.3 64 None

Jover et al.
PMID 16299036

P NR 754 All 8.8 24.3 None

Lamberti et al.
PMID 16724208

P NR 416 All 12.5 32.9 None

Kim et al.
PMID 17228023

R from 
RCT

542 II/III 18.1 60 None

Sargent et al.
PMID 12867608

R from 
RCT

1027 II/III 16 60 Detriment

Des Guetz et al.
PMID 19443375

MA 3690 II/III 14 NA None

Sinicrope et al.
PMID 20498393

R from 
RCT

2141 II/III 16.1 96 Benefit for 
Lynch 
syndrome
None for 
sporadic MSI

Irinotecan

Koopman et al.
PMID 19165197

R from 
RCT

515 IV 3.5 43 Inconclusive

Fallik et al.
PMID 14522894

R 72 IV 9.7 NA Benefit

Bertagnolli et al.
PMID 19273709

R from 
RCT

723 III 13.3 79.8 Benefit

Tejpar et al.
PMID 25361982

R from 
RCT

1254 II/III 22–12 68 No benefit

The vast majority of these studies were observational studies, and some had retrospectively 
reviewed data collected in the context of randomized controlled trials
R retrospective, P prospective, NR nonrandomized, RCT randomized clinical trial, mo months, NA 
not assessed, MA meta-analysis

status and inadequate statistical interpretation of results. Two large prospective- 
retrospective analyses collecting data from different randomized trials clarified that 
the use of adjuvant 5-FU-based chemotherapy was not effective in stage II CRC 
displaying MSI [21]. However, it seemed that stage III MSI cases did derive some 
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benefit but apparently only if MSI was associated with Lynch syndrome (Table 25.1) 
[9]. However this must be taken with caution, since it is a result of highly explor-
atory analysis [9].

The predictive role for irinotecan-based chemotherapy continues lingering in the 
space of conflicting results, thus not reaching to any definitive conclusion. Some 
preclinical [22–25] and clinical [13, 26–29] data have suggested a selective sensitiv-
ity of MSI tumors to irinotecan (Table 25.1). Although the molecular basis of this 
increased sensitivity remains partially elusive, different research groups have linked 
it to a deficiency in the DNA repair mechanism involved in the correction of double- 
strand breaks induced by irinotecan such as somatic alterations in MRE11 and 
RADJO [24, 25]. Clinical data derived from retrospective reviews of patients 
enrolled in clinical trials have generated conflicting results. The post hoc analysis of 
the Cancer and Leukemia Group B (CALGB) 89,803 trial, which was originally 
designed to evaluate the efficacy of irinotecan, bolus 5-FU, and folinic acid com-
pared with weekly bolus of 5-FU (IFL) as adjuvant therapy in stage III cases, 
showed a trend toward greater 5-year disease-free survival for patients with MSI-H 
tumors treated with the combined regimen, although it did not reach statistical sig-
nificance [27]. The retrospective analysis of 1254 patients included in the PETACC3 
trial, which studied the effect of irinotecan, infusional 5-FU, and folinic acid 
(FOLFIRI) as adjuvant therapy compared with infusional 5-FU and folinic acid 
alone in stage II and III cases, failed to demonstrate improved patient disease-free 
survival (Table 25.1) [13]. Therefore, the role of MSI as a predictive factor for che-
motherapy is restricted to avoid the administration of adjuvant 5-FU to patients with 
stage II CRC. At present MSI should not be considered a validated marker for estab-
lishing treatment decisions regarding irinotecan-based regimens.

3  Immuno-oncology in the Treatment of Hereditary CRC 
Syndromes

Immuno-oncology has recently resurfaced as a therapeutic alternative in the man-
agement of patients with MSI/hypermutant CRC. The biology basis for the hyper-
activation of the immune system among LS-associated carcinomas has been very 
well known by pathologists that had described for decades the infiltration by so- 
called tumor-infiltrating lymphocytes (TILs) of the invasive front of MSI tumors 
[30]. In fact, after the recognition that MSI/hypermutant CRC was almost exclu-
sively associated with the presence of TILs, it became standard pathology criteria to 
suspect the presence of a genetic diagnosis of LS [31].

LS tumors display MMR deficiency through the acquisition of a second somatic 
hit in the alternate allele of the MMR gene that harbors the germline mutation and 
subsequently will be hypermutated due to the accumulation of base-to-base mis-
matches and insertion deletions due to the inactivity of one of the functional units of 
the MMR complex [12]. However, the most relevant alterations are the frame-shift 
mutations introducing stopgains that will become highly specific peptides (neoanti-
gens) [32, 33]. Some of these neoantigens will be processed, presented on MHC, 
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and recognized as foreign by T-cells and thus fostering the areas with abundant 
TILs. In fact, the activation of TILs has been already confirmed in a very detailed 
immunopathology analysis performed by Llosa and colleagues combining immuno-
histochemistry, laser capture microdissection, and quantitative RT-PCR to profile 
the immune environment of MSI/hypermutant tumors [34]. These tumors displayed 
high infiltration with activated CD8-positive cytotoxic T lymphocytes as well as 
activated Th1 cells characterized by IFNγ production. Then, as a consequence to 
counterbalance this immune environment, MSI tumors upregulated the expression 
of multiple immune checkpoints such as PD-1, PD-L1, CTLA-4, and others, thus 
making them particularly susceptible to immune checkpoint inhibitors [35]. 
Simultaneously to this observation, a phase II clinical trial reported a high level of 
activity of the PD-1 immune checkpoint inhibitor pembrolizumab, which is a 
humanized IgG4 monoclonal antibody against PD-L1 and PD-L2, as a single agent 
for the treatment of metastatic MSI/hypermutant tumors. In the study cohort that 
was integrated by sporadic MSI/hypermutant and LS cases, the immune-related 
objective response rate was 40% (4 of 10 patients; 95% confidence interval [CI], 
12–74), and the immune-related progression-free survival rate at 20 weeks was 78% 
(7 of 9 patients; 95% CI, 40–97). A total of seven patients with CRC were LS carri-
ers, and four of them showed stable disease [6]. Nivolumab, which is another IgG4 
PD-1 blocking antibody, has also showed antitumoral activity by itself or combined 
with ipilimumab, an anti-CTLA4 agent that provides double checkpoint blockade, 
in a preliminary report of the initial 59 patients with MSI tumors treated in a larger 
metastatic colorectal trial showing confirmed response rates of 27 and 15% and 
4-month progression-free survival rates of 55% and 80% for the single agent and the 
combination arms, respectively [36]. In an update of this study, additional data was 
presented on the cohort of patients treated with nivolumab as single agent. A total of 
74 patients have been treated with 31% achieving a response and 69% of disease 
control rate. Overall, there were no differences in terms of response when patients 
were stratified by Lynch syndrome status [37]. These interventions are in general 
well tolerated, but potential adverse events have been reported among 21–41% of 
the patients including immune-related reactions involving the gastrointestinal tract 
(colitis), lung (pneumonitis), liver, skin, and endocrine system (hypophysitis, thy-
roid deregulation, and diabetes mellitus type 1). Although the development of 
checkpoint inhibitors is still at its infancy, the remarkable antitumoral activity 
reported in the two available studies has generated great promise in the CRC com-
munity, thus leading the expert panel in colorectal cancer of the National 
Comprehensive Cancer Network to include pembrolizumab and nivolumab among 
the recommended agents for the treatment of stage IV CRC patients displaying MSI 
[38] in its guidelines. This recommendation has paved the road for a rapid imple-
mentation of checkpoint inhibitors in the United States, although is not yet approved 
by the regulatory agencies (FDA) for this indication.

In terms of biomarkers, although the expressions of PD-L1 and CD8-positive 
lymphocytes are important factors in the recognition of neoantigens, they have not 
demonstrated a predictive value for checkpoint blockade. However, mutation rates 
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and numbers of mutation-associated neoantigens itself have showed an association 
with clinical response that need to be confirmed in subsequent analysis [6], thus 
putting NGS and systems biology tools for their detection at the center of biomarker 
development in immune-oncology [39].

Similarly to the mechanisms described for hypermutant tumors displaying MSI, 
there are two other hereditary syndromes that predispose to the development of 
premalignant polyps and CRC that accumulate thousands of mutations (named 
ultramutators): congenital deficiency of mismatch repair (CMMR-D) [40] and poly-
merase proofreading-associated polyposis (PPAP), both displaying a phenotype that 
overlaps with both Lynch syndrome and MYH-associated polyposis [41]. The for-
mer is secondary to a bi-allelic germline inactivation of the MMR system and the 
latter to the inactivation of polymerase ε (POLE) or δ (POLD1). The molecular 
basis for these two syndromes has been already discussed in other chapters of this 
book. Although there are no reports on the activity of checkpoint blockade for the 
treatment of GI tumors in these two conditions, it has been already observed an 
overexpression of immune checkpoints and infiltration by TILs in endometrial and 
brain tumors arising in the context of a somatic inactivation of POLE [41], thus 
making the proposal to expand the use of checkpoint blockade to GI tumors in these 
two diseases a logical expansion of the same concept. In parallel, GI tumors in 
CMMR-D patients have shown an elevated mutational rate and neoantigen propor-
tion as well as a high level of activity of nivolumab for the treatment of pediatric 
brain tumors, thus also making the case for the same approach in CRC cases with 
CMMR-D [40, 42].

4  Targeted Therapies in Prevention and Treatment 
of Hereditary Colorectal Cancers

Many targeted agents have been tested in animal models that resemble the pheno-
type of hereditary CRC syndromes and have demonstrated encouraging antitumor 
activity. However, only three targeted agents have been translated into clinical trials 
for treatment and prevention of GI and extraintestinal manifestations: erlotinib, 
rapamycin, and everolimus (Table 25.2). It is out of the scope of this chapter to 
discuss the medical oncology management of extraintestinal tumors. Other agents 
with known targets have been developed, but their mechanism was discovered after 
their development or simultaneously to it, therefore not being considered “targeted” 
during their development, such as the case of nonsteroidal anti-inflammatory drugs 
(NSAIDs) and cyclo-oxygenase-2 (COX-2) inhibitors (also known as coxibs). The 
targeted chemopreventive use of NSAIDs and coxibs is already discussed in detail 
in another chapter of this book. We will briefly describe the recent promising results 
showed by EGFR inhibitors (erlotinib) for the treatment of advanced duodenal 
lesions in FAP and also the proof-of-concept testing of mTOR inhibitors in patients 
diagnosed with Peutz-Jeghers syndrome and Cowden disease.
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For a long time, the management of small intestine adenomas and duodenal car-
cinomas in patients with FAP has been defaulted to the same approaches tested and 
implemented for colorectal lesions. However, clinical observations pointed out to a 
different biology between the large and small intestine with notable differences 
even in the expression of COX-2 [43]. Although, they are microscopically and phe-
notypically similar (i.e., tubular adenomas), duodenal lesions do not present a uni-
form response to NSAIDs and coxibs compared to colorectal adenomas [44, 45]. 
Also, patients with advanced duodenal adenomatosis have a 36% relative risk of 
developing duodenal carcinoma, which has now become the leading cause of cancer 
mortality among FAP patients. Therefore, prophylactic pancreaticoduodenectomy 
is recommended for patients with advanced adenomatosis that are not responding to 
increased surveillance and chemoprevention [46]. These observations prompted the 
preclinical assessment and study of the differences in expression and pathway acti-
vation between duodenal and colorectal polyps and highlighted the activation of the 
epidermal growth factor receptor as a critical difference. In fact, the use of erlotinib 
in the ApcMin/+ mice showed high levels of activity inducing regression of small 
intestinal lesions [47]. Therefore, as a logical extension of this preclinical finding, 
the cancer genetics group at the University of Utah launched a single-institution 
phase I clinical trial testing the activity of the combination of sulindac (150 mg 
twice daily) and erlotinib (75 mg daily) during 6 months for the management of 
duodenal polyposis. This study recruited a total of 92 patients, and, although the 
initial dose of 75 mg daily needed to be reduced in the vast majority of participants, 
the activity showed by the treatment was very encouraging and had a reasonable 
tolerance level with skin toxicity as the main side effect [48]. In fact, the results 
from this trial have motivated a follow-up study to identify a more reasonable 
weekly schedule for administration of erlotinib (NCT02961374). It is worth to men-
tion that a proportion of patients with advanced duodenal adenomatosis do not have 

Table 25.2 Targeted therapies tested in hereditary colorectal cancer syndromes

Hereditary cancer 
syndrome tumor type Genetic defect Drug Target

Level of 
evidence

FAP – polyps APC Celecoxib, 
sulindac

COX-2 RCT
RCT

FAP – desmoid tumors APC Sulindac
Imatinib
SERMs

COX-2
PDGFRα
ER

Case series

Lynch 
syndrome – polyps

MLH1, MSH2, MSH6, 
PMS2, TACSTD1

Aspirin COX? Phase III

Lynch syndrome – 
colon cancer

MLH1, MSH2, MSH6, 
PMS2, TACSTD1

5-FU
Irinotecan
PARPi

DPD
Topo
MRE11

Retrospective
Retrospective
Preclinical

Peutz-Jeghers 
syndrome

LKB1, STK11 Rapamycin
Everolimus

mTOR Phase II 
(terminated)
Preclinical

Cowden syndrome PTEN Rapamycin mTOR Phase II
Preclinical
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access to surgical resection of the disease due to the presence of intra-abdominal 
desmoids, thus leaving pharmacological modulation of the growth of these lesions 
as the only resource available to avoid progression into duodenal cancer.

A very different course has followed the development of mTOR inhibitors (siro-
limus and everolimus) for treatment and prevention in Cowden and Peutz-Jeghers 
disease. Patients with Cowden disease harbor a germline mutation in PTEN and 
patients with Peutz-Jeghers in the LKB1 and STK11 gene, all of them encoding 
proteins that are involved in the PI3K-AKT-mTOR pathway. PTEN is in charge of 
regulating AKT, which is a mediator of PI3K signaling. Similarly, inactivation of 
STK11 leads to activation of mTOR, which will increase protein synthesis by phos-
phorylating and inhibiting the mRNA translational repressor, eIF-4E binding pro-
tein 1, and phosphorylating and activating ribosomal p70S6 kinases. Two clinical 
trials were launched to explore the activity in these two conditions: Peutz-Jeghers 
(NCT00811590) [49] and Cowden syndrome (NCT00971789) [50]. The former 
was halted due to slow accrual as it could only enroll two patients, and the later 
demonstrated therapeutic activity and modulation of the main biomarker in GI pol-
yps with manageable toxicity; however, the course of the treatment was shorter than 
2 months.

Therefore, we can conclude that translational drug development of targeted ther-
apies in hereditary CRC syndromes has not made prime time, mainly due to slow 
trial accrual secondary to the involvement of centers that do not have large registries 
of these patients. The success demonstrated by erlotinib trial demonstrates that 
focused efforts involving large referral genetics clinics can successfully complete 
clinical studies repurposing targeted agents for these orphan diseases.

5  Practical Notes for the Practicing Medical Oncologist

The care of patients with suspected or confirmed hereditary colorectal cancer syn-
dromes requires the attention of the medical oncologist to several clinical issues that 
are not common in the daily clinical practice of sporadic individuals. The first one 
is the age factor, as hereditary cases are usually diagnosed at earlier ages with the 
majority of patients being diagnosed earlier than 50 years [5]. Therefore, patients 
coming for treatment recommendations are still at fertile age, and they want to be 
attentive to reproductive issues that may arise after the completion of treatment 
planning to form a family. Therefore, before proceeding with chemotherapy or radi-
ation treatment, the patient will require to have discussions on fertility preservation 
and offer a consultation with a specialist. The second one pertains to the coordina-
tion of care with surgical oncologists. Either before primary resection, total or sub-
total colectomy, or after primary resection completion colectomy with rectal-sparing 
procedures will need to be discussed with the patient as a preventive intervention to 
decrease the risk of metachronous tumors or as an alternative to yearly colonoscopy 
screening. The third consideration pertains to the genetic workup of patients 
 suspected to have a hereditary syndrome based on the presentation and phenotype. 
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In this case, genetic counseling should be offered during the initial consultation. At 
the present time, the process of genetic diagnosis has been expedited and simplified 
due to the implementation of germline sequencing panels that allow ruling out a 
myriad of syndromes in just one step. In addition, tumor testing, which before was 
a crucial step in the initial genetic evaluation to rule out Lynch syndrome, is now 
mandatory due to the potential indication of immunotherapy for metastatic disease. 
Therefore, providers need to become familiar with the ordering and interpretation of 
these results to trigger specific immunotherapy interventions and also refer them to 
genetic counseling. In those cases that genetic testing is positive, then there is an 
obligation to inform the patient on the need to disseminate the results among family 
members in order to activate the testing of other at-risk individuals that may require 
enhance surveillance if they are confirmed to be carriers. The fourth consideration 
pertains to the surveillance that hereditary patients will need upon completion of the 
standard treatment. These patients are going to need enhanced endoscopic screen-
ing beyond the recommendation of colonoscopy at 1 year after the surgical resec-
tion. In addition, additional surveillance tests will be required to screen for extra-GI 
malignancies such as the referral to gynecology oncology for ovarian and endome-
trial screening in Lynch syndrome patients or urine test to screen for urinary tract 
tumors, although both of these two procedures are not endorsed by all expert panels. 
Finally, oncologists should pay special attention for hints of the presence of germ-
line mutations in the mutation reports of somatic profiling that are obtained in stage 
IV patients that are looking for clinical trial options. Although genes involved in 
cancer susceptibility can also harbor somatic mutations, it should raise a red flag the 
fact of identifying alterations with high allelic frequencies (around the 50% cutoff, 
therefore from 40 to 60%) in genes linked to hereditary predisposition (such as the 
MMR genes, APC, MUTYH, TP53, PTEN, STK11, SMAD4, etc.), as this fact can be 
indicative of the presence of underlying genetic diseases.
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Chapter 26
Databases: Intentions, Capabilities, 
and Limitations

Pål Møller, Sigve Nakken, and Eivind Hovig

Abstract Computers may be used to hold, retrieve, and manipulate data. However, 
for each task they have to be instructed exactly what to do, and many tasks, such as 
interpreting human language, still await perfection. To be analyzed by computers, 
the data require formatting as required for efficient computation. This is often 
achieved in the form of a database. Also, computer instructions for computations are 
often provided by dedicated computer languages for increased efficiency in convert-
ing human instructions into computation, based on ready access to the data on which 
computations are to be performed. In principle, the design of a database to a purpose 
(intention) by definition declares the capabilities and limitations of the database. 
This chapter is meant as a general comment for the biologist, as to some use of 
database principles within the field of heritable cancer and mentions some relevant 
principles, strengths, and weaknesses in the design and use of such databases.
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1  What Is a Database?

A database may be defined as an organized collection of information referred to 
here as “data” (https://en.wikipedia.org/wiki/Database). To be useful, a database 
should have a way to import and export the data stored for efficient retrieval and 
computation. To manage these operations, an interface between the human and the 
database is useful. How these separate functions are organized in different solutions 
may vary from a simple spreadsheet available as an all-in-one package to the most 
advanced systems where each single functional unit may be separately manipulated 
according to potentially very complex instructions. An allegoric example of the 
basic concept may be that a blood sample from one person may be considered a 
database holding all genetic information on that person, and our activities to read 
this information are to establish an export system to make the information available 
in a different format. Having learned to read the code, we are now trying to under-
stand how the human DNA data are organized to which purposes. A database on 
inherited cancers may typically include information on the patients’ phenotypes (in 
our case cancers), the patients’ environment (carcinogens, preventive and treatment 
modalities), and results of genetic testing (results of reading the patients’ DNA 
codes). The research goal may be to describe associations between the pieces of 
information (variables) filed.

2  Intentions

A practical way to make a database may be to precisely declare the purpose, which 
will implicitly provide the description on what should be included in the solution. 
This may be straightforward when testing one single hypothesis. Research may, 
however, be to describe what is not known. What is an optimal way to structure a 
database for discovery of the unknown? One approach may be to enter all available 
data, hoping to get something out. The day may soon come, however, in a world of 
limited resources; it may become relevant to use power calculations to consider 
what you will give priority with your resources at hand. Which means you will have 
to consider the number of data points needed, and the quality metrics of each piece 
of information entered, to arrive at an answer to the research question of highest 
priority. This implies to determine in advance what to look for. Further, it will be 
beneficial to have data structures allowing additional information to be entered later 
to address more problems, without the need to redo the original database structure. 
If a precise intention exists, put it in writing. If it is difficult to write it down, the 
intention may not be sufficiently precise for implementation, and thus a refinement 
of the intention will serve the final solution well. If you are a scientist without pro-
gramming skills, the programmer to implement your concepts may not know what 
to do if the concepts cannot be conceptualized for the computer in the form of 
instructions. Thus, it is necessary to speak a language the programmer understands. 
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Similarly, if the programmer does not understand the scientific question at hand, 
while the scientist does not understand what programmers do, then communication 
toward a useful result may be difficult. Thus, some level of understanding the 
strengths and limitation of databases and how to utilize them will clearly be impor-
tant for any scientist approaching heritable cancer databases.

3  Statistics

In principle, database design and programming are not statistics. Databases exist to 
store and retrieve information. Statistical analyses may be built-in functions in the 
database; on the other hand, statistics is a separate area of knowledge of how to 
analyze data (https://en.wikipedia.org/wiki/Statistics); and databases may be con-
structed to output data preformatted to advanced statistical analyses. The output of 
a query to a database may serve as input to analyses by statistical software. Statistical 
software may have internal requirements for preformatted/specified database struc-
tures exactly meeting the needs of each analysis to be executed. Frequently, data-
bases may come with built-in functions for statistical analyses or may provide 
functionality for development for statistical routines within the database software. 
How to separate the statistical analyses from the database is a matter of conve-
nience: if the statistical requirements are limited, and the competence is in hand, 
then the statistical analysis may be developed within the framework of the database. 
If both a programmer and a statistical expert are at hand, an initial negotiation on 
how to solve the research questions with reference to what is in principle and prac-
tice achievable inside and outside different software may be useful.

4  Spreadsheet

A spreadsheet may be seen as a simple database having two dimensions: rows and 
columns (https://en.wikipedia.org/wiki/Spreadsheet). Each spreadsheet table cell, 
or database field, may be defined as the combination of one row and one column. 
Each field may be assigned a value. The values in each field are the single pieces of 
information which combined are the content of the spreadsheet database. Typically, 
the columns serve as the pieces of information to include, where for each column a 
declaration of the class of information a given information element belongs to (fig-
ures, dates, text, etc.). Each row may represent an object (patient), and the values 
given in each column in each row are the information elements held in the database 
for the given patient. No information that is not predefined as a column to hold that 
information can be entered, nor is it possible to enter information on any other 
objects than those initially determined to be the rows. In principle, three steps are 
required: first the decision on exactly what the spreadsheet is to address and next 
information is entered into the required number of rows to hold the values in the 
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predesigned column fields (commonly denoted to “populate” the table). As the third 
step, some kind of statistical analysis is performed on content. No information 
besides the initial conception can be entered, and consequently, nothing but what is 
allowed with the data that were initially decided to be included can be calculated.

The above comments refer to one alone-standing spreadsheet. Collections of 
spreadsheets may be organized to become complex relational databases as discussed 
below. A spreadsheet may be a convenient format for import and export for each 
table in a relational database but with the formatting problems discussed below.

5  Objects, Fields, and Formats

To interpret the values given in each field, the database must be instructed how to do 
so, providing restrictions on what is allowed to enter according to field formats. This 
will predefine what later can be achieved with the contents. If a word is entered as a 
text string, which is a defined format, this text string cannot later be multiplied by 
the number 2, because that will have no meaning. But two text strings may be joined 
together to a longer string, concatenated, to contain both. In contrast, the numbers 2 
and 3 may be mathematically added to become 5, or multiplied to become 6, not 23 
as would be the result if concatenating them as text strings. There are many classes 
of objects which require different handling strategies. The computer languages are 
constructed to handle the different classes of objects appropriately, and to do so, 
each variable is to be formatted according to be what the computer language 
required. If not, the system stops – or worse: misleading output may be the result.

6  Typecasting and Some Specific Problems

Changing the type of the format (class) of a variable (a field) to something else may 
be denoted “typecasting” (https://www.tutorialspoint.com/cprogramming/c_type_
casting.htm). Any database will come with built-in functions for typecasting. 
Typecasting will be automatically done in the most used spreadsheets, and this may 
be very convenient for an unexperienced user. There is no strict requirement to 
declare the format of a field in the most used spreadsheets: it will assume a number 
to be a number, a text string to be text, a date to be a date, etc., and permission will 
be granted to sum the numbers in a column containing nothing but numbers without 
telling the spreadsheet that they actually are numbers. In research, this may create 
problems and data corruption, because the database may without further notice make 
incorrect assumptions on data type. It may be difficult – sometimes impossible – to 
turn off such built-in functions. The typical example is a spreadsheet converting the 
content of a variable to something else when exporting it to another database.

How the different system handles dates is difficult and time-consuming to control. 
Mathematical defaults on how to handle numbers may lead to problems: If rounded 
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off to an integer, 44.75 will by mathematical standards usually become 45. If calcu-
lating annual incidence in 5-year age cohorts, a patient who died 44  years and 
9 months old should be included in the 40–44 year cohort, not the 45–49 year cohort, 
because a human is 44 years of age until the day he/she becomes 45.

An example which may seem sophisticated at first glance but which may become 
critical to a scientist is the difference between a blank space, the figure zero, and no 
information. No information is often in database language denoted NULL and is 
different from zero, which is a quantity (https://en.wikipedia.org/wiki/Null). In the 
computer, a blank space and zero are stored with their different numeric ASCII 
values (http://www.asciitable.com/). NULL means that there is no value stored in 
the field in question, and this is actually an ASCII code, because all binary fields in 
the computer storage are zero until manipulated to become something else. With the 
consequence that if NULL is included in data manipulation, there may be no answer 
(an error message which the programmer usually will hide from the end user to see). 
A short mathematical explanation is that when an argument in a calculation is 
unknown, the result is unknown, whatever the value of all the other arguments may 
be. Any advanced database will discriminate between NULL, zero, and blank, but 
spreadsheets usually do not. The built-in functions in spreadsheets will consider 
both NULL and blank to be zero. If a summation is attempted, the risk exists that it 
may be allowed to enter a blank space into a column assumed to hold numbers with-
out it being realized – as the display shows nothing (blank) despite the computer 
actually has stored a piece of information (the ASCII code for a space in a text 
string) in the field. And worse, it may not be allowed to control these problems if 
exporting the spreadsheet content to a more sophisticated database.

The data format can in this way cause trouble: The cheap and easy-to-use sys-
tems to be handled by anyone are by and large working nicely for simple problems 
but may cause serious trouble if exporting the content from simple structures to 
more complex and demanding database solutions.

In addition, the researcher often may like to identify missing values. To do so, a 
value to denote “missing value” is required, which should be neither blank, zero, 
nor NULL. It may also be of relevance to discriminate between a question not asked 
and a question asked, but not answered, etc., for which purpose a definition of two 
or more different values to be stored and declared in the database structure for 
allowed options for stored values.

Another specific class is logical operators – often reflecting options not overlap-
ping and where the sum of all valid options together will categorize the whole mate-
rial. A typical example may be a field “dead” to give the user the opportunity to 
enter “yes” or “no.” Such data are specifically designed to be used for special forms 
of algebra, logic, etc., and are often presented to the user by a graphical user inter-
face, where he/she has to choose one out of two or more options.

The problems related to the data format are that when using simple databases, the 
options will always be restricted to the original definition, and it may be very 
 time- consuming – if at all possible – to update the database to discriminate between 
different classes of data not having been declared initially.

26 Databases: Intentions, Capabilities, and Limitations
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7  One Piece of Information Should Be Entered Once Only

If two fields appear to include the same information, which one is correct if they 
differ? Synchronizing databases expected to hold the same information is a major 
challenge. To which end there is but one solution: one piece of information should 
be entered once and once only and together with the metadata information of who 
entered it and when. Information on the quality of the information entered may also 
be valuable. From there, this piece of information should be copied whenever 
needed, but never stored anywhere else in the database. If the information is to be 
updated, it will best be performed in the one place where it is stored and when noti-
fying who did so and when. Doing it this way, the whole database, and any output 
including this piece of information, will be updated by updating one field only. Any 
doctor will recognize this as how to file medical information. They will also know 
that it is forbidden to delete information previously filed – it is to be marked as no 
longer valid, but cannot be erased. These rules are making databases for filing medi-
cal information complex. The complexity of a database structure is, in principle, 
independent of how many objects on which the database holds information: The 
complexity is given by the structure, and the capability to handle large data sets is a 
separate issue. The combination of complex structure and large number of entries 
will, however, require higher performance of the database.

8  Assumption-Free, Unbiased Information

Information entered into a database should, in principle, be assumption-free. If not, 
the information includes the assumption. If two pieces of information include the 
same assumption, it will be in conflict with the principle that one piece of informa-
tion should be entered once only. Also, if a piece of information includes an assump-
tion (or many assumptions), it may be misleading, because when retrieving this 
piece of information, the assumption will also be retrieved, while not necessarily 
visible to the user: The output may have hidden assumptions/restrictions, which 
may invalidate an interpretation of the results of a query. A typical assumption 
potentially invalidating the output from a medical research registry is ascertainment 
biases when collecting the data. A practical example of such is that if all families 
subjected to genetic testing for Lynch syndrome are selected because they meet the 
Amsterdam clinical criteria, all families demonstrated to have pathogenic genetic 
variants causing Lynch syndrome will meet the Amsterdam clinical criteria. Another 
example is that if two or more pieces of information actually reflect the same under-
lying cause, degrees of freedom in statistical analyses may be incorrectly estimated. 
Also, the two pieces of information may be associated because they include the 
same assumption while the information assumed to be provided may not be associ-
ated: The association is false.
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9  How to Create a Database

The arguments mentioned leads to a limited selection of good options of useful 
database solutions, among which we briefly discuss two:

• A simple spreadsheet for a simple task
• A relational database which may initially be simple but constructed for 

expansion

10  A Simple Spreadsheet for a Simple Task

If there is a clear-cut and simple question to which an answer may be obtained with 
a limited set of arguments, a simple spreadsheet may be suitable. Typically, the 
name of the columns in the spreadsheet will be the variables for the study, and popu-
lation of the spreadsheet may be performed with one row per patient studied. The 
commonly used spreadsheets may include sufficient statistical functions to answer 
the relevant research question, or the spreadsheet data may be entered into dedicated 
statistical software packages for more refined calculations. If the latter option is 
used, the spreadsheet data are to be formatted to meet the specification for data 
import to the statistical software.

Typically, such a spreadsheet may not be expanded to include more research 
data/questions of interest and may not be expanded to include repeated observations 
of the same patient.

11  A Relational Database

A relational database is a way to organize data in potentially more complex struc-
tures (https://en.wikipedia.org/wiki/Relational_database). The construction of a 
relational database with the capacity to later be expanded for different purposes will 
have to at least meet all the requirements discussed in this chapter. A failure to meet 
these will result in a predictable eventual collapse, due to the inability to handle a 
more complex research question. Following the basic rules may at first glance seem 
simple, but it is not, because the complexity will soon grow and the systems for 
analyzing the database (the queries) will become complicated. Such databases may 
include stored queries providing result sets which may be further manipulated by 
other stored queries as if the result sets of the first queries were tables in the data-
base. The complexity will be a function of the problems addressed, not the number 
of objects (patients) included. Each single piece of argument to be entered requires 
an exact logically description in advance, including any assumption underlying the 
argument. If there is an assumption to an argument, the assumption should prefer-
ably be a separate variable. As humans, we have used our whole life to define and 
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use conceptions which are the underlying cognitive systems for language and com-
munication. These conceptions are often not clearly defined, and two persons may 
interpret the same words differently. In contrast, databases do not have a cognitive 
system interpreting the content – they have to be told the exact definitions of each 
single piece of information as a prerequisite for interpretation of the data to be 
stored.

Examples of ill-defined objects in cancer genetics are “family,” “gene,” and 
“mutation.” A logical definition of a concept is not only to describe what it is; it 
includes the description of what it is not: the delineation of the object from other 
objects. A concept without delineation means nothing, because it includes every-
thing. The examples mentioned are not delineated: There is no universal definition 
of a “family,” exactly which DNA bases to be referred to as a “gene” has no univer-
sal definition, and “mutation” has more than one definition. With the consequence 
that if such terms are used, then it is necessary to define exactly what they do not 
mean and what they do mean in the database. If not, what is stored in the database 
will be undeclared assumptions, and the output of a query to the database will reflect 
the (unconscious) assumptions when entering the data. This is not only a problem 
when different persons are entering data into the database. Looking back, it may 
become clearly visible how perceptions of a term may have changed over time. Two 
examples from breast cancer genetics may be illustrative: What is the difference 
between invasive cancer and microinvasive carcinoma in situ and exactly where is 
the cutoff point between receptor negative and positive? If there is a need to exam-
ine such issues in the database, exact definitions are required of what the stored 
information means. The typical solution for scoring a (quasi)continuous variable as 
“low or high” is to score it in three options: high, intermediate, and low – offering 
the option of excluding the intermediate group to look for differences between the 
extremes (cfr. Histopathological grade scored as 1, 2, or 3).

Typically, a database for medical research will have a person/patient as the main 
object. This object has to have a unique identifier – the name will not do, because 
the name may change and because more than one person may have the same name. 
So it is customary to use a unique number – the patient’s social security number may 
be used. If the social security number is used as the main object, a known person 
with unknown social security number cannot be included – with the consequence 
that the generation of a pedigree of a family without consent from all family mem-
bers would not be possible because it is not allowed to file persons in this way 
without consent. Consent from dead or emigrated relatives will not be available, and 
relatives dead generations ago may never have had a social security number. The 
simple solution is to generate a distinct unique identifier to all persons included – 
such as a sequential number when entered – and later relate social security code, 
name, and similar to the internal identifier.

Some registries are based on diagnoses which may be incorrect and later changed, 
new diagnostic systems may be incompatible with older systems, and there may be 
more than one patient with the same diagnosis. Diagnostic codes should not be used 
as the primary object in a relational database.

The main object in the main table is referred to as the primary key in the parent 
table. In principle, as many pieces of information as required may be entered as 
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columns in the main table, but only if the information will never change. Typically, 
inclusion of date of birth, date of death, and gender is entered in the main table. If a 
suitable number of columns in the main table are exceeded, the establishment of a 
new free-standing table with new columns may be initiated. The new table will use 
the patient’s ID (the primary key) in the parent table, and this will be used to relate 
the information in the two tables (cfr. the name relational database).

If there is repeated information of the same sort (like result of two colonoscopies 
of the same patient), this may be included in another table containing the results of 
the colonoscopies. If two colonoscopies, the same patient will have two rows popu-
lated: both rows will include the patient’s ID (primary key in the parent table), and 
when the colonoscopy was undertaken: The patient’s ID will be the same in both 
rows, but the date of the colonoscopies will differ. In principle, as many tables as 
required may be established for different purposes, and as many rows as required 
can be entered for the same patient in any such Table. A correctly constructed rela-
tional database will have no limit for expansions in these directions.

12  Structured Query Language (SQL)

SQL is the commonly used method to design, maintain, and query a relational data-
base (https://en.wikipedia.org/wiki/Relational_database). To analyze a relational 
database, a question is asked  – a query. The query is formatted in a language 
designed for the task – a mathematically structured language to relate the different 
pieces of information with their relationships to typically provide a two- dimensional 
result table as an answer to the query (the return value of the query). This return 
value may be used as input to a new query, etc., to build complex analytical systems. 
The return value of the query may be formatted to meet the input format for the 
statistical software of choice for further statistical analyses as mentioned above. 
What can and what cannot be achieved in this way is decided by the exact defini-
tions and formatting of the objects in the given database as discussed above. Whether 
or not the return value has a meaning is the responsibility of the person deciding the 
question. The question may be given by a scientist, and then it is the responsibility 
of the programmer that the programmed query actually is the question to be asked – 
if not, the return value is not an answer to the question asked by the scientist. There 
is no output from a database besides return values of queries.

Whether or not the return value of the query has a meaning and is a valid answer 
to the question is a function of to which degree the logical requirements are met to 
objects included as discussed above. The latter is critical: If the data include assump-
tions, any return value of a query to the database will reflect the assumptions. The 
often cited slogan “garbage in–garbage out” will thus hold. If patients are followed 
over time, there will be a need to correct typos and misunderstandings. In a medical 
file, it will not be allowed to delete previously entered information. Typically, a row 
in a table is “flagged” to be incorrect, with information on who decided this to be so, 
and a new row is inserted with the correct information and flag in that row who did 
so and when. “Flag” means adding the information in a separate variable in the row. 
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The ordinary user will see only the correct information at a given time, but it will be 
possible to backtrack all information entered and all changes done by whom and 
when. Implementing such capacity for all variables in a medical file makes it very 
complex both in design and to be maintained.

Establishing a relational database following the principle rules may this way 
become very complex, and doing such is often referred to as “normalization”  – 
making it right. Starting a research project and obtaining a result may be time- 
critical, and the resources to do everything right may not be available. Then the 
decision on where to start, while ensuring that while starting in a simple way, all the 
basic rules are adhered to, will be important. If this is achieved, the database may be 
expanded to any further research questions. The alternative is to violate some of the 
basic rules, because they make the start too complex and resource-demanding. 
Doing so is often referred to as “de-normalizing” the database to the task at hand. 
Doing so may in advance predict exactly which limitations to include and which 
tasks the database in the future cannot perform.

13  Conclusions

It follows from the above, and which the examples are meant to illustrate, that a 
research database has to be constructed to the declared need of the research project. 
Also, SQL queries may be preprogrammed before the data are entered into the data-
base – they may be your research goals declared in your research protocol reformat-
ted into the programming language you use. If you are a scientist needing a 
programmer to establish and handle your database, you possibly have to engage in 
database capabilities and limitations to avoid misunderstanding and be sure to reach 
your research goals. If you have a statistical expert in your group as well, all three 
should preferably communicate when planning the database design.To have the 
possibility to expand your database for additional purposes, you may select to estab-
lish a relational database meeting all the principle requirements among which a few 
are discussed above. If you because of lack of time and resources make some short-
cuts, you can predict in advance what future limitations your database will have. 
Both the old statement “Divide each difficulty into as many parts as is feasible and 
necessary to resolve it”  (https://www.brainyquote.com/quotes/quotes/r/renedes-
car154431.html) and the more recent version “every problem should be made as 
simple as possible, but not simpler” (http://quoteinvestigator.com/2011/05/13/ein-
stein-simple/) still hold true.

References

 1. All websites mentioned were downloaded February 2017.

P. Møller et al.

https://www.brainyquote.com/quotes/quotes/r/renedescar154431.html
https://www.brainyquote.com/quotes/quotes/r/renedescar154431.html
http://quoteinvestigator.com/2011/05/13/einstein-simple
http://quoteinvestigator.com/2011/05/13/einstein-simple


427© Springer International Publishing AG, part of Springer Nature 2018 
L. Valle et al. (eds.), Hereditary Colorectal Cancer, 
https://doi.org/10.1007/978-3-319-74259-5_27

Chapter 27
The Colon Cancer Family Registry Cohort

Mark A. Jenkins, Aung K. Win, and Noralane M. Lindor

Abstract The Colon Cancer Family Registry Cohort (CCFRC) was established in 
1997 for NIH stated purposes of research on the genetic and environmental aetiol-
ogy of colorectal cancer and the identification of individuals who, because of their 
high risk, could benefit from preventive strategies. A case-control-family design 
was utilised to enhance genetic as well as environmental research, including gene 
discovery and characterisation, and to evaluate modifiers of genetic risk. The 42,489 
study participants from 15,049 families were recruited between 1998 and 2012 in 
the USA, Canada, Australia and New Zealand including recently diagnosed colorec-
tal cancer cases from population-based cancer registries, controls from population-
based sources, patients from family cancer clinics with a strong family history of 
colorectal cancer or young-onset disease and their relatives, both those affected and 
those unaffected by cancer. At baseline, participants provided a blood/buccal wash 
sample and access to medical records and tumour specimens and completed a 
detailed risk factor questionnaire (height, weight, alcohol use, smoking, physical 
activity, medication use, diet, screening, cancer diagnoses, detailed family history 
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of cancer). Every 4–5 years after baseline, all population-based case-families and 
clinic-based families were followed up for updates on their personal and family his-
tory of cancer as well as history of surgery, cancer screening and some risk factors. 
The total follow-up of 37,436 participants covers 339,000 person-years (277,000 
via direct survey of participants and 62,000 via interview of participating relatives). 
During follow-up, 824 (2.2%) participants were diagnosed with a colorectal cancer 
and 3582 (9.5%) were diagnosed with a non-colorectal cancer. Participants have 
had germline testing for major colorectal cancer genetic syndromes (Lynch syn-
drome and MUTYH) and undergone genome-wide SNP genotyping. Colorectal can-
cer cases were tested for major somatic alterations, for clinically relevant molecular 
subtypes, including tumour microsatellite instability, mismatch repair protein loss 
in immunohistochemistry, the common somatic KRAS and BRAF variants, MLH1 
methylation and CpG island methylator phenotype (CIMP). Data and biospecimens 
are available for collaborative research and have been utilised for over 400 publica-
tions and approximately 300 projects (53% are external investigator- driven proj-
ects) – see http://www.coloncfr.org/.

Keywords Colorectal cancer · Family study · Lynch syndrome · Risk factors · 
Cohort · Family history

1  Rationale and Structure of the Colon Cancer Family 
Registry Cohort

Colorectal cancer has long been one of the most frequently diagnosed cancers in the 
world with an estimated 1.4 million new cases diagnosed each year (9.8% of 
worldwide cancer diagnoses) and the cause of 694,000 deaths (8.5% of all worldwide 
cancer deaths) in 2012 [1].

In 1996, as a commitment to reduce morbidity and mortality from this disease, 
the National Cancer Institute (NCI) of the US National Institutes of Health invited 
investigators to apply for funding to establish a “Cooperative Family Registry for 
Colorectal Cancer Studies” (RFA: CA-96-011). The main NIH stated aims were to 
collect pedigree information, epidemiologic data and related biologic specimens 
from participants with and without colorectal cancer and with and without a family 
history of the disease as a resource for interdisciplinary studies on the aetiology of 
colorectal cancer and to identify a population at high risk of colorectal cancer that 
could benefit from preventive strategies. This cohort profile provides an update of 
the Colon Cancer Family Registry, described in detail in Newcomb et al. [2].

The basic premise of this initiative is that family-based designs across the spec-
trum of risk, in which cases, controls and their relatives are all recruited into a single 
research infrastructure, would enable efficient study of genetic aetiology, gene pen-
etrance, gene-gene interaction, and interaction with lifestyle factors.
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Thus, in 1997, the Colon Cancer Family Registry was established with funding 
support from the NCI. For Phase-I (1998–2002), 5 years of funding was awarded to 
six Colon Cancer Family Registry sites:

• Cancer Care Ontario (Toronto, Ontario, Canada)
• Fred Hutchinson Cancer Research Center (Seattle, Washington, USA)
• Mayo Clinic (Rochester, Minnesota, USA)
• University of Hawaii (Honolulu, Hawaii, USA)
• University of Southern California Consortium (comprised of Universities of 

Southern California, Minnesota, North Carolina, Colorado and Arizona, 
Dartmouth University and the Cleveland Clinic Foundation, USA)

• The University of Queensland (Brisbane, Queensland, Australia)

The Colon Cancer Family Registry received funding renewals for Phase-II 
(2003–2007) and Phase-III (2008–2012) with the addition of:

• The University of Melbourne (Melbourne, Victoria, Australia) substituting the 
University of Queensland

• Memorial University (Newfoundland, Canada) as a collaborative site within the 
Cancer Care Ontario

In 2004–2011, the ethnic/racial minority component of the Colon Cancer Family 
Registry was expanded through the recruitment of additional African American and 
Japanese American families with a separate NCI grant that included the University 
of Hawaii, the University of Southern California, the University of North Carolina, 
the Fred Hutchinson Cancer Research Center and the Cancer Prevention Institute of 
California.

Phase-IV (2013–2018) of the Colon Cancer Family Registry was funded by the 
NCI as a Cancer Epidemiology Cohort and consequently renamed as the Colon 
Cancer Family Registry Cohort (CCFRC). This phase saw the changes of Stanford 
University (California, USA) as the administering site for the CCFRC and Mayo 
Clinic (Scottsdale, Arizona, USA) as the administering site for the Mayo Clinic.

2  Recruitment and Follow-Ups

Recruitment By design, recruitment sampling schemes and inclusion and exclusion 
criteria varied by the CCFRC sites and funding phase. Details of the recruitment 
methods at each institution of the CCFRC have been published previously [2]. 
Recruitment protocols fall broadly into two main categories: population-based and 
clinic-based. The CCFRC recruited 42,489 participants – from 15,049 families – 
who completed a baseline questionnaire between 1998 and 2012 (Table  27.1). 
Recruitment within clinic-based families was, on average, twice that for population- 
based families (5.3 vs. 2.6 relatives per family, respectively). The majority of 
participants self-reported as Caucasian (86%) followed by Asian ethnicities (5.5%), 
African American (5%), Native American (1%) and others (Pacific Islander, more 
than one race, or not reported). Of all participants, ~55% were female.

27 The Colon Cancer Family Registry Cohort
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Active Follow-Up Efforts have been made to follow up all participants from all 
population-based case families (but not controls) and clinic-based families 
approximately every 4–5  years after completing their baseline questionnaire. At 
follow-up, all participants were asked, either by telephone interview or self- 
completed questionnaire (mailed or online), to update their personal and family 
history of cancer as well as their history of surgery, cancer screening and selected 
risk factors.

Of the 37,436 participants who completed baseline questionnaires and were 
approached for follow-up, 27,918 completed the first follow-up questionnaire 
(response proportion or response “rate” of those alive = 83%), 3549 died before 
being approached for the first follow-up, and 5969 could not be contacted or refused 
follow-up. Of the 27,918 participants who had completed the first follow-up, 18,958 
completed their second follow-up questionnaire (response = 87%), 1934 died, 2824 
were either uncontactable or refused and 4202 are still in process. Of the 18,958 
participants who had completed the second follow-up, 8371 had completed their 
third follow-up questionnaire (response = 95%), 1536 had died, 368 were either 
uncontactable or refused and 8683 are still in progress (Fig. 27.1).

The total number of person-years of follow-up by participants who completed 
questionnaires is 276,762 person-years. As this is a family study, the vital status and 
cancer diagnoses of participants were also ascertained, even if they did not 
participate in the follow-up themselves, based on interviews of any relatives who 
were also participants. Including the reports by relatives, the total number of person- 
years of follow-up of all participants who completed a baseline questionnaire was 
338,970 person-years, an average of 9.1  years per participant. These comprise 

Table 27.1 Number of families and participants of the Colon Cancer Family Registry Cohort by 
sex and colorectal cancer (CRC) status at baseline recruitment

Males
N (%)

Females
N (%)

Total
N (%)

Population-based familiesa 13,190
  Probands with CRC (case-probands) 4321 (29.2) 4419 (24.6) 8740 (26.7)
  Relatives with CRC 332 (2.2) 372 (2.1) 704 (2.1)
  Relatives without CRC 7769 (52.5) 10,516 (58.5) 18,285 (55.8)
  Probands without CRC (control-probands) 2071 (14.0) 2205 (12.3) 4276 (13.0)
  Relatives of control-probandsb 310 (2.1) 467 (2.6) 777 (2.4)
  Total population-based individuals 14,803 17,979 32,782

Clinic-based familiesc 1859
  Probands and relatives with CRC 1139 (26.1) 1108 (20.7) 2247 (23.1)
  Probands and relatives without CRC 3221 (73.9) 4239 (79.3) 7460 (76.9)
  Total clinic-based individuals 4360 5347 9707

Total families 15,049

Total participants 19,163 23,326 42,489
aProbands recruited from a population-based source
bOnly the University of Melbourne recruited relatives of control-probands
cProbands recruited from a family cancer clinic source
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approximately: 49,000 person-years for those recruited within 2  years after 
colorectal cancer diagnosis (thus relevant for studies of colorectal cancer survival 
and risk of metachronous cancer); 39,000 person-years for those recruited more 
than 2 years after colorectal cancer diagnosis (thus relevant for studies of survivors 
of colorectal cancer); and 251,000 person-years for those with no previous diagnosis 
of colorectal cancer (thus relevant for studies of colorectal cancer risk and 
aetiology) – Table 27.2.

Passive Follow-Up One or more of the following passive follow-up activities have 
been conducted at each site of the CCFRC – data linkage with local and national 
death files, population-based cancer registries and electoral rolls, annual newsletters, 
reviews by genetic counsellors, obituary notices and other mailings to participants. 
Passive follow-up was regularly conducted on all participants  – at intervals that 
varied by CCFRC site, type of follow-up activity and cost – to obtain information 
on new cancers, vital status and cause of death and to update contact information.

Incident Cancers and deaths during Follow-Up During active and passive follow-
up, all new reports of colorectal polyps and all new cancers were recorded. Attempts 
were made to verify cancers using medical records, cancer registry data and confir-
matory reports from relatives. To date, 824 (2.2%) participants have been diagnosed 
with a colorectal cancer since baseline (Table 27.2). 3582 (9.5%) participants have 
been diagnosed with an incident non-colorectal cancer since baseline – total 4164 
incident non-colorectal cancers as follows: 772 skin, 568 breast, 599 prostate, 97 
gastric, 52 small bowel, 103 hepatobiliary, 102 pancreas, 147 renal, 40 ureteric, 150 
urinary bladder, 76 brain, 355 lung, 27 bone, 219 blood, 163 endometrial, 73 ovarian 
and 35 cervical cancers and 586 in other organs. A total of 7019 (19%) participants 
(including those with and without colorectal cancer at baseline) are known to have 
died since baseline – Fig. 27.1.

Baseline questionnaire
N=37,436

1st follow-up questionnaire
N=27,918

Deceased
N=3,549

Lost/refused
N=5,969

Deceased
N=1,934

Lost/refused
N=2,824

Deceased
N=1,536

Lost/refused
N=368

Inprogress/notdue
N=8,683

Colon Cancer Family Registry Cohort Progress, 1998-2017

2nd follow-up questionnaire
N=18,958

3rd follow-up questionnaire
N=8,371

Mean time
since baseline

5.3 years

10.1 years

14.8 years

83%

87%

95%

Participation from one
follow-up to the next*

Inprogress/notdue
N=4,202

Fig. 27.1 Progress of follow-up of participants of the Colon Cancer Family Registry Cohort (as of 
June 2017). Participation is defined as the percentage of those who were alive at contact attempt 
who completed the questionnaire
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3  Data

At the baseline recruitment, CCFRC participants were asked to complete a detailed 
family history of cancer, a risk factor questionnaire, permission to access medical 
records pertaining to any colorectal cancer diagnoses and permission to access 
colorectal cancer tumours and, depending on the degree of relationship to the 
proband, to provide a blood (or buccal wash) sample – Table 27.3.

Baseline Risk Factor Questionnaires All participants (probands and their partici-
pating relatives) were asked to complete the same detailed baseline risk factor sur-
vey using standardised questionnaires via personal or telephone interviews or 
mailed questionnaires. Items included demography, lifestyle factors, screening, 
treatment and family history. Four CCFRC sites also asked participants to complete 
a self-administered food frequency dietary questionnaire. Three CCFRC sites 
(University of Hawaii, Cancer Care Ontario and University of Southern California 
consortium) used the questionnaire developed by the Multiethnic Cohort study in 
Hawaii and California [3]. The University of Melbourne used the questionnaire 
developed by the Melbourne Collaborative Cohort Study [4].

Follow-Up Risk Factor Questionnaires At each follow-up, participants were asked 
for the following events that occurred since the previous contact, including cancer 
diagnoses, bowel and gynaecological surgery, screening for colorectal cancer, 
polyps and cancer diagnoses and deaths in relatives. Some CCFRC sites opted to 
include additional questions pertaining to colorectal cancer risk factors.

Table 27.2 Numbers of incident colorectal cancer diagnosis and deaths occurring in study 
participants (except controls) of the Colon Cancer Family Registry  Cohort since baseline 
recruitment by different cohort types, as of June 2017

Number of 
participants

Number of 
incident 
colorectal 
cancer at any 
age (%)

Number of 
incident 
colorectal cancer 
under age 
50 years (%)

Number 
of deaths 
(%)

Average 
follow-up 
(years)d

Colorectal cancer 
within 2 years prior 
to recruitmenta

6765 144 (2.1) 31 (0.5) 2694 
(39.8)

7.5

Colorectal cancer 
over 2 years prior to 
recruitmentb

4623 202 (4.4) 25 (0.5) 1411 
(30.5)

8.8

No history of 
colorectal cancer 
prior to recruitmentc

26,048 478 (1.8) 114 (0.4) 2914 
(11.2)

10.0

Total 37,436 824 (2.2) 170 (0.5) 7019 
(18.7)

9.4

aCohort useful for studies of colorectal cancer survival and risk of metachronous cancer
bCohort useful for studies of survivors of colorectal cancer
cCohort useful for studies of colorectal cancer risk and aetiology
dBased on follow-up interview or report from participating relative
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Table 27.3 Resources available for the Colon Cancer Family Registry Cohort, as of June 2017

Males
N (%)

Females
N (%)

Total
N (%)

Population-
based case 
familiesa

Probands Baseline questionnaire 4321 (22.5) 4419 (18.9) 8740 (20.6)

Food frequency 
questionnaire

2096 (22.7) 2409 (20.5) 4505 (21.5)

Blood/buccal samples 3759 (27.3) 3886 (22.8) 7645 (24.8)

Polyp material 14 (7.9) 8 (4.0) 22 (5.8)

Cancer material 3561 (73.6) 3447 (70.2) 7008 (71.9)

Diagnosis and treatment 1563 (84.2) 1526 (85.7) 3089 (85.0)

Relativesb Baseline questionnaire 7740 (40.4) 10,328 (44.3) 18,068 (42.5)

Food frequency 
questionnaire

3323 (36.0) 4700 (40.0) 8023 (38.3)

Blood/buccal samples 4751 (34.4) 6731 (39.5) 11,482 (37.2)

Polyp material 7 (3.9) 8 (4.0) 15 (3.9)

Cancer material 265 (5.5) 325 (6.6) 590 (6.1)

Diagnosis and treatment 40 (2.2) 44 (2.5) 84 (2.3)

Spouse 
controlsc

Baseline questionnaire 361 (1.9) 560 (2.4) 921 (2.2)

Food frequency 
questionnaire

135 (1.5) 197 (1.7) 332 (1.6)

Blood/buccal samples 149 (1.1) 225 (1.3) 374 (1.2)

Population-
based 
control 
familiesd

Probands Baseline questionnaire 2071 (10.8) 2205 (9.5) 4276 (10.1)

Food frequency 
questionnaire

1142 (12.4) 1023 (8.7) 2165 (10.3)

Blood/buccal samples 1399 (10.1) 1497 (8.8) 2896 (9.4)

Relativesb Baseline epi data 310 (1.6) 467 (2.0) 777 (1.8)

Food frequency 
questionnaire

260 (2.8) 383 (3.3) 643 (3.1)

Blood/buccal samples 6 (0.0) 5 (0.0) 11 (0.0)

Clinic-based 
case 
familiese

Probands 
with CRCa

Baseline questionnaire 699 (3.6) 644 (2.8) 1343 (3.2)

Food frequency 
questionnaire

247 (2.7) 270 (2.3) 517 (2.5)

Blood/buccal samples 645 (4.7) 625 (3.7) 1270 (4.1)

Polyp material 24 (13.5) 29 (14.4) 53 (13.9)

Cancer material 561 (11.6) 526 (10.7) 1087 (11.2)

Diagnosis and treatment 239 (12.9) 204 (11.5) 443 (12.2)

Probands 
w/o CRCc

Baseline questionnaire 137 (0.7) 304 (1.3) 441 (1.0)

Food frequency 
questionnaire

62 (0.7) 164 (1.4) 226 (1.1)

Blood/buccal samples 101 (0.7) 250 (1.5) 351 (1.1)

Polyp material 13 (7.3) 27 (13.4) 40 (10.5)

Cancer material 20 (0.4) 67 (1.4) 87 (0.9)

Diagnosis and treatment 0 (0.0) 0 (0.0) 0 (0.0)

Relativesb Baseline questionnaire 3524 (18.4) 4399 (18.9) 7923 (18.6)

Food frequency 
questionnaire

1953 (21.2) 2596 (22.1) 4549 (21.7)

Blood/buccal samples 2983 (21.6) 3814 (22.4) 6797 (22.0)

Polyp material 120 (67.4) 130 (64.4) 250 (65.8)

Cancer material 429 (8.9) 542 (11.0) 971 (10.0)

Diagnosis and treatment 14 (0.8) 6 (0.3) 20 (0.6)

(continued)
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All baseline and follow-up questionnaires used by each CCFRC sites can be 
accessed at http://www.coloncfr.org/questionnaires.

Family History One or more participants from each family was asked to provide 
their family history of cancer by answering a standard set of questions for each of 
their relatives including sex and date of birth, cancer sites (except nonmelanoma 
skin cancer) and ages or dates at diagnoses, vital status and, if deceased, date of 
death. All CCFR sites recorded detailed family history information for each first- 
and second-degree relative, and some sites expanded to third-degree relatives, 
depending on site-specific protocols (detail in Newcomb et al. [2]). Extensive efforts 
were made to verify the anatomical site, extent of disease, age at diagnosis and 
pathology of tumours. Sources of verification used included pathology reports, 
medical and surgical records, cancer registry information and death certificates.

Blood/Mouthwash Samples Participants were asked to provide a blood or mouth-
wash sample. Of those who agreed, 93% provided a blood sample – Table 27.3 [5]. 
DNA was extracted from blood and mouthwash samples under CCFRC quality- 
control protocols to maximise target DNA concentration and fragment size. To 
provide an unlimited supply of DNA and RNA for probands and selected relatives, 
lymphoblastoid cell lines of case-probands were immortalised on a subset of 
participants using Epstein-Barr virus [6].

Tumours and Pathology Paraffin-embedded colorectal cancer tumours – as well as 
diagnostic pathology reports  – were obtained from treating facilities with the 
consent of the participant or the next of kin if the participant was deceased. In 
addition, some CCFRC sites also obtained polyps and non-colorectal tumours, 
especially cancers commonly identified as part of Lynch syndrome. Multiple 
sections were cut from each tumour (for immunohistochemistry and nucleic acid 
extraction) and normal tissue block, one of which was stained with haematoxylin 

Table 27.3 (continued)

Males
N (%)

Females
N (%)

Total
N (%)

Total All 
population 
and 
clinic-
based 
probands 
and 
relatives

Baseline questionnaire 19,163 23,326 42,489

Food frequency 
questionnaire

9218 11,742 20,960

Blood/buccal samples 13,793 17,033 30,826

Polyp material 178 202 380

Cancer material 4836 4907 9743

Diagnosis and treatment 1856 1780 3636
aProband has a history of colorectal cancer (CRC) at baseline interview
bAffected or unaffected with colorectal cancer at baseline interview
cSpouse of proband. Has no history of colorectal cancer at baseline interview
dProband has no history of colorectal cancer at baseline interview
eProband is recruited from a family cancer clinic

M. A. Jenkins et al.
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and eosin (H&E) and reviewed by pathologists. For each colorectal cancer, a pathol-
ogy review was completed (either by examination of the H&E slides or extraction 
of relevant data from available pathology reports) to obtain the following stan-
dardised set of tumour features: grade, histological type, stage (depth of infiltration 
in large bowel wall and spread to regional lymph nodes), lymphovascular invasion 
and perineural invasion. Sections were stored for future research at each CCFRC 
site. When allowed by outside institutions, tumour blocks were also stored for future 
studies. Two sites (Ontario and University of Southern California consortium) have 
made tumour microarrays (TMAs) from colorectal cancers (n = 1278).

Virtual Tissue Repository CCFRC has created a digitised library of pathology 
slides (electronic representations of traditional glass slides). A total of 4510 H&E 
stained slides of histological sections of colorectal tumours from the probands were 
scanned using either the NanoZoomer Digital Pathology Scanner (Hamamatsu 
Corp.) or the Aperio ScanScope digital slide scanner. Each image is stored as a 
series of 752  ×  480 pixel JPEG image tiles that are reconstructed with relevant 
software. Typical size of these images is between 200mb and 1.5gb per slide. All 
images were archived on five image servers: one for short-term storage and four for 
long-term storage. This process can facilitate morphology-based studies and allows 
sharing of H&E sections without jeopardising the resource due to possible 
unreturned original slides.

Clinical Records Clinical treatment and outcome records were requested from 
3830 case-probands and 111 relatives with an incident colorectal cancer diagnosed 
since baseline and have been abstracted into standardised items for analysis.

Molecular Characterisation of Tumours Probands’ colorectal cancers were charac-
terised for DNA mismatch repair (MMR) deficiency by PCR-based microsatellite 
instability (MSI) tests and/or by immunohistochemistry (IHC) for the four DNA 
MMR proteins [7]. Colorectal cancer tumour DNA was tested for the BRAF V600E 
somatic point mutation [8, 9] and somatic mutations in codons 12 and 13 of KRAS 
[8, 9]. Tumours were also tested for methylation of the MLH1 gene promoter (an 
epigenetic phenotype that can be used to indicate that tumour MMR deficiency is 
more likely to have been caused by somatic epigenetic event in MLH1 than by a 
germline mutation in MLH1) [11]. Characterisation of the CpG island methylator 
phenotype (CIMP) was also performed by assessing quantitative methylation across 
five gene promoters (CACNA1G, IGF2, NEUROG1, RUNX3 and SOCS1) 
[10] – Table 27.4.

Molecular Characterisation of Germline DNA Screening for germline mutations in 
MLH1, MSH2, MSH6, PMS2 and EPCAM was performed for all population-based 
probands who had a colorectal tumour displaying a MSI-high or a loss of expression 
of one or more of the MMR protein expression by IHC and for the youngest-onset 
colorectal cancer case participant from each clinic-based family, regardless of MSI 
or MMR protein expression status. All case-probands were genotyped for specific 

27 The Colon Cancer Family Registry Cohort



436

germline mutations in MUTYH. DNA from the participating and consented relatives 
of probands with a pathogenic mutation were tested for the specific mutation (MMR 
gene or MUTYH) identified in the proband (predictive testing). Of the CCFRC par-
ticipants, 2118 carry a mutation in one of the MMR genes (761 in MLH1, 976 in 
MSH2, 243 in MSH6, 109 in PMS2, 29 in EPCAM), and 451 carry either a monoal-
lelic (n = 392) or biallelic mutation (n = 59) in MUTYH. Since baseline, these muta-
tion carriers have contributed a total of 18,514 MMR-mutation person- years and 
3732 MUTYH-mutation person-years.

In addition, targeted sequencing was conducted of 36 known or putative colorec-
tal cancer susceptibility genes (including the MMR genes) for 1231 cases including 
cases with familial colorectal cancer type X [12], early-onset (age < 50 years at 
colorectal cancer diagnosis) or suspected Lynch syndrome and cases for which no 

Table 27.4 Molecular characterisations of participants (probands and relatives) at the Colon 
Cancer Family Registry Cohort, as of June 2017

Molecular test
Number of participants 
tested

Number of colorectal cancer 
tumours tested Test results

Tumour

DNA MSI 5147 5305 1065 high
665 low
3575 stable

IHC for MMR 
proteins

8036 8338 1671 loss
6667 present

CIMPa 3877 4502 506 positive
3996 negative

MLH1 methylation 3041 3412 465 
methylated
2947 normal

BRAF V600E 
mutation

7080 7322 679 positive
6643 negative

KRAS mutation 4014 4154 1299 positive
2855 negative

Blood

MMR geneb 2895 probands
4106 relatives

710 mutations
1408 
mutations

MUTYHb 10649 probands
3571 relatives

47 biallelic,
195 
monoallelic
12 biallelic,
197 
monoallelic

MSI microsatellite instability, IHC immunohistochemistry, MMR mismatch repair, CIMP CpG 
island methylator phenotype
aTumours were classified as CIMP-positive if ≥3 of 5 genes gave percent of methylated reference 
value ≥10
bsequencing (probands) or predictive testing (relatives)
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tumour was available to triage by tumour MMR deficiency status. CCFRC has 
genome-wide SNP genotyping data for 10,716 participants (6732 cases and 2435 
controls) by various platforms, all now imputed to the 1000 Genomes Project [13].

4  Research Summary

CCFRC resource has been used for more than 400 original peer-reviewed publica-
tions – see http://coloncfr.org/publications. Here, we highlight a few findings that 
illustrate the power of this cohort to understand genetic and environmental risk fac-
tors for colorectal cancer.

 1. Lynch syndrome: Research utilising the CCFRC has significantly refined and 
advanced multiple aspects of our understanding and approach to this cancer- 
predisposing genetic syndrome, specifically, in the following major studies 
which have:

 (i) Estimated age-specific cumulative risk of cancer (penetrance) for carriers 
of germline mutations in MLH1 and MSH2 [14], MSH6 [15] and PMS2 
[16].

 (ii) Conducted the first prospective cohort study of Lynch syndrome carriers 
[17].

 (iii) Described MMR gene mutation spectrum and estimated penetrance for 
African American carriers [18] and estimated the risk of metachronous 
colorectal cancer following colon cancer [19] or rectal cancer [20] and 
subsequent cancers following colorectal cancer [21, 22] or endometrial 
cancer [23].

 (iv) Estimated the risk of childhood cancers in Lynch syndrome families [24].
 (v) Investigated modifiers on cancer risks including environmental (body 

mass index [25, 26]; smoking [27]; alcohol drinking [28]; aspirin and 
ibuprofen use [29]; multivitamin, calcium and folic acid supplements use 
[30]; and female hormonal factors [31]) and genetic (TERT [32], MUTYH 
[33] and other common genetic variants [34]) factors.

 (vi) Investigated whether fertility was associated with Lynch syndrome [35, 
36].

 (vii) Described the clinical phenotypes associated with Lynch syndrome [37].
 (viii) Provided evidence that people with Lynch syndrome have modestly 

increased risks of breast [17, 21, 23, 38], cervical [14, 39] and prostate 
[21, 40] cancers.

 (ix) Shown the role of tumour BRAF mutation [41] and MLH1 promoter 
methylation [42] testing in the detection of MMR gene mutation carriers.

 (x) Described recurrent and founder mutations in the PMS2 gene [43].
 (xi) Determined the frequency of de novo mutations for MMR genes [44].
 (xii) Provided essential data for MMR gene variant classification in collabora-

tion with InSiGHT. This was possible because of the extensive descrip-
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tions of the CCFRC participants including tumour characteristics and 
detailed family history for the incorporating probabilities based on 
sequence bioinformatics and tumour characteristics [45–47].

 (xiii) Provided the first evidence-based prevalence of Lynch syndrome in the 
general population (1 in 280 people is estimated to carry mutations in any 
MMR gene, see Table  27.5) [48]. This research has contributed to 
national and international clinical guidelines and is being incorporated in 
future cancer prevention efforts by the Cancer Moonshot initiative.

 (xiv) Defined a new classification  for  colorectal cancer, familial colorectal 
cancer type X, the phenotype of approximately 50% of MMR-proficient 
colorectal cancer cases who fulfilled the Amsterdam Criteria-I for 
hereditary non-polyposis colorectal cancer [12].

 2. MUTYH studies: CCFRC resource has been used for estimating age-specific 
cumulative risk (penetrance) of colorectal cancer [49, 50] as well as non- 
colorectal cancers [51, 52] for biallelic (mutation inherited from each parent) 
and monoallelic (mutation inherited from only one parent) mutation carriers. 
This research has direct impact on the genetic testing and clinical management 
for MUTYH mutation carriers.

 3. Prognosis: Using both baseline and follow-up data of the CCFRC, there have 
been many publications on multiple aspects of colorectal cancer survival 
possible given in-depth person and tumour characterisation efforts, including:

 (i) Tumour molecular features including MSI status [53, 54], BRAF mutation 
[55], CIMP status [56], molecular subtypes (combining all these features) 
[57], KRAS mutation [58], PIK3CA mutation [59] and genome-wide copy 
number alterations[60]

 (ii) Genetic variations in SMAD7 [61], C-reactive protein [62], inflammatory 
pathways [63], catechol-O-methyltransferase [64] and oestrogen receptor 
beta promoter [65]

 (iii) Pre-diagnostic factors including family history [66], inflammatory bowel 
disease [67], obesity [68], smoking [69], alcohol consumption [70], 
NSAID use [71], postmenopausal hormone use [72] and physical activity 
[73]

Table 27.5 Population prevalence of Lynch syndrome. Estimated proportion (and 95% confidence 
interval) of the general population carrying a pathogenic germline mutation in a DNA mismatch 
repair gene

Gene Estimate 95%CI

MLH1 1 in 1900 1 in 1500–2500
MSH2 1 in 2800 1 in 2100–3800
MSH6 1 in 760 1 in 510–1100
PMS2 1 in 710 1 in 640–1050
Any mismatch repair gene 1 in 280 1 in 190–400

Note: Adapted from Win et al. [48]. Copyright 2017 by American Association for Cancer Research
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 (iv) Metachronous colorectal cancer – we recently reported, for the first time, 
the risk factors associated with metachronous colorectal cancer including 
personal, tumour and lifestyle factors [74]

 4. Aetiology studies: Often as an international collaboration, CCFRC has contrib-
uted data to the studies of environmental and lifestyle risk factors for colorectal 
cancer, with emphasis of the interactions with candidate genes or pathways:

 (i) Cigarette smoking [75], obesity and height [76], parity [77], family history 
[78], gender of the affected parent [79], alcohol consumption and smoking 
[80], NSAID use [81–85], exogenous hormone use [86–88], dietary folate 
[89–91], calcium and vitamin D [92–96], meat intake [97], cooking method 
[98], leptin levels [99], dietary phytoestrogen [100] and other nutrients 
[101]

 (ii) Mendelian randomisation studies on height [102], body mass index [103] 
and adiposity [104]

 5. New gene discoveries: CCFRC GWAS data has been utilised for colorectal can-
cer research which have:

 (i) Discovered new colorectal cancer susceptibility loci (SNPs) for 
Caucasians [105–114], East Asians [115] and African Americans [116] 
as well as new pan-ethnic colorectal cancer susceptibility locus at 10q25 
[117]

 (ii) Shown the cumulative impact of common genetic variants and other risk 
factors on colorectal cancer risk [118]

 (iii) Shown a new serrated neoplasia, Jass syndrome, linked to chromosome 2 
[119]

 (iv) Described germline mutations in EPHB2 in familial colorectal 
cancer [120]

 (v) Shown serrated pathway involvement in colorectal cancers with somatic 
BRAF mutations [121–123]

 (vi) Investigated the association with genetic variations in SMAD7 [124], 
inflammation and innate immunity pathways [125, 126] and phospholipase 
A2G1B polymorphisms [127]

 (vii) Shown the association between germline HOXB13 p.Gly84Glu mutation 
and colorectal cancer risk [128]

 (viii) Shown the association between germline TP53 mutations and early-onset 
colorectal cancer [129]

 6. Epigenetics: CCFRC has contributed extensively to understanding of epi-
genetics related to colorectal cancer including its role in MSI [130], the rela-
tionship with ethnicity [131], somatic BRAF mutations in MSI tumours and the 
confirmation of CIMP [132], DNA methylation in serrated polyps [133], the 
possibility that some epigenetic change may be inherited in Lynch syndrome 
[134], the role of age in association with MSI prevalence [135] and MLH1 
expression [136], methylation in the promoter region of MLH1 [56] and ITF2 
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[137], association between hypermethylation in white blood cell DNA and 
colorectal cancer [138] and associations between colorectal CIMP phenotype 
and tumour molecular features and other risk factors [10].

 7. Risk prediction: We published a study [139] explaining the familial aggregation 
by taking into account all known and unknown major genes  and polygenic 
component, which is an essential step in the development of a risk prediction 
model for colorectal cancer. Further, in collaborations with other investigators, 
we validated MMR gene mutation prediction models including MMRpro and 
PREMM [140–142].

 8. Molecular pathology: CCFRC has contributed in various aspects of colorectal 
cancer molecular pathology, from basic science to clinical studies  – the 
relationship between MSI and IHC phenotyping of tumours [7], MMR gene 
mutation detection by use of diploid to haploid conversion analysis [143], the 
significance of missense mutations in APC [144, 145], discovery of deletion- 
related monoallelic drop-out of BAT26 in MSI testing [146], determining the 
sensitivity and specificity of pathology features in Bethesda Guidelines for 
MSI-H tumours [147], copy number variants in germline DNA [148], detection 
of PMS2 mutations in colorectal tumours [149, 150], telomere length variation 
by DNA extraction method [151] and age of colorectal cancer diagnosis [152], 
MGMT methylation in colorectal cancer tumours [153], genome-wide copy 
number alteration [60, 154] and association between tumour molecular subtypes 
and colorectal cancer risk in the relatives [155].

 9. Behavioural studies: CCFRC has contributed to psychosocial and behavioural 
studies in the area of genetic information about Lynch syndrome [156, 157], 
communication of genetic results [158], genetic information and uptake of 
screening [159, 160] and quality of life and lifestyle changes in colorectal 
cancer survivors [161–163]. We also conducted a randomised controlled trial 
on the effectiveness of a telephone-based counselling intervention to increase 
colonoscopy screening [164].

 10. Research on non-colorectal cancers: CCFRC has also enabled a broad range of 
research on other cancers beyond colorectal cancer because of our extended 
recruitment on the family members. CCFRC has contributed to identify genetic 
and environmental risk factors for endometrial [111, 165], breast [166] and 
pancreatic [167–171] cancers.

5  Research Focus: Identification of Lynch Syndrome

One of the major contributions to Lynch syndrome research that the CCFRC is con-
tributing to is the identification of Lynch syndrome carriers in the population. Once 
identified, relatives of the mutation carriers can undergo predictive testing for the 
mutation found in the family, but there are many possible strategies for identifying 
families carrying a mutation, each with their own advantages and disadvantages. 
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The CCFRC can contribute a substantial amount of important data to assess these 
strategies.

Before considering any strategy, some estimates of the number or proportion of 
the population that have Lynch syndrome. There have been previous attempts to 
estimate this based on the observed proportion of colorectal cancer cases that are 
Lynch syndrome, the proportion that have colorectal cancer and the estimated 
prevalence by age of Lynch syndrome for colorectal cancer. The CCFRC has 
sufficient family data to calculate this prevalence based on observed data. By 
analysing the families of 5744 colorectal cancer cases recruited from population 
cancer registries in the USA, Canada and Australia, the estimated proportion of the 
population with Lynch syndrome was approximately 1 in 280 (0.35%) [48]. For a 
population of 320 million people in the USA, this equates to over one million people 
with Lynch syndrome. The estimated prevalence varied considerably by DNA 
MMR gene (Table 27.5). Approximately three times as many of the population are 
estimated to carry mutations in MSH6 or PMS2 compared with MLH1 or MSH2. 
This may first appear counter-intuitive given the majority of colorectal cancer cases 
with Lynch syndrome are MLH1 or MSH2, but these are the higher penetrant genes 
and therefore more likely to be observed in colorectal cancer cases and do not reflect 
the expected number in the general population, the vast majority of whom do not 
have colorectal cancer.

The primary question then becomes how to best identify the people in the popu-
lation with Lynch syndrome. Most efficiently, this will be done by first identifying 
the carriers in those with a previous diagnosis of colorectal cancer, given the propor-
tion of colorectal cancer cases with Lynch syndrome (approximately 3%) is approx-
imately ten times greater than the general population. However, this 3% prevalence 
is an average over all colorectal cancer cases and certainly not uniformly 
distributed.

Family history was one of the first criteria for identifying families to test for 
Lynch syndrome. For example, Amsterdam Criteria-I [172] and the Amsterdam 
Criteria-II [173] specified definitions of strong family history, thought to be more 
commonly due to Lynch syndrome than other cases. Data from the CCFRC suggest 
that family history is not an effective way to identify which colorectal cancer cases 
have Lynch syndrome. In Fig. 27.2, the rectangles represent the number of colorectal 
cancer cases in the population with the area of each of the rectangles being directly 
proportional to the number of colorectal cancer diagnoses in the population. Each 
rectangle represents a different definition of family history. The thin red vertical 
rectangle represents the number of colorectal cancer cases with Lynch syndrome, 
again with the area of each of the rectangles being directly proportional to the 
number of Lynch syndrome cases with colorectal cancer in the population. Using 
this representation, it can be seen that while those with two or more first-degree 
relatives with colorectal cancer or those meeting Amsterdam Criteria-I  [172] are 
enriched for Lynch syndrome (one in six has Lynch syndrome), the majority of 
Lynch syndrome cases are in those with no first-degree relatives with colorectal 
cancer. Only 2% of this category will have a mutation but because of the size of this 
group, it will contain 58% of colorectal cancer cases that have Lynch syndrome.
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Another method which is commonly used by almost all clinical services is to test 
the colorectal cancer tumours for evidence of MMR deficiency, either by testing for 
high-MSI or loss of expression of any of the MMR proteins by IHC. Data from the 
CCFRC show that there is a U-shaped relationship between colorectal cancer MMR 
deficiency and age of diagnosis, with the proportions of tumours having MMR defi-
ciency for those diagnosed in their 30s and 70s (approximately 20%) being twice as 
high compared with tumours in cases diagnosed in their 50s (approximately 9%) 
(Fig. 27.3a). For early-onset cases, tumour MMR deficiency is ten times more likely 
to be due to inherited MMR gene mutations (~50%) compared with late-onset cases 
(~5%) (Fig. 27.3b) which is more likely to be due to age-related methylation of 
MLH1. About 9% of cases diagnosed in their 30s are due to Lynch syndrome com-
pared with about 1% of late-onset cases (Fig. 27.3c).

The CCFRC has conducted a molecular study of the colorectal tumours for the 
causes for the MMR deficiency. There were marked differences by age of diagnosis 
(Fig. 27.4). For colorectal cancers diagnosed before age 50, the majority (57%) were 
Lynch syndrome compared with only 10% of those diagnosed over age 50. In con-
trast MLH1 methylation occurred in only 4% of tumours diagnosed before age 50 
but was present in the 69% of those diagnosed at ages 50 years or over. In both age 
categories, a substantial proportion of tumours exhibited somatic mutation in both 
alleles of MMR genes, 1 in 8 early-onset and 1 in 16 late-onset. These represent the 
most challenging cases for Lynch syndrome diagnosis as the tumours exhibit MMR 
deficiency, and there is no MLH1 methylation suggesting a germline mutation is the 
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Fig. 27.2 Estimate distribution of Lynch syndrome (pathogenic mutation in a DNA mismatch 
repair gene) in colorectal cancer cases by family history
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culprit even though it cannot be identified. Under this scenario, relatives would be 
expected to be potential carriers of an undetected mutation in a Lynch syndrome 
gene and therefore recommended to undergo intensive colonoscopy screening, when 
in fact, they are highly unlikely to carry a germline mutation.
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tumour MMR deficiency defined by high-MSI or loss of expression of MMR proteins by IHC; (b) 
probability that a colorectal cancer case has Lynch syndrome (carrier of a mutation in a MMR 
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Based on the data presented in Fig.  27.3. in combination with the population 
prevalence of Lynch syndrome (approximately 1 in 280), it is possible to estimate 
the expected proportions of carriers that would be identified if only colorectal cancer 
cases were tested. If population testing for Lynch syndrome was conducted for all 
people at age 50 years, more than 95% of all identified people with Lynch syndrome 
will have never been diagnosed with colorectal cancer. If the population of 70-year- 
olds were tested, less than 10% will ever have had colorectal cancer. Therefore, 
although much less efficient, Lynch syndrome testing of the whole population, will 
identify 10–20 times more carriers than testing colorectal cancer cases alone.

Identification of people with Lynch syndrome is important so they can receive 
intensive risk reduction measures including colorectal cancer screening [174] and 
chemoprevention such as aspirin use [29, 175]. This is because the average risk of 
colorectal cancer is considered high enough to warrant such measures. We esti-
mated the penetrance of colorectal cancer in Lynch syndrome, and, using a sophis-
ticated statistical methodology, we have identified that the distribution is not 
described well by the average risk [14]. Figure 27.5 shows that while the average 

Fig. 27.5 Distribution of lifetime risk of colorectal cancer (up to age 70 years) for carriers of a 
germline mutation in the Lynch syndrome gene, MSH2. The patterns for MLH1 males and females 
resembled a similar U-shape. Note: Adapted from Dowty et al. [14]. Copyright 2012 by Wiley 
Periodicals, Inc.
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risk of colorectal cancer for carries of mutations in DNA MMR genes might be on 
average 30–40%, this is not the most likely risk. Rather than being a bell-shaped 
Gaussian distribution, a high proportion of people with Lynch syndrome have only 
moderately increased risk of colorectal cancer (<10%), and, at the other extreme, a 
high proportion are very likely to get colorectal cancer (>80%). Penetrance in Lynch 
syndrome is complex. This distribution of cancer risks is consistent with the exis-
tence of important modifiers of risk (genetic or environmental) that could, if identi-
fied, be used to reduce the risk of Lynch syndrome. The CCFRC has been very 
active in searching for these modifiers of risk (see Chapter 5 Genetic and 
Environmental Modifiers of Risk in Lynch syndrome).

5.1  What Are the Main Strengths and Weaknesses 
of the CCFRC?

The unique strength of the CCFRC is its prospective, observational design, with 
familial enrichment and molecular characterisation. The consenting process allowed 
for conduct of multiple studies of many types that did not require re-consent unless 
recontact was required. Participants have deliberately been oversampled for both 
young age at diagnosis (in Phase-II) and for familial risk in some recruitment site 
and consisted of consecutively ascertained cases in one site. Because the design was 
intentional, proband weights are known and can be used for analysis of the popula-
tion-based cases to apply back to the general population. Therefore, the CCFRC 
differs from the usual cancer research cohort in novel ways that allow inferences not 
otherwise possible [176]. This facilitates a deeper and broader research agenda that 
covers aetiological factors (both genetic and environmental), molecular characteri-
sation, behavioural issues and clinical research relevant to people at increased 
familial risk.

Participants can be categorised on their underlying familial risk profile based on 
their genotype, family history and risk factor data, which allows the effects of 
environmental risk factors to be investigated for varying levels of putative genetic 
risk, i.e. for studies of gene-environment interactions. The availability of genotype 
data allows prospective studies of the risk-modifying effects of genetic and non- 
genetic factors and the effectiveness of targeted screening/surveillance by genetic 
subgroups. CCFRC can be, and has been, used for a range of gene discovery research 
including classic linkage studies, genome-wide association studies and whole- 
exome and whole-genome studies [119, 177–180]. Furthermore, because a large 
proportion of CCFRC participants were diagnosed with colorectal cancer just prior 
to recruitment and have risk factor data as well as blood samples, powerful studies 
of prognostic factors can be undertaken. Because of the longevity of the cohort (two 
decades), and enrolment of unaffected relatives at baseline who were at increased 
risk due to being in a known colorectal cancer-affected family, the CCFRC now has 
almost 800 new colorectal cancer cases that “converted” from being unaffected to 
affected (despite screening advice) during their follow-up period, which has enabled 
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prospective study of multiple factors. CCFRC also facilitates novel behavioural, 
psychosocial and health utilisation research for clinical translation as genetic results 
were disclosed and recontact is feasible.

From a practical perspective, conducting family studies can be challenging 
because of the often-complex nature of familial relationships, as well as the 
additional layers of protocol that need to be incorporated to protect privacy within 
families (e.g. procedures to ensure that sensitive information is not inadvertently 
passed to other family members). We have demonstrated that these issues, however, 
can be managed through carefully designed study protocols and training. We 
strongly believe the benefits of a family cohort far outweigh its limitations and that 
more epidemiologists should consider this design when conducting aetiologic 
research focused on environmental risk factors across the risk spectrum.

5.2  Can I Use the Data? Where Can I Find Out More?

From its inception, the CCFRC has functioned under the principle that it is a 
resource for research on the aetiology, risk and prognosis of colorectal cancer for all 
researchers, including those not affiliated with CCFRC.  To this end, CCFRC 
welcomes collaborative applications to access and analyse both electronic data 
(questionnaire, genotypes, medical records, family history, etc.) and biospecimens 
(DNA, blood, serum, tumour specimens, etc.). Of total 294 approved applications to 
use CCFRC resources, 157 (53%) have come from external investigators and nearly 
every application submitted has been approved only except for those directly and 
completely overlapping with prior applications or those requesting something that 
CCFRC cannot provide. It is the CCFRC’s mission to facilitate advancement of 
knowledge about all aspects of colorectal cancer, and this mission has driven all 
policy and prioritisation decisions.

CCFRC provides internal and external researchers fair and equitable access to 
this unique resource. Collaborating investigators have established numerous funded 
projects. For information on how to collaborate and access data for the CCFRC, 
including cohort data described here, please see http://coloncfr.org/.
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Chapter 28
The Prospective Lynch Syndrome 
Database

Pål Møller, Sigve Nakken, and Eivind Hovig

Abstract The aim of the Prospective Lynch Syndrome Database (PLSD) is to store 
prospectively obtained information on Lynch syndrome (LS) patients to provide 
knowledge on the natural course of the disease and effects of interventions. 
Information is currently entered in spreadsheet format and manipulated in Oracle© 
but may in principle be entered in any suitable format and analysed by any suitable 
methods. The PLSD outputs annual incidences of cancer in 5-year cohorts in cate-
gories. These incidence data are exported as the underlying data for the website 
www.lscarisk.org, where the user interactively may calculate the lifetime risk for 
which cancer for any Lynch syndrome patient when indicating the patient’s age, 
gender and genetic variant. The PLSD may be expanded to include any prospective 
information on a Lynch syndrome patient. Further functionality may be added for 
data to be manipulated and output tailored for additional purposes/research projects. 
The original data stored, or results obtained through manipulating these data inside 
the PLSD, may be exported for further studies.
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1  Intention

The PLSD was established with the intention to describe incidence rates of tumours 
in carriers of pathogenic variants of the MMR genes causing Lynch syndrome, sur-
vival when cancer and effects of interventions [1, 2, 3, 4].

2  Development

The decision to make the PLSD was taken by the Mallorca group (current name 
European Hereditary Tumour Group) (www.mallorca-group.org) in 2012 and later 
endorsed by InSiGHT (www.insigth-group.org). Contributions from genetic centres 
in Finland, Denmark, the UK, Norway, Spain, Germany, Holland, Italy, Sweden and 
Australia were compiled in 2015. Version1 of the PLSD underlying the first reports 
included 24,475 prospective observation years for 3119 Lynch syndrome patients. 
A substantial increase of numbers contributed and update of first series contributed 
are in process. As of January 2018 the PLSD includes 51,646 prospective observa-
tion years in 6,350 carriers of pathogenic MMR gene variants. 

3  Governance

At present the PLSD according to the collaborative guidelines agreed by all con-
tributors is a research project owned by the contributors. All centres having suitable 
series are welcomed to join (see https://ehtg.org/; PI: moller.pal@gmail.com).

4  Data Structure

The PLSD is currently designed as an Oracle© relational database (see separate 
chapter describing relational databases). Pathogenic genetic variant, gender, age at 
inclusion for prospective observation, age at last observation and age of death if 
dead are fields included in the parent table. In separate tables, information on each 
single cancer diagnosed at which age, age at prophylactic surgical removal of organs 
and information on precancers (details are given in Table 28.1).
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One information element is entered once only, and reuse of information in data 
manipulations for different purposes is obtained through the stored queries by copy-
ing the information from its storage place whenever needed, but not stored any-
where else. In this way, conflicting information is avoided, and updating made easy: 
when one piece of information is stored one place only, all outputs from the PLSD 
using that information are updated when that single piece of information is updated.

Information stored is whenever possible assumption free, and all events scored 
are accompanied by age at event (e.g. cancer diagnosed and age at diagnosis). If 
data entered are based on assumptions, the assumptions will be reflected in the 
results when analysing the data entered. Results are always to be interpreted based 
on the assumptions included in the data entered. An example may be that for clinical 
trials, one assumption to consider when interpreting the results will be the inclusion 
criteria to the study: all patients reported to the PLSD have been subjected to fol-
low- up with colonoscopy, and incidences of colorectal cancer are to be interpreted 
accordingly. The two inclusion criteria used by the PLSD (age at first prospectively 
planned and carried out colonoscopy and a demonstrated pathogenic MMR variant) 
are robust. This is not in conflict with later examining for strata in the included 
patients with respect to how they came to meet the inclusion criteria. An example of 
such is the first report considering LS patients without previous and/or prevalent 
cancer at inclusion [1], compared to the second report considering LS patients with 
previous and/or prevalent cancer at inclusion [2].

Table 28.1 Information filed in the PLSD at present. Patient ID is the relational key. All patients 
included must have one row in Table A, and all variables in Table A must be populated. Age at last 
update must be higher than age at inclusion. If no relevant information, there may be no row for an 
included patient in any of the other tables. If relevant information, one patient will have one row 
only in Table C. Tables B, C2 and D may have more than one row for one patient: one row for each 
event (cancer, polyp or organectomy, respectively)

Table Variables Comments

Table 
A

Patient ID, contributor, year birth, sex, gene, 
pathogenic variant HGVS description, age 
inclusion, age last update, age death

Parent table. One row per patient. 
All variables must be populated

Table 
B

Patient ID, ICD cancer diagnoses, age at cancer, 
stage at diagnosis, surgical treatment if CRC

One row per cancer for each 
patient. NB: all cancers also 
including cancers prior to inclusion 
must be noted

Table 
C

Patient ID, number of polyps in the colon/rectum 
categorized by histopathology

One row per patient having had 
polyps. Censored at first CRC/last 
update – whatever comes first

Table 
C2

Patient ID, histopathological description of polyps 
in the colon/rectum at last colonoscopy before 
CRC and time between last colonoscopy and CRC

One row per polyp for each patient

Table 
D

Patient ID, organs completely removed, age at 
removal

One row for each organ removed 
for each patient
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5  Inclusion Criteria and Follow-Up

All included patients are selected and included the same way: age at first prospec-
tively planned and carried out colonoscopy due to assumed increased risk for inher-
ited colorectal cancer. By which method the assumed increased risk for colorectal 
cancer was established is irrelevant. In addition, all patients included are by the 
contributor demonstrated to carry a pathogenic MMR variant. From January 2018 
onwards only carriers of pathogenic MMR gene variants verified in the LOVD data-
base (http://chromium.lovd.nl/LOVD2/colon_cancer/home.php) are included in the 
PLSD. When and why genetic testing demonstrated the pathogenic MMR variant, is 
irrelevant, but all patients included are by the contributor declared to carry a patho-
genic MMR variant. Because there is no centre observing LS patients without offer-
ing follow-up aiming at prevention or early diagnosis and treatment of cancer and 
because all patients are followed-up in the healthcare system, the information stored 
is an open prospective trial without control group. In principle, therefore, colorectal 
cancer incidence monitored is the combined function of both natural course of dis-
ease and the preventive effect of colonoscopic follow-up to prevent colorectal can-
cer. Early diagnosis and treatment of extra-colonic or extra-rectal cancers are not 
currently considered preventive, while general cancer awareness may impact on 
survival when any cancer.

The germline genetic variants causing LS are inherited. When the pathogenic 
germline variant was demonstrated, is irrelevant, it may be before inclusion, at 
inclusion or after inclusion. The early prospective observations in LS families were 
undertaken before genetic testing was available, and such patients may be included 
based on genetic testing done years after follow-up was instituted. In this way, we 
may use the already existing observations filed through decades in those centres 
having provided follow-up for LS families prior to genetic testing becoming 
available.

Those having had cancer at an earlier age than inclusion will be scored as previ-
ously having had cancer. Those having any cancer at the same age as when included 
will be scored as having prevalent cancer. Cancer diagnosed in those having no 
cancer before or at inclusion will be scored as prospectively diagnosed (incident) 
cancer in patients healthy (with respect to cancer) at inclusion.

6  Power Calculations

Stratifying the material on four genes, two genders, and nine 5-year age cohorts 
from 25 to 70 years, there will be 72 groups. Assuming an average annual incidence 
rate (penetrance) about 2% and an average of 300 follow-up years in each group, 
one would have on average 6 cancer cases in each group, for which one would need 
21,600 follow-up years if the number in each cohort was to be evenly distributed on 
the 72 groups. It was decided that a minimum of an expected average of six events 
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(cancers) in each categorized group was reasonable before starting analysing the 
database. As mentioned above, we froze version1 of the database when 24,475 
observation years were filed and produced the first reports. At present, new con-
tributors have joined, and we are about to double the number of observation years 
included, and we are aiming of establishing a new version2 of the database to vali-
date the first reports in a new independent series. If the findings in the first reports 
are to be confirmed, we may combine all entries into one larger series for additional 
reports. Also, we may add more observations to the patients already filed to make 
more detailed reports, including the added information. This process may continue 
as long as one may wish. The larger number of LS patients and observation years 
included, the more categorized groups may become sufficiently large to have the 
power to reach statistically significant results if examined. From January 2018 the 
PLSD includes follow-up years sufficient to calculate incidences of cancer in any 
separate organ by age and gene in each gender separately in forthcoming reports.

7  Analytical Methods and Outputs

The main analytical system initially implemented provides output similar to stan-
dard output from cancer registries and may use such as control groups for popula-
tion incidences to estimate relative risk for cancers in LS patients.

The strategy used escapes most of the biases in retrospective studies, like selec-
tion biases, survivor bias, time-trends, etc.

The output migrates knowledge on LS from retrospective studies (class C and D) 
to empirical data prospectively observed (class B). There still are ascertainment 
problems, however, because inclusion is not from birth. No ascertainment strategy 
is bias-free. We do have what is commonly denoted as survivor bias when including 
adult patients (not at birth). Also, inclusion may be considered similar to a cross- 
sectional study, but in principle, it is not, because the patients were included at dif-
ferent years, which includes a possible time trend bias. A prospective study is, 
however, in general better than retrospective studies.

An ideal study design is unsuitable, unreachable and unethical. It is unsuitable 
because inclusion from birth would need 70 years follow-up to estimate cumulative 
incidences of cancers at 70 years, and we would like to see the best possible esti-
mates sooner. It is unreachable because patients would not like to be randomized to 
non-intervention and/or not to be treated when experiencing cancer, and the control 
group will seek appropriate health care elsewhere and violate the study design. 
Also, we are monitoring health care provided over many years in different countries 
to get sufficiently high numbers for statistical significance, and we do not have the 
power to instruct the various health services to be uniform between countries and 
not to change over time. It will be unethical not to provide adequate health service 
to the high-risk groups for preventable and curable cancers – none of us will seek 
allowance to do such a trial, and, if we did, it may not be approved. In sum, an open 
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observational trial aiming at class B evidence is possibly the best we may do. This 
is not in conflict with the aim of providing a platform for randomized trials to 
explore improved preventive and treatment modalities according to general ethical 
and oncological standards.

The PLSD was designed to describe varying annual incidences by age, by gen-
der and by genetic variants. The first report validated the annual incidence to vary 
and to be correlated to these parameters. The often used Kaplan-Meier survival 
function is invalid for describing the annual incidence rate (penetrance of the 
genetic variants), because the Kaplan-Meier function does not include age as a 
parameter. In retrospective (family) studies, incidences of cancers are usually con-
sidered from birth onwards, and the Kaplan-Meier function left censoring study 
time at birth may be appropriate. PLSD does not include and observe patients from 
birth onwards, and Kaplan-Meir estimates based on observations from birth 
onwards will be invalid. Because incidence of cancer in LS syndrome is age 
dependent, applying the Kaplan-Meier algorithm with left censoring patients 
included at different ages will be invalid as well. The LS syndrome may no longer 
be described as one homogenous group without categorizing on gene, age and 
gender. The method needed to describe this heterogeneity led us to implement the 
methods currently used in the PLSD, which requires the large number of observa-
tion years as discussed. Using the first results published as a platform to address 
additional questions may make it suitable to include different methods to describe 
other ends.

The lower number of path_MSH6 and especially path_PMS2 carriers included in 
version1 of the PLSD most probably reflected an ascertainment bias: Because of 
their lower penetrance, such families did not meet the clinical selection criteria to be 
genetically tested. This may as well, however, be considered results: The lower 
number included because lack of adherence to clinical criteria to be genetically 
tested was predicted and might be considered validation of our previous observa-
tions [5]. A larger number of observation years are needed to more precisely describe 
incidence rates of cancers in path_MSH6 and path_PMS2 carriers. If there are dif-
ferences in penetrance between different pathogenic variants in the same gene, 
which may be likely, one would need an even larger data set to arrive at numbers 
needed in the different categories – see discussion on power calculations above.

7.1  Technical Details

In the current format, the primary object in the PLSD is the individual patient (see 
https://en.wikipedia.org/wiki/Relational_database#Keys for description of primary 
key in a relational database). The patient is identified by an alias (a code) given by 
the contributor. No one besides the contributor has the key to determine which 
patient the alias identifies. This makes the PLSD a de-identified (pseudonymized) 
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database but with the capability of updating and adding more data derived from the 
same patient later through the original contributor. All entries will have a unique 
internal identifier in the PLSD when the (telephone) country code and institution 
code within country (decided by database administrator) are added as prefix to the 
alias given by contributor. The legal permissions to hold the named data and export 
the de-identified data are kept by the contributors.

The current structure of the PLSD respects the basic requirements for a relational 
database as discussed separately. The information is currently stored in an Oracle© 
database and manipulated by approximately 300 stored queries (views) programmed 
in TOAD©. The views compile the data to outputs to be exported to statistical soft-
ware including SYSTAT10© and Excel©. Input and output data may be formatted 
at wish by use of structured query language (SQL) and functions available in 
TOAD©. Annual incidence rates in 5-year cohorts are exported to a free-standing 
visualization tool which may be interactively manipulated on the web (www.lsca-
risk.org) to calculate any patient’s lifetime risk for cancer based on pathogenic vari-
ant, age and gender. The interactive analyses offered at www.lscarisk.org are 
powered by Shiny©, which is a web application framework for the R© language. 
Utilizing the computational power of R©, Shiny© facilitates rapid integration of 
core PLSD output data (e.g. cancer incidence rates across age, gender and geno-
type) with the interactivity of the modern web.

The PLSD is designed to include the capability of adding new tables with addi-
tional information. For practical purposes Oracle© has no limit neither with respect 
to future complexity of the database structure and queries nor with respect to num-
bers to be included. In principle, data stored in the PLSD may be manipulated by 
any suitable tool to output wanted for any specific task and/or to be further analysed 
by other tools. Current limitations include lack of some relevant information to 
address more complicated research problems and the limited number of patients and 
observation years included.

The current Oracle© structure inside PLSD may be expanded similar to CGEN 
(https://www.ncbi.nlm.nih.gov/pubmed/21387464), which has the capacity of a 
comprehensive medical filing system for a genetic clinic, both with respect to data-
base structure, capabilities and interactive user interface. CGEN has an object- 
oriented graphical user interface programmed in Pascal/Delphi (Embarcadero©), 
which in principle modify SQL queries to the Oracle© database with the result that 
nothing but the SQL query and the return set are transmitted between client and 
server, and nothing but the return set is stored at the client and only temporarily so. 
In this way the PLSD is designed to be expanded or to be part of more complex 
systems to be run interactively if desired. Or the data formatted in spreadsheets or 
similar may be made available through the web to any user as to be analysed inde-
pendently by different means, given the permission to do so. The other way around, 
any medical filing system with capabilities similar to CGEN may be programmed to 
provide output to contribute to the PLSD.
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7.2  Conclusions

The methods necessary to describe the results of interests need large numbers of 
included follow-up years. No centre has sufficient follow-up years to undertake 
such studies alone, for which reason a broad international collaboration is neces-
sary. The European Hereditary Tumour Group and possibly additional continental 
bodies, together with the intercontinental body InSiGHT, are the obvious frame-
works at hand to organize the activities. The best strategy is to build a core structure 
with the capacity to be expanded later to whatever additional task one may want to 
undertake and to invite all with suitable series to participate. In this way we may 
arrive at the first results within reasonable time and without having to invest too 
many resources before seeing the first results. A stepwise approach, where not all 
steps are defined at the outset, but where the later steps are decided upon observing 
the first results, is scientifically sound. Also, this will ensure the best possible allo-
cation of available resource at any given time.
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Chapter 29
The InSiGHT Database: An Example 
LOVD System

John Paul Plazzer, Johan den Dunnen, and Finlay Macrae

Abstract The International Society for Gastrointestinal Hereditary Tumours 
(InSiGHT) operates a database with an important function in medical genetics – the 
sharing of clinical and genetic variant data for genes associated with inherited 
colorectal cancer. The Leiden Open Variation Database (LOVD) technology used 
for this task has been updated to handle genomic data that is increasingly being 
generated, often for patients or individuals with diverse clinical phenotypes. The 
issue of variant interpretation is a high priority, and InSiGHT’s approach is detailed 
here, as well as other technical challenges and possible solutions.

Keywords Variants · Phenotypes · Database · Genomics · Colorectal cancer

1  Introduction

This chapter will examine InSiGHT’s role in the databasing of genetic variants 
relating to inherited gastrointestinal tumours. The approach taken by InSiGHT may 
provide inspiration to other organisations as part of a wider effort of sharing genetic 
data for all genes and diseases. DNA diagnostics is based on sharing data on genes, 
variants and phenotypes. When data is not shared, it is not possible to provide opti-
mal healthcare to patients and their families. Although obvious, the main challenge 
in this field is still ‘sharing’. Since many do not actively share data, there is a lack 
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of clinical and genetic information which hampers efficient variant classification 
and has direct negative consequences for patients or individuals and their families.

While ongoing efforts are underway to make healthcare systems interoperable, 
these often fall short, and in genetics or genomics, there are even more barriers due 
to the nature of the data. Therefore, InSiGHT utilises the LOVD platform to store 
and share variant and clinical information and to classify variants and notify rele-
vant parties. Additional to the database system, there are organisational structures 
that make this endeavour possible.

The InSiGHT database is focused on storing variants associated with Lynch syn-
drome, familial adenomatous polyposis and other gastrointestinal cancers. The 
genes involved include MLH1, MSH2, MSH6, PMS2, APC, EPCAM, MUTYH, 
STK11, POLD1, POLE and others. The InSiGHT model is to organise domain 
expertise around a public database of curated information. InSiGHT formed out of 
the merger of Leeds Castle Polyposis Group and International Collaborative Group 
on Hereditary Non-Polyposis Colorectal Cancer (ICG-HNPCC) and is incorporated 
in England and Wales as a charity. The InSiGHT database was  launched on the 
LOVDv2 system with the merger of three existing databases. Today, the InSiGHT 
database continues on LOVDv3 at www.insight-database.org.

2  LOVD Software

LOVD (www.lovd.nl) [1] is open-source software that may be freely downloaded 
and installed by any person or organisation. The purpose of LOVD is to store clini-
cal and variant information from one or more sources and display it either publicly 
or for private use. It runs on standard web servers (available in free or commercial 
options). Alternatively, there is a global instance of the database hosted by LUMC 
which accepts clinical and variant submissions for any gene or phenotype. However, 
this is primarily designated for genes where other LOVD databases may not exist. 
A listing of all public LOVD databases is available [2].

3  Main Features

LOVD features a consistent user interface (irrespective of gene, disease or database 
instance), user management via roles, easy setup and customisation and the use of 
established standards. LOVDv3 stores variants in two formats: HGVS standard for 
describing gene-level variants (‘c.’ description) and also genomic DNA coordinates 
(‘g.’ description). Before the advent of MPS technology, variants would typically be 
described using gene-level coordinates. LOVD offers the flexibility to search for 
variants using either genomic or coding DNA reference sequence values. The vari-
ants are linked to individuals (or patients) via screenings (how the variant was 
detected and the genes that were screened). Individuals are linked to phenotypes 
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(diseases), and each can be linked to specific phenotypic features. Genes and dis-
eases covered by the database can be specified by the database manager. Various 
user roles are supported: submitter/colleague, collaborator/curator and man-
ager, with increasing levels of permissions to view or edit data. Custom columns can 
be added to the variant, screening, individual or phenotype tables to allow for gene 
or disease specific information to be included. Customisation can be tailored differ-
ently depending on disease or gene. InSiGHT has customised LOVD to focus on 
specific information related to gastrointestinal cancer syndromes. Specific columns 
for InSiGHT Lynch syndrome and mismatch repair genes are listed in Table 29.1.

4  LOVD and External Web Services

External web services enhance the operation and usability of LOVD.  Variant 
nomenclature and transcript information are dynamically sourced from Mutalyzer 
(https://mutalyzer.nl/) and gene names from HGNC (http://www.genenames.org), 
respectively. Allele frequency annotation is automatically provided by LOVD’s own 
web service with frequency data from large genomic studies. LOVD can also pro-
vide information to external systems. API access is available to bioinformatics soft-
ware which allows automated searching of variants. This service can include any 
instance of LOVD which has enabled ‘global listing variants’ in its system settings. 
On the global LOVD shared database alone, there are a reported 549,140 variants 
from 285,424 individuals [2]. The LOVD API is useful for checking many variants 
across the network of LOVD systems, with upwards of 39,000,000 API queries 
performed annually [2]. The InSiGHT database, as well as any other instance of 
LOVD, is able to leverage these built-in connections for sharing of variant data 
- primarily to determine whether a variant is in the database and its classification.

Table 29.1 Custom columns specific for Lynch syndrome on the InSiGHT database

Column name Type Description

Family history Individual 
(patient)

Amsterdam criteria met or family history 
summary

Selection criteria Individual 
(patient)

Reason for proband testing

Protein expression Phenotype Immunohistochemistry (IHC)
Microsatellite 
instability (MSI)

Phenotype Tumour MSI result: High, low or stable

BRAF status/method Phenotype BRAF mutation detected in tumour
Methylation status/method Phenotype MLH1 methylation status
Protein_test/result/type Phenotype Results of in vitro functional assays
Method Screening Additional information about screening method
Splicing/transcript 
expression

Variant Information about transcript expression or 
splicing defects

InSiGHT_class Variant InSiGHT classification with link to evidence 
summary
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5  Transition to Genomic Era

Over the last decade, clinical diagnostic sequencing has transitioned from Sanger 
sequencing technology to genomic sequencing methods using MPS (NGS) technol-
ogy. The latter technology can sequence more genes per individual sample via a 
targeted panel approach or by screening the whole exome or genome. This develop-
ment has implications for the way that variant databases are designed and operated. 
LOVDv3 has the capability to store data generated from such genomic 
sequencing.

However, the aim of the InSiGHT database is to house data from gastrointestinal 
cancer panels, rather than whole exomes or genomes. Mainly, this is for practical 
reasons and to avoid potential privacy concerns. Therefore, the InSiGHT database 
accepts variants only from the genes relevant for inherited gastrointestinal cancer 
regardless of sequencing method. To enable genomic data import for InSiGHT, the 
database was updated to the latest version 3 of the database. The migration of all 
data from LOVDv2 to LOVDv3 format took place in 2016. The LOVDv2 formatted 
data required processing with a combination of manual and automated procedures 
for all variants and individual entries. Variants were converted from gene coordi-
nates into genomic coordinates. New records for phenotype data were created from 
existing free-text disease information. Thirty-one disease codes were created from 
existing free text disease descriptions and are listed in Table 29.2. Where possible, 
these have been linked to OMIM numbers. In future, HPO terms may also be used. 
For mismatch repair genes, the database (as of April 2017) holds 15,284 variant 
entries covering an estimated 3373 unique variants. Of these, 6241 are missense 
variant entries (990 unique missense variants). The process of converting variants to 
genomic format may be required for other genes and diseases, as there is a large 
amount of historical data in non-genomic format, for example, in published 
articles.

Table 29.2 Current list of diseases on the InSiGHT Lynch syndrome database (April 2017). 
General disease types or syndromes, e.g. cancer as well as specific types of cancer are available for 
users to enter

Lynch syndrome Muir-Torre 
syndrome

Adenomatous 
polyposis, familial

Cancer, pancreatic

Cancer, colorectal Cancer, rectal Neoplasia, colorectal, 
early onset

Neoplasia, colorectal

Cancer, bladder Cancer, breast Cancer, ovarian Cancer, endometrial
Neurofibromatosis, 
type 1

Cancer, brain Glioma, malignant Cancer, kidney

 Cancer, prostate Leukaemia, 
myeloid, acute

Leukaemia, myeloid, 
chronic

Cancer, skin, squamous 
cell carcinoma

Medulloblastoma Cancer, gastric Oesophageal cancer Polyposis/polyp
Adenoma Cancer Unknown/not 

specified/other
Healthy/control

J. P. Plazzer et al.



473

6  Integrating LSDBs into a Global System

There is a need to balance the aims of the InSiGHT database with the benefits of 
whole genome or exome data. Public sharing of whole genome or whole exome is 
possible when the data is aggregated (see ExAC http://exac.broadinstitute.org and 
GnomAD http://gnomad.broadinstitute.org databases). However, the sharing of 
detailed phenotype data typically occurs on locus-specific/gene-variant databases 
(LSDBs) [3]. This disparity between detailed clinical information in LSDBs and 
aggregated genomic data is likely to persist. Indeed, NGS technology may lead to 
reduced public sharing of clinical data as the issues of having more genetic informa-
tion per individual creates more privacy and ethical concerns. There is support for a 
single global system to provide tiered (public and restricted) access to data [4]. 
However, such a centralised system will encounter difficult obstacles such as com-
petition, national regulations, lack of trust in database or web security among oth-
ers. For these reasons, decentralised genomic databases using common APIs are the 
most promising candidate for sharing data globally and between different systems. 
One such API is under development by GA4GH. If different systems adopt the same 
API, a global and distributed resource may emerge. It may be hoped that current 
LSDBs will be retrofitted into a future system.

7  Submitter Rights and Patient Privacy

InSiGHT has enacted a policy which requires submitter approval for external 
research use. This stems from the notion that submitters retain rights to their data. 
As such, they have a say on the research that is performed on their public data. This 
policy is maintained in order to encourage data submissions from prospective sub-
mitters. Commercial use of the public data is generally not permitted – although this 
overlaps with diagnostic use in commercial organisations. The InSiGHT database 
exists primarily for clinical diagnostic use. Patient privacy is enforced with only 
de- identified data allowed to be stored on the database. Submitters are expected to 
adhere to their institutional and national regulations and submit consented and de- 
identified information only [5]. This is in contrast to databases which store identify-
ing patient information and require high levels of security to protect privacy. With 
any genetic information, there is a risk that someone could de-identify using 
advanced data-matching techniques [6]. It should be noted that genetic data can 
never be anonymous. It will usually be possible to link single variants to specific 
populations/subpopulations, and some (rare) variants will be unique to families or 
even one specific individual. However, the risk is in comparison to the benefits from 
sharing of variant information. The disclaimer text of the database is derived from 
the Human Variome Project database disclaimer template [7] and summarises the 
policies of InSiGHT:
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All contents of this database are protected by local and international copyright laws. The 
information is submitted for the purpose of sharing genetic and clinical information. 
Genetic variants listed may or may not have a causal association with disease phenotypes, 
irrespective of stated classifications or other information presented in the database. All 
information in this database, including variant classifications, is subject to change and 
there is no warranty, express or implied, as to its accuracy, completeness, or fitness for a 
particular purpose. Use of this database and information is subject to User responsibility 
and discretion. Clinical decisions regarding individual patient care should be carried out 
in conjunction with a healthcare professional with expertise in the relevant genes and dis-
eases. We do not accept any liability for any injury, loss or damage incurred by use of or 
reliance on the information provided by this database. Database submitters are required to 
adhere to their institution's rules for data sharing, and local and national laws. Personal 
identifiers should not be submitted. Submitters retain the rights to use and edit their data. 
Database curators may curate data to ensure that database formatting and quality stan-
dards are met. They may also share their submitted data with external parties for research 
purposes or for sharing with other databases. Use of the data is for clinical diagnostic 
purposes. Use for research requires permission from the curator in conjunction with sub-
mitters' approval. InSiGHT expects that use of the data for commercial operations should 
be accompanied by payment commensurate to this use.

8  InSiGHT Variant Interpretation Committee

Discordant classification of variants from different organisations remains a major 
challenge in genomics. Obtaining a consensus classification means people have to 
share variants found and their initial classification even when the available evidence 
is limited. Ultimately, by pulling all data together, the community can then come to 
a better, evidence-based classification. However, even when data is centralised, this 
does not resolve discordant classifications – ideally a consensus classification or an 
overriding classification would be assigned. InSiGHT has approached this issue 
through the formation of its Variant Interpretation Committee (VIC). The VIC is 
recognised as an expert panel by ClinGen [8] for the mismatch repair genes. 
InSiGHT variant classifications are included in clinical reports, thereby assisting 
genetic counselling and patient management. Other organisations can still classify 
variants differently given their knowledge of patients and using their own classifica-
tion criteria. The InSiGHT VIC has over 40 experts from multiple disciplines and is 
overseen by a Governance Committee which is responsible to the InSiGHT Council. 
Members of the InSiGHT VIC must be a member of InSiGHT for medicolegal 
reasons.

The establishment of an internationally recognised classification committee pro-
vides these advantages:

• A single web location to find classifications, in this case www.insight-database.
org/classifications. This can reduce the analysis time often required when a vari-
ant is discovered.
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• Access to a network of multidisciplinary experts to collaborate on developing 
classification criteria and assigning variant classifications. Through this network, 
unpublished information is often made available on the database.

• Classification that can carry more confidence than a classification reported by a 
single laboratory, especially when discordant classifications exist.

InSiGHT employs dual methods of classification: qualitative and quantitative. 
Qualitative criteria were developed by the VIC based on existing Colon Cancer 
Family Registry classification system for mismatch repair genes. The refined crite-
ria were validated on presumed pathogenic variants [9]. The advantage of qualita-
tive criteria is the use of data that has not yet been calibrated for use in quantitative 
analysis. Quantitative methods involve multifactorial calculation of Bayesian likeli-
hood ratios to produce a posterior probability of pathogenicity. The InSiGHT clas-
sification criteria depend on information about patient tumours, family history, 
segregation, variant type, co-observed variants, in  vitro functional assays, allele 
frequency, transcript expression and other data. Because the criteria are designed for 
specific genes and diseases, they are more accurate and have greater capacity to 
reach a definitive classification than general criteria [10].

The variant interpretation process takes place approximately every 3 months on 
average in the form of a teleconference with committee members from a number of 
countries. An invitation to participate in each teleconference is sent, and a group of 
10 or more participants are assigned to review variants. Occasionally, variants may 
be classified by email instead of teleconference on a case-by-case basis. The key to 
successful variant interpretation is clear guidelines on how to determine a classifica-
tion. This ensures the variants are classified consistently, across time and from mul-
tiple different independent reviewers. A final classification must be confirmed by a 
majority decision of the committee. Each variant is classified by multiple reviewers. 
Unpublished information available to the committee such as during the teleconfer-
ence may be taken into consideration. If there is consensus across all reviewers who 
are nominated to review specific variants, that variant classification is afforded rapid 
passage for approval by the committee; if there is a discrepancy, these variants are 
considered in detail to reach consensus. If no consensus is reached, the variant 
remains in the VUS class. Changes to the classification criteria may be proposed or 
discussed during a teleconference. The committee must be notified and approve all 
changes. The InSiGHT VIC has classified 200 unique missense variants as clini-
cally insignificant or actionable (Class 1, 2, 4 or 5). Another 790 missense variants 
are of uncertain significance.

9  Engaging Data Submissions from Major Sources

Research projects have collected detailed datasets about patients with Lynch syn-
drome. However, the data is generally not available to the public due to research 
data privacy rules and limitations around the consent provided at the time of entry 
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into those research projects. InSiGHT has engaged with some projects to obtain 
their data for publication on the InSiGHT database. The Prospective Lynch 
Syndrome Database (PLSD) is a research project to determine the risk of develop-
ing specific Lynch syndrome cancers based on mutated gene, gender of individual, 
age of individual and type of cancer. This project has collected data from bowel 
cancer surveillance programmes which were prospectively done; hence, this miti-
gates the sources of bias that impacts retrospective studies. The mutation data that 
was collected was made available, with the agreement of submitters, to the InSiGHT 
database. The Colon Cancer Family Registry (CCFR) has submitted some data pre-
viously to the InSiGHT database to support the interpretation of variants already 
held on the database. An agreement to submit all mismatch repair gene data has 
been made, with transfer of data expected to begin in 2018. This will provide a large 
source of detailed information on variants, patient demographic, family history and 
tumour assays.

Where possible, InSiGHT seeks data from national repositories. The advantage 
of this approach is reduction of resources required to negotiate with many smaller 
organisations, and the effort to centralise data at a national level can be managed at 
that level. While there have been notable efforts at national data centralisation, only 
a small number of submissions have so far resulted. In 2016, a collection of all vari-
ants discovered in Iceland were transferred to InSiGHT database. In Australia, a 
network of familial cancer clinics has submitted data. InSiGHT has also accepted 
other large datasets that do not fall into national programmes but may represent 
regional, commercial or research datasets. Other large sources of information are 
not incorporated into InSiGHT database but are otherwise useful for the interpreta-
tion of variants. Examples include the Universal Mutation Database (UMD: http://
www.umd.be) in France and ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/) in the 
United States.

10  Funding for Database Curation

Funding is limited for database curation. Hence, many databases are supported by 
voluntary work or are updated only during research projects. There are opportuni-
ties for students to add information to the databases from published literature and/
or research projects. Other potential sources of funding include commercial compa-
nies, either via donations or a more formal commercial arrangement. However, this 
raises issues for what is ostensibly a free and public database. There are possible 
arrangements that may satisfy the variety of stakeholders in a gene/disease-specific 
database. One possibility is for the commercial arrangement to not include direct 
association with the database, for example, to provide assistance with variant inter-
pretation. This approach will keep the database free from commercial control or 
influence while still supporting one of the core activities of database curation and 
benefiting the wider community. The InSiGHT Governance Committee has deter-
mined that under certain circumstances the commercial funding of variant 
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interpretation process could be beneficial for the broader healthcare community, 
offsetting the negative attributes of a commercial arrangement. Accessing a substan-
tial source of variants and associated clinical phenotype can be part of the arrange-
ments, especially where such data assists in more definitive classification of a 
variant. Commercial support to academic laboratories conducting functional analy-
ses of variants of uncertain significance is another important reason to consider such 
arrangements. The conditions would include that the variant classification outcome 
of any commercially linked interpretation would be made public. This also prevents 
the situation where a variant receives multiple different interpretations.

11  Conclusion

InSiGHT has worked in collaboration with the Human Variome Project to present a 
viable model of variant data sharing and interpretation. There have been consider-
able successes - merging of databases, implementation of the interpretation com-
mittee and classification criteria, but much more work remains to be done.

Glossary of Terms

API Application Programming Interface, a technology to allow systems to com-
municate or share data with other systems, with or without human interaction.

CCFR Colon Cancer Family Registry http://www.coloncfr.org.
GA4GH Global Alliance for Genomics and Health https://genomicsandhealth.org.
HGNC HUGO Gene Nomenclature Committee http://www.genenames.org/. 

HUGO is the HUman Genome Organisation http://www.hugo-international.org/.
HGVS Human Genome Variation Society http://www.hgvs.org/.
HPO Human Phenotype Ontology http://human-phenotype-ontology.github.io/.
HVP Human Variome Project http://www.humanvariomeproject.org/.
Individual A record in the database that could represent a patient with a disease or 

an otherwise healthy person.
InSiGHT International Society for Gastrointestinal Hereditary Tumours https://

www.insight-group.org.
Instance A specific database in operation. For example, InSiGHT operates its own 

instance of LOVD.
LOVD Leiden Open Variation Database www.lovd.nl.
LOVDv2 The previous version of LOVD software.
LOVDv3 The latest version of LOVD software, with genomic variant storage and 

other advanced features.
LSDB Locus-Specific Database, also referred to as gene/disease-specific database.
LUMC Leiden University Medical Center https://www.lumc.nl/.
MPS Massively Parallel Sequencing, also known as NGS.
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NGS Next-Generation Sequencing.
OMIM Online Mendelian Inheritance in Man https://www.omim.org/.
PLSD Prospective Lynch Syndrome Database http://www.lscarisk.org.
VIC Variant Interpretation Committee.
VUS Variant of Uncertain Significance.
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Chapter 30
The International Mismatch Repair 
Consortium

Mark A. Jenkins, Jeanette C. Reece, and Aung K. Win

Abstract The International Mismatch Repair Consortium (IMRC) is a collaboration 
of clinicians and scientists who have agreed to pool and analyse data on Lynch syn-
drome, a genetic predisposition to cancer caused by germline mutations in DNA 
mismatch repair genes or EPCAM deletion, with the rationale that research on this 
hereditary syndrome will benefit from large datasets from many countries. As of 
October 2017, the IMRC includes approximately 273 members from 122 centres/
clinics in 29 countries throughout Africa, Asia, Australasia, Europe, and North and 
South America, who are involved in research or treatment of people with Lynch 
syndrome and their families. To date, there are six research projects registered at the 
IMRC: cancer risks for Lynch syndrome, classification of mismatch repair variants, 
genetic testing and screening practices, environmental and lifestyle modifiers of 
cancer risk, inherited methylation and cancer risks for family members of constitu-
tional mismatch repair deficiency (CMMR-D) patients. The most significant proj-
ect, in terms of data accrued, is the study of cancer risks for Lynch syndrome which 
mainly asks whether age-specific cumulative risk (penetrance) of cancers differs by 
country or geographic region. As of October 2017, almost 6200 pedigrees from 
investigators from approximately 24 countries have been submitted for penetrance 
analysis – see http://www.sphinx.org.au/imrc.
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1  Establishment of the IMRC

The International Mismatch Repair Consortium (IMRC) was formed in 2010 to 
bridge critical research gaps in the understanding of Lynch syndrome, cancer 
predisposition caused by inherited heterozygous mutations in DNA mismatch repair 
genes MLH1, MSH2, MSH6, PMS2 or EPCAM deletions. It comprises research and 
clinical groups around the world researching and treating Lynch syndrome. The 
co-founders are Mark Jenkins (University of Melbourne, Victoria, Australia), Robert 
Haile (Cedars-Sinai Medical Center, California, USA), Finlay Macrae (Royal 
Melbourne Hospital, Victoria, Australia) and Gabriela Möslein (Helios Clinic, 
Dusseldorf, Germany) and are coordinated by Allyson Templeton (Fred Hutchinson 
Cancer Research Center, Seattle, USA).

The establishment of the IMRC was facilitated by the International Society for 
Gastrointestinal Hereditary Tumours (InSiGHT) and the Collaborative Group of the 
Americas on Inherited Colorectal Cancer (CGA) via invitation to their respective 
memberships. IMRC membership is open to anyone involved in research or 
treatment of people with Lynch syndrome and their families. As of October 2017, the 
IMRC includes approximately 273 members from 122 centres/clinics in 29 countries 
throughout Africa, Asia, Australasia, Europe, and North and South America. IMRC 
member can contribute to the consortium by contributing data or analysis expertise 
to existing projects (see below) or proposing a new project.

2  Currently Registered Projects

2.1  Worldwide Study of Cancer Risks for Lynch Syndrome

Principal Investigator: Mark A.  Jenkins, The University of Melbourne, 
Victoria, Australia.

Accurate cancer risk estimates are critical to guide and inform genetic counsel-
ling and the clinical management of high-risk families. However, we currently lack 
accurate age-specific estimates of risk of colorectal and other cancers for mismatch 
repair gene mutation carriers by individual’s characteristics (e.g. sex, mismatch 
repair gene, type of mutation, country, etc.). The only way to address this knowledge 
gap is to conduct comprehensive penetrance analyses on large, ethnically 
heterogeneous samples of persons/families segregating mutations in mismatch 
repair genes. To achieve this, investigators are: (i) establishing a combined dataset 
of pedigree, cancer and mutation data from around the world for thousands of Lynch 
syndrome families; and (ii) analysing this data to estimate the age-specific 
cumulative risk (penetrance) of cancers at each anatomical site by sex, mismatch 
repair gene, type of mutation and country/geographic region.
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2.2  Mismatch Repair Variant Classification

Principal Investigators: Marcus Greenblatt, University of Vermont, USA; Sean 
Tavtigian, University of Utah, USA.

In clinical cancer genetics, molecular diagnostic testing is now commonly per-
formed looking for pathogenic mutations in cancer susceptibility genes. A critical 
challenge in the field is interpreting whether a genetic variant causes disease or not. 
About 20–30% of the variants identified in mismatch repair genes and other cancer 
susceptibility genes are missense or non-coding changes that may or may not be 
pathogenic but whose effects on function and disease cannot be interpreted easily. 
They are designated “variants of unknown significance”. Classifying variants as 
pathogenic and neutral significantly improves the management of LS and other 
hereditary cancer syndromes by identifying which individuals carry a harmful 
genetic variant and thus benefit from screening and therapeutic measures. To address 
these needs, investigators are: (i) generating a list of mismatch repair missense 
variants and how they are classified using available data and criteria; (ii) validating 
and quantifying the classification ability of in vitro, in silico and clinic-pathologic 
data; and (iii) creating qualitative and quantitative models to classify variants.

2.3  Worldwide Study of Genetic Testing and Cancer Screening 
in Lynch Syndrome

Principal Investigator: Robert Haile, Cedars-Sinai Medical Center, California, USA.
Development of successful programmes to increase the use of colonoscopy 

screening within Lynch syndrome family members depends on the availability and 
uptake of genetic testing of relatives in families with documented Lynch syndrome 
mutations. Therefore, an understanding of the variables underlying the choice of 
individual family members to be tested is important for reducing the burden of 
colorectal cancer screening in Lynch syndrome families. Colonoscopy screening 
has been demonstrated to significantly decrease both colorectal cancer incidence 
and mortality in Lynch syndrome. Additional studies in more racial/ethnic groups 
and in more countries and with longer follow-up are needed to better understand 
current compliance with screening guidelines and the reasons for lack of screening 
among those who harbour a pathogenic mutation in a mismatch repair gene. Such 
information is a prerequisite to design methods to increase compliance with 
screening guidelines in this very high-risk population. To address these needs, 
investigators are: (i) clarifying the country-specific guidelines for genetic counselling 
and testing for Lynch syndrome families and then collecting data on the uptake of 
genetic counselling/testing by members of Lynch syndrome families; (ii) clarifying 
country-specific guidelines for cancer screening in Lynch syndrome and then 
collecting data on compliance with screening guidelines by members of Lynch 
syndrome families; and (iii) conducting focus groups to better understand “local”, 
country-specific barriers to compliance.
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2.4  Collaborative Study on the Role of Lifestyle Factors/Diet/
Body Fatness in the Development of Tumours in Lynch 
Syndrome

Principal Investigators: Franzel van Duijnhoven and Ellen Kampan, Wageningen 
University, Netherlands.

Lifestyle factors have a pronounced effect in those at a very high lifetime risk of 
cancer due to an inherited mutation: for example, being overweight and smoking 
strongly increase the risk of colorectal tumours in people with Lynch syndrome. 
Other lifestyle factors such as diet as well as other outcomes such as endometrial 
cancer in Lynch syndrome have not or only scarcely been studied. To further 
elucidate the role of lifestyle factors in the development of tumours in people with 
Lynch syndrome, large populations with a variety in lifestyle habits are needed. 
Therefore, we propose to cooperate internationally and set up a worldwide 
collaborative study on the role of lifestyle factors/diet/body fatness in the 
development of tumours in Lynch syndrome. To do this, investigators are: (i) 
studying the role of smoking and overweight in relation to cancer risk in those 
cohorts that already have this information available; and (ii) collecting and analysing 
data on lifestyle/diet/body fatness for all cohorts in a worldwide collaborative study. 
The ultimate goal is to develop evidence-based lifestyle recommendations to 
decrease the risk of cancers for people with Lynch syndrome.

2.5  MLH1 Epimutations in Predisposing to the Development 
of Lynch-Like Tumours

Principal Investigator: Megan Hitchins, Cedars-Sinai Medical Center, California, 
USA.

MLH1 epimutations manifest high levels of MLH1 methylation throughout nor-
mal tissues and, though comparatively rare, may account for a significant fraction of 
colorectal cancer cases whose tumours demonstrate MLH1 absence but who have 
no germline mutation in MLH1. Given its rarity, meaningful comprehensive studies 
will benefit from collaboration on an international scale. To address these needs, 
investigators are: (i) establishing the frequency of MLH1 epimutations in cases with 
a clinical suspicion of Lynch syndrome by testing the colorectal cancer cases 
clinically suspected of Lynch syndrome, but for whom no pathogenic mutation can 
be identified; (ii) measuring the clinical phenotype of epimutation carriers to gain a 
more detailed clinical profile; (iii) measuring the molecular profiling of tumours in 
epimutation-positive cases to determine the “second hit” plus more detailed TGCA- 
type analysis to elucidate the tumour molecular phenotype; and (iv) determining the 
inheritance patterns associated with MLH1 epimutations and the mechanisms 
underlying them by studying family members of epimutation carriers.
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2.6  Cancer Risk for Family Members of Constitutional 
Mismatch Repair-Deficiency (CMMR-D) Patients

Principal Investigator: Maartje Nielsen, Leiden University Medical Center, 
Netherlands.

Risk of cancer is high for people who have inherited a mutation in a mismatch 
repair gene from both parents and therefore have constitutional mismatch repair- 
deficiency (CMMR-D). However very little is known about the risks of cancer for 
their relatives on both sides of their family who carry a mutation, most often in the 
PMS2 gene. Understanding these risks is important for the clinical care of family 
members of CMMR-D patients. Studying such relatives provides an unbiased 
estimate of cancer risk for heterozygous mismatch repair gene mutation carriers in 
general. This is because in principal CMMR-D families are ascertained because of 
the distinct phenotype of the index case, not because of family history of cancer. 
Due to the increased use of detection methods for Lynch syndrome, such as 
standardised tumour testing for immunohistochemistry or microsatellite instability 
analysis in all colorectal cancer cases and next-generation sequencing, there will be 
an increase in the detection of Lynch syndrome cases with no or little family history. 
For these patients, knowledge on unbiased cancer risk is important to provide 
justified screening protocols. To address this gap, investigators are: (i) determining 
retrospectively the cancer risk for family members (up to third degree) of patients 
with CMMR-D; and (ii) conducting a follow-up study of family members with an 
identified heterozygous mismatch repair gene mutation to prospectively estimate 
risk of cancer.

3  Detailed Description of IMRC Project: Worldwide Study 
of Cancer Risks for Lynch Syndrome

Principal Investigator: Mark A. Jenkins; Co-Principal Investigator: Aung K. Win; 
Coordinator: Jeanette C. Reece; Data Manager: Grant Lee, Centre for Epidemiology 
and Biostatistics, The University of Melbourne, Victoria, Australia.

3.1  Rationale

3.1.1  Cancer Risks Vary by Sex, Gene and Type of Mutation

While over 25 studies have estimated the age-specific risks of cancer in Lynch syn-
drome (penetrance), many have had major drawbacks, resulting in limited useful-
ness of the findings.
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There is substantial evidence for significant variation in cancer risk by sex and 
gene. For example, the risk of colorectal cancer is higher for male carriers compared 
with female carriers and is higher for carriers of MLH1 and MSH2 mutations than 
for carriers of MSH6 and PMS2 mutations [1–11]. Larger studies are required to 
verify these findings, especially for the relatively understudied mutations in MSH6 
and PMS2.

Decreasing costs of sequencing of mismatch repair genes has resulted in: (a) 
increased range of variants detected, many of which have not been classified with 
respect to penetrance; and (b) increased testing of population-based cases unselected 
for family history and therefore potentially identifying mutations with, on average, 
a lower penetrance than those identified in clinic-based families. Several proposed 
methodologies to classify these variants by clinical significance are being developed 
[12–14]. These algorithms generally assume penetrance for all mutations is 
equivalent to truncating mutations, though data from quantitative functional assays 
suggest likely variability. Different mutation types may result in differences in 
cancer risks. For example, a particular MSH2 missense variant appears to be 
associated with greater risk of pancreatic cancer than truncating mutations [15], 
and transitional cell cancers are particularly frequent in the common MSH2 exon 8 
deletion families [16].

3.1.2  Current Penetrance Estimates Are Imprecise and Distribution 
of Risk Is Complex

Current penetrance estimates are imprecise and virtually unknown for some can-
cers, thereby limiting their clinical utility. This imprecision is predominantly due to 
the insufficient sample size of most studies only analysing the Lynch families avail-
able at their clinics, and even the existing larger collaborative studies have not over-
come this limitation. For example, in our recent study of 166 MLH1 and 224 MSH2 
families, from the Colon Cancer Family Registry, the 95% confidence intervals for 
colorectal cancer for MLH1 carriers ranged from 25% to 50% and for endometrial 
cancer for MSH2 carriers ranged from 19% to 45% [1]. For less common Lynch 
syndrome cancers, risk estimates are even less informative. For example, in the 
same study, we observed that anywhere between 2 and 170 per 1000 carriers of an 
MLH1 mutation would be diagnosed with stomach cancer by age 70. A large French 
consortium was equally challenged, as despite recruiting 248 MLH1 and 256 MSH2 
Lynch syndrome families (the most families in a single study), estimates of ovarian 
cancer for MLH1 mutation carriers ranged between 1% and 65% [3]. A large 
European consortium study of 1942 people with Lynch syndrome estimated the risk 
of upper gastrointestinal cancers for MLH1 carriers to range from 7% to 27% [11].

This lack of precision is also partly due to large variability in risk, even between 
carriers of same sex with the same mismatch repair gene mutated. We estimated that 
the lifetime cancer risk (from birth to age 70 years) followed a U-shaped distribution 
(not a normal distribution) with most carriers either having a high or low risk. For 
every 100 MLH1 and MSH2 mutation carriers, 41 were unlikely (less than 20% 
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risk) to be diagnosed with colorectal cancer, and 17 were very likely (more than 
80%) to be diagnosed [1]. If this large variability in risks can be confirmed, it 
suggests major potential for stratifying carriers by risk.

3.1.3  Penetrance Estimates May Differ by Geographic Regions

A major gap in assessing penetrance is whether cancer risks depend on geographic 
region. For the general population, most of whom are noncarriers, there is a well- 
recognised significant variability in cancer incidence by country (e.g. ten-fold 
difference internationally for colorectal cancer) [17]. These differences are sugges-
tive of environmental, rather than genetic, risk factors for colorectal cancer, as can-
cer rates in migrants approach that of the host country within one or two generations 
[18]. If cancer risks for mismatch repair gene mutation carriers were also found to 
differ by geographic region, this would: (1) provide further clues as to potential 
modifiers of cancer risk for carriers, which has obvious potential translational rele-
vance for cancer prevention; and (2) enable generation of geographic region-spe-
cific cancer probabilities for mutation carriers that are more relevant for genetic 
counselling.

However, Lynch syndrome studies have almost exclusively involved carriers of 
Caucasian ethnicity from Australasia, Europe and the USA. Therefore, cancer risks 
for carriers from other racial/ethnic or geographical populations are unknown. In 
support of variability by such heterogeneity, one study observed that stomach cancer 
risks were higher and endometrial cancer rates were lower for mutation carriers in 
18 South Korean Lynch syndrome families compared with those for 17 Dutch Lynch 
syndrome families [19]. While this may be due to a myriad of environmental and 
even genetic modifiers of risk that differ by country, the fact that the actual risks 
differ is, in itself, support for larger and more thorough studies.

3.1.4  Penetrance Might Depend on the Parent of Origin of the Mutation

Penetrance is further complicated by potential non-Mendelian inheritance of risk, as 
three studies reported that the risk of colorectal cancer in carriers might depend on 
the parent from whom the mutation was inherited [20, 21]. Confirmation of this in 
a larger study would have important clinical implications, with recommendations 
for screening based on the parent from whom the mutation was inherited.

3.1.5  Closing the Knowledge Gap Is Clinically Important

Accurate penetrance estimates are a critical component of public health guidelines, 
such as those for screening, as well as guidelines for the clinical management of 
high-risk patients/families, such as recommendations for prophylactic surgery. 
Understanding how these estimates differ is important to provide for appropriate 
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genetic counselling and risk management advice to mismatch repair mutation 
carriers. The wider the confidence interval, the less helpful are the estimates in 
counselling, to the point of potentially not being helpful at all.

There is substantial evidence that the risk of colorectal cancer can be reduced in 
carriers of mismatch repair gene mutations, and therefore, it is important to know 
the risks of cancers to facilitate recommendation of preventive measures appropriate 
to risk which can be recommended. Screening carriers with frequent colonoscopies 
(and consequent polypectomy) more than halves the risk of colorectal cancer 
diagnosis and mortality [22]. We have also shown that of mutation carriers who had 
extensive colon resection for a colon cancer diagnosis, none had a metachronous 
colorectal cancer in the following 10 years compared with 16% of those who only 
had segmental resection [23]. Two years of aspirin intake reduces the risk of 
colorectal cancer for people with Lynch syndrome by 60% [24]. Other modifiers of 
risk are also likely to be important for counselling [25–30].

However, there is room for improvement in preventing colorectal cancer. Despite 
preliminary evidence suggesting that penetrance for colorectal cancer may be lower 
in females than males, current screening guidelines recommend identical screening 
irrespective of sex, and this could be modified with confirmatory evidence [31].

The use of screening and other preventive methods for cancers other than 
colorectal cancer varies between and within countries partly due to limited 
knowledge of cancer risk. Endometrial cancer risks are high for carriers, but there is 
disagreement about whether screening by transvaginal ultrasound is warranted as 
no clinical trial data has supported its effectiveness. Some clinical and national 
guidelines recommend prophylactic hysterectomy and oophorectomy after 
completion of pregnancies. If there is a high degree of heterogeneity in endometrial 
cancer risk for carriers, as suggested by our research [1], then such prophylactic 
surgery may only be warranted for high-risk women. More precise estimates of risk, 
from large studies, are needed to inform this important debate.

Precise penetrance estimates are also needed to inform efficient use of screening 
and prophylactic surgery. Guidelines for endoscopy screening for gastric cancer 
remain imprecise, despite a 15–20% lifetime risk of this cancer for Lynch syndrome 
carriers. This is particularly pertinent for geographic regions with high rates of 
gastric cancer which have endoscopists experienced in effective upper gastrointestinal 
screening, e.g. Japan and Korea. For female mutation carriers at increased risk of 
ovarian cancer, prophylactic oophorectomy is often undertaken, although the 
optimal timing of this intervention remains unclear and could be clarified by 
increased precision of penetrance estimates. Studies have additionally provided 
preliminary evidence that mutation carriers are at increased risk of prostate cancer 
[32–35], and precise definition of this risk, if high enough, may justify PSA testing 
in mutation carriers. Finally, we and others have suggested that carriers could be at 
increased risk for breast cancer [36–39], but this conclusion is controversial, and 
confirmation and more precise information on this risk are needed before breast 
screening practices can be enhanced, such as using MRI to avoid radiation exposure 
in an already vulnerable population.
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3.2  Data Collection

All IMRC members were invited to contribute anonymised pedigree data for pene-
trance analysis.

3.2.1  Inclusion Criteria

To be included, families needed to have at least one confirmed carrier of a patho-
genic mutation in one of the DNA mismatch repair genes MLH1, MSH2, MSH6 and 
PMS2 or EPCAM deletion. Pathogenic mutation is defined as any variant that: (a) 
causes a protein truncation, is a large deletion or insertion or is a mutation in the 
consensus splice sites predicted to alter splicing; or (b) is a rare nucleotide change 
that causes a missense substitution or a small in-frame insertion or deletion or a 
sequence change located near (but not within) consensus splice sites that has been 
classified previously as pathogenic. All variants submitted are checked for pathoge-
nicity using the In SiGHT Variant Interpretation Committee’s classifications (http://
www.insight-database.org/classifications).

As the aim is to estimate cancer risks for mutation carriers, the subjects in this 
analysis are the known carriers and the possible carriers (untested). Probands are 
defined as the first person in the family who tested positive for a mismatch repair 
gene mutation. “Population-based” families are defined as those for which the 
probands were ascertained from population-based or hospital-based series either 
irrespective of family history of cancer or using some sampling fraction on family 
history. Clinic-based families are defined as having attended clinics/hospitals based 
on referral because of a family history of cancer, and all identified relatives will be 
included. Where possible, families who were recruited through separate probands 
but found to contain members in common are combined.

3.2.2  Data Collection

The following information was requested:

 (i) For each family: an id number, the gene that is mutated in the family and 
description of the change to the DNA of each mutation; the method of 
ascertainment of the family (via a population-based source, e.g. a colorectal 
cancer case from a cancer registry, from a family cancer clinic, from a hospital- 
based series); the date the family was ascertained; and the person in the family 
first found to have the mutation (the proband) and the date they were tested.

 (ii) For each family member: id number, mother’s and father’s id numbers (needed 
to determine genetic relatedness between all family members), age and sex, 
mutation status (carrier/noncarrier/untested); cancer diagnoses (anatomical 
site, age at and year of diagnosis); ages and years of polypectomies and bowel 
surgery; age and year and details of hysterectomy and oophorectomy; and age 
at last contact or death.
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3.2.3  Data Storage

The group at the Centre for Epidemiology and Biostatistics, the University of 
Melbourne, is responsible for collecting data from IMRC members, checking data 
quality and organising a data cleaning process to maximise data quality. A data 
management system is used to check data quality and to raise queries to the IMRC 
member if any incomplete or incorrect data are identified. The database is hosted on 
dedicated servers to ensure maximal availability for the project and integrated in 
existing computer and network infrastructures to guarantee optimal data safety 
(backup, firewall, restricted access).

3.2.4  Calculation of Risk

Age-specific hazard ratios (HRs), i.e. the ratio of age-specific cancer incidence for 
carriers to incidence for the population, are estimated using modified segregation 
analysis [40], a technique we have successfully used previously [1, 4, 5]. Models are 
fitted by maximum likelihood using the statistical package MENDEL version 3.2 
[41] and adjusted for ascertainment (described in more detail below). Unlike 
association studies and survival analyses, this analytical method is not subject to 
population stratification, adjusts for ascertainment and uses data on all study 
participants, whether genotyped or not, thereby maximising statistical power.

HRs are estimated for each cancer type, sex, gene, mutation type and geographic 
region (and for various combinations of these). For each anatomical site, the age at 
cancer diagnosis is modelled as a random variable whose hazard is the relevant 
population incidence rate multiplied by a site-specific HR. Parent-of-origin effects 
are estimated using a model we developed [20] which has been independently vali-
dated [42].

To adjust for ascertainment, each pedigree is conditioned on the proband’s geno-
type, cancer status and age of onset (for families ascertained from population- based 
sources) or on the proband’s genotype and the affected statuses and ages of onset of 
all family members at the time the proband was found to be a mismatch repair gene 
mutation carrier (for families ascertained from clinic-based sources) [43].

To model residual familial aggregation of cancer risk, a genetic mixed model is 
employed which incorporates an unmeasured polygenic factor in addition to the 
mismatch repair genes [44]. This is necessary since models that attribute all familial 
aggregation to the major gene being studied are likely to be biased [45]. The 
polygenic part of this model approximates the effect of a large number of genes that 
individually have very small effects on cancer susceptibility [46].

Age-, sex-, gene-, mutation type- and geographical location-specific cumulative 
risk estimates are calculated from the HR estimates as 1 −  e(− ∫ λ(t)dt), where λ(t) is 
the HR multiplied by the relevant population incidence. Corresponding confidence 
intervals (CIs) are calculated using a parametric bootstrap [1].
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Table 30.1 Accural of Lynch syndrome families to the International Mismatch Repair Consortium, 
as of October 2017

Countries MLH1 MSH2 MSH6 PMS2 EPCAM Total

South America 42 27 5 2 0 76
  Argentina 1 2 0 0 0 3
  Brazil 9 10 3 0 0 22
  Chile 19 8 0 2 0 29
  Uruguay 13 7 2 0 0 22
Australasia 119 134 51 24 2 330
  Australia 109 125 46 22 1 303
  New Zealand 10 9 5 2 1 27
North America 687 865 378 290 22 2242
  Canada 78 95 21 10 2 206
  USA 609 770 357 280 20 2036
Asiaa 63 83 14 1 1 162
  Hong Kong 35 61 4 0 1 101
  Japan 24 17 7 1 0 49
  Singapore 4 5 3 0 0 12
Europea 1171 1371 454 144 15 3155
  Denmark 92 150 95 18 1 356
  France 247 256 32 0 0 535
  Germany 443 529 102 46 0 1120
  Italy 4 12 3 0 0 19
  Netherlands 33 43 86 27 3 192
  Norway 16 48 0 15 1 80
  Spain 150 102 58 18 6 334
  Switzerland 5 3 1 0 0 9
  United Kingdom 181 228 77 20 4 510
Totala 2082 2480 902 461 40 5965

aSites from Sweden (157 families), Malaysia (15 families), India (24 families) and Turkey (27 
families) have also submitted data – but singletons only (not family data)

3.2.5  Current State of Data Collection

As of October 2017, 5965 families have been received (Table 30.1). In this context, 
families are defined as having at least two individuals of known genetic relation-
ship, at least one of which was a known carrier of a pathogenic mutation in a DNA 
mismatch repair gene. The majority of these were from Europe and North America 
but also include families from Australasia, Asia and South America (Fig. 30.1a–c). 
Family size ranged from 1 member (304 families) to 333 members (1 family), and 
number of confirmed mutation carriers ranged from 1 member (3011 families) to 
41 members (1 family) (Fig. 30.2a, b). It should be noted that all families with at 
least one mutation carrier can be utilised for penetrance analysis, as the modified 
segregation analysis models the probability of each untested relative being a 
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Fig. 30.1 Source and number of Lynch syndrome pedigrees (at least one family member known 
to carry a pathogenic mutation in a mismatch repair gene) that have been submitted to the 
International Mismatch Repair Consortium from (a) worldwide, (b) Europe and (c) the USA, as of 
October 2017
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Fig. 30.1 (continued)

mutation carrier given their genetic relationship to known carriers and their disease 
status and then weights their contribution to the penetrance analysis based on this 
probability – a strength of modified segregation analysis – although the more con-
firmed mutation carriers in the family are, the more precise the estimates of the 
penetrance will be.

4  Data Sharing

From its inception, the IMRC has functioned under the principle that it is a 
resource for research on the aetiology, risk and prognosis of colorectal cancer for 
all researchers. However, no data submitted for any project will be made avail-
able for any other project without express permission of the contributor of the 
data. Submission of data to the IMRC has no impact on the submitter’s rights to 
analyse their own data, nor does it imply they will not analyse their own data. 
Further information on the IMRC can be found on the website: https://sphinx.
org.au/imrc.
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