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Preface

Lynch syndrome (LS) is one of the most common hereditary cancer syndromes,
which has specific clinical features such as early-onset cancer, multiple colorectal
cancer, and extra-colonic cancer occurrence in various organs, including the endo-
metrium, stomach, small intestine, urinary tract, hepatobiliary tract, and ovaries.

The history of LS commenced with a report published in 1913 by a dedicated
pathologist Prof. Aldred S. Warthin at the University of Michigan, who had docu-
mented three families predisposed to multiple cancer involvement with suggestive
autosomal dominant inheritance [1]. This syndrome was further investigated by
Prof. Henry T. Lynch in 1966 [2], and the concept of “cancer family syndrome”
gradually expanded worldwide.

The molecular mechanisms underlying the carcinogenesis of this syndrome have
been investigated by many researchers, and finally, genes related to the mismatch
repair (MMR) system during DNA replication were found to be the cause of this
disease during the 1990s.

Four mismatch repair genes—MSH2, MLHI, MSH6, and PMS2—which are
responsible for maintaining the genome fidelity by repairing base mismatches dur-
ing DNA replication and a related gene, EPCAM, have been identified as causative
genes for LS.

During the aforementioned stream of research in this field, the nomenclature of
this syndrome has changed. It was once referred to as hereditary non-polyposis
colorectal cancer (HNPCC); however, this nomenclature has been considered inap-
propriate because of this syndrome’s nature with cancer occurrence in multiple
organs other than the colorectum. The terminology “Lynch syndrome” was then
defined as a hereditary cancer syndrome with autosomal dominant inheritance due
to germline defects in the MMR system and is now used widely in general.

Clinical diagnostic criteria, including the Amsterdam criteria followed by the
Amsterdam criteria II, have been developed and used for the clinical diagnosis of
this syndrome. However, these criteria for LS diagnosis have major limitations. It
has been reported that half of all LS cases may be missed by screening patients with
colorectal cancer using the Amsterdam criteria [3]. These previously proposed cri-
teria, together with the Bethesda guidelines, are not diagnostic criteria, but just one
of the initial screening tools for LS. Furthermore, currently, universal screening that
does not depend on these history-taking-based criteria has been proposed, and its
clinical usefulness has been investigated in terms of various aspects.
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Several guidelines for this hereditary disorder have been published thus far
worldwide. In Japan, the guideline for hereditary colorectal cancer was published
first in 2012 and was revised in 2016 [4]. Importantly, this revised version of the
guideline was immediately translated into English and published [5]. Currently, it is
under further complete revision, and the revised version of the Japanese guideline is
scheduled to be published in July this year. Soon afterward, its English version will
also be published.

Meanwhile, we are currently in an era of “genomic medicine,” as is widely
known. In particular, in the field of cancer, “cancer genomic medicine” is the main-
stream focus, not only for diagnosis but also for the treatment of various cancers.
Cancer gene panel examinations utilizing next-generation sequencing offer us the
chance to choose appropriate drugs that possibly work directly against molecules
associated with somatic disorders in cancer cells. However, during these examina-
tions, some germline variants might be detected unexpectedly as so-called second-
ary findings. Importantly, these may indicate that an individual harbors a hereditary
cancer syndrome disease with a germline genetic disorder.

In Japan, and probably also in other countries, few patients with LS and/or MMR
gene variant carriers are diagnosed accurately and receive appropriate surveillance
as individuals with a high risk of cancer. However, it is expected that a greater num-
ber of these cases will be picked up through comprehensive genome screening rep-
resented by cancer gene panels.

Thus, the importance of understanding this syndrome will increase rapidly in
the future.

On the publication of this special edition of Lynch Syndrome: Molecular
Mechanisms and Current Topics, | aimed to clearly present our latest understanding
of this important clinical entity, “Lynch syndrome,” and thus selected 13 chapters
and invited 13 experts in this field from Japan. Among these 13 authors, gastrointes-
tinal surgeons, basic researchers, and a gastroenterologist, gastrointestinal endos-
copist, gynecologist, urologist, pathologist, cancer geneticist, and epidemiologist
are contained. The fact that this feature includes authors encompassing various
fields is exactly a reflection of the nature of hereditary cancer syndromes, especially
that of LS.

This book presents the most recent findings of the molecular mechanisms and
current topics of the diagnosis and treatment for this disease.

I hope this cutting-edge review of LS will provide readers with the latest infor-
mation in one concise source.

Lastly, I would like to add one more important message.

It is widely known that Prof. Henry T. Lynch passed away on June 2, 2019, at the
age of 91 years. He was not only a pioneer of cancer genetics as an excellent
researcher but was also a dedicated clinician for patients and great teacher for us all.
Dr. Lynch visited Japan several times, imparting a significant influence on and great
contribution to the field of hereditary cancers in Japan.

I would like to dedicate this book to the late Prof. Henry T. Lynch.
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Molecular Mechanism of Lynch
Syndrome

Kazuo Tamura

Abstract

Lynch syndrome is a cancer-predisposing syndrome inherited in an autosomal
dominant manner, wherein colon cancer and endometrial cancer develop fre-
quently in the family, it results from a loss of function of one of four different
protein (MLH1, MSH2, MSH6, and PMS2), which are the products of mismatch
repair genes. An abnormal EPCAM gene at the position adjacent to the MSH2
gene also inhibits MSH?2 expression and causes Lynch syndrome.

Mismatch repair proteins are involved in repairing of incorrect pairing, includ-
ing point mutations and deletion/insertion of simple repetitive sequences, so-called
microsatellites, that can arise during DNA replication. MSH2 forms heterodimers
with MSH6 or MSH3 (MutSa, MutSp, respectively) and is involved in mismatch-
pair recognition and initiation of repair. MLH1 forms a complex with PMS2 and
functions as an endonuclease. If the mismatch repair system is thoroughly work-
ing, genome integrity is maintained at a high level. Lynch syndrome is a state of
mismatch repair deficiency (MMRd) due to a monoallelic abnormality of the mis-
match repair genes. The phenotype indicating the mismatch repair deficiency can
be frequently observed as a microsatellite instability (MSI) in tumors.

Generally, Lynch syndrome develops in adulthood, but MMR gene abnor-
malities are observed in children with different genotypes and phenotypes.
Children with germline biallelic mismatch repair gene abnormalities were
reported to develop conditions such as gastrointestinal polyposis, colorectal can-
cer, brain cancer, leukemia, and so on. This condition is called constitutional
mismatch repair deficiency (CMMRD).
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In addition, for promoting cancer genome medicine in a new era, such as by
utilizing immune checkpoints, it is important to understand the genetic and
genomic molecular background, including the status of mismatch repair
deficiency.

Keywords

Mismatch repair gene - Lynch syndrome - Microsatellite instability - Constitutional
mismatch repair deficiency - Immune checkpoint inhibitor

Abbreviation

CMMR-D  Constitutional mismatch repair deficiency

CNS Central nervous system

CTE Congenital tufting enteropathy

CTLA-4 Cytotoxic T-lymphocyte-associated protein 4
IHC Immunohistochemical staining

ISI Immune checkpoint inhibitor

MLPA Multiple ligation-dependent probe amplification
MMR Mismatch repair

MSI Microsatellite instability

PCNA Proliferating cellular nuclear antigen

PD-1 Programmed cell death protein 1

RFC Replication factor

TMB Tumor mutational burden

1.1 Introduction

Cancer is fundamentally a genetic disease, and pathogenic variants, also called
“mutation,” are pivotal to its etiology and progression. Carcinogenesis develops by
the accumulation of numerous genetic and epigenetic abnormalities [1-4].
Therefore, cancer has the following six characteristics: sustained proliferative sig-
naling, evasion of growth suppressors, resistance cell death, replicative immortality,
angiogenesis induction, and activation of invasion and metastasis [5]. Therefore,
elucidation of carcinogenesis is essential for therapeutic development [6]. Although
rare, hereditary cancer syndromes are observed in cancers derived from any organ.
In individuals with hereditary cancer syndrome, the initial cancer-causing patho-
genic variant is inherited through the germ cell and therefore, is already present in
all 37 trillion cells that make up the body. Lynch syndrome (MIM# 120435) is an
autosomal dominant syndrome with a penetration rate of about 80% characterized
by several individuals in the family affected with colorectal cancer (CRC) or extra-
colonic tumors of the endometrium, stomach, small bowel, ureter, renal pelvis,
ovary, and hepatobiliary tract [7].
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Lynch syndrome occurs due to loss of function of the mismatch repair mecha-
nism for genomic replication errors. This article outlines the basis of molecular
genetics involved in Lynch syndrome.

1.2  DNA Repair System

The frequency of replication errors is 107!° per base of DNA per cell division, and in
an estimated 10" cell divisions during an individual’s lifetime replication errors
cause thousands of new DNA variants in the genome in every cell. Eukaryotes have
multiple repair systems to avoid replication errors (Table 1.1) [8]. Maintaining DNA-
integrity through genome repair suppresses cancer development and progression by
genomic abnormalities. Genes encoding molecules involved in genome repair are
referred to as DNA repair genes and “caretaker tumor suppressor genes.”

Table 1.1 DNA repair systems and predisposition to cancer [8]

DNA repair Damage | Characteristics Predisposition
Base excision Single Repair mechanism for a single MUTYH-
Repair (BER) strand nucleotide in a single strand of DNA associated
that is generated through oxidation (e.g., | polyposis (MAP)
8-oxoguanine), alkylation (e.g.,
methylation), and deamination. No ATP
required
Nucleotide Single Repair mechanism against damage that | Xeroderma
excision repair strand causes DNA structure change over pigmentosum
(NER) several tens of base pairs via pyrimidine | Cockayne
dimer formation by ultraviolet exposure. | Syndrome
ATP required
Mismatch repair: Single Repair mechanism of base mismatch Lynch syndrome
(MMR) strand pairing caused in DNA replication (S
phase). Usually, it corresponds to an
error of one to several base pairs
ATP required
Proofreading Single It occurs done during DNA replication. Polymerase
repair strand In E. coli, 3’=5" exonuclease of DNA proofreading
polymerase I has this function. In associated
humans, involvement of enzymes other | polyposis (PPAP)
than DNA polymerase is also
conceivable
Homologous Double | When double stranded breaks occur in S | Hereditary breast
recombination strand phase/G2 phase, the cleaved portion of a | and ovarian cancer
(HR) normal allele is used as the template (HBOC)
DNA. This mechanism restores the
original sequence by recombination
Nonhomologous Double | In double strand breaks in the G1 phase, | LIG4 syndrome
end-Joining strand this repair mechanism concentrates
(NHEJ) multiple molecules on the excised ends
and directly combines them. In this
repair, some nucleotides around the
break part may be missing in some cases
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Table 1.2 DNA repair system for replication errors in Esherichia coli [8]

Mutation rate

(per nucleotidej
Step | Pathway Protein activities per generation
1 DNA synthesis 10-5_10-6

5’—3’-elongation activity of DNA polymerase
III(a) (1000 nucleotides/s.)

2 Proofreading 3’—5’-exonuclease activity of DNA polymerase 107

1II(e)
3 Mismatch Mismatch correction proteins Mut S, Mut L, 10-9—10-10
correction Mut H etc.

The mismatch repair system was recognized in 1961, with proposal that the cor-
rection of DNA base pair mismatches within recombination intermediates is the
basis for gene conversion [9]. Elucidation of the mismatch repair system has been
advanced by fundamental research based on Escherichia coli, developed four E. coli
mutator genes: mutH, mutL, mutS, and uvrD [10-13]. Inactivation of any of these
genes increases the generation of variants in the E. coli cell by 50-to 100-fold, indi-
cating the importance of this pathway in variant avoidance and genetic stability. The
reduction in mutability afforded by the E. coli methyl-directed system has been
attributed to its role in the strand-specific elimination of DNA errors (Table 1.2) [6,
8, 14-19]. Research on the mismatch repair system has advanced extensively and
has clarified its mechanism and role as an essential mechanism for maintaining
genome integrity in organisms and involved in predisposition to cancer development.

1.3  Genes Responsible for Lynch Syndrome

Lynch syndrome, is called hereditary nonpolyposis colorectal cancer: HNPCC in
the past, is an autosomal dominant inherited disorder caused by germline patho-
genic variants in DNA mismatch repair (MMR) genes. Patients with Lynch syn-
drome are at an increased risk of developing tumors from a young age and throughout
their lifetime. Most of them suffer from multiple synchronous and/or metachronous
primary tumors. Colorectal cancer and endometrial cancer (female) are well known
in the tumor spectrum of Lynch syndrome. In addition, patients with Lynch syn-
drome have high potential for developing cancer of the urinary tract, the stomach,
the small intestine, the biliary tract, the skin, the brain, and others.

Multiple types of human mismatch repair (MMR) proteins have been discovered
and several encoding genes have been isolated so far. Currently, four types of MMR
genes, MLHI (MIM# 120436), MSH2 (MIM# 609309), MSH6 (MIM# 600678),
and PMS2 (MIM# 600259), are used in the clinical applications related to Lynch
syndrome. An outline of the responsible genes is shown in Fig. 1.1. The EPCAM,
which encodes a cell adhesion molecule, is not an MMR gene, but its structural
abnormality causes Lynch syndrome, because it is adjacent to the MSH2 gene [20].
This content will be described later.
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Chr.2  MSH2 (2p21) chr. 3
* Similar to the MutS protein
* Recognition of mismatched
nucleotides, prior to their repair

> EPCAM (2p21) «MLH1 (sp22.2) chr.7

« epithelial cellular adhesion * Human homolog of the E. coli
molecule (EPCAM) DNA mismatch repair gene mutL € PMS2 (7p22.2)

* The mutations involved in « Consistent with the characteristic * Forming a heterodimer
Lynch syndrome remove a alterations in microsatellite with MLH1
region that signals the end sequences (RER+ phenotype) * This complex interacts
of the gene « Stabilization of the complex with other clomplexes

MSH6 (2p16.3) formed with PMS2 (MutLor) Eg:gs to mismatched

* Cleavage of the DNA chain

* MSH6 protein combines with
near both sides of the

MSH2 to form a mismatch

recognition complex (MutScr) mismatched nucleotides

Gene MIM Locus No.of exon CDS (nt) :;3?120;38' of ('\)liv:rg:g:)
MLH1 *120436 3p22.2 19 2218 756 84.6
MSH2 *609309 2p21 16 2802 934 104.7
MSH6 *600678 2p16.3 10 4080 1360 152.8
PMS2 *600259 7p22.1 15 2586 862 95.8
EPCAM *185535 2p21 9 942 314 35

Fig. 1.1 The genes responsible for Lynch syndrome [8]

In 1993, MSH2 gene was isolated at chromosome 2p22—p21 in 1993 and has
high homology with the mutator phenotype gene, mutS of E. coli [21-24]. In 1994,
as the second responsible gene of Lynch syndrome, MLH1, the E. coli mutL homo-
logue, was isolated from 3p22.2 [25-27]. In 1995, mismatch binding factors were
found as the 100 kD MSH?2 or as heterodimers of the 160 kD polypeptide called
GTBP/MSHG6 (for G/T binding protein), which was recognized as a new member of
the MutS homologue [28, 29]. MSH6 gene was first reported by Japanese research-
ers as a gene responsible for Lynch syndrome [30, 31]. In 1994, a germline deletion
of the PMS2 was also identified in families with Lynch syndrome. Moreover, addi-
tional deletions in tumor samples with microsatellite instability high (MSI-high)
showed the presence of two-hits [32, 33].

14 Structure and Function of MMR Proteins

Each MMR protein encoded by the corresponding MMR gene has a unique function
in repairing replication errors. Therefore, MMR proteins possess unique functional
domains. When pathogenic variants of MMR genes occur in the DNA site corre-
sponding to the functional domain, DNA repair function may be impaired. Schematic
representations of MLH1, MSH2, MSH6, and PMS2 proteins are shown in Fig. 1.2
[8, 34-38]. Both MLH1 and PMS2 have an ATP binding domain and require ATP
molecules for the endonuclease function.
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a MLH1

1aa

- ATP binding domain, aa 31-122

756 aa

O MutL , C-terminal domain, aa 216-335
O PMS2, MLH3, PMS1 interaction C-terminal domain, aa 502-756

b MSH2
1aa 934 aa

B MutS N-terminal domain, aa 18-131

B MutS , connector domain, aa 156-289
[] MutS core domain (MSH3/MSH6 interaction domain), aa 305-473 and 569-645

B MutS clamp domain, aa 474-568

B ATP binding domain, aa 620-855

[] MutS C-terminal domain, aa 875-934

. MSH3/MSHS6 interaction domain, aa 875-934
C MSH6

—_

aa 1360 aa

PCNA binding motif, aa 4-11
PWWP domain, aa 90-183
MSH?2 interaction domain, aa 362-518

MutS conector domain, aa 538-699
MutS core domain, aa 739-931 and 1025-1102

MutS clamp domain, 932-1024
MutS C-terminal domain, aa 1127-1323

EEEEONO

Fig. 1.2 Structure of mismatch repair proteins (a) MLHI, (b) MSH2, (¢) MSH6, (d) PMS?2 [8]



1 Molecular Mechanism of Lynch Syndrome 7

d PMS2

1aa 862 aa

[l ATP binding domain, aa 35-159

[ MutL, C-terminal domain, aa 227-364

[ MutL , N-terminal domain, aa 13-343

[ MLH1 interaction C-terminal domain, aa 678-822

B Endonuclease active site, aa 698-715

Fig. 1.2 (continued)

Many human MMR related proteins have been identified as homologues of
E. coli MMR proteins [8, 22-29, 39-49]. These include human homologues of
MutS, MutL, Exol, DNA polymerase d (pol 8), proliferating cellular nuclear anti-
gen (PCNA), replication factor (RFC), DNA ligase I, and so on. MSH2 heterodi-
merizes with MSH6 or MSH3 to form MutSa or MutSp, respectively. These are
involved in the mismatch-pair recognition and initiation of repair [50-54]. In addi-
tion, various kinds of complexes such as MutLa, MutLf, and MutLy are formed and
involved in the mismatch repair system [37, 38, 40, 51, 52, 54-63].

1.5  Mechanisms of Mismatch Repair

The mismatch repair (MMR) system consists of sequential steps for the recognition,
removal, and resynthesis of the mismatch site in DNA. This system that maintains
DNA fidelity is well conserved from E. coli to eukaryotes. A schematic diagram of
the pathway is shown in Fig. 1.3 [8, 53, 58, 60, 62-82]. Base—base mismatches in
double-strand DNA are recognized by MutSa (heterodimer of MSH2-MSH6).
MutSa binds as a sliding clamp around the double-strand DNA. MutSa and MutLa
form a tetrameric complex and then initiate the process of mismatch repair. The
tetrameric complex recruits proliferating cell nuclear antigen (PCNA), replication
factor C (RFC), exonuclease 1 (Exo 1) to remove the nascent (daughter) strand, and
resynthesize the correct strand. Then, exonuclease 1 (Exo 1) is recruited and
removes the nascent (daughter) strand around the error region. The resynthesis step
is accomplished by DNA polymerase (Pold or Pole) and Ligase 1.

1.6  Relationship Between MMR System and DNA Damages

Depending on the DNA damage pattern, specific mismatch repair molecules, and
complexes are involved. The outline is shown in Fig. 1.4 [8, 50, 64, 66, 83—86]. The
MutSa (heterodimer of MSH2-MSH6) contributes to mismatch recognition by
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MutLa MutSa

B &
= R=HN
5

3 Mismatch/damage recognition
5" Structure formation and stabilization of MMR
RFC _ PCNA ﬂ
A ©\
g: ! )y g: Nick formation of mismatch/damage allele by

endonuclease
Polymerase @ EXOI ﬂ

. /\

5

¥ ﬂ

gj - ):CZ — ‘ ————— 3% Mismatch allele excision and DNA re-synthesis
ﬂ Ligase |

5
3 5

8 Initiation of MMR

3" Phosphodeiester bond of nucleotides

Preservation of DNA fidelity

Fig. 1.3 Mechanistic model of mismatch repair [§]

~ 3

MutSo MSH2 MSH6 MSH2 MSH3 MutSB

/G

\_/
T 1nt 2nt >3 nt

--AAAA-- --CACA-- -CTGCTG--
Abnormalities of repetitive sequence

Mismatch pair

Fig. 1.4 Schematic of DNA damage recognized by the mismatch repair pathway [8]
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single nucleotide substitution (e.g., G:T mismatch pair) and recognition of small
insertion-deletion loops (IDL, e.g., error of the repeat number in adenine clusters),
whereas MutSp (heterodimer of MSH2-MSH3) contributes to the repair of small
loops and relatively large damages up to about ten nucleotide loops. Recently, the
function of MutSp has attracted attention for its biological characteristics and as a
prognostic factor of elevated microsatellite instability at selected tetranucleotide
(EMAST) colorectal cancer, which shows instability in the repeat sequence of the
tetranucleotides [87-91].

1.7  EPCAM as the Gene Responsible for Lynch Syndrome

EPCAM is located at 2p21 adjacent to the MSH2 on the 5" upstream and encodes the
EPCAM protein, expressed on the membrane of cells in epithelial tissues and
plasma cells, and is involved in cell-cell adhesion function [92, 93]. Although
EPCAM is not the direct responsible gene of Lynch syndrome, but it is located just
17 kb upstream of MSH2. The deletion of EPCAM affects MSH2 gene expression,
resulting in Lynch syndrome. The schema is shown in Fig. 1.5 [8, 20]. The cis-
deleted alleles inhibit MSH2 expression and finally causes Lynch syndrome in 1.3%
of the affected families [20, 94].

In addition, biallelic inactivation of EPCAM is responsible for congenital tuft-
ing enteropathy (CTE, MIM# 613217) with an estimated incidence of one in
50,000-100,000 births in Western Europe [95-98]. CTE presents within the first
months of life with severe chronic watery diarrhea and growth restriction.
EPCAM abnormalities responsible for CTE are usually missense mutations, non-
sense mutations, minute insertions/deletions, and splicing errors, unlike Lynch
syndrome [98].

| 1 EnCAMmRNA I ] MSH2mRNA
NANNNNNN— :
5 — UV -0 00— o
[ E— E—
Lollipops: CpG sites in the promoter Lollipops: CpG sites in the promoter region
region of the EPCAM gene of the MSH2 gene
Transcriptional read-through | ] ] fiﬁ;ﬁ%rﬁ\gg%zt

NN N NANNNNNNNNNNNANNNNANANNANANNN—

1 .
5 — LA - corationss 7L THIOOH-BH—0 000000 0— =

Lollipops: CpG sites in the promoter Blue lollipops: methylated CpG sites
region of the EPCAM gene

Fig. 1.5 A cis-deletion of EPCAM gene causes an epimutation of the MSH2 gene [8]
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1.8  Constitutional Mismatch Repair Deficiency Syndrome

Constitutional mismatch repair deficiency syndrome (CMMR-D) is caused by bial-
lelic homozygous or compound heterozygous pathogenic germline pathogenic vari-
ants of MMR genes and is a distinct childhood cancer preposition syndrome (MIM#
276300) with an autosomal recessive inheritance [99—101]. In biallelic germline
pathogenic variant carriers of MMR genes, hematological malignancies, brain/cen-
tral nervous system (CNS) tumors, and Lynch syndrome associated carcinomas
develop frequently. In the gastrointestinal tract, bowel adenomatous polyposes are
often observed as premalignant lesions that require differential diagnosis from
FAP. By the way, the pathological condition classified as a subtype of FAP called
Turcot’s syndrome is considered to be exactly CMRR-D [102, 103].

The median age at diagnosis of hematological malignancies and brain/CNS
tumors was respectively, 6.6 (age range: 1.2-30.8) and 10.3 (age range: 3.3—40)
years. However, Lynch syndrome-associated tumors developed later (median age at
diagnosis: 21.4 years (age range: 11.4-36.6)). Moreover, the spectrum of Lynch
syndrome is mostly colorectal cancer and/or endometrial cancer [104]. Various non-
neoplastic features are related to CMMR-D including Cafe au lait spots (NF1 like),
skin hypopigmentation, mild defects in immunoglobulin class switching recombi-
nation, agenesis of the corpus callosum, cavernous brain hemangioma, capillary
hemangioma of the skin, combination of various congenital malformations, and
lupus erythematosus.

1.9  Genetic Testing for Lynch Syndrome

In order to select high-risk individuals with Lynch syndrome from among patients
with colorectal cancer and to increase the efficiency of detecting germline patho-
genic variants, microsatellite instability (MSI) testing and/or immunohistochemical
staining (IHC) of MMR proteins is recommended as universal tumor screening and
is recommended to do first [102, 105, 106]. The MSI testing is a method to easily
identify events in which genetic integrity has been damaged due to repair failures of
DNA replication errors using simple repeated microsatellite sequences [107-111].
Five types of repeat markers including mononucleotide and dinucleotide repeats
have been used, but recently mononucleotide repeat markers have been preferred.
Cases with different numbers of repeats between normal tissue-derived DNA and
cancer-derived DNA are considered as positive [112]. If two or more of the five
markers show instability, the tumor is evaluated as MSI-high (MSI-H). The results
of MSI-H colorectal cancer are shown in Fig. 1.6. If one of the markers shows insta-
bility, the tumor is considered as MSI-low (MSI-L). If positive markers are not
observed, the mismatch repair system is evaluated to be proficient and is called
MS-stable (MSS).

Immunohistochemical staining of MMR proteins can reveal damaged molecules
using specific antibodies. Staining with four antibodies: MLH1, MSH2, MSH6, and
PMS2 can predict the gene causing Lynch syndrome (Table 1.3) [113-120].
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Table 1.3 IHC findings associated with MLHI, MSH2, MSH6, and PMS2 mutations [8]

THC staining
Mutation of MMR genes MLHI MSH2 MSH6 PMS2
MLHI - + + -
MSH?2 + - - +
MSH6 + + - +
PMS?2 + + + -

For MSI testing, sensitivity ranged from 66.7 to 100.0% and specificity ranged
from 61.1 to 92.5%, whereas for IHC staining, sensitivity ranged from 80.8 to
100.0%, and specificity ranged from 80.5 to 91.9% [121].

Approximately 10-15% of sporadic colorectal cancers show MSI-H findings.
The cause is mostly the loss of MSHI protein due to methylation of the MLHI gene
promoter region. About half of MSI-H sporadic colorectal cancers show BRAF
V600E mutation, which is rarely detected in colorectal cancers from patients with
Lynch syndrome. MLHI methylation analysis and BRAF V60OE mutation testing in
colorectal cancers can improve the efficiency of the diagnosis for Lynch syndrome
[36, 122].

Final genetic testing for Lynch syndrome is performed using DNA sequencing
in selected cases excluding sporadic colon cancer from all colorectal cancers. For
a long time, genetic testing has mainly been performed using Sanger sequencing,
and multiplex ligation-dependent probe amplification (MLPA) has been adopted
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for a wide range of abnormalities such as large deletions/insertions [123]. Clinical
genetics is currently transitioning from phenotype-directed single gene testing to
multigene panels [124]. Multigene panel testing using next generation sequencing
for hereditary colorectal cancer has been evaluated as a feasible, timely, and cost-
effective approach compared to single gene testing [125]. Previously, the distribu-
tion of germline pathogenic variants in MMR and EPCAM genes in Lynch
syndrome was thought to predominantly occur in MSH2 and MLH]I and less fre-
quently in MSH6 and PMS2. As a result of multigene panel testing without univer-
sal tumor screening, Espenschied et al. reported that MSH6 pathogenic variants
were the most frequent, followed by PMS2, MSH2, MLH 1, and EPCAM (Table 1.4)
[8, 123, 126-128]. About 12% of individuals carrying MMR gene pathogenic vari-
ants have breast cancer alone. Furthermore, even MMR gene pathogenic variant
carriers do not always meet the criteria for Lynch syndrome or the BRCAI/BRCA2
testing criteria. However, MSH6 and PMS2 germline pathogenic variants are asso-
ciated with an increased risk for breast cancer [126, 129]. Table 1.4 shows the
gene-specific distributions of germline variants by the types of abnormalities in
mismatch repair genes. Most MSH2, MLH 1, and MSH6 pathogenic variants were
truncated types such as nonsense mutations or frameshift mutations [8, 130].
Knowledge of choice of analysis method is important. A wide range of rearrange-
ments were detected at 10%, 7%, and 10% for MSH2, MLH1, and PMS2, respec-
tively. Therefore, the selection of an appropriate analysis method is required for
genetic testing.

Table 1.4 Germline mutation analyses in the responsible genes in Lynch syndrome [8]

(a) Distribution of mutations in overall mismatch repair genes and EPCAM

MSH2 | MLHI | MSH6 | PMS2 | EPCAM | Publication
Gene (%) (%) (%) (%) (%) year Ref#
Distribution of mutations in 23.7 21.6 294 242 1.2 2017 [126]
overall mismatch repair 212 |394 182 |21.2 - 2017 [127]
genes and EPCAM gene 36 40 18 6 _ 2016 [128]
34 40 18 8 - 2014 [129]
(b) Distribution of the types of germline variants in mismatch repair genes [130]
Variant type MSH?2 (%) MLH]1 (%) MSH6 (%) PMS2 (%)
Missense 31 40 49 62
Nonsense or frameshift 49 40 43 24
In-frame 2 2 3 1
Splice 8 11 3 3
Large rearrangement 10 7 2 10
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1.10 Effectiveness of Inmune Check Point Blockades
and a Hypermutable State (High Tumor
Mutational Burden)

As cancer cells escape the host immune system by suppressing T cell activation,
thus exert an immunosuppressive function due to immune checkpoint molecules.
The immune checkpoint molecules include cytotoxic T-lymphocyte-associated pro-
tein 4 (CTLA-4) and programmed cell death protein 1 (PD-1, CD279), and so on
[131, 132], which were found to negatively control the immune system [133, 134].
In human cancer treatment, anti-PD-1 antibody was found to be effective for non-
small cell lung cancer, malignant melanoma, and renal cell cancer and was also
clinically applicable in safety [135]. The clinical efficacy of PD-1 inhibitor was
found to be higher in mismatch repair-defective colorectal and non-colorectal can-
cers compared to proficient-mismatch repair cancers [136]. According to recent sur-
vey results, as shown in Fig.1.7, high tumor mutational burden (TMB) is an excellent
biomarker for predicting the efficacy of immune checkpoint inhibitors (ICIs) [137—
139], and the group of colorectal cancer patients with the biological characteristics
of mismatch repair deficient (MMRd) has a significantly better response to ICIs

.
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Fig. 1.7 Correlation between tumor mutational burden (TMB) and objective response rate with
immune checkpoint inhibitors [137]
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than those with mismatch repair proficient (MMRp) [136, 137]. In gastrointestinal
cancer, because the state of microsatellite instability high (MSI-H) state has been
shown to correlate well with high TMB based on an analysis of many cancer
genomes, the microsatellite instability (MSI) testing is used as a standard biomarker
to predict the response of ICIs [140-142].

1.11 Future Directions

The cancer-accumulating family reported by Warthin AS more than 100 years ago
led to the establishment of Lynch syndrome by the vigorous genetic epidemiologi-
cal approach of Lynch HT et al. On the other hand, mismatch repair genes have been
elucidated as part of the genome integrity system of Escherichia coli and yeast.
These basic researchers worked together to understand the clinical, genetic, and
molecular biological aspects of Lynch syndrome. With its natural history and
molecular biological characteristics clarified, presymptomatic diagnosis by genetic
testing for at-risk persons in the family, and appropriate medically actionable inter-
ventions, such as early diagnosis, are becoming possible.

The development of ICIs is a major milestone in the treatment of patients with
Lynch Syndrome. Most malignant tumors in patients with LS have MSI-H status
and are expected to respond to ICIs. These studies have shown new possibilities for
the treatment of hereditary tumor syndrome. In future, we hope that advances in the
integrated understanding of the clinical and molecular biology of Lynch syndrome
will lead to the development of novel diagnostic methods and effective treatments.
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Clinical Features of Lynch Syndrome

Kohji Tanakaya

Abstract

Lynch syndrome (LS) is one of the most common genetic cancer syndromes and
accounts for 1-4% of all colorectal cancer cases. It is estimated that more than
100,000 individuals in Japan carry LS variants. This autosomal dominant disease
is mainly caused by germline variants of mismatch repair genes (MSH2, MLH ],
MSH6, PMS2) or EPCAM. Individuals with LS tend to develop with various
types of tumors at a young age, such as colorectal cancer, endometrial cancer,
and gastric cancer. The risk of developing LS-associated tumors may vary greatly
depending on the population, gender of the carrier, and mismatch repair gene
mutated. In this chapter, we discuss the clinical features of LS.

Keywords

Lynch syndrome - Mismatch repair genes - Colorectal cancer - Endometrial can-
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2.1 Hereditary Colorectal Cancer

Cancer is a leading cause of death worldwide, accounting for an estimated 9.6 mil-
lion deaths in 2018. Colorectal cancer (CRC) is the third-most common cancer, with
1.8 million new cases in 2018 [1]. In Japan, it is currently estimated that about 10%
of men and 8% of women will be diagnosed with CRC during their lifetime [2].
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CRC is caused by multiple factors. Approximately 70-80% of CRC cases seem
to be sporadic. In contrast, in the remaining 20-30% of CRC, the familial accumu-
lation of CRC cases, known as familial CRC, is observed [3]. In approximately
5-10% of CRC cases, the causative genes have been identified, and these cases are
referred to as hereditary CRC [4-6].

2.2  History

In 1895, Aldred Warthin, a pathologist of the University of Michigan, started his study
on cancer fraternity. A young seamstress told him about her family that had shown an
accumulation of cancer over several generations at an early age, including mainly
gastric cancer (GC) and endometrial cancer (EC). Her family had migrated from
Germany. Warthin reported this series as “family G” in 1913 [7]. Warthin suspected
the existence of underlying hereditary factors in Family G. However, in that era, the
influence of heredity factors on cancer susceptibility had not yet been recognized.

In 1966, Henry Lynch and Margery Shaw et al. reported two families—family N
from Nebraska, and family M from Michigan. Lynch and Shaw had discovered the
existence of genetic cancer syndromes with an autosomal dominant fashion [8].

In 1993, MSH2, one of the causative genes of LS, was first discovered. Three
other mismatch repair (MMR) genes (MLHI, MSH6, PMS2), and EPCAM were
subsequently also identified as causative genes for LS [9-11]. EPCAM is upstream
adjacent to MSH2, and the germline deletion of the 3’ end of EPCAM causes MSH2
silencing via methylation of the MSH2 promoter region [11].

The role of DNA MMR function is to maintain genomic stability by correcting
base mismatches and insertion—deletion mismatches that can arise during DNA rep-
lication. When the DNA MMR function is impaired, the sequence repeat number in
simple repetitive sequences (microsatellites) is prone to changes. The altered num-
ber of repetitive sequences in microsatellites is termed microsatellite instability
(MSI). LS-associated tumors with variants in MMR genes therefore commonly
show a high frequency of MSI (MSI-H) [9, 12, 13].

2.3 Definition

LS is an autosomal dominant disease caused by a germline variant in one of the
DNA MMR genes (MLHI1, MSH2, MSH6, PMS2) or the EPCAM gene.

The term “Lynch syndrome” is often used synonymously with “hereditary non-
polyposis colorectal cancer (HNPCC).” However, some hold that LS refers to genet-
ically confirmed patients and or families, while HNPCC refers to patients and
families who clinically fulfill the Amsterdam I [14] or II [15] criteria (Tables 2.1 and
2.2) without a genetic diagnosis.
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Ta.ble. 2.1 Amsterdam At least three relatives must have a colorectal cancer; all the
criteria I following criteria should be met

1. One must be a first-degree relative of the other two

2. At least two successive generations must be affected

3. At least one should have been diagnosed before the age 50 years
4. Familial adenomatous polyposis should be excluded

5. Tumor diagnosis should be confirmed by histopathological
examination

Table 2.2 Amsterdam criteria IT

At least three relatives must have a Lynch syndrome-associated cancer (colorectal,
endometrial, small bowel, ureter, or renal pelvic cancer); all of the following criteria should be
met

1. One must be a first-degree relative of the other two

2. At least two successive generations must be affected

3. At least one should have been diagnosed before the age 50 years

4. Familial adenomatous polyposis should be excluded

5. Tumor diagnosis should be confirmed by histopathological examination

24 Prevalence

Estimates of the population prevalence of LS vary from 1:226 to 1:2000 [9, 10,
16]. LS accounts for 0.7-4% of all CRC cases [17-20] and 1-6% of all EC cases
[9, 21]. The number of individuals with LS in Japan is estimated to be more than
100,000.

2.5 LS-Associated Cancer

Individuals with LS have a high risk for CRC, EC, GC, ovarian cancer (OC), pan-
creas cancer, renal pelvic/ureteral cancer, biliary tract cancer, brain tumors, seba-
ceous tumors, keratoacanthoma, and small intestinal cancer [22]. Recent reports
show that breast cancer [23, 24], prostate cancer [25], and sarcoma [26, 27] are also
LS-associated cancers. Not all individuals with LS will develop cancer. In other
words, showing an incomplete penetrance. These risks vary depending on the popu-
lation, gender of the carriers, and MMR gene mutated. The cumulative risk of can-
cer at 70 years of age is significantly higher in MSH2 and MLH] variant carriers
than in MSH6 or PMS?2 variants (Table 2.3).
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Table 2.3 Cumulative risk of Lynch syndrome-associated cancer at 70 years of age
General
population risk General Average age
in the US [28] | population Lynch at the
(Lifetime risk | risk in Japan |syndrome | diagnosis
Cancer (gene) [29]) [2] risk (%) (years) References
Colon M:3.3%, M: 3%, F:
F:3% 2%
(MLHI/MSH2) M 22-74 27-60 [30-39]
F 22-61
(MSHG6) M 12-22 54-63 [31,37-39]
F 10-30
(PMS2) M 0-20 47-66 [38-40]
F 0-15
Endometrium 1.50% 1%
(MLHI/MSH?2) 14-54 48-62 [30, 31, 33,
35, 37-39,
41]
(MSHG6) 16-71 53-54 [31,37-39,
41, 42]
(PMS2) 13-26 49-50 [38, 39, 41]
Stomach (0.80%) M: 3%, F: 5.8-13 | 49-55 [43-47]
1%
Ovary (1.20%) 1% 34-22 |42-54 [37, 45, 46,
48-51]
Biliary tract 0.02-4 | 54-57 [37, 45, 49,
50]
Urinary tract 0.2-25 |52-60 [37, 45, 46,
48-50]
Small bowel (0.30%) 0.4-12 | 46-49 [37, 45, 46,
48, 49]
Skin 1-9 51-54 [52-54]
Brain/central (0.60%) M: 0.2%, F: 1.2-3.7 | 50-55 [37, 46, 48,
nervous system 0.2% 49, 55]
Pancreas (1.60%) M: 0.6%, F: 0.4-3.7 | 52-57 [33, 38, 56]
0.4%

Since CRC and EC are the most common LS-associated cancers and develop at
relatively early ages [57], their development often can be a clue for the diagnosis of
LS. Traditionally, as the first step for the diagnosis of LS, clinical criteria such as the
Amsterdam criteria II (Table 2.2) [15] or revised Bethesda guidelines (Table 2.4)
[22] had been used for selecting individuals for further testing. However, screening
by using these criteria or guidelines could miss more than one-fourth of LS cases
[18]. Therefore, many experts recommend screening all patients with CRC using
either MSI testing or immunohistochemistry (IHC) [9, 10, 12, 58].

Among MSH?2 and MLH] variant carriers, CRC shows the highest cumulative
risk, followed by EC and other extracolonic cancers. With regard to extracolonic
cancers, MSH?2 variants may be associated with higher risks than MLH] variants.
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Table 2.4 The revised Bethesda guidelines for colorectal cancers for microsatellite instabil-
ity testing

Tumors from patients with colorectal cancer (CRC) should be tested for MSI in the following
situations

1. CRC diagnosed in a patient less than 50 years old

2. Presence of synchronous, metachronous colorectal, or other Lynch syndrome (LS)-
associated tumors®, regardless of the age

3. CRC with MSI-H histology® diagnosed in a patient less than 60 years old

4. CRC diagnosed in a patient with one or more first-degree relatives with a LS-associated
tumor, with one of the cancers being diagnosed under the age of 50 years

5. CRC diagnosed in two or more first- or second-degree relatives with LS-associated tumors,
regardless of the age

aLS-associated tumors include colorectal cancer, endometrial cancer, gastric cancer, small intesti-
nal cancer, ovarian cancer, pancreatic cancer, renal pelvic/ureteral cancer, biliary tract cancer, brain
tumors, sebaceous gland adenomas, and keratoacanthomas

*Tumor infiltrating lymphocytes, Crohn’s-like lymphocytic reaction, mucinous/signet ring differ-
entiation, or medullary growth pattern

Of note: the EC risk is higher than the CRC risk among female carriers of MSH6
variants and may be higher than the CRC risk among female carriers of PMS2 variants.

Marked differences in the disease phenotype are often observed both within and
between families of LS [59, 60]. Although previous studies have suggested that the
disease phenotype might be attributed to the effects of modifier genes, at present, no
significant modifier genes have been identified in LS [61, 62].

26 CRC

The most common LS-associated cancer is CRC, which is characterized by an early
age of onset, the occurrence of multiple tumors, and preferential development in the
right colon.

CRC in LS develops through the adenoma-carcinoma sequence, just as in cases
of sporadic CRC [59]. However, the progression from colon adenoma to cancer is
faster in LS (<3 years) than in sporadic cases (1015 years) [63]. With regard to the
number of polyps, carriers of LS do not present clinically with polyposis, instead
showing only a few adenomas.

The presence of deficiency of MMR (dMMR) in the tumor can be assessed by
MSI testing or by IHC for loss of expression of MMR proteins. CRC in LS shows
MSI-H at frequencies of 85-90% [58, 64, 65]. Therefore, CRC in LS often presents
with the histological features of MSI-H CRC, which include the presence of tumor-
infiltrating lymphocytes, a medullary growth pattern, mucinous/signet ring cell dif-
ferentiation, and Crohn’s-like lymphocytic reaction [22]. Ten to fifteen percent of
all CRCs show MSI-H in Western countries [9, 65, 66], whereas, in Japan, 6-7%
show MSI-H [16, 67, 68].

Sporadic CRC also shows MSI-H, largely due to epigenetic hypermethylation of
the promoter region of the MLHI gene [22]. To rule out sporadic MSI-H CRC,
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BRAF V600E testing can be used [9, 65, 66]. The BRAF V600E somatic variant is
observed in approximately 40% of sporadic MSI-H CRC cases [69, 70] but rarely
in LS. IHC for BRAF protein expression (clone VE1) can also be used to rule out
sporadic MSI-H CRC [71].

The cumulative risk at 70 years old for developing CRC in variant carriers is
reported to be up to 74% [30-39] depending on the gender and causative gene. Male
variant carriers have a higher risk of CRC than female variant carriers. Furthermore,
MLH1 and MSH?2 variant carriers are suggested to have a higher risk for CRC and
an earlier age of onset (27-60 years) [30-39] than MSH6 (5463 years) [31, 37-39]
and PMS?2 variant carriers (47—66 years) [38—40].

Patients with CRC in LS show a better prognosis than those with sporadic CRC [39,
41,72, 73]. This survival advantage has been attributed to immunological host defense
mechanisms, such as an increased number of tumor-infiltrating lymphocytes.

2.7 EC

The second-most common LS-associated cancer is EC, which is characterized by an
early age of onset [36] and a high prevalence of lower uterine segment (5.3-29%)
[74, 75] and synchronous/metachronous OC [76]. The cumulative risk for EC in
MSH6 gene variant carriers is 16-71% [31, 37-39, 41, 42], which is equivalent to or
higher than the risk for MSH2/MLH1 gene variant carriers (14-54%) [30, 31, 33,
35, 37-39, 41]. The cumulative risk for EC in PMS?2 carriers is 0-24% [38, 39, 41],
which is lower than in other carriers, including those with MLH 1, MSH2, and MSH6
gene variants. Patients with EC in LS show a better prognosis than sporadic EC,
with an average 5-year survival rate of 93% [41].

28 GC

GC is the fourth-most common cancer and the second-most common cause of cancer
death worldwide [43]. GC shows wide geographical variation in both incidence and
mortality rates, possibly due to environmental, lifestyle, or genetic factors, including
Helicobacter pylori infection, salt-preserved food consumption, dietary nitrite con-
tent, smoking and alcohol habits, obesity rates, radiation exposure, and Epstein-Barr
virus infection [43]. Note that the cancer spectrum of LS in the family with LS first
reported by Warthin included mainly GC and EC [7]. However, follow-up reports of
this family showed that, in later generations, CRC was the most common tumor [8].

GC in LS is characterized by male dominance, an early age at onset, and the
occurrence of multiple tumors. Regarding the pathological type of GC in LS, the
intestinal type is predominant [44]. The cumulative risk of GC at 70 years of age in
LS cases is 6-13% in Western countries [45—47, 77] and 24% in Japan (up to age 60
years) [78]. Due to the high frequency of death due to GC among patients with LS
in Japan, the management of GC is as important as that of CRC and EC [79].
Patients with GC in LS show an average 5-year survival rate of 61% [41].



2 Clinical Features of Lynch Syndrome 27

29 OC

OC in LS developes at an average age of 42-54 years [37, 45, 46, 48-51]. Regarding
the histological subtype, endometrioid adenocarcinoma is predominant [51]. The
cumulative risk of OC at 70 years of age in LS cases is 3.4-22% [37, 45, 46, 48-51].
Patients with OC in LS show a good prognosis with a 5-year survival rate of
83% [41].

2,10 Biliary Tract Cancer

Biliary tract cancers are MLH ] variant-predominant [41]. Biliary tract cancer in LS
develops at an average age of 54-57 years [37, 45, 49, 50]. The cumulative risk of
biliary tract cancer at 70 years of age in LS cases is 0.02—4% [37, 45, 49, 50].
Biliary tract cancer has a high incidence in the general population in eastern Asia
and is an aggressive malignancy with a poor prognosis. Patients with biliary tract
cancer in LS also show a poor prognosis, with an average 5-year survival rate of
29% [41]. The biliary tract may become an important target organ of cancer surveil-
lance strategies in Japan for patients with LS.

2,11 Urinary Tract Cancer

Urinary tract cancer in LS includes the upper urinary tract and urinary bladder.
Urothelial cancers are MSH?2 variant-predominant [41, 80]. Urinary tract cancer in
LS develops at an average age of 52—60 years [37, 45, 46, 48-50]. The cumulative
risk of urinary tract cancer at 70 years of age in LS is 0.2-25% [37, 45, 46, 48-50].
Patients with urinary tract cancer in LS show a good prognosis with an average
S-year survival rate of 85% and 93% for cancers of the upper urinary tract and uri-
nary bladder, respectively [41].

2.12 Small Bowel Cancer

Almost 50% of all cases of small bowel cancer in LS are located in the duodenum
[9, 81]. Small bowel cancer in LS develops at an average age of 46—49 years [37, 45,
46, 48, 49]. The cumulative risk of small bowel cancer at 70 years of age in LS is
0.4-12% [37, 45, 46, 48, 49].

2.13 Skin Cancer

In 1981, Lynch et al. reported the first observation of the cutaneous features of
Muir—Torre syndrome (MTS) in LS [82]. MTS is a disease characterized by syn-
chronous/metachronous development of various LS-associated tumors, such as
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CRC with sebaceous tumors (sebaceous adenoma, sebaceous epithelioma, or seba-
ceous carcinoma) and/or keratoacanthoma. Due to the presence of widespread
MSH? founder variants, MSH2 variants are common in MTS [83]. The cumulative
risk of skin cancer at 70 years of age in LS is 1-9% [52-54].

2.14 Brain Tumor

The complication of CRC with a primary brain tumor is defined as Turcot syndrome
(TS). TS is divided into two types: Type 1 and Type 2, which are secondary to either
MMR gene variants or APC gene variants, respectively. The brain tumors in indi-
viduals with APC variants are typically medulloblastoma, whereas those with MMR
variants are usually glioblastoma multiforme. Brain tumors are MSH2 variant-
predominant [41]. Although an immunohistochemical analysis of these brain tumors
has shown the absence of the MMR protein corresponding to the gene variant in the
germline, the frequency of MSI-H in brain tumors is very low (0% for the brain)
[55]. The cumulative risk of brain tumor at 70 years of age in LS is 1-4% [37, 46,
48, 49, 55]. Patients with brain tumor in LS show a poor prognosis, with an average
5-year survival rate of 22% [41].

2.15 Pancreatic Cancer

Several studies suggested that pancreatic cancer is associated with LS [33, 38, 56].
Pancreatic cancer in LS is MLH variant-predominant [41] and develops at an aver-
age age of 52-57 years with a cumulative risk at 70 years of age in LS of 0.4-3.7%
[33, 38, 56]. Patients with pancreatic cancer in LS show a very poor prognosis, with
an average 5-year survival rate of 0% [41].
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Abstract

Lynch syndrome is caused by the DNA mismatch repair (MMR) genes, MLH1,
MSH2, PMS2, MSH6, and EPCAM. Though the proteins encoded by these genes
are stained by immunohistochemistry, and loss of the proteins can be recognized
visually, the carcinoma lesions arising in Lynch syndrome have some characteristic
histological features in hematoxylin-eosin (H&E) staining. Most of the Lynch syn-
drome carcinomas are Microsatellite Instability-High (MSI-High), and the histo-
logical findings are similar to those of the MSI-High carcinoma. In the revised
Bethesda Guidelines, the features of colorectal cancer with MSI-High include the
presence of tumor infiltrating lymphocytes (TILs), a Crohn’s-like lymphocytic
reaction, mucinous/signet-ring differentiation, or a medullary growth pattern.
Other types of carcinoma in Lynch syndrome also show characteristic histology. In
order to allow detection of the carcinomas in Lynch syndrome or Lynch-like syn-
drome without immunohistochemistry and molecular biological examinations, the
histological characteristics of these carcinomas should be broadly understood.

Keywords

Lynch syndrome - MSI-High - Tumor infiltrating lymphocytes (TILs) - Crohn’s-
like lymphocytic reaction - Mucinous differentiation - Medullary growth pattern

H. Saeki
Department of Pathology and Oncology, Juntendo University Faculty of Medicine,
Tokyo, Japan

Department of Human Pathology, Juntendo University Faculty of Medicine,
Tokyo, Japan
e-mail: haru-s@juntendo.ac.jp

O. Hino (<)

Department of Pathology and Oncology, Juntendo University Faculty of Medicine,
Tokyo, Japan

e-mail: ohino@juntendo.ac.jp

© Springer Nature Singapore Pte Ltd. 2020 33
N. Tomita (ed.), Lynch Syndrome, https://doi.org/10.1007/978-981-15-6891-6_3

3


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-6891-6_3&domain=pdf
https://doi.org/10.1007/978-981-15-6891-6_3#DOI
mailto:haru-s@juntendo.ac.jp
mailto:ohino@juntendo.ac.jp

34 H. Saeki and O. Hino

3.1 Introduction

Lynch syndrome is caused by the DNA mismatch repair (MMR) genes, MLH1,
MSH2, PMS2, MSH6, and EPCAM. It is possible to detect a loss of the MMR pro-
teins by immunohistochemistry for MLH1, MSH2, PMS2, and MSH6, and patholo-
gists can see some histological characteristics that correlate with hereditary cancer
and predict those relationships. Therefore, it is important to know what kind of
histological findings should be expected in specimens from patients with Lynch
syndrome.

Most carcinomas arising in Lynch syndrome are Microsatellite Instability-High
(MSI-High). Although the clinical futures differ for individuals with sporadic MSI-
High carcinoma and those with Lynch syndrome carcinoma, the histological find-
ings are similar [1]. Therefore, the histological characteristics of MSI-High
carcinoma are those of the carcinomas arising in Lynch syndrome. The revised
Bethesda Guidelines are widely used as the standard for assessment of Lynch syn-
drome [2].

3.2 Colorectal Cancer

In the revised Bethesda Guidelines, the features of colorectal cancer with the MSI-
High include the presence of tumor infiltrating lymphocytes (TILs), a Crohn’s-like
lymphocytic reaction, mucinous/signet-ring differentiation, or medullary growth
pattern [2].

3.2.1 Tumor Infiltrating Lymphocytes (TILs)

TILs are small round lymphocytes in the tumor epithelium associated with a peritu-
moral, stromal lymphocytic, or inflammatory infiltrate [3]. When TILs are evaluated
histologically, intraepithelial lymphocytes, not peritumoral lymphocytes, should be
counted as TILs (Fig. 3.1a, b). TILs consist of T cells, especially CD3-positive cells.
We can see a bunch of infiltrating lymphocytes in the nest of tumor cells in hema-
toxylin-eosin (H&E) stains, and we can stain for T cell markers such as CD3 by
immunohistochemistry. Some objective evaluation criteria for TILs have been
reported and are used. In one method, MSI-High tumors were selected with a sensi-
tivity of 75% by a count of more than 40 CD3-positive cells per 0.94 mm?, and the
specificity of the method was 67% [3].

3.2.2 Crohn’s-Like Lymphocytic Reaction
A Crohn’s-like lymphocytic reaction is defined as the presence of lymphoid folli-

cles with or without germinal centers at the tumor’s leading edge [3]. This means
that the presence of existing lymphoid follicles in the mucosa or subserosa should
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Fig.3.1 Tumorinfiltrating lymphocytes (TILs) [(a) Low power, (b) High power]. (a) Intraepithelial
lymphocytes that are located among the epithelial cells are counted as TILs. (b) These lympho-
cytes have halos around them

Fig. 3.2 Crohn’s-like
lymphocytic reaction:
Lymphoid follicles with or
without germinal centers at
the tumor’s leading edge

not be recognized as a Crohn’s-like lymphocytic reaction (Fig. 3.2). Jenkins et al.
scored a Crohn’s-like lymphocytic reaction when at least four nodular lymphoid
aggregates were counted in a low-power field beyond the advancing edge of the
tumor [4].

3.2.3 Mucinous/Signet-Ring Differentiation

Mucinous carcinoma or signet-ring cell carcinoma is frequently found in the
colorectal cancer arising in Lynch syndrome. Although various definitions of muci-
nous/signet-ring cell carcinoma are used, it is commonly accepted that the carci-
noma should include at least 50% of the mucinous/signet-ring cell component [4].
In the WHO classification, mucinous carcinoma is defined as a lesion composed of
pools of extracellular mucin [5] (Fig. 3.3). Signet-ring cell carcinoma in colorectal
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Fig. 3.3 Mucinous
carcinoma. This lesion is
composed of pools of
extracellular mucin, and
neoplastic cells float on the
extracellular mucin

cancer is generally rare, its incidence is 1% or lower in previous reports regardless
of hereditary cancer [6]. Mucinous carcinoma with >50% of the tumor including a
mucinous histology component was identified in approximately 15% of MSI-High
adenocarcinomas [1].

3.2.4 Maedullary Growth Pattern

Medullary carcinoma also has many diagnostic criteria. Medullary carcinoma is
defined as a tumor composed of masses of cells circumscribed by a margin and
containing a marked lymphocytic infiltrate that is both peritumoral and intratumoral
[4]. Most of the nuclei are small, and the cytoplasm is eosinophilic. Poorly differen-
tiated or undifferentiated cells comprise a high percentage of medullary carci-
noma cells.

Four histological endpoints in the revised Bethesda Guidelines are characterized
as the histological characteristics of MSI-High carcinoma. Among them, mucinous
carcinoma or poorly differentiated carcinoma, and TILs are especially useful to
identify MSI-High carcinoma in histology [4].

MSI-High colorectal cancer is related to the BRAF mutation [7], and a tumor that
has lost the MLHI protein and shows the BRAF mutation is considered a sporadic
colorectal cancer [8]. Regarding precursor lesions, although Lynch syndrome is
classified as a non-polyposis syndrome, so as to be distinguished from Familial
adenomatous polyposis, clinical data have shown that 40.7% of patients with a
germline mutation in one of the four mismatch repair genes had one or more adeno-
mas, and 4% of all patients had 10 or more cumulative adenomas [9]. It has been
suggested that MSI-High colorectal cancer arising in Lynch syndrome is associated
with adenoma and that adenoma is the precursor lesion for carcinoma in Lynch
syndrome, but this suggested association is still unclear [10]. On the other hand,
sessile serrated adenoma/polyp (SSA/P) is the precursor lesion for sporadic MSI-
High colorectal cancer [11].
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3.3 Endometrial Cancer

Endometrial cancer is the second most common cancer in Lynch syndrome. It has
been suggested that endometrial cancer related to Lynch syndrome has various his-
tological forms and no specific morphology: undifferentiated carcinoma, mucinous
component, and rhabdoid cells with TILs or peritumoral lymphocyte invasion have
all been observed. And 10-15% of endometrial cancers in Lynch syndrome arise in
the lower uterine segment [12]. Endometrioid carcinoma is the most common histo-
logical type, but endometrial carcinoma arising in Lynch syndrome show a wide
spectrum of histologic subtypes [12]. Tumors with loss of MMR proteins in immu-
nohistochemistry frequently show undifferentiated or dedifferentiated histology and
show a trend toward higher FIGO grades [13]. However, the predictive value of
these findings to identify MMR mutations in the germline is uncertain [13]. The
histology of undifferentiated or dedifferentiated endometrioid carcinoma is associ-
ated with MSI [14]. As with colorectal cancer, TILs, which are lymphocytes located
within the nest of tumor cells or glands, and prominent peritumoral lymphocytes are
linked to MSI in endometrial cancer [12] (Fig. 3.4a, b).

Sporadic and typical endometrial cancers in young patients are related to estro-
gen excess and the morphology is well differentiated type, but MMR defect-
associated endometrial cancers have low estrogen receptor (ER)/progesterone
receptor (PR) expression [13]. Whereas, other study has reported that ER expres-
sion showed no significant correlations with MSI status [15]. Higher FIGO grades
or stages and lower ER/PR expression frequently are closely linked and coexist and
are associated with a poor prognosis [13].

Some cases related to Lynch syndrome have no characteristics, as mentioned
above, or do not satisfy clinical criteria such as the Amsterdam II criteria and the
revised Bethesda Guidelines. Universal screening of patients with colorectal cancer
to identify patients with Lynch syndrome by immunohistochemistry for the four
MMR proteins is recommended. However, universal screening of patients with
endometrial cancer is not performed widely [16]. Although the Society of

Fig. 3.4 Endometrial carcinoma [(a) Low power, (b) High power]. (a) MSI-High endometrial
carcinoma. This is Endometrioid carcinoma, Grade 1. (b) TILs and peritumoral lymphocytes
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Gynecologic Oncology recommends universal screening of patients with endome-
trial cancer, it is not broadly recommended [16].

34 Gastric Cancer

Gastric cancer is the third cancer in Lynch syndrome, and in males, it is the second
most common cancer after colorectal cancer. The frequency of gastric cancer occur-
rence in Lynch syndrome mutation carriers is 1.6-18.1% [17-19]. However, the
cumulative incidence of gastric cancer in Lynch syndrome patients is higher in East
Asian countries than Western countries because of Helicobacter pylori infection
[19]. Poorly differentiated carcinomas, including signet-ring cell carcinoma
(diffuse-type gastric cancer), intestinal-type gastric cancer or mucinous carcinoma,
have been suggested as the characteristic histological types of gastric cancer in
Lynch syndrome [17, 20].

The intestinal-type gastric cancer is more prominent than the diffuse-type gastric
cancer in Lynch syndrome, and especially in young patients [17]. The intestinal-
type gastric cancer is closer related to Helicobacter pylori infection than is the
diffuse-type gastric cancer [17]. Although the ratio of Helicobacter pylori infection
in Western countries is lower than in East Asian countries, according to the American
guidelines, patients with cancer risk caused by MMR mutations are monitored, and
it is recommended that they undergo a screening esophagogastroduodenoscopy at
age 30-35 and then every 2-3 years based on their individual risk factors [21].

3.5 OtherTypes of Carcinoma

Other types of cancer in Lynch syndrome, including ovarian, renal, pelvis, and ure-
teral cancer and small-intestinal cancer, may also have similar pathological charac-
teristics. For example, the morphology of ovarian cancer arising in Lynch syndrome
is typical of the endometrioid type, clear cell type or undifferentiated type [12].
However, the others have not been as well clarified.

3.6 Conclusion

The histology of colorectal cancer arising in Lynch syndrome is well known and
established. Endometrial cancer in Lynch syndrome has some common histological
findings with colorectal cancer. But the histology of some carcinomas in Lynch
syndrome is controversial and is still not clear. Pathological findings or morphology
are often useful to assess the clinicopathological background of patients and these
findings may provide clues to detect patients with Lynch syndrome. Therefore,
cooperation between clinicians and pathologists is needed.
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Repair Proteins

Shigeki Sekine

Abstract

Immunohistochemistry for mismatch repair (MMR) proteins has been increas-
ingly used to determine MMR status in clinical settings, including in the screen-
ing for Lynch syndrome. In addition to evaluating the MMR status, the use of
immunohistochemical testing also allows the estimation of defective MMR
genes, which facilitates the screening process. Immunohistochemistry can be
performed on routinely processed formalin-fixed paraffin-embedded tumor spec-
imens and the interpretation of the results is usually straightforward. However,
there are several exceptional staining patterns that need to be recognized for a
correct evaluation to be made. This chapter discusses the backgrounds and prac-
tical issues regarding the use of immunohistochemistry for MMR proteins in the
screening process for Lynch syndrome.
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4.1 Introduction

Lynch syndrome is caused by a heterozygous germline mutation in one of the mis-
match repair (MMR) genes, MLHI, MSH2, PMS2, or MSH6 or the loss of MSH?2
expression due to EPCAM deletion [1, 2]. Patients with Lynch syndrome are associ-
ated with increased risks of several types of cancers, including colorectal,
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endometrial, and urothelial cancers [3, 4]. Most Lynch syndrome-associated neo-
plasms exhibit MMR deficiency due to a somatic, in addition to a germline mutation
in MMR genes. Accordingly, testing the MMR status can be used to exclude the
tumors that are not associated with Lynch syndrome. Additionally, recent studies
have shown a close correlation between MMR statuses and response to immune
checkpoint inhibitors [5, 6]. Based on this notion, the MMR status has also been
recognized as an excellent predictive biomarker to immune checkpoint inhibitors.
There are two different tests used to determine the MMR status in clinical set-
tings: immunohistochemistry for MMR proteins and microsatellite instability (MSI)
testing. Both tests can be performed on routinely processed formalin-fixed paraffin-
embedded tumor specimens. Although these two tests employ totally different
methodologies, their results are highly concordant with regard to the determination
of the MMR status [7, 8]. Currently, immunohistochemistry for MMR proteins is
generally preferred over MSI testing because immunohistochemistry can be per-
formed in most pathology laboratories and is generally associated with shorter turn-
around time. In addition, MMR protein immunohistochemistry allows the estimation
of the mutated MMR genes, which facilitates the screening for Lynch syndrome.

4.2  Selection of Primary Antibodies

There are several primary antibodies available for each MMR protein. In our experi-
ence, these antibodies exhibit some variability with regard to their specificity and
sensitivity. Nordic immunohistochemical Quality Control (NordiQC) website
(www.nordigc.org) is one of the excellent resources that aid in choosing appropriate
MMR protein antibodies for immunohistochemistry. The website also provides
information on antigen retrieval methods and staining systems.

4.3 Interpretation of Staining Results

Immunohistochemical staining of the four MMR proteins, MLH1, MSH2, PMS?2,
and MSH6, is used to identify MMR-deficient tumors. Cells with intact MMR func-
tion retain the expression of all four MMR proteins (Fig. 4.1), whereas the loss of
any MMR proteins indicates MMR deficiency. The staining results should be
reported as intact or loss of expression, rather than positive or negative, to avoid the
misinterpretation of positive/negative staining results as positive/negative results for
MMR deficiency [9]. Immunohistochemistry for MMR proteins allows the estima-
tion of mutated MMR genes, in addition to the MMR statuses, with high accuracy,
which is a major advantage of this method over MSI testing. However, mutations in
MMR genes do not always result in the isolated loss of the respective MMR protein.
Table 4.1 indicates the relationship between the defective MMR genes and the
results of immunohistochemical staining. As indicated, the loss of MLHI1 is accom-
panied by the loss of PMS2, whereas the loss of MSH2 is associated with the loss
of MSH6 (Fig. 4.2). In contrast, mutations in PMS2 and MSH6 result in the isolated
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Fig. 4.1 Colon cancer with intact mismatch repair (MMR) protein expression. Four MMR pro-
teins, MLH1 (a), PMS2 (b), MSH2 (c¢), and MSH6 (d), are diffusely expressed in tumor cells,
indicating an intact MMR status

Table 4.1 The relationship between immunohistochemistry for mismatch repair (MMR) proteins
and defective MMR genes

Immunohistochemical expression
MLH1 MSH2 PMS2 MSH6
Defective MMR genes MLHI - + - +
MSH?2 + - + -
PMS2 + + - +
MSH6 + + + -

loss of the respective proteins they encode. These results are explained by the fact
that the formation of MMR protein heterodimers is essential for their function, as
well as protein stability [10].

The MMR proteins relevant to Lynch syndrome act as heterodimers. MSH2 is an
essential partner of MutS complexes and can dimerize with either MSH6 or MSH3
(Fig. 4.3). Accordingly, the inactivation of MSH2 leads to the inability to form
MutS complexes and the concurrent loss of MSH2 and MSH6. In contrast, MSH6
inactivation leads to the isolated loss of MSH6, since the MSH2-MSH3 heterodi-
mer is still intact. Similarly, MLHI is an essential component of MutL complexes
and forms heterodimers with PMS2, PMS1, or MLH3. Accordingly, the inactivation
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Fig.4.2 Colon cancer in a patient with Lynch syndrome due to an MLH mutation. Expression of
MLHI (a) and PMS2 (b) is lost in tumor cells, whereas the expression of MSH2 (¢) and MSH6 (d)
is intact, consistent with the mutation in MLH . Notice that the non-neoplastic glands (lower left)
and stromal cells express all the MMR proteins

of MLH] results in a concomitant loss of MLH1 and PMS2, but the inactivation of
PMS2 leads to the isolated loss of PMS2. In each case, defects in the respective
MMR genes result in specific MMR protein loss patterns, and thus, immunohisto-
chemical testing allows us to estimate the defective MMR genes.

As in other immunohistochemical studies, a positive control is important to con-
firm the validity of the immunohistochemical staining for MMR proteins. Non-
neoplastic proliferating cells express all four MMR proteins and serve as internal
positive controls, including in samples obtained from patients with Lynch syn-
drome. Although the staining results typically show diffuse nuclear staining or com-
plete loss of expression in tumors, the staining intensity may vary and some cases
show significant heterogeneity, which may result from variations in fixation condi-
tions and staining procedures. There is no consensus on the cutoff to define intact
MMR protein expression. The College of American Pathologists suggests that any
positive reaction in the nuclei of tumor cells should be regarded as an intact expres-
sion [9]. Some authors have suggested 5 or 10% unequivocal nuclear staining as a
cutoff [11, 12].

Staining for EPCAM can be used to identify Lynch syndrome caused by EPCAM
deletion among cases with MSH2 loss. However, the sensitivity of immunohisto-
chemistry for EPCAM is limited because EPCAM expression is retained if a somatic
mutation directly inactivates MSH2 [13].
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Fig. 4.3 The relationship between defects in MMR genes and protein expression in MutS com-
plexes. MSH2 forms MutS heterodimers, which mediates mismatch recognition, with MSH6
(MutSa) or MSH3 (MutSp). The formation of these heterodimers is critical for the stability of the
proteins. Since MSH2 is an essential component of both complexes, MSH2 mutations impair the
formation of both complexes, leading to the loss of MSH6, in addition to the loss of MSH2. In
contrast, mutations in MSHG6 result in the isolated loss of MSH6 because of the retention of the
MSH2-MSH3 complex. Loss of MSH3 does not result in the classical MMR-deficient phenotype.
A similar relationship is present between MLH1 and PMS2, which form MutL heterodimers

4.4  Exceptional Staining Results

In most cases, immunohistochemistry for MMR proteins shows either the intact
expression of all four proteins or the diffuse loss of one or two proteins, as explained
above. However, there are several “exceptional” staining patterns that need to be
recognized for the accurate evaluation of the staining results.

4.4.1 Expression of Functionally Defective Mutant
MMR Proteins

Most loss-of-function mutations in MMR genes lead to the loss of the correspond-
ing protein products. But some mutations, particularly missense mutations, result in
the expression of functionally defective proteins. This phenomenon is reportedly
more common in Lynch syndrome cases with MLHI mutations [14]. However,
these MLHI mutations mostly result in the isolated loss of PMS2, reflecting its
dysfunction. Thus, immunohistochemical studies can effectively detect the pres-
ence of MMR deficiency in most cases with missense MLH mutations.

However, it should be noted that immunohistochemical testing cannot detect any
abnormalities in some cases that show the expression of functionally defective
MMR proteins. If the clinical findings strongly suggest Lynch syndrome, the use of
MSI testing should be considered even if the expression of all the MMR proteins is
found to be intact.
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4.4.2 Lossof MSH6 Associated with Neoadjuvant Chemotherapy

Colorectal cancers treated by neoadjuvant chemotherapy may exhibit significantly
reduced or nucleolar MSHG6 expression [15, 16]. Generally, these cases are not asso-
ciated with germline MSH6 mutations. Reanalysis of a pretreatment biopsy speci-
men will provide reliable results in these cases.

4.4.3 Focal Loss of MMR Proteins

MMR deficiency occurs at the early stages in the tumorigenesis of Lynch
syndrome-associated colorectal cancers. Accordingly, the loss of MMR proteins
is principally diffuse, and this justifies the use of biopsy specimens for the immu-
nohistochemical analysis of MMR proteins [17, 18]. However, the focal loss of
MMR proteins may be observed, in association with the diffuse loss of other
MMR proteins. The most common example of this is the focal loss of MSH6 in
association with the diffuse loss of MLH1 and PMS?2 (Fig. 4.4). This phenomenon
is attributable to the secondary mutation of MSH6. MSH6 contains three mono-
nucleotide repeats in its coding sequence (A7, C8, T7), and frameshift mutations
in these repeat sequences have been observed in colorectal cancers with the focal
loss of MSH6 [15, 19].

4.4.4 Abnormal Localization of MMR Proteins

Few examples of the cytoplasmic localization of MSH2 have been described,
including a case with a germline EPCAM-MSH? fusion (Fig. 4.5) [20].

Fig. 4.4 Heterogeneous
loss of MSHG6 in a colon
cancer. This colon cancer
specimen from a Lynch
syndrome patient with an
MLH]I germline mutation
shows a heterogeneous loss
of MSHBG6, in addition to
the diffuse loss of MLH1
and PMS2
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Fig.4.5 Colon cancer
exhibiting cytoplasmic
MSH2 expression. A colon
cancer in a patient with
Lynch syndrome with a
germline EPCAM-MSH?2
fusion shows MSH?2
expression exclusively in
the cytoplasm in

tumor cells

4.4.5 Constitutional MMR Deficiency

Since patients with Lynch syndrome harbor heterozygous mutations of MMR genes,
the immunohistochemical expression of MMR proteins is retained in non-neoplastic
tissues [21, 22]. However, patients with constitutional MMR deficiency have homo-
zygous MMR gene mutations, and thus, MMR protein expression is entirely lost in
all cells, including non-tumoral cells. In addition to cancers commonly seen in
patients with Lynch syndrome, glioblastoma, and lymphoma are frequent in patients
with constitutional MMR deficiency and the age of tumor onset is usually early,
often in the first decade of life.

4.4.6 False-Positive Expression of MLH1

Some studies have reported punctate nuclear MLH]1 expression, in association with
the loss of PMS2, in tumors with MLH promoter methylation [23, 24]. A study has
reported that this paradoxical MLH1 expression was seen with the use of the anti-
MLHI1 antibody clone M1 but not with the use of clone ESO5, implying that this
may be related to the use of certain anti-MLH1 antibodies [23].

4.4.7 Expression of MSH6 in MSH2-Deficient Tumors

Mutations in MSH?2 principally result in the concomitant loss of MSH2 and MSH6
expression. However, with the use of sensitive anti-MSH6 antibodies, MSH6
expression can be detectable in MSH2-deficient tumors (Fig. 4.6) [25]. Even in
these cases, MSH6 expression is usually weaker compared with that in non-
neoplastic cells.
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Fig. 4.6 Weak heterogeneous expression of MSH6 in a colon cancer with the loss of MSH2.
Tumor cells showing a diffuse loss of MSH2 (a). Heterogeneous expression of MSH6 is seen but
the staining intensity is considerably weaker, compared to that in non-neoplastic stromal cells (b).
A germline MSH2 mutation was identified in this patient

4,5 Screening Patients with Colorectal Cancers
for Lynch Syndrome

There are several algorithms suggested for screening colorectal cancer patients for
Lynch syndrome using immunohistochemistry. Although there are some differences
among these algorithms, they all integrate the analyses for BRAF mutations and/or
MLH] promoter methylation to reduce the number of cases subjected to the germline
mutation analysis. After the exclusion of tumors with intact MMR protein expression
by immunohistochemical testing, a significant proportion of sporadic MMR-deficient
tumors can be excluded by performing these additional molecular tests.

Most sporadic MMR-deficient colorectal cancers show the loss of MLH1 expres-
sion due to MLHI promoter methylation, whereas tumors with MSH2, PMS2, and
MSH6 mutations are more likely to be associated with Lynch syndrome [26].
Furthermore, the BRAF V600OE mutation has been specifically identified in sporadic
cases among MLHI1-deficient colorectal cancers [27, 28]. Thus, the number of
patients subjected to germline mutation testing can be considerably reduced by
using analyses for the BRAF V60OE mutation and/or MLHI promoter methylation,
in addition to immunohistochemistry.

However, it should be noted that many, but not all colorectal cancers with MSH2,
PMS?2, and MSH6 mutations are associated with Lynch syndrome. Additionally, a
minor subset of sporadic colorectal cancers with loss of MLHI lacks MLHI pro-
moter methylation and instead, harbor inactivating MLHI mutations. These spo-
radic MMR-deficient colorectal cancers with somatic MMR gene mutations are
called “Lynch syndrome-like tumors” [29, 30]. Since these tumors are negative for
the BRAF V60OE mutation and lack MLH 1 promoter methylation, they could not be
distinguished from Lynch syndrome-associated colorectal cancers without somatic
and/or germline MMR gene sequencing. Thus, while the combinatorial use of
immunohistochemistry and other ancillary tests enables the efficient screening for
Lynch syndrome-associated colorectal cancers, the definitive diagnosis of Lynch
syndrome requires the identification of a germline mutation.
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Colorectal adenomas may be used to screen for Lynch syndrome. However, a
subset of adenomas, particularly, small low-grade adenomas obtained from Lynch
syndrome patients retain MMR protein expression [31-33]. Thus, screening using
colorectal adenoma specimens is associated with reduced sensitivity. Metastatic
tumor specimens are suitable for screening for Lynch syndrome, since a high con-
cordance between primary and metastatic tumors has been reported [34].

4.6 Screening Patients with Tumors Other than Colorectal
Cancers for Lynch Syndrome

Endometrial cancer is another important and common Lynch syndrome-associated
malignancy, and screening endometrial cancer patients for Lynch syndrome is
appropriate [8, 35]. The major problem with screening endometrial cancers is the
high prevalence of sporadic cases with MMR deficiency. Approximately 20-30% of
sporadic endometrial cancers show MMR deficiency with loss of MLH1 expression
[36]. Unfortunately, BRAF mutation testing could not be used to exclude sporadic
cases in tumors other than colorectal cancer, but the analysis of MLHI promoter
methylation is an effective way to exclude sporadic cases also in screening endome-
trial cancers [8]. If MLH1 promoter methylation analysis is not available, clinico-
pathological findings, including the age, personal medical history, family history,
and tumor morphology of the patients may be used to identify subjects with a higher
risk of Lynch syndrome [37, 38]. However, screening based on clinicopathological
findings would miss a portion of Lynch syndrome patients [39].

Urothelial carcinoma, particularly that in the upper urinary tract, is also a known
Lynch syndrome-associated neoplasm. Previous studies have suggested that the
prevalence of Lynch syndrome among cases with upper urothelial carcinomas is
1-5%, which may justify the universal screening for Lynch syndrome [40-42].

Sebaceous neoplasms of the skin are also a complication of Lynch syndrome
(Fig. 4.7). Despite their limited prevalence, screening patients with sebaceous neo-
plasms associated with Lynch syndrome may be worth considering because of the
rarity of sporadic skin sebaceous neoplasms [43].

Fig. 4.7 Sebaceous carcinoma in a patient with Lynch syndrome. Sebaceous carcinoma focally
exhibiting foamy cytoplasm (a). Tumor cells showing a diffuse loss of MSH2 (b)
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4.7 Conclusions

Immunohistochemistry for MMR proteins, which allows the efficient identification
of MMR-deficient tumors, is an important tool in screening for Lynch syndrome
patients. However, the interpretation of staining results is not always straightfor-
ward because of the technical issues or unusual staining patterns. Understanding the
molecular backgrounds underlying abnormal MMR protein expression and the rec-
ognition of atypical staining patterns is important for the correct evaluation of the
MMR protein immunohistochemistry and the proper identification of patients at
risk for Lynch syndrome.
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Abstract

Genetic testing for Lynch syndrome has become increasingly important in can-
cer clinic, since tissue-agnostic immune checkpoint inhibitor therapy for mis-
match repair deficient tumor has been approved. However, extensive effort are
needed to identify pathogenic variants in LS causative genes (MLHI, MSH2,
MSH6, PMS2, EPCAM). Therefore, efficient and time-saving method is indis-
pensable for clinical practice. Multigene panel testing using molecular barcode
and next generation sequencer (NGS) makes it possible to detect single nucleo-
tide variants (SNVs), small indels, and copy number variations (CNVs) in the
same assay. Although it is still difficult to detect some complex variants such as
large insertion, inversion, complex rearrangement, and so on, these technologies
will give more chances to diagnose with Lynch syndrome.
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5.1 Causative Genes for Lynch Syndrome

Lynch syndrome (LS) is caused by germline pathogenic variants in the mismatch
repair (MMR) genes [1]. The MMR pathway corrects single base—base or insertion/
deletion (indel) mismatches resulted from misincorporation by DNA polymerases
during DNA replication. Since LS is an autosomal dominant disease, a heterozy-
gous pathogenic variant in one of four MMR genes (MLH1, MSH2, MSH6, PMS?2)
can cause LS. Germline deletions of the transcription terminator of EPCAM, which
is not involved in the MMR pathway, can also cause LS through repression of
expression of the adjacent gene, MSH2 [2]. In addition to alteration of genomic
DNA sequence, constitutional inactivation of MLHI by cytosine methylation in its
promoter has been reported as a cause of LS, although it is not always inherit-
able [3, 4].

The MMR pathway is one of the major DNA repair mechanisms which is con-
served from prokaryotes to higher eukaryotes. MutS and MutL play a central role in
the MMR pathway both in prokaryotes and eukaryotes. While prokaryotic MutS
and MutL function as homodimers, eukaryotes have multiple homologs of these
proteins and they form heterodimers. The major MutS heterodimer in eukaryotes is
MutS o comprising MSH2 (MutS homolog 2) and MSH6, (MutS homolog), which
recognizes and binds a mismatch in DNA. ATP and its binding to a mismatch induce
a conformational change, which allows its interaction with the major MutL het-
erodimer, MutL a, comprising MLH1 (MutLL Homolog 1) and PMS2 (homolog of
yeast PMS1). Subsequently, MutL « is activated and incises the newly synthesized
strand and the DNA ends are used to remove the replication error [5, 6].

Inactivation of the MMR pathway results in an elevated rate of spontaneous
mutation especially indels at homopolymeric runs, which is referred to as microsat-
ellite instability (MSI). MSI is a distinctive feature of cancers caused by LS. Germline
biallelic inactivation of one of four MMR genes causes a disease called Constitutional
Mismatch Repair Deficiency syndrome (CMMRD), also known as Mismatch Repair
Cancer Syndrome (MMRCS) (OMIM #276300). CMMRD is a rare childhood can-
cer predisposition syndrome [7]. The spectrum of cancers observed in patients with
CMMRD is apparently different from that found in LS. Brain tumors are the most
common, followed by gastrointestinal and hematological malignancies.

5.1.1 MLH1

MLH] is located on chromosome 3 at 3p22.2, ~57 kb in length. It is composed of 19
exons encoding a protein of 756 amino acids. MLH1 protein contains an ATPase
domain and protein-protein interaction domains (Fig. 5.1a). MLH1 heterodimerizes
with the product of PMS2 to form MutL o. MutL o functions as a nuclease in an
ATP dependent manner.
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Fig. 5.1 Schematic representation of the MMR genes and proteins. (a) Subunits of MutL «.
Upper and lower schematics show MLH1 and PMS2, respectively. (b) Subunits of MutS «. Upper
and lower schematics show MSH2 and MSH6, respectively. Top shows exon—intron structure of
the gene. Rod shows each protein with functional and interaction domains. Corresponding exons
are shown above the rod. (¢) Pseudogenes of PMS2. Positions of PMS2 and PMS2CL genes on the
chromosome 7, and homology between PMS2 and pseudogenes are shown. Tel and Cen represent
telomere and centromere, respectively
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Fig.5.1 (continued)

5.1.2 MSH2

MSH? is located on chromosome 2 between 2p21 and 2p16. It is ~80 kb in length
with 16 exons encoding a protein of 934 amino acids. MSH2 contains DNA binding
domain, ATPase domain, and protein-protein interaction domains. It binds MSH6 to
form MutS a. MSH2 and MSH6 are structurally divided into five domains. (1) the
DNA mismatch binding domain, (2) Connector between the mismatch binding
domain and lever, (3) Lever is interrupted by (4) Clamp, which allows for nonspe-
cific DNA binding. The lever and clamp are required for the conformational change
of the heterodimer. (5) ATPase domain (Fig. 5.1b).

5.1.3 MSH6

MSHG is located at 2p16.3, ~300 kb downstream of MSH2. It is ~24 kb in length and
composed of 10 exons encoding a protein of 1360 amino acids. In addition to five
domains seen in MutS homologs, MSH6 has a unique disordered domain at its
N-terminus. The N-terminal domain contains a PCNA (proliferating cell nuclear
antigen) binding motif, PWWP sequences which provide nonspecific DNA-protein
binding, and multiple phosphorylation sites (Fig. 5.1b).

5.1.4 PMS2

PMS?2 is located at 7p22 and ~36 kb in length. Fifteen exons encode a protein of 862
amino acids. PMS2 heterodimerize with MLH1. The C-terminal domain of PMS2
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binds to MLH1 and contains the endonuclease active site which is responsible for
the incision of the nascent strand.

Genetic analysis of PMS2 is difficult because of the presence of numerous pseu-
dogenes. Fifteen pseudogenes have been identified and all of them are located on
chromosome 7. Fourteen pseudogenes bear a similarity to some or all of exon 1-5
of PMS2, whereas the PMS2CL (PMS2 C-terminal Like pseudogene) is highly
homologous with exon 9 and 11-15 (Fig. 5.1¢) [8, 9]. PMS2CL presents in a large
inverted repeat (~100 kb) and sequence transfer between PMS2CL and PMS2 has
been reported [10, 11]. This nature makes variant analysis of PMS2 difficult and
inaccurate. Therefore, 3’ terminus of PMS2 needs to be analyzed separately
(see below).

5.1.5 EPCAM

EPCAM is located at 2p21, ~16 kb upstream of MSH2. It is composed of 9 exons
encoding a protein of 862 amino acids. EPCAM itself is not involved in the MMR
pathway. However, when the transcription terminator of EPCAM is deleted, the
transcription continues to MSH2. This results in the silencing of MSH2 by promoter
methylation.

5.1.6 Other MMR Genes

Although the vast majority of mismatches are repaired by MutS a and MutL «, other
MutS and MutL heterodimers are known to participate in the MMR pathway. For
example, the MutS f (MSH2-MSH3 heterodimer) repairs large indels as well as one
or two base indel mismatches. With regard to MutL,, MLH]1 can heterodimerize with
PMS1 or MLH3 as well as PMS2. Correlation between these alternative MMR
genes and cancer predisposition is still uncertain although several reports have been
published [12, 13].

5.2  Pathogenic Variants in Genes Causing LS
5.2.1 Contribution of Causative Genes to LS

As of September 2018, ~3300 unique variants of the MMR genes have been depos-
ited into International Society for Gastrointestinal Hereditary Tumors (InSiGHT)
locus-specific database. Variants in MLHI, MSH2, MSH6, and PMS?2 account for
40.3, 34.1, 18.2, and 7.4%, respectively (Fig. 5.2a). Since quite a few variants of
EPCAM are listed in this database and they are not classified, EPCAM variants are
not included in the chart.

The clinical classification of variants in disease-related genes significantly influ-
ence clinical actions to be taken for patients and their relatives. InSiGHT has
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Fig. 5.2 Distribution of variants in the MMR genes. Data from (a) InSiGHT Class 1-5 (b)
InSiGHT Class 4-5 (¢) InSiGHT Class 3-5 (d) Espenschied et al. [14] are shown. EPCAM dele-
tions are excluded

developed criteria for classifying pathogenicity of variants in the MMR genes. Out
of ~3300 variants, ~1240 and ~200 are classified as “Class 5~ (Pathogenic) and
“Class 4”7 (Likely pathogenic), respectively. Focused on “Class4/Class 5 (Likely
pathogenic/Pathogenic) variants, the proportion of MLH1 is approximately equal to
that of MSH2 and higher than that of MSH6. The proportion of PMS?2 is the smallest
among four MMR genes (Fig. 5.2b). When it is extended to variants that potentially
cause the disease, i.e., from Class 3 to 5, the pattern is still similar to that of total
variants (Fig. 5.2¢). Therefore, pathogenic variants in MLHI or MSH2 have been
thought to be the main cause of LS.

However, the landscape of LS causative genes is changing because of the advance
in genetic testing with next generation sequencing (NGS). Recent studies employ-
ing multigene panel testing show totally different profile of LS [14, 15]. The multi-
gene panel testing allows clinicians to test multiple genes simultaneously in a
cost-effective manner (see below). According to these studies, the frequency of vari-
ants in four MMR genes is approximately equal (Fig. 5.2d). Higher frequency of
MSHG6 or PMS?2 variants is at least partly due to the difference in the selection of
individuals who undergo a genetic testing for the MMR genes. Traditionally, genetic
testing for LS was recommended to patients based on their personal or family his-
tory of cancer. Genetic testing for LS was first applied to families that met
Amsterdam I criteria, followed by Amsterdam II criteria [16, 17]. These strict
screening for patients to undergo genetic testing might have caused a bias in favor
of MLHI and MSH2. Once it was revealed that MSI was a hallmark of LS cancer,
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new clinical criteria for LS, Bethesda Guideline, was developed [18, 19]. More
recently, universal screening for LS has been implemented in a number of institutes
using MSI testing and immunohistochemistry (IHC). Although MSI and IHC are
effective as screening tools, some LS patients may still be missed. In addition, their
sensitivity is relatively low for cancers caused by inactivation of MSH6 and PMS?2.
Using multigene panel testing, Espenschied et al. showed 27.3% of patients in their
cohort did not meet any of current criteria for LS testing and 15.2% of MSI and/or
IHC results for MSH6 or PMS?2 carriers were discordant. These patients might have
been missed without a multigene panel testing. In addition, they found that MSH6
and PMS?2 carriers were more frequent than MLHI and MSH2 carriers among
patients with breast cancer. This is consistent with a recent study reported by Robert
etal. [19]. Although MutL o and MutS « repair the majority of mismatches in DNA,
phenotypes are apparently different between subunits. For example, LS families of
PMS?2 carriers have lower penetrance than that of MLHI carriers [20, 21]. Further
genetic testing with multigene panel will reveal more LS patients who may be
missed by traditional criteria based testing and facilitate understanding of the etiol-
ogy of LS.

5.3  Distributions of the Types of Germline Variants
in MMR Genes

Figure 5.3 shows distributions of variants listed in InSiGHT database by the types
of mutations. After excluding Class 1/Class 2 (Benign/Likely benign) variants that
are suggested not to cause LS, nonsense and frameshift variants are the most fre-
quent for all MMR genes. Although missense variants, which result in amino acid
substitutions, account for significant proportion (25-42%), the share of these vari-
ants is significantly decreased when Class 3 (Uncertain significance) is removed.
InSiGHT Variant Interpretation Committee (VIC) is trying to interpret the pathoge-
nicity of each variant, based on patient/family history and/or various functional
assays. However, the significant number of missense variants remain Class 3.
Approximately 70% of Class 3 variants are missense for all MMR genes. Class 3
variants, also referred to as Variants with Uncertain Significance (VUS), put burden
on patients, clinicians, and genetic counselors. Further effort is required to under-
stand the correlation between variants and diseases.

In addition to base substitutions and small indels, the share of large genomic
rearrangements (LGRs) is also significant especially in Class 4-5 panels (Fig. 5.3
right panels). Repetitive Alu sequence-mediated ectopic recombination is suggested
to promote LGRs. It has been reported that rearrangements suggested to be medi-
ated by Alu repeats are seen in both MLH and MSH?2 [22]. The fact that the propor-
tion of this kind of LGRs is higher for MSH2 than for MLH 1 may explain the higher
frequency of LGRs in MSH2. LGRs are also seen in PMS2 at high frequency
although not many pathogenic variants are listed in the database for PMS2. It may
at least partly be explained by aberrant recombination between PMS2 and PMS2CL
since more than half of LGRs are observed in regions that overlap with
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Fig. 5.3 Distribution of types of variants in each MMR gene. (a) MLHI, (b) MSH2, (¢) MSHG,
(d) PMS2. Left chart shows distribution of Class 3-5 variants. Right shows that of Class 4-5.
Minor variants such as variants in start codon are excluded

PMS2CL. However, exact break points of LGR have not been identified in most
cases because they are detected as copy number variants. Characterization of these
LGR may facilitate understanding the importance of LGR in the etiology of LS and
the development of genetic testing to detect LGR.

Variants within splice sites are also one of the significant causes of LS. These
variants induce splicing errors such as deletion of an exon and indels by using cryp-
tic splice sites, resulting in large deletions, frameshift, and in-frame indels at mRNA
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level. In addition to variants in splicing sites, some of variants inside exon (or intron
outside splice sites) cause splicing error by disrupting splice sites or creating alter-
native splice sites [23]. Therefore, even silent variants can affect splicing and cause
LS. Careful characterization is required for the accurate interpretation of pathoge-
nicity of variants.

5.4  Genetic Testing for Lynch Syndrome

The definitive diagnosis of LS is decided by germline genetic testing. However, as
described above, various sequence aberrations occur in MMR genes, such as substi-
tution, small indels, large indels, splicing abnormality, and complex rearrangement,
several methods are sometimes required to detect variant. The recent advance of
technologies on NGS made it possible to detect both single nucleotide variants
(SNVs), small indels, and copy number variations in the same assay.

5.4.1 Sanger Sequencing

Sanger sequencing, also known as dideoxy sequencing method, is the traditional
method to determine the sequence of DNA. Many clinical laboratories and research
institutes have employed this method before the advent of NGS. The difference
between Sanger sequence and NGS is the volume of sequencing at a single run.
Sanger sequencing is fast and cost effective when the target number is small. When
sequencing small region(s) of a few samples, Sanger sequence is useful, however,
genes are composed of a number of exons. When a whole gene composed of a lot of
exons or included large exon is sequenced, all of exons or coding regions must be
amplified and sequenced separately (Fig. 5.1a). For example, MLH] has 19 exons
(Fig. 5.4a). To read all coding sequences of MLH1 by Sanger sequencing, 18 pairs
of primer are necessary (Exon7 and exon8 are closely located and can be analyzed
together). More than 60 PCR reactions are required to sequence all exons of four
MMR genes [24]. Since it is very time-consuming and labor-intensive way for clini-
cal laboratories, it is practically impossible to conduct genetic testing for many
patients. This is one of the reasons why genetic testing has been limited to patients
who meet clinical criteria based on patient and family history.

5.4.2 MLPA (Multiplex Ligation-Dependent
Probe Amplification)

MLPA is a PCR-based method to detect CNVs. As described above, a significant
proportion of LS causative variants is that of LGRs including deletions and duplica-
tions of whole exon(s). In order to detect such genomic abnormality by MLPA, two
probes that are complementary to the target region are designed. Probes hybridize
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Fig.5.4 Schematic representation of Sanger sequencing and MLPA. (a) Sanger sequencing. Each
PCR reaction contains a single pair of primers and each PCR product is sequenced individually. (b)
MLPA. Probes complementary to the targets of interest are hybridized with genomic DNA. The
top allele represents a normal allele. In the bottom allele, Exon A presents normally, Exon B is
deleted, and Exon C is tandemly duplicated. After ligation of paired probes, probes are amplified
with universal primers, followed by quantification of PCR products. The graph shows an
expected result

to adjacent sequences forming ligatable nick (Fig. 5.4b). After ligation, hybridized
probes are amplified by PCR with fluorescent-labeled universal primers. PCR prod-
ucts are separated through electrophoresis according to the length. Relative strength
of fluorescent signal indicates the copy number of the target region. MLPA has a
weak point that false negative or positive is shown when sequence variant(s) are
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located in the region the probe is designed [22]. Sequence variants in the target
region cause an underestimation of the copy number since they reduce the effi-
ciency of hybridization and result in weaker fluorescent signal. It may lead to wrong
conclusions. For example, a weaker signal apparently looks like a deletion of the
target region when it happens in a region with normal copy number. On the other
hand, if it happens in a duplicated region, the duplication may be missed. MLPA
should be combined with the sequencing.

5.4.3 Next Generation Sequencing (NGS)

NGS is becoming more popular method to identify the variants of the genes caus-
ing LS as well as the other hereditary disease [25]. NGS technology enabled us
to read a large number of genes simultaneously (Fig. 5.5a). The variants NGS
technology can detect are not limited to substitution, small deletion, and inser-
tion. Even large deletion and duplication spanning the multiple exons can be
detected with NGS by comparing the coverage (The number of reads that cover
the target region) (Fig. 5.5b). The cost to introduce the NGS technology to a
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l NGS and analysis

Individual reads
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w e . vk

Reference sequence

Fig. 5.5 Amplicon sequencing and quantification of the copy number by NGS. (a) Regions of
interest are amplified by multiplex (or one by one) PCR. All of products are processed and
sequenced in a single tube. (b) Alleles are the same as Fig. 5.4b. Bottom cartoon shows a pattern
of mapping. The number of reads mapped on the deleted or duplicated exon is reduced or increased,
respectively
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clinical laboratory has gotten much lower compared to that of the time next gen-
eration sequencer had appeared first [26]. Thus, NGS is superseding the tradi-
tional method as the standard method to identify the variants of the genes. In
following sections, the application of NGS technology for the genetic testing of
LS is described.

5.4.4 Multigene Panel Testing of LS Causative Genes

The causative genes of LS are MLHI, MSH2, MSH6, PMS2, and EPCAM as
described above. The development of “target enrichment method” made clinical
laboratories familiar with NGS technology. The target enrichment method selec-
tively isolates or amplifies target regions from genomic DNA. Whole Exome
Sequencing (WES) is representative of the target enrichment method. Exons
account for only about 1% of human genome. WES enriches all of exons
(~180,000 in human) prior to NGS analysis. It is also possible to enrich specific
subset of genes. This is often referred to as multigene panel testing. Multigene
panel testing is ideal for identifying sequence variants that are associated with
diseases. In case of LS, four MMR genes are primary targets to be enriched.
However, phenotypes of LS overlap to other hereditary cancer syndromes, it is not
efficient to confine five causative genes for genetic diagnosis. Therefore, in many
clinical laboratories, multiple genes associated with hereditary gastrointestinal
cancer are analyzed in addition to MMR genes and EPCAM as multigene panel
testing (Table 5.1). The National Comprehensive Cancer Network (NCCN) guide-
lines list frequently chosen genes in the multigene panel for hereditary colorectal
cancer such as MLHI, MSH2, MSH6, PMS2, EPCAM, APC, MUTYH, POLE,
POLDI, and TP53.

Many of the panels for hereditary colorectal cancer in the clinical laboratories
include all of the listed genes.

Table 5.1 Hereditary colorectal cancer syndrome and causative genes

Genes Associated disease

MLHI1 Lynch syndrome

MSH?2

MSH6

PMS2

EPCAM

APC Familial adenomatous polyposis
BMPRIA Juvenile polyposis syndrome
MUTYH MUTYH-associated polyposis
POLE Polymerase proofreading-associated polyposis
POLDI

TP53 Li-Fraumeni syndrome
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5.4.5 Capture Hybridization-Based
and Amplicon-Based Method

There are two methods for target enrichment, capture hybridization-based and
amplicon-based method [27] (Fig. 5.6). The capture hybridization method enriches
the regions of interest with hundreds bases of the hybridization probes complemen-
tary with target sequences. Longer probes than of MLPA prevent nonspecific
hybridization and a fall of the hybridization efficiency by the polymorphism.
However, capture hybridization-based method is less cost effective and its proce-
dure to prepare samples is more complicated compared with the amplicon-based
method. In addition, a larger amount of input DNA is required to assure adequate
coverage for analysis. This causes a problem when the amount of the sample is
limited. Amplicon-based method enriches the regions of interest by multiplex PCR
(Fig. 5.6). The process of amplicon-based method is less complicated and the
amount of input DNA can be lower. However, this method requires many cycles of
PCR, so that frequency of polymerase error (The alterations not existing in the
original DNA sequence is given rise) is higher and PCR bias (all targets are not
amplified equally) is stronger. Thus, sequencing too many targets with amplicon-
based method is not favorable. Typically, less than 50 genes (1500 targets) are
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Fig. 5.6 Capture hybridization- and amplicon-based method. (a) Capture method. Randomly
fragmented genomic DNA is hybridized with probes to enrich the regions of interest. Enriched
fragments are processed to be sequenced. (b) Target regions are amplified by a multiplex PCR,
followed by sample preparation for sequencing
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sequenced by this method. Recently, modified amplicon methods have been devel-
oped and the number of targets is increasing. At present, these methods are pre-
ferred [28, 29].

5.4.6 Detection of CNVs by NGS

NGS determines the sequence of every single molecule. Millions of DNA mole-
cules are sequenced in a single run and obtained sequences (also called “Reads”) are
mapped on a reference genome to analyze the sequencing result. Copy number of
the target can be estimated by counting the number of reads mapped within the
target locus (Actually normalization is required) (Fig. 5.5b). The capture method
has an advantage over the amplicon method in this case. Although both methods
require PCR amplification of DNA fragments to prepare a library, the number of
cycles required for library preparation is fewer, and single primer set is used for the
capture method. Therefore, the capture method causes less PCR bias. In addition,
the capture method initiates from the random fragmentation of genomic DNA. Most,
if not all, of fragments have unique ends because it is unlikely that independent
DNA molecules are fragmented at exactly the same position at both ends. Thus,
reads carrying identical ends are presumed to be derived from the same molecule.
The number of reads can be normalized by removing redundant reads so that the
copy number is estimated more accurately.

On the other hand, the amplicon method creates identical fragments for each
target. It is impossible to remove redundant reads in the same way despite the fact
that PCR bias is bigger. Therefore, it is not favorable to estimate copy number by the
amplicon method. To overcome this problem, random short sequence referred to as
molecular barcode is added to the end(s) of amplicon at an early point of the proce-
dure [30]. Ten nucleotides molecular barcode can label about one million mole-
cules. If multiple PCR products have the same barcode, they presumably originate
from the same template. Once molecules with the same barcode are identified,
redundant reads can be removed as shown in Fig. 5.7. Thus, normalizing the read
counts by molecular barcode enables to estimate copy number.

Molecular barcode can also be used to remove sequence errors. DNA fragments
with the same barcode should have identical sequences. If there is difference, it is
supposed to be derived from sequencing error. Sequencing error(s) can be removed
by “majority rule.” Molecular barcode is applicable to the capture method as well as
the amplicon method although the effect may be less dramatic.

In summary, NGS can detect SN'Vs, small indels, and CNVs suggestive of LGRs
at the same time. However, NGS is not perfect at least for the time being. For exam-
ple, the copy number estimated by NGS fluctuates depending on loci or experimen-
tal conditions. It is recommended to double-check by another method such as MLPA
or quantitative PCR.
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Fig. 5.7 Utilization of molecular barcode. Red, blue, and green bars at the end of the PCR prod-
ucts represent individual molecular barcodes. White and red stars represent a variant in the genome
and sequencing error, respectively. Targets are not amplified equally. Because the sequence of PCR
products with the same barcode must be identical, sequencing error(s) can be removed by “major-
ity rule.” The proportion of the targets in the starting material can be restored by counting the
number of reads marked with different barcode
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5.4.7 Sequencing of PMS2

PMS2CL pseudogene which is highly homologous with exon 9 and 11-15 of PMS2
makes genetic testing for LS difficult (Fig. 5.1d). Especially exon 12 and 14-15 are
almost identical to corresponding exons of PMS2CL, it is practically impossible to
sequence this region by any of methods described above. In order to analyze this
hard-to-read region accurately, long-range PCR is employed using forward primer
designed within exon 10 which does not overlap with PMS2CL to amplify specifi-
cally PMS2 [30-32]. The PCR product(s) can be sequenced by NGS after fragmen-
tation. It is also possible to perform the second PCR to amplify individual exons and
the second PCR products are sequenced. Another approach is to sequence
cDNA. This approach should preferentially sequence PMS2.

5.5 Interpretation of Variants

Detected variant should be assessed whether the variant causes a disease. The evalua-
tion is based on 1) the amino acid changes expected from the variant, 2) the frequency
of the variant in the general population, 3) the evaluation by knowledge databases, 4)
the results of the functional analysis of the experiment as the basis for judgment, 5)
personal and/or family history of the patient. As for the amino acid changes, it is easy
to imagine from the sequence changes, the possibility of splicing abnormalities caused
by the variants should not be ignored. Analysis using mRNA is very useful for finding
these abnormalities. If the variant’s frequency in the general population is sufficiently
high (compared to the prevalence of the disease), the variant can be judged not to be
pathogenic. It should be noted that the frequencies can vary widely between ethnic
groups. Evaluations by knowledge databases such as InSiGHT, ClinVar, HGMD, etc.
are also referenced. Since the level of evidence varies with the variant and/or database,
it should be used with caution. The results of the functional analysis are mainly based
on the literature. Its contents should be carefully reviewed. Based on these criteria,
variants are evaluated using guidelines such as ACMG 2015 [1]. InSiGHT has estab-
lished their own criteria specific to the MMR gene. In any case, it is important to use
certain criteria for evaluation. In case of LS, molecular tests, such as MSI testing and
IHC, are widely used, but those results are not included in the above criteria. In recent
years, evaluation methods that include variant(s) of the MMR genes in tumors and
results of IHC have been advocated [2, 3].

5.6 Summary and Perspective

Extensive effort has been made to identify LS patients (family) and variants in LS
causative genes. Multigene panel testing using NGS makes it possible to detect
single nucleotide variants (SNVs), small indels and copy number variation in the
same assay. This will give more chances to diagnose with Lynch syndrome. Their
clinical and genetic information should be collected as much as possible and deposit
them in the database to use as clinical practice.
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Abstract

Lynch syndrome-associated gynecological malignancies include endometrial
and ovarian cancer. Endometrial cancer is particularly common following
colorectal cancer and may be a sentinel cancer. The lifetime incidence of endo-
metrial cancer in patients with Lynch syndrome is 25—60%. Various studies have
examined the characteristics and prognosis of Lynch syndrome-associated gyne-
cological malignancies, but there is no consensus. Endometrial cancer is diag-
nosed by endometrial biopsy, but there is no established surveillance system.
Patient education on initial symptoms, routine endometrial biopsy, and trans-
vaginal ultrasonography are performed in clinical practice, but evidence for the
efficacy of these methods is limited. The lifetime incidence of ovarian cancer
ranges from 4 to 12% and many patients develop epithelial ovarian cancer.
Ovarian cancer is initially diagnosed by imaging, with surgery required for defi-
nite pathological diagnosis. There is no surveillance system, but patient educa-
tion, transvaginal ultrasonography, and measurement of serum CAI125 are
currently used. Prophylactic hysterectomy and bilateral salpingo-oophorectomy
are candidates of surgical procedures for preventing Lynch syndrome-associated
gynecological malignancies.
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Table 6.1 Cancer risks by gene individuals with Lynch syndrome age <70 years compared to the
general population

Risk
General population risk | MLH1 and MSH2
Cancer type (%) (%) MSHG6 (%) PMS2 (%)
Colorectal 5.5 M:27-74 F: 22-53 M: 22 M: 20
F: 10 F: 15
Endometrial 2.7 14-54 16-26 15
Gastric <1 0.2-13 M: 6 6
Ovarian 1.6 4-20 F:22
Small bowel <1 4-12
Hepatobiliary tract | <1 0.2-4
Urinary tract <l 0.2-25
Brain <1 1-4
Sebaceous <1 1-9 Unknown
neoplasms
Pancreas 1.5 0.44
Prostate 16.2 9-30
Breast 12.4 5-18

M Male, F Female
Cited from reference [1] (modified)

6.1 Introduction

Patients with Lynch syndrome are at risk for developing secondary cancer, includ-
ing colorectal, endometrial, ovarian, gastric, small intestinal, hepatobiliary, upper
urinary tract, skin cancers, and brain tumors (Table 6.1). In these malignant dis-
eases, endometrial and ovarian cancers are gynecological malignancies. In this
chapter, the diagnosis and treatment of endometrial and ovarian cancers are
reviewed, and surveillance for these cancers in patients with Lynch syndrome is
outlined.

6.2 Endometrial Cancer
6.2.1 Characteristics

Most endometrial cancers are sporadic and few are hereditary tumors. The most
typical hereditary tumor is Lynch syndrome. In universal screening of 346 patients
with endometrial cancer in Japan, 42 had suspected Lynch syndrome and 10 were
diagnosed with Lynch syndrome [2]. Women with Lynch syndrome have a high risk
of developing endometrial cancer, second only to colorectal cancer (CRC). The
incidence of endometrial cancer in patients with Lynch syndrome is 26—60% and
the mean onset age is 48—62 years old [1], whereas the lifetime incidence in the
general population is 2.7%. Of 315 patients diagnosed with Lynch syndrome, 69
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(33%) were diagnosed with endometrial cancer and 17.3% were <40 years old at the
time of diagnosis [3].

Endometrial cancer has mutation of MSH6 more often than MLH1 and MSH2
(71% versus 27 and 40%), whereas MLH1 and MSH2 mutations are more common
in CRC [4, 5]. Endometrial cancer is considered to be a sentinel cancer of Lynch
syndrome, similar to CRC. Microsatellite instability (MSI) is not correlated with the
stage, histological type, or myometrial invasion of endometrial cancer, but cases
with MSI have a better prognosis than those without MSI [6]. On the other hand, it
has also been reported that there is no difference in prognosis between Lynch
syndrome-associated and sporadic endometrial cancer [7].

Of women with both CRC and endometrial cancer, 14% were simultaneously
diagnosed with the two cancers, 44% developed endometrial or ovarian cancer first,
and 42% had CRC first [8]. These results show the importance of gynecologists
identifying patients with Lynch syndrome. The interval between CRC diagnosis and
development of another Lynch syndrome-related cancer is 8 years (range 1-26
years), whereas a significantly longer time of 11 years (1-39 years) is required for
patients with endometrial cancer to develop another cancer [8]. The risks for devel-
oping endometrial cancer within 10 years after the development of CRC are esti-
mated to be 23.4% (95% CI: 15-36%) and 1.6% (95% CI: 0.7-3.8%) in patients
with and without Lynch syndrome, respectively. The adjusted hazard ratio in the
Lynch syndrome group was 6.2 (95% CI: 2.20-17.73) compared with non-Lynch
syndrome cases [9].

A comparative study of patients with Lynch syndrome-related and sporadic
endometrial cancer in Japan found rates of endometrioid carcinoma of 86% and
97.6%, respectively, indicating a slightly higher incidence of non-endometroid car-
cinoma in Lynch syndrome-related cancer. However, many cases of well-
differentiated endometrioid carcinoma, but no type II endometrial cancer and no
significant difference in myometrial invasion, lymphovascular space invasion, or
advanced stage have been found in other studies of Lynch syndrome-related cancer.
Onset in the lower uterine segment (LUS) is also a feature of Lynch syndrome-
related endometrial cancer [10, 11]. The incidence of endometrial cancer in the LUS
is 3% in the general population, but 29% in patients with Lynch syndrome associ-
ated with MSH2 mutation [12].

6.2.2 Diagnosis

Patients with initial symptoms of endometrial cancer (metrorrhagia, menstrual
abnormality, vaginal discharge) and postmenopausal women with endometrial
thickness of >5 mm on transvaginal ultrasonography undergo endometrial biopsy
or total endometrial curettage. If a patient is diagnosed with endometrial cancer, the
tumor stage is determined by diagnostic imaging. It is common to perform pelvic
magnetic resonance imaging (MRI) to estimate myometrial invasion, cervical stro-
mal invasion, and ovarian metastasis, and then perform chest to pelvic computed
tomography (CT) or a positron emission tomography (PET)/CT scan to assess
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lymph node metastasis and distant metastasis. If a patient cannot be diagnosed with
endometrial cancer pathologically, but has prolonged symptoms or abnormal endo-
metrial thickness in transvaginal ultrasonography, a subsidiary diagnosis by hyster-
oscopy is used to examine if a papillary lesion that may be malignant is present in
the uterine cavity.

6.2.3 Treatment

The standard treatment for endometrial cancer is surgical therapy. Standard pro-
cedures include hysterectomy, bilateral salpingo-oophorectomy, and retroperi-
toneal lymph node dissection. If a patient has shallow myometrial invasion and
endometrioid carcinoma G1-G2, retroperitoneal lymph node dissection may be
omitted. However, a case with deeper myometrial invasion and poorly differen-
tiated cancer (e.g., endometrioid carcinoma G3, serous and clear cell carcinoma)
may require dissection of retroperitoneal lymph nodes, including para-aortic
lymph nodes and omentectomy. For endometrial cancer in stage I, laparoscopic
and robot-assisted surgery can be used. Patients who cannot undergo surgery
due to internal complications and age receive radiotherapy. Postoperative treat-
ment for cases with a risk of recurrence includes radiotherapy with extrapelvic
irradiation and brachytherapy and chemotherapy with paclitaxel and carboplatin
(TC) regimens. For MSI-positive patients with advanced or recurrent endome-
trial cancer, the addition of anti-PD-1 antibodies to chemotherapy as immune
checkpoint inhibitors has been found to be effective. Hormone therapy with
medroxyprogesterone acetate (MPA) may be used for progesterone receptor-
positive well-differentiated endometrioid carcinoma.

6.2.4 Surveillance

Surveillance for endometrial cancer has not been established due to a lack of suffi-
cient evidence for this approach, in comparison with that for surveillance of
CRC. Screening of endometrial cancer is not common in the general population
because the morbidity is low and metrorrhagia often occurs at an early stage.
However, the onset age of Lynch syndrome-associated endometrial cancer is 10-15
years earlier than the mean diagnostic age of sporadic endometrial cancer and its
incidence is high; therefore, there is a need for the design of a surveillance strat-
egy [13].

Most patients with endometrial cancer have early symptoms, including metror-
rhagia, postmenopausal bleeding, and vaginal discharge, and women with Lynch
syndrome should be given instructions on these symptoms [1]. Endometrial biopsy
every 1 or 2 years may be considered, but there is insufficient evidence for the value
of this procedure as surveillance [14—16]. For postmenopausal women, the endome-
trial thickness can be assessed by transvaginal ultrasonography; however, again
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there is limited evidence. Endometrial thickness obtained from transvaginal ultraso-
nography is not recommended for assessment in premenopausal women.

There is no evidence that prophylactic hysterectomy improves prognosis, but
there is evidence that this procedure decreases the morbidity of endometrial cancer,
which makes it a viable option [3]. The appropriate timing of hysterectomy is not
determined and the decision should be made based on the status of the patient.
Hysterectomy is reasonable for patients with MLH1, PSH2, EPCAM, PMS2, and
MSH6 mutations to reduce risks. With regard to conservative therapy, epidemio-
logical studies suggest that the administration of oral contraceptives for 1 year or
more to women with MMR gene mutations significantly decreases the risk for endo-
metrial cancer (HR: 0.39, 95% CI: 0.23-0.64) [17]. Women with Lynch syndrome
given oral contraceptives for 3 months also have decreased endometrial hyperplasia
[18]. However, no prospective intervention study has examined the risk-reducing
effect of contraceptives on endometrial cancer.

There are conflicting findings concerning transvaginal ultrasonography and
endometrial biopsy. A screening study in 171 Lynch syndrome patients and 98
Lynch syndrome-like patients detected endometrial cancer in two patients based on
symptoms who were not detected by transvaginal ultrasonography. Both patients
were cured [19]. On the other hand, in a cohort study in Finland of surveillance
using endometrial biopsy and transvaginal ultrasonography every 2-3 years, endo-
metrial and ovarian cancers were found in 19 and 6 women, respectively, and no
patients died, which indicates the efficacy of surveillance [20].

6.3 Ovarian Cancer
6.3.1 Characteristics

The overall lifetime risk of ovarian cancer is 1.3% in the general population, but
women with Lynch syndrome have a much higher lifetime risk of 4-12%. The mean
age at diagnosis is 42.5 years, and about 30% of patients with Lynch syndrome-
related ovarian cancer are diagnosed at age <30 years, which is younger than for
patients with sporadic ovarian cancer. The risks for ovarian cancer are 20% and 24%
in women with MLH1 and MSH2 mutations, respectively [21]. Regarding the his-
tological type, almost all cases (94%) are epithelial ovarian cancer, including vari-
ous tissues similar to nonhereditary ovarian cancer and at a relatively early stage.
The rate of ovarian borderline tumor is only 4%, which indicates that this tumor is
rarely found in Lynch syndrome [22]. Ovarian cancer is sometimes found as a dou-
ble cancer with endometrial cancer; however, it is rare that patients with double
cancer have Lynch syndrome and many cases of double cancer are sporadic [10].
Many patients with ovarian cancer have gene profiles of germline and somatic
mutations of HRD-related genes, including BRCA1 and BRCA2, and only 3% have
MMR gene mutations; therefore, few patients with ovarian cancer have Lynch syn-
drome [23, 24].
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6.3.2 Diagnosis

The initial symptoms of ovarian cancer are lower abdominal pain, anorexia, early
satiety, and frequent urination, but many patients are often asymptomatic in the
early stage. Patients with these symptoms undergo transvaginal ultrasonography
and those with ovarian swelling undergo pelvic MRI and chest to pelvic CT scan to
examine the characteristics of the ovarian lesion, ascites, peritoneal metastasis,
lymph node metastasis, and distal metastasis. Serum tumor markers of CA125,
HE4, and CA19-9 are tested and high values indicate suspected ovarian cancer. For
patients with ascites, aspiration biopsy cytology can be used to support the diagno-
sis. Histological diagnosis is commonly performed by surgery.

6.3.3 Treatment

The standard therapy for ovarian cancer is surgery and chemotherapy. The surgi-
cal procedures are bilateral salpingo-oophorectomy, hysterectomy, omentectomy,
and retroperitoneal lymph node dissection. Tumor resection (primary debulking
surgery, PDS) is used for cases of stage II or higher with the dissemination and
metastatic lesions in the pelvis and peritoneal cavity not to remain gross lesions.
Adjuvant therapy includes chemotherapy with TC therapy and the use of molecu-
lar targeted drugs, including the angiogenesis inhibitor bevacizumab and the
poly(ADP-ribose) polymerase (PARP) inhibitors olaparib, niraparib, and rucapa-
rib. Some patients with advanced cancer who cannot undergo surgery or with
lesions that cannot be controlled by surgery are treated with neoadjuvant chemo-
therapy, and tumor resection (interval debulking surgery, IDS) is recommended
after tumor reduction.

6.3.4 Surveillance

There is insufficient evidence for ovarian cancer screening as surveillance in
women with Lynch syndrome. The biological characteristics of ovarian cancer
in patients with Lynch syndrome differ greatly from those in patients with
hereditary breast and ovarian cancer (HBOC). Therefore, surveillance for
HBOC does not clearly apply to Lynch syndrome. Women with Lynch syndrome
should be informed of ovarian cancer-related symptoms, including acute lower
abdominal pain, bloating, increased waist circumference, anorexia, early sati-
ety, and frequent urination [1]. Ovarian cancer screening using serum CA125
and transvaginal ultrasonography does not give enough evidence for other
hereditary tumors, including in women with HBOC who have BRCAI and
BRCA2 mutations; however, this screening may be performed for women with
Lynch syndrome at the discretion of the physician [25]. Bilateral salpingo-
oophorectomy reduces the incidence of ovarian cancer; however, the decision to
perform a risk-reducing surgery and the timing of this surgery depends on the



6 Lynch Syndrome-Associated Gynecological Malignancies 77

patient’s status. There is insufficient evidence for the performance of risk-
reducing salpingo-oophorectomy (RRSO) in patients with MSH6 or PMS2
mutation [3].

6.4  Reproductive Age

Women of reproductive age with Lynch syndrome would be advised on prenatal
diagnosis and assisted reproductive technology, including preimplantation genetic
diagnosis. Ethical considerations in different countries and regions also require dis-
cussion. A partner of a carrier of allogeneic MMR and EPCAM genes should be
informed of the risks for constitutional MMR deficiency (CMMRD).
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Abstract

Lynch syndrome is a hereditary cancer syndrome caused by germline alterations
in mismatch repair (MMR) genes. Recently, there is growing evidence of an
increased risk of development of upper tract urothelial carcinomas (UTUC) in
Lynch syndrome and in fact, upper tract urothelial carcinoma has been found to
be the third most common Lynch-associated malignancy. Interestingly, universal
screening of UTUC exhibited that 5% of UTUC is Lynch-associated, highlighting
the importance of medical and family history of UTUC patients. Several studies
have suggested that Lynch patients may have an increased risk of development of
bladder and prostate cancer; however, this potential association may need further
investigations because of the high incidence of those cancers in general population.
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7.1 Introduction

Lynch syndrome is a cancer predisposition syndrome caused by germline altera-
tions in mismatch repair (MMR) genes, including MSH2, MLHI, MSH6, and PMS2,
or by germline deletions affecting the 3" exon of EPCAM gene resulting in epigen-
etic silencing of the downstream MSH2 locus by promoter hypermethylation [1, 2].
Lynch syndrome predisposes affected patients to develop most frequently colon
cancer, and in addition to colon cancer, extra-colonic tumor spectrum of Lynch
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syndrome has been reported which includes endometrial, ovarian, urothelial, gas-
tric, small bowel, pancreatic, hepatobiliary, brain, and sebaceous neoplasm [3-6].
The study of 121 Lynch syndrome families exhibited that the overall cumulative
lifetime risk of developing an extra-colonic neoplasm was 37.5 (95% CI: 34.0-40.1)
[4]. Among Lynch-associated extra-colonic neoplasms, upper tract urothelial carci-
noma (UTUC) has been found to be the third most common Lynch-associated
malignancy. In addition, several reports suggest the potential link between Lynch
syndrome and bladder or prostate cancer. Here, we describe how to manage Lynch
syndrome-associated urological malignancies as well as how to identify Lynch
patients from upper tract urothelial carcinomas developed in general population.

7.2 Upper Tract Urothelial Carcinoma (UTUC) Development
in Lynch Syndrome

Although upper tract urothelial carcinoma (UTUC) is a relatively rare disease
accounting for around 5% of all urological malignancies, UTUC is the third most
common Lynch-associated malignancy, accounting for 5% of Lynch-associated
malignancies, after colonic (63%) and endometrial (9%) neoplasms [7-9]. Because
UTUC clinically tends to present an aggressive form of urothelial carcinoma with
higher stage and higher grade compared to bladder cancer, an early detection is a
key for the better management of Lynch-associated UTUC [10, 11]. Considering a
limited sensitivity of urinary cytology test and a patient’s physical burden from
retrograde pyelography or ureteroscope, combination of urinary analysis and com-
puted tomography is currently a valid screening method for the early detection of
Lynch-associated UTUC [12].

Interestingly, universal screening of UTUC exhibited loss of mismatch repair
proteins including, MSH2 and MSHS6, in 5.0-11.3% of universally screened UTUC
cases, suggesting that loss of MMR genes may be a critical driver for tumorigenesis
in a subset of UTUC [9, 13, 14]. Of note, germline alterations in MMR genes were
found in about 5% in universally screened UTUC cases, indicating that the consid-
erable number of Lynch-associated UTUC cases may be overlooked in medical
practices. The majority (64%) of patients with Lynch-associated UTUC have previ-
ous history of an additional Lynch-associated cancer, most commonly colorectal
carcinoma [13]. Therefore, urologists should carefully obtain a medical and family
history of Lynch-associated malignancies from patients with UTUC and consider
further screening tests of Lynch syndrome for UTUC cases suspected for Lynch
syndrome.

Two clinicopathologic criteria, i.e., Amsterdam criteria and revised Bethesda cri-
teria, can be used for identification of individuals at risk of Lynch syndrome; how-
ever, these criteria are designed to identify Lynch patients mainly from colon cancer,
thereby have a limited efficacy to identify Lynch patients from extra-colonic cancers
[15]. An average age of Lynch-associated UTUC is 64 years whereas that of overall
UTUC is 70 years, and Lynch-associated UTUC often lacks the typical risk factors
associated with urothelial carcinomas such as smoking [13]. Histologically, Lynch-
associated UTUC exhibits patterns of inverted growth, increased intra-tumoral
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lymphocytes, and the presence of pushing tumor/stromal interface [9, 13]. These
clinicopathologic characteristics may be useful for considering further screening
tests for Lynch syndrome.

Since the loss of MMR genes leads to the defective correction of DNA replica-
tion errors, microsatellites instability (MSI) can be used as a marker of Lynch syn-
drome [1]. However, MSI in Lynch-associated extra-colonic cancers is not fully
assessed, whereas MSI in Lynch-associated colon cancer is well validated [14, 16—
18]. In fact, a subset of Lynch-associated UTUC may be MSI stable [14]. For this
reason, immunohistochemistry (IHC) of MMR genes is broadly used as a useful
screening test for Lynch-associated UTUC. The definitive diagnosis of Lynch syn-
drome requires genetic testing of MMR genes.

7.3  Possible Link Between Lynch Syndrome
and Bladder Cancer

The incidence of bladder cancer in Lynch syndrome remains controversial mainly
because of the high incidence of those tumors in the general population [15, 19-21].
However, there are several reports regarding an increased risk of development of
bladder cancer in Lynch syndrome. According to the previous report, 6.2% of MSH2
mutation carriers developed bladder cancer [21]. Because prior or concurrent UTUC
may confound results as a result of seeding in the bladder, the incidence of bladder
cancer in Lynch syndrome should be carefully assessed with further studies [15].

7.4  Possible Link Between Lynch Syndrome
and Prostate Cancer

Recent reports suggested the potential link between prostate cancer and Lynch syn-
drome. Integration of publically available database revealed that the estimated risk
of development of prostate cancer is 2.28 (95% CI, 1.37-3.19) for all men from
MMR mutation-carrying families [22]. In addition, the cumulative risk of prostate
cancer at age of 70 was 3.7% (95% CI: 2.3-4.9) in Danish 288 Lynch syndrome
families and the other group showed that a standardized rate ratio of prostate cancer
was 4.87 (95% CI: 2.43-8.71) with 188 Lynch males [23, 24]. Because PSA is an
accessible marker for early detection of prostate cancer, a periodic surveillance of
PSA may be recommended for patients with Lynch syndrome.

7.5  High MSI of Chemotherapy Resistant Testicular Cancer

Testicular cancer is rare compared to other urological malignancies such as bladder
cancer and prostate cancer. To date, there has been no report regarding an association
of testicular cancer with Lynch syndrome. However, because a proportion of chemo-
therapy resistant testicular cancers exhibits high MSI, IHC of MMR proteins and
MSI testing may be considered for chemotherapy-resistant testicular cancers [25].
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7.6 Conclusion

UTUC is developed in 5% of Lynch patients, which is the third common malig-
nancy in Lynch syndrome. Several studies indicate the link between Lynch syn-
drome and other urological malignancies including bladder cancer and prostate
cancer. Urologists should be aware of Lynch-associated UTUC and consider screen-
ing tests with UTUC cases suspected for Lynch syndrome.
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Abstract

To date, various testings to screen for Lynch syndrome have been proposed.
Classically, Amsterdam criteria I/Il and Bethesda guideline were developed as
clinical screening testing using family history and cancer history. Since these
screening testings do not detect all colorectal cancer with microsatellite instabil-
ity, the universal tumor screening for Lynch syndrome using microsatellite insta-
bility testing or immunohistochemistry of mismatch repair proteins in all
colorectal cancer and endometrial cancer is recommended. The effectiveness of
immunohistochemical analysis of the mismatch repair proteins is similar to that
of microsatellite instability; however, immunohistochemistry is more readily
available and helps to direct gene testing. The universal genetic testing is reported
from some groups; however, it is still premature to generalize the universal
genetic testing as a screening test for Lynch syndrome.
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8.1 Introduction

Lynch syndrome, formerly referred to as HNPCC (hereditary non-polyposis
colorectal cancer), is an autosomal dominant inheritance caused by germline
mutation on mismatch repair genes, including MLHI, MSH2, MSH6, and PMS2,
and is one of the most common hereditary tumor syndromes, accounting for
1-5% of colorectal cancer patients and affecting 1 out of every 279 individuals
worldwide [1]. Lifetime risk for malignant tumor is estimated to be 90% at the
age of 80 years old, and half of their kindred, affected Lynch syndrome, are also
in high-risk group. Therefore, in order to provide the appropriate surveillance
program to Lynch syndrome patients, screening for Lynch syndrome patients is
quite important things. Herein, we reviewed various screening methods for Lynch
syndrome.

8.2  (linical Testing
8.2.1 Amsterdam Criterialand Il

The first clinical screening criteria for the identification of Lynch syndrome were
developed by the International Collaborative group on HNPCC in 1990 [2]. The
criteria came to be called the Amsterdam criteria I after the place name where the
meeting was held. The Amsterdam criteria I were known as the “3-2—1 Rule:”
three relatives with colorectal cancer, one a first-degree relative of the other two;
two successive generations affected; one diagnosed before the age of 50 years. At
that time when the Amsterdam criteria I were developed, the causative genes of
Lynch syndrome were not detected yet. As a result that mismatch repair genes
were identified as causative genes of Lynch syndrome one after another since
1993 [3-5], it had been reported that some families with germline mismatch
pathogenic variant do not meet the Amsterdam criteria I or some families met the
Amsterdam criteria I were not detected germline mismatch pathogenic variant.
Moreover, when the clinical characteristics of Lynch syndrome became increas-
ingly evident, it became to be pointed out that the criteria excluded some Lynch
syndrome families because of not taking into account the extracolonic cancers,
such as endometrial cancer, small bowel cancer, and ureter and renal pelvic can-
cer. Therefore, the revised Amsterdam criteria (Amsterdam criteria II) were pro-
posed as new clinical screening criteria for the identification of Lynch syndrome
by the International Collaborative group on HNPCC in 1998 [6]. According to the
Amsterdam criteria II, Lynch syndrome should be screened the kindred that meets
all of the following criteria: (1) the kindred have at least three relatives with an
Lynch syndrome-associated cancer (colorectal, endometrial, small bowel, and
ureter and renal pelvis cancers), (2) one should be a first-degree relative of the
other two, (3) at least two successive generations should be affected, (4) at least
one should be diagnosed before age 50, (5) familial adenomatous polyposis
should be excluded in the colorectal cancer case(s) if any, (6) tumors should be
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verified by pathological examination. Both the Amsterdam criteria I and the
Amsterdam criteria II should not be used as diagnostic criteria, because these are
screening criteria but not diagnostic criteria.

8.2.2 The Bethesda Guidelines and the Revised
Bethesda Guidelines

To identify potential Lynch syndrome patients who are not identified by the
Amsterdam Criteria I, the Bethesda guidelines were developed for the identification
of tumors that should be tested for MSI [7]. Elements of the Bethesda Guidelines
include both criteria for assessing colorectal cancer patterns in families meeting the
Amsterdam Criteria I and several other characteristics reported more frequently in
Lynch syndrome.

In 2004, the Bethesda guidelines were revised to clarify several issues, such as
sensitivity-specificity and cost-effectiveness [8]. According to the revised
Bethesda Guidelines, the individuals meet the following criteria should be tested
MSI: (1) colorectal cancer diagnosed in a patient who is less than 50 years of age,
(2) presence of synchronous, metachronous Lynch syndrome-associated tumors
(colorectal, endometrial, stomach, small bowel, ovarian, pancreas, ureter and
renal pelvis and biliary tract cancers, brain tumors, and sebaceous gland adeno-
mas and keratoacanthomas), regardless of age, (3) colorectal cancer with the
MSI-H histology (tumor infiltrating lymphocytes, Crohn’s-like lymphocytic reac-
tion, mucinous/signet-ring differentiation, or medullary growth pattern) diag-
nosed in a patient who is less than 60 years of age, (4) colorectal cancer diagnosed
in one or more first-degree relatives with an Lynch syndrome-associated tumor,
with one of the cancers being diagnosed under age 50 years, (5) colorectal cancer
diagnosed in two or more first- or second-degree relatives with Lynch syndrome-
associated tumors, regardless of age. While 27-41% [9] of Lynch syndrome fami-
lies meet the Amsterdam criteria II [10], 68-89% meet the revised Bethesda
guidelines [8]. Thus, more patients with Lynch syndrome can be identified using
the revised Bethesda guidelines [9].

8.2.3 Jerusalem Recommendations

To develop consensus for the optimal management of Lynch syndrome and to iden-
tify areas of research with the potential to advance the clinical management of
Lynch syndrome, the Jerusalem workshop was held on October 2009 [11]. It was
pointed out that since many Lynch syndrome patients did not have sufficient family
history data from which to construct adequate pedigrees, even the revised Bethesda
guidelines were reported not to detect all colorectal cancer with microsatellite insta-
bility. Therefore, in the conclusion of the workshop, they recommended that all
CRC patients <70 years old should be tested using immunohistochemistry for the
four DNA mismatch repair gene products, or alternatively, MSI. Pooled analysis of



88 T. Yamaguchi

four large cohorts demonstrated that adding elderly patients who meet the Bethesda
guidelines to patients who meet the Jerusalem recommendation as recommended
patients for MMR testing increases the sensitivity of diagnosis with Lynch syn-
drome [9].

8.2.4 Universal Tumor Screening

The universal tumor screening for Lynch syndrome using microsatellite instability
testing or immunohistochemistry of mismatch repair proteins in all colorectal cancer
and endometrial cancer is recommended by various societies, including Evaluation
of genetic applications in practice and prevention [12], National Comprehensive
Cancer Network, US Multi-society Task Force on colorectal cancer [13—16], Society
for Gynecologic Oncology [17], American College of Obstetrics and Gynecology
[18], and Healthy People 2020 goal [19]. As a result of universal tumor screening,
2.8% of colorectal cancer patients were reported to be detected pathogenic variant in
MMR genes [20]. However, even universal tumor screening miss individuals who are
Lynch syndrome, because neither immunohistochemistry nor microsatellite instabil-
ity is not perfect [ 12]. Incremental cost-effectiveness ratio for universal tumor screen-
ing for Lynch syndrome was estimated to be $31,391 per year of life saved [21]. As
experts agree that interventions with an incremental cost-effectiveness ratio < $50,000
per year of life saved are cost-effective, the universal tumor screening for Lynch
syndrome is acceptable in the point of economical view [22].

8.3  TumorTesting
8.3.1 Microsatellite Instability

A characteristic of microsatellite instability is an accumulation of replication errors,
caused by deficiency of mismatch repair system, at microsatellite region in tumor
DNA. Thus, microsatellite instability testing compares allelic sizes of microsatellite
regions in normal DNA with those in tumor DNA. Classically, five microsatellite
markers panel, known as the National Cancer Institute Panel (BAT-25, BAT-26,
D2S123, D5S346, and D17S250), is recommended to be used for evaluation of
microsatellite instability [7, 23]. However, quasimonomorphic mononucleotide
repeats were proven to be high sensitivity and high specificity without correspond-
ing normal DNA [24-26], because it is rare that out of the quasimonomorphic vari-
ant range in normal DNA [27].

It was reported that a clear recommendation for the uniform use of a panel of ten
microsatellites and a definition of at least 40% instability (using these defined
marker loci) in the diagnostic analysis of MSI [28]. Moreover, Both Pentaplex Panel
(BAT-25, BAT-26, NR-21, NR-24, and NR-27) and Promega Panel (BAT-25,
BAT-26, NR-21, NR-24, and MONO-27) are reported to be higher sensitivity and
specificity than NCI panel [26, 29].
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Table 8.1 The immunohistochemical expression pattern of the mismatch repair proteins and sus-
pected causative genes

Proteins
MLHI1 MSH2 MSH6 PMS2
Genes MLHI - + + _
MSH?2 + — — +
MSH6 + + - +
PMS2 + + + -

8.3.2 Immunohistochemistry Staining

Immunohistochemistry staining test for Lynch syndrome evaluates expressions of
four MMR proteins in the tumor. Table 8.1 shows immunohistochemical expression
patterns of the mismatch repair proteins and suspected causative genes. MLH1 and
PMS2 form a heterodimer, and MSH2 and MSH6 also form a heterodimer. PMS2
only dimerizes with MLH1, while MLH1 forms heterodimers with other mismatch
repair proteins as well as PMS2. Similarly, MSH6 only dimerizes with MSH2,
while MSH2 forms heterodimers with other mismatch repair proteins as well as
MSHS6. Therefore, gene mutation and loss of MLH1 and MSH2 invariably result in
the degradation of PMS2 and MSH6, respectively, but the converse is not true [30].
The effectiveness of screening with immunohistochemical analysis of the mismatch
repair proteins would be similar to that of the more complex strategy of genotyping
for microsatellite instability [20]; however, immunohistochemistry is more readily
available and helps to direct gene testing [31].

8.3.3 Universal Genetic Testing

Most of tumor developed in Lynch syndrome patients demonstrate microsatellite
instability and/or mismatch repair deficiency; however, either testing is not perfect.
Moreira and colleague reported that germline mismatch repair gene mutation was
detected 12 of 1395 colorectal cancer patients without mismatch repair deficiency
from pooled analysis data of 4 large cohorts [9]. A study of universal genetic testing
for Lynch syndrome estimated to be 2.2% of colorectal cancer patients being Lynch
syndrome [20]. However, the incremental cost-effectiveness ratio for genetic testing
was reported to be more than $1,000,000 per year of life saved [21]. Therefore, it is
still premature to generalize the universal genetic testing as a screening test for
Lynch syndrome.

8.4 Prediction Models

Lynch syndrome prediction models using cancer history data from the patients and
their relatives were proposed one after another in 2006 [32-34] (Table 8.2).
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Table 8.2 Uniform resource locator of prediction models for Lynch syndrome

Prediction model Uniform resource locator

MMRpredict [32] http://hnpcepredict.hgu.mrc.ac.uk/

MMRpro [33] https://projects.iq.harvard.edu/bayesmendel/mmrpro
PREMM; [35] http://premm.dfci.harvard.edu/

MMRpredict model was developed using colorectal cancer data from the patients
and their relatives, and endometrial cancer data from their relatives [32]. MMRpro
model was calculated using not only colorectal and endometrial cancers data but also
microsatellite instability status [33]. PREMM model was revised two times, and cur-
rent version is PREMM;. The former version, PREMM, , 4, provided individual, gene-
specific risk estimates for each of the three mismatch repair genes, such as MLH],
MSH?2, and MSHG6 [36]; however, current version estimates the overall cumulative
probability of having and MLHI, MSH2, MSH6, PMS2, and EPCAM gene mutation
[35]. Green et al. investigated three prediction models (MMRpredict, MMRpro, and
PREMM,; ,4) for Lynch syndrome, and concluded that MMRpredict was the best-
performing model for identifying colorectal cancer patients who are at high risk of
Lynch syndrome [37]. However, the meta-analysis of these prediction models could
not state that one model has a higher discrimination than any of the others, because of
statistical variability, similar pooled area under curve values and the high degree of
overlap in the confidence intervals [38]. Individuals with a quantified risk of 2.5% or
greater on PREMM; or 5% or greater on MMRpro and MMRpredict are recom-
mended for genetic evaluation referral and testing [35, 38, 39].

References

1. Win AK, Jenkins MA, Dowty JG, et al. Prevalence and penetrance of major genes and poly-
genes for colorectal cancer. Cancer Epidemiol Biomark Prev. 2017;26:404—12.

2. Vasen HF, Mecklin JP, Khan PM, Lynch HT. The International Collaborative Group
on Hereditary Non-polyposis Colorectal Cancer (ICG-HNPCC). Dis Colon Rectum.
1991;34:424-5.

3. Bronner CE, Baker SM, Morrison PT, et al. Mutation in the DNA mismatch repair gene
homolog hMLHI is associated with hereditary nonpolyposis colorectal cancer. Nature.
1994;368:258-61.

4. Fishel R, Lescoe MK, Rao MR, et al. The human mutator gene homolog MSH2 and its asso-
ciation with hereditary nonpolyposis colorectal cancer. Cell. 1993;75:1027-38.

5. Miyaki M, Konishi M, Tanaka K, et al. Germline mutation of MSHG6 as the cause of hereditary
nonpolyposis colorectal cancer. Nat Genet. 1997;17:271-2.

6. Vasen HF, Watson P, Mecklin JP, Lynch HT. New clinical criteria for hereditary nonpolypo-
sis colorectal cancer (HNPCC, Lynch syndrome) proposed by the International Collaborative
group on HNPCC. Gastroenterology. 1999;116:1453-6.

7. Rodriguez-Bigas MA, Boland CR, Hamilton SR, et al. A National Cancer Institute Workshop
on Hereditary Nonpolyposis Colorectal Cancer Syndrome: meeting highlights and Bethesda
guidelines. J Natl Cancer Inst. 1997;89:1758-62.

8. Umar A, Boland CR, Terdiman JP, et al. Revised Bethesda guidelines for hereditary nonpol-
yposis colorectal cancer (Lynch syndrome) and microsatellite instability. J Natl Cancer Inst.
2004;96:261-8.


http://hnpccpredict.hgu.mrc.ac.uk/
https://projects.iq.harvard.edu/bayesmendel/mmrpro
http://premm.dfci.harvard.edu/

Screening for Lynch Syndrome 91

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

. Moreira L, Balaguer F, Lindor N, et al. Identification of Lynch syndrome among patients with

colorectal cancer. JAMA. 2012;308:1555-65.

Vasen HF. Clinical diagnosis and management of hereditary colorectal cancer syndromes. J
Clin Oncol. 2000;18:81S-92.

Boland CR, Shike M. Report from the Jerusalem workshop on Lynch syndrome-hereditary
nonpolyposis colorectal cancer. Gastroenterology. 2010;138:2197.e1-7.

Evaluation of Genomic Applications in Practice and Prevention (EGAPP) Working Group.
Recommendations from the EGAPP Working Group: genetic testing strategies in newly diag-
nosed individuals with colorectal cancer aimed at reducing morbidity and mortality from
Lynch syndrome in relatives. Genet Med. 2009;11:35-41.

Giardiello FM, Allen JI, Axilbund JE, et al. Guidelines on genetic evaluation and management
of Lynch syndrome: a consensus statement by the US Multi-society Task Force on colorectal
cancer. Am J Gastroenterol. 2014;109:1159-79.

Giardiello FM, Allen JI, Axilbund JE, et al. Guidelines on genetic evaluation and management
of Lynch syndrome: a consensus statement by the US Multi-society Task Force on colorectal
cancer. Gastroenterology. 2014;147:502-26.

Giardiello FM, Allen JI, Axilbund JE, et al. Guidelines on genetic evaluation and management
of Lynch syndrome: a consensus statement by the US Multi-society Task Force on colorectal
cancer. Dis Colon Rectum. 2014;57:1025-48.

Giardiello FM, Allen JI, Axilbund JE, et al. Guidelines on genetic evaluation and management
of Lynch syndrome: a consensus statement by the US Multi-society Task Force on colorectal
cancer. Gastrointest Endosc. 2014;80:197-220.

Lancaster JM, Powell CB, Chen LM, Richardson DL, SGO Clinical Practice Committee.
Society of Gynecologic Oncology statement on risk assessment for inherited gynecologic can-
cer predispositions. Gynecol Oncol. 2015;136:3-7.

Committee on Practice Bulletins-Gynecology, Society of Gynecologic Oncology. ACOG prac-
tice bulletin no. 147: Lynch syndrome. Obstet Gynecol. 2014;124:1042-54.

Green RF, Ari M, Kolor K, et al. Evaluating the role of public health in implementation of
genomics-related recommendations: a case study of hereditary cancers using the CDC Science
Impact Framework. Genet Med. 2018;21(1):28-37.

Hampel H, Frankel WL, Martin E, et al. Screening for the Lynch syndrome (hereditary non-
polyposis colorectal cancer). N Engl J Med. 2005;352:1851-60.

Mvundura M, Grosse SD, Hampel H, Palomaki GE. The cost-effectiveness of genetic testing
strategies for Lynch syndrome among newly diagnosed patients with colorectal cancer. Genet
Med. 2010;12:93-104.

Grosse SD, Palomaki GE, Mvundura M, Hampel H. The cost-effectiveness of routine testing
for Lynch syndrome in newly diagnosed patients with colorectal cancer in the United States:
corrected estimates. Genet Med. 2015;17:510-1.

Boland CR, Thibodeau SN, Hamilton SR, et al. A National Cancer Institute workshop on mic-
rosatellite instability for cancer detection and familial predisposition: development of interna-
tional criteria for the determination of microsatellite instability in colorectal cancer. Cancer
Res. 1998;58:5248-57.

Suraweera N, Duval A, Reperant M, et al. Evaluation of tumor microsatellite instability
using five quasimonomorphic mononucleotide repeats and pentaplex PCR. Gastroenterology.
2002;123:1804-11.

Buhard O, Cattaneo F, Wong YF, et al. Multipopulation analysis of polymorphisms in five
mononucleotide repeats used to determine the microsatellite instability status of human
tumors. J Clin Oncol. 2006;24:241-51.

Murphy KM, Zhang S, Geiger T, et al. Comparison of the microsatellite instability analysis
system and the Bethesda panel for the determination of microsatellite instability in colorectal
cancers. ] Mol Diagn. 2006;8:305-11.

Patil DT, Bronner MP, Portier BP, et al. A five-marker panel in a multiplex PCR accurately
detects microsatellite instability-high colorectal tumors without control DNA. Diagn Mol
Pathol. 2012;21:127-33.



92

T. Yamaguchi

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Dietmaier W, Wallinger S, Bocker T, et al. Diagnostic microsatellite instability: definition and
correlation with mismatch repair protein expression. Cancer Res. 1997;57:4749-56.

Xicola RM, Llor X, Pons E, et al. Performance of different microsatellite marker panels for
detection of mismatch repair-deficient colorectal tumors. J Natl Cancer Inst. 2007;99:244-52.
Hall G, Clarkson A, Shi A, et al. Immunohistochemistry for PMS2 and MSH6 alone can
replace a four antibody panel for mismatch repair deficiency screening in colorectal adenocar-
cinoma. Pathology. 2010;42:409-13.

Hampel H, Frankel WL, Martin E, Arnold M, et al. Feasibility of screening for Lynch syn-
drome among patients with colorectal cancer. J Clin Oncol. 2008;26:5783-8.

Barnetson RA, Tenesa A, Farrington SM, Nicholl ID, Cetnarskyj R, Porteous ME, Campbell
H, Dunlop MG. Identification and survival of carriers of mutations in DNA mismatch-repair
genes in colon cancer. N Engl J Med. 2006;354:2751-63.

Chen S, Wang W, Lee S, Nafa K, Lee J, Romans K, Watson P, Gruber SB, Euhus D, Kinzler
KW, Jass J, Gallinger S, Lindor NM, Casey G, Ellis N, Giardiello FM, Offit K, Parmigiani G,
Colon Cancer Family Registry. Prediction of germline mutations and cancer risk in the Lynch
syndrome. JAMA. 2006;296:1479-87.

Balmaia J, Stockwell DH, Steyerberg EW, Stoffel EM, Deffenbaugh AM, Reid JE, Ward B,
Scholl T, Hendrickson B, Tazelaar J, Burbidge LA, Syngal S. Prediction of MLH1 and MSH2
mutations in Lynch syndrome. JAMA. 2006;296:1469-78.

Kastrinos F, Uno H, Ukaegbu C, et al. Development and validation of the PREMM(5) model
for comprehensive risk assessment of Lynch syndrome. J Clin Oncol. 2017;35:2165-72.
Kastrinos F, Steyerberg EW, Mercado R, et al. The PREMM(1,2,6) model predicts risk of
MLHI, MSH2, and MSH6 germline mutations based on cancer history. Gastroenterology.
2011;140:73-81.

Green RC, Parfrey PS, Woods MO, Younghusband HB. Prediction of Lynch syndrome in con-
secutive patients with colorectal cancer. J Natl Cancer Inst. 2009;101:331-40.

Win AK, Macinnis RJ, Dowty JG, Jenkins MA. Criteria and prediction models for mismatch
repair gene mutations: a review. J Med Genet. 2013;50:785-93.

Kastrinos F, Ojha RP, Leenen C, et al. Comparison of prediction models for Lynch syndrome
among individuals with colorectal cancer. J Natl Cancer Inst. 2015;108(2):djv308.



)]

Check for
updates

Surveillance Colonoscopy for Lynch
Syndrome Affected Individuals

Takeshi Nakajima

Abstract

In individuals with Lynch syndrome, gastroenterologists and/or endoscopists
should have responsibilities for the surveillance colonoscopy of metachronous
colorectal cancer in the residual colon and/or rectum after surgery. The same
responsibility applies to another Lynch syndrome-associated cancer, ex gastric
cancer, and duodenal cancer, and also to surveillance of the relatives who have
the same pathogenic variant of Lynch syndrome proband. In this paper, we intro-
duce recent guidelines and reports from multicenter study in addition to an out-
line of the risk of gastrointestinal cancer in individuals with Lynch syndrome.
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9.1 Introduction

In individuals with Lynch syndrome (LS), it has been shown that the risk of devel-
oping colorectal cancer (CRC) is high including those with metachronous CRC
after surgery for their primary CRC and it is necessary of surveillance colonoscopy
(CS) in their lifetime for early detection of CRC and removal of precancerous
lesion “adenoma” [1, 2]. In 2000, Jarvien et al. reported the results of surveillance
CS in a controlled trial over 15 years period [3]. In this study, the incidence of CRC
and survival were compared in two cohorts of at-risk members of 22 LS family as
follows, (1) surveillance CS at 3-year intervals was arranged for 133 LS
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individuals, (2) 119 control LS individuals had no surveillance CS. As result, the
study showed that surveillance CS at 3-year intervals prevents more than halves the
risk of CRC and decreases overall mortality of CRC by about 65% in LS families.
However, some other observational studies have confirmed the occurrence of
advanced CRC during the surveillance CS at 2- or 3-year intervals and therefore
recommended a 1-year interval of surveillance CS if possible [4, 5]. As for the start
timing of surveillance CS, there are many reports to recommend LS individuals
from 20 to 25 years old [6].

9.2 Introductions of the Guidelines for Recommended
Colonoscopy Surveillance for Lynch
Syndrome Individuals

9.2.1 North America

9.2.1.1 National Comprehensive Cancer Network (NCCN) Clinical
Practice Guidelines

“Genetic/Familial High-Risk Assessment:Colorectal” has been published in the
National Comprehensive Cancer Network (NCCN) Clinical Practice Guidelines in
the USA [7]. According to the NCCN guidelines, the target individuals are classi-
fied into the following three categories according to the pathological variations of
the genetic test results of mismatch repair (MMR) gene (MLHI, MSH2, MSH6,
PMS2, and EPCAM) in the family, (1) positive for familial LS pathogenic variant,
(2) individuals whose genetic test are not done, (3) negative for familial LS patho-
genic variant. For (1) and (2) group individuals, surveillance CS should be per-
formed at the age of 20-25 or if CRC was diagnosed under 25 in a family, 2-5
years from the youngest diagnosis age (Table 9.1). And recommends to begin at the
earliest age of the diagnosed of CRC in the family member and recommend
repeated CS in every 1-2 years. In the case of group (3), it is recommended that the
surveillance CS are referred according to CRC guidelines for average-risk indi-
viduals. In the case of (2), the patients who meet the revised Bethesda Guidelines,
which is a criterion for screening test for LS (see separate section), or who meet the
Amsterdam criteria (see separate section), or who have a prediction of one of the
models (MMRpro, PREMMS5 or MMRpredict) has a 5% predictive risk of LS is
included.

9.2.1.2 The United States Multi-society Task Force

The Multi-Society Task Force in the USA, in collaboration with invited experts,
developed guidelines to assist health care providers with the appropriate provision
of genetic testing and management of individuals at risk for and affected LS indi-
viduals [8—10]. In this guideline, surveillance CS for CRC is recommended in indi-
viduals at risk (first-degree relatives of those affected) or affected with LS every 1-2
years, beginning between ages 20-25 years or 2-5 years before the youngest age of
diagnosis of CRC in the family if diagnosed before age 25 years.
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Table 9.1 CS surveillance in Lynch syndrome individuals for colorectal cancer: recommenda-
tions and guidelines from various professional societies

Recommendation for colonoscopy

Site Age (years) Interval (years)
National Comprehensive Cancer 20-25 1-2
Network (NCCN) 2-5 years prior to the earliest

colon cancer if it is diagnosed
before age 25

United States Multi-Society Task Force | Every 1-2 years beginning at Annual

(AGA) age 20-25 or 2-5 years younger | colonoscopy in
than youngest age at diagnosis pathogenic MMR
of CRC in family if diagnosis variant
before age 25 individuals
MSHG6: 30 PMS2/35

American College of Gastroenterology | 20-25 (MLHI/MSH2 1-2

(ACG)

pathogenic variant)

25-30 (MSH6/PMS?2 pathogenic
variant)

American Society of Clinical Oncology
(ASCO)

Starting at age 20-25

5 years before the youngest case
in the family

1-2 (No upper
limit is
established.)

European Society for Medical MLHI/MSH2:25 1-2
Oncology (ESMO) MSH6/PMS2:35

European Hereditary Tumour Group 20-25 1-2
(formerly the Malloca Group)

European Society of Digestive 20-25 (Chromoendoscopy) 1-2

Oncology

Guidelines for the management of
hereditary colorectal cancer from the
British Society of Gastroenterology
(BSG)/Association of Coloproctology
of Great Britain and Ireland (ACPGBI)/
United Kingdom Cancer Genetics
Group (UKCGG)

MLHI/MSH2:25

2 yearly until age
75 years

MSH6/PMS2:35

2 yearly until age
75 years

9.2.1.3 American College of Gastroenterology

American College of Gastroenterology (ACG) also has reported recommendations
as follows, in individuals at risk for or affected with LS, surveillance CS should be
performed at least every 2 years, beginning between ages 20 and 25 years. Annual
surveillance CS should be considered in the case with pathogenic variant in MMR
gene [11].

9.2.1.4 American Society of Clinical Oncology

American Society of Clinical Oncology (ASCO) also reported their guidelines in
2015 [12]. The possibility of a hereditary cancer syndrome should be assessed for
each patient at the time of CRC diagnosis. In LS individuals, surveillance CS every
1-2 years, should be started at age 20-25 or 5 years before the youngest case in the
family. No upper limit should be established for surveillance CS.
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9.2.2 Guidelines in European Countries

9.2.2.1 European Society for Medical Oncology (ESMO) Guidelines

In 2019, ESMO guidelines committee has also showed the recommended method of
surveillance CS [13]. Since the diagnosis of CRC before age 25 is unlikely in indi-
viduals with LS, and the CRC risk in person with MSH6 and PMS2 pathogenic
variant is substantially lower than those with MLHI or MSH?2 pathogenic variant,
starting timing of surveillance CS is recommended at the age of 25 years for LS
individuals with MLHI or MSH?2 pathogenic variant and at the age of 35 years for
LS individuals with MSH6 or PMS2 pathogenic variant. In all cases, age of onset in
the youngest member of the family is to be considered and surveillance CS should
be started 5 years earlier. Surveillance CS every 1-2 years in asymptomatic LS
individuals is recommended.

9.2.2.2 European Hereditary Tumor Group (Formerly the Malloca
Group) Guideline

In 2007, a group of European experts (the Mallorca group) published guidelines for
the clinical management of LS [14]. Since then substantial new information has
become available necessitating an update of the guidelines. In 2011 and 2012 work-
shops were organized in Palma de Mallorca. A 3-year interval between colonosco-
pies has been proved to be effective. In view of the observation of (advanced) CRC
detected between 2 and 3 years after surveillance CS, the recommended interval for
pathogenic variant individuals is 1-2 years [6].

9.2.2.3 European Society of Digestive Oncology

In 2018, the objective of the European Society of Digestive Oncology (ESDO)
expert discussion 2018 at the 20th World Congress on Gastrointestinal Cancer was
to review the current approach to individuals and individuals at risk for the afore-
mentioned hereditary GI cancers [15]. Individuals diagnosed with a pathogenic
germline variant in any MMR gene should undergo surveillance CS at least every
1-2 years, as surveillance CS is the only means to reduce mortality. Whenever pos-
sible, surveillance CS should be performed as chromoendoscopy using indigo
carmine.

9.2.2.4 British Society of Gastroenterology (BSG)/Association

of Coloproctology of Great Britain and Ireland (ACPGBI)/

United Kingdom Cancer Genetics Group (UKCGG)
This guideline is an update from the 2010 British Society of Gastroenterology/
Association of Coloproctology of Great Britain and Ireland (BSG/ACPGBI) guide-
lines for surveillance CS in moderate and high-risk groups [16]. It recommends that
surveillance CS should be performed at a 2-year interval for all LS individuals.
Surveillance CS is recommended from age 25 years for MLHI and MSH2 patho-
genic variant individuals and 35 years for MSH6 and PMS2 pathogenic variant
individuals.
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9.3 Resent Report of Colorectal Cancer Surveillance
in Lynch Syndrome Individuals

Recently, several prospective cohorts study group for LS have been established in
Europe and the USA, one of which is “The Prospective Lynch Syndrome Database
(PLSD)” of the European Hereditary Tumor Group (EHTG) [17]. In the beginning
of this enrollment, total number of 1942 LS individuals without cancer were already
registered [18]. Follow-up of cancer-free individuals with pathogenic MMR vari-
ants in any of the MLHI, MSH2, MSH6, and PMS2 genes showed a cumulative
incidence of CRC cancer at age 70 years of 46%, 35%, 20%, and 10%, respectively.
The effectiveness of continuous surveillance CS has been proven. When browsing
the PLSD homepage, online software is available that displays a graph of morbidity
risk for LS-related cancers by gender, cancer history, and affected gene. It is a quite
useful tool to demonstrate the LS-associated cancer risk to LS individuals in genetic
counseling.

Next, in 2018, additional analysis results of 3119 individuals including cancer
patients were reported [19]. Cumulative CRC incidence at age 75 years in LS for
pathological variants of MLHI1, MSH2, and MSH6 was 46%, 43%, and 15%. In all
of the above data, cancer risk was reported 0 in LS patients with PMS2 pathogenic
variant, but Broeke et al. reported the CRC risk in LS individuals with PMS2 patho-
genic variant [20]. Segregation analysis of PMS2 pathogenic variants in all 284
families (4878 first- and second-degree relatives) showed the incidence of CRC
cancer as 13% [95% CI, 7.9-22%] for man and 12% for women [95% CI, 6.7-21%].
The risk of LS-associated cancers other than the large intestine is not so high, and
only surveillance CS may be enough.

In 2018, Engel et al. reported comparisons the results of surveillance CS for LS
individuals performed in Germany, the Netherlands, and Finland [21]. The recom-
mended CS intervals in the three countries are different as every year, every
1-2 years, and every 2-3 years, respectively. However, as a result, CRC incidence
and stage classification at the time of detection were reported to be not significantly
different between the three countries. In this comparison study, from 1984 to 2015,
16,327 surveillance CSs were performed for 2747 LS individuals (MLHI, MSH2,
MSH6), and they were classified into two groups based on the presence or absence
of CRC at the time of the first CS. The cumulative incidence of CRC at 10 years
ranged from 4.1 to 18.4%. In the group without a past history of CRC, the incidence
of adenoma was higher in Germany compared to other countries, but other results
did not differ in the incidence of adenoma or CRC. Despite the short examination
interval, the incidence of CRC was relatively high. Contrary to their initial expecta-
tions, they did not detect an association of shorter intervals with a lower incidence
of CRC. They discussed that there are some possible hypothesis for this finding. In
sporadic CRC, it is generally agreed that the development of CRC from adenomas
takes 10 years or more. In LS individuals, however, small adenomas may develop
and convert to CRC much faster, perhaps even within 1-2 years. As a consequence,
the time window for the detection of adenomas might be so short that most
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adenomas become malignant before detection, even with annual CS. The true pur-
pose of surveillance CS is not only to control CRC mortality but also to control
CRC morbidity and to reduce surgical resection. Physicians need to understand the
carcinogenesis of CRC in LS individuals and then should perform high-quality sur-
veillance CSs. For limitation of this study, only adenoma detection rate, but no other
data (bowel preparation status, cecal intubation rate, observation time) on the qual-
ity of individual colonoscopies, was available.

9.4  Molecular Pathway of Colorectal Cancer Carcinogenesis
in Lynch Syndrome

It is important for physician who performs surveillance CS to understand the carci-
nogenesis of CRC in LS individuals. Colorectal adenomas with LS individuals may
be young onset (<40 years) and present with MSI-H. Even if smaller than sporadic
adenomas, they may be more atypical phenotype and have a shorter time to cancer
[22, 23]. Kloor et al. systematically analyzed non-tumorous colon mucosa from 10
LS patients and control non-LS patients (N = 9) for MMR protein expression
(MLH1, MSH2, and EPCAM) with immunohistochemistry [24]. They reported the
existence of MMR-deficient foci in normally appearance colon mucosa only in LS
patient. Tanaka et al. reported that MMR deficiency was more frequent in adenomas
obtained from older patients (aged >60 years; 81 of 86, 94%), with larger tumor
size (>5 mm; 71 of 73, 97%) and with high-grade dysplasia (50 of 51, 98%) [25].
Recently, Ahadova et al. reported three molecular pathways model of carcinogene-
sis CRC in LS individuals [26]. They had evaluated the frequency of MMR defi-
ciency by immunohistochemistry in adenomas from LS individuals. Some CRCs
were found to grow from MMR-proficient adenomas after secondary inactivation of
the MMR system. However, most CRCs developed from MMR-deficient precursor
lesions, either via an adenomatous phase or as non-polyposis lesions. Therefore,
endoscopists need to find and resect not only polypoid-type but also non-polypoid-
type precancerous colorectal lesions during surveillance CS. Colonoscopists might
perform aggressive endoscopic resection regardless of size when detecting neoplas-
tic lesion during surveillance CS. And if MMR deficiency is present in resected
polyps in normal patients, especially for adenomas greater than 5 mm and/or high-
grade dysplasia, genetic counseling should be conducted to consider genetic testing
for MMR gene.

9.5 Colonoscopy Quality Assurance

In the aforementioned prospective cohort studies in western countries, colorectal
neoplasia was discovered during surveillance CS including not only adenoma and
intramucosal cancers but also many advanced cancers. Since the true end point of
surveillance CS in LS individuals is the suppression of the development of advanced
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cancer, this result needs to be further investigated. When performing CS and exam-
ining its effects, it is necessary to guarantee the quality of the CS. These reports lack
the description about bowel preparation status, cecal intubation rate, observation
time, adenoma detection rate, polyp detection rate, etc., indicating the degree of
quality control of CS.

Rambhi et al. conducted a prospective, multicenter, randomized trial to compare
standard CS with standard CS followed by pancolonicchromoscopy with indigo
carmine in LS individuals [27]. A total of 78 eligible patients (median age, 45 years)
were enrolled at ten centers from July 2008 to August 2009. Significantly more
patients with at least one adenoma were identified by chromocolonoscopy (32/78
(41%)) than by standard CS (18/78 (23%); P < 0.001). The results support the prop-
osition that chromocolonoscopy may significantly improve the detection rate of
colorectal adenomas in patients undergoing surveillance CS for LS individuals.

In French clinical groups, quality control of CS was tried to be achieved in LS
individuals, resulting in a reduction in CRC detection rate to 1/353 (0.3%) [28].
Starting at the age of 20, CS with blue indigo carmine was scheduled every 2 years.
In cases of incomplete CS, insufficient bowel preparation, absence of chromoendos-
copy achievement or adenoma detection, the interval between surveillance CS was
adjusted. The optimal preparation was defined with a sufficient bowel preparation
according to endoscopist appreciation or defined as a Boston scale >6 with an
underscore per segment >2. And if adenoma was detected in the exam, the next
exam is proposed within 1 year (+£3 months). This French protocol should be refer-
eed in also large prospective studies.

9.6 The Usefulness of Image Enhanced Colonoscopy

In addition to white light observation, studies on the usefulness of advanced imag-
ing modalities [autofluorescence, flexible spectal imaging, and narrowband imag-
ing (NBI)] have also been reported. First, East et al. reported the usefulness of
NBI [29]. 62 patients from hereditary non-polyposis colorectal cancer (HNPCC)
families (Amsterdam II or genetic criteria) attending for surveillance CS were
examined twice from cecum to sigmoid—descending junction, first with high-def-
inition white light and then a second pass with NBI in a back-to-back fashion. At
least one adenoma in the proximal colon was detected during the initial white
light pass in 17/62 (27%). NBI detected additional adenomas in 17/62 (27%).
They concluded that use of NBI in the proximal colon for LS patients undergoing
surveillance CS appears to improve adenoma detection, particularly those with a
flat morphology.

Cellier et al. conducted a prospective multicenter trial in a back-to-back fashion
to compare the third-generation NBI with surveillance CS with indigo carmine
chromoendoscopy (ICC) for detecting colonic adenomas in LS patients [30]. 138
patients underwent a double CS, first with NBI, followed by ICC, in a back-to-back
design. At least one adenoma was detected during the initial NBI CS in 28 patients
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(20.3%), and 42 patients (30.4%) had at least one adenoma detected after both NBI
and ICC (difference, 10.1%; 95% confidence interval, —0.1-20.3%).

Rivero-Séanchez et al. conducted a parallel controlled study, from July 2016
through January 2018 at 14 centers in Spain of adults with pathogenic germline
variants in mismatch repair genes (60% women; mean age, 47 + 14 years) under
surveillance CS [31]. They found an important overlap of confidence intervals (CIs)
and no significant difference in adenoma detection rates by pancolonic chromoen-
doscopy (34.4%; 95% CI 26.4-43.3%) versus white light endoscopy (28.1%; 95%
CI 21.1-36.4%; P = 0.28). In conclusion they found that surveillance CS for LS
individuals, high-definition white light endoscopy is not inferior to pancolonic chro-
moendoscopy if performed by experienced and dedicated endoscopists in this ran-
domized parallel trial.

For standard surveillance CS, to improve visualization and reduce the blind spot
of colonic mucosa and to increase adenoma detection rate (ADR) and polyp detec-
tion rate (PDR), many endoscopic techniques and technologies have been devel-
oped. Moriyama et al. reviewed about the advanced technology of CS, such as the
Third Eye Retroscope (TER; Avantis Medical Systems, Sunnyvale, CA, USA),
FULL Spectrum Endoscopy System colonoscope (FUSE; EndoChoice, Alpharetta,
GA, USA), extra-wide-angle-view colonoscope (OLYMPUS, Tokyo, Japan), which
were seem to be promising for improving ADR and PDR [32]. Castaneda et al.
conducted a systematic review to compare the ADR, polyp detection rate (PDR),
and adenoma miss rate (AMR) between new technology devices (NTDs) and con-
ventional CS and between mechanical and optical NTDs. They divided NTDs into
two groups based on their mechanism of action: mechanical NTDs [Endocuff (Arc
Medical, Leeds, UK), G-Eye (SMART Medical Systems Ltd., Ra’anana, Israel),
and Endorings (EndoAid Ltd., Caesarea, Israel)] and optical NTDs [Third Eye
(Avantis Medical Systems Inc., Sunnyvale, Calif) and full-spectrum CS (FUSE;
EndoChoice, Alpharetta, Ga)] [33]. They concluded that NTDs are an effective
option to improve ADR and PDR and decrease AMR, particularly with mechanical
NTDs. For surveillance CS study for LS, these NTSs would be beneficial not to
miss precursor lesions of CRCs.
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Abstract

Lynch syndrome (LS) is caused by pathogenic variants of one of DNA mismatch
repair genes (MLH1, MSH2, MSH6, PMS?2) or 3’ deletion of EPCAM in the germ-
line. Colorectal cancer (CRC) is a hallmark of the syndrome, and the cumulative
risk of CRC ranges from 10 to 46% by 70 years old, depending on the gene
affected. Moreover, despite the high cumulative risk of subsequent CRC (meta-
chronous CRC) after the first CRC is managed with surgery, the optimal surgical
treatment is controversial. Prophylactic colorectal resection prior to CRC devel-
opment is not recommended regardless of the type of surgery. Recent studies and
our analysis show that the risk of metachronous CRC is considerably higher fol-
lowing segmental colectomy as compared to extended colectomy among patients
with genetically proven LS. However, overall survival did not differ between
patients with two different surgical procedures. The choice of surgical procedures
for the first rectal cancer is complicated because of insufficient data available and
thus needs further investigations. Surgical procedures for first CRC in patients
with LS may depend on various factors that may vary among individuals, includ-
ing the timing of genetic diagnosis (before or after the first CRC development),
age at CRC diagnosis, site of CRC, genes affected, and expected quality of life.
Individuals with genetically proven LS must be counselled prior to any surgical
intervention for first CRC. In summary, an extended colectomy may be currently
the most effective surgical technique to reduce the risk of metachronous
colon cancer.
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10.1 Introduction

Colorectal cancer (CRC) is the fourth most frequently diagnosed malignancy and
the second leading cause of cancer-related death globally [1]. Lynch syndrome (LS)
is an autosomal dominant condition caused by pathogenic variants in one of DNA
mismatch repair (MMR) genes (MLHI, MSH2, MSH6, and PMS?2) or 3’ deletion of
EPCAM in the germline line [2]. Carriers of the LS pathogenic variant are at
increased risk for various cancers at a young age including CRC and endometrial
cancer. The European ‘“Mallorca group” and the International Society for
Gastrointestinal Hereditary Tumours recently reported that the lifetime risk of CRC
by age 70 years is approximately 10-46%, depending on the gene affected [3, 4].
LS-associated CRC is characterized by right-sided predominance, low incidence in
the rectum, and high incidence of synchronous and metachronous occurrence [2, 5].
These characteristics might influence the choice of surgical procedures, the timing
of genetic diagnosis (before or after surgical interventions), and long-term quality
of life that is potentially altered by different surgical procedures.

Segmental colectomy (SC), which comprises right hemicolectomy, left colec-
tomy, sigmoid colectomy, or other segmental resection of the colon segment, is a
standard surgical procedure for LS-associated CRC regardless of the timing of
genetic diagnosis. Considering the increased risk of metachronous CRC in indi-
viduals with genetically proven LS that develop CRC, more extended colectomy
(EC), which comprises subtotal colectomy with ileosigmoidal anastomosis or total
colectomy with ileorectal anastomosis, should be considered for the first CRC. The
optimal surgical approach for CRC patients with LS remains unclear to date because
of the lack of randomized controlled trials comparing SC and EC. In addition, the
oncological outcomes of LS patients with rectal cancer diagnosed with first CRC
have not been well-examined because of its low prevalence. In this chapter, we
reviewed the surgical approaches and outcomes in patients with genetically proven
LS who underwent surgical resection for first CRC to guide decision-making for the
optimal surgical approach in these patients.

10.2 Baseline Characteristics of LS-Associated CRC Updated

Baseline characteristics of LS-associated CRC have been previously reported; how-
ever, the majority of previous studies enrolled patients who fulfilled clinical criteria
such as the revised Amsterdam criteria and/or those characterized with high pene-
trance of CRC, that is, those with proven pathogenic variant in MLHI or MSH?2.
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Recent advances in genetic diagnosis of LS and the widespread use of universal
LS-associated tumor screening have led to the updating of characteristics of
LS-associated CRC, which is an important factor in surgical treatment.

The “Mallorca group” [3] has recently conducted a prospective study of 1942
individuals with germline pathogenic variants of MLHI, MSH2, MSH6, and PMS2
and reported the revised estimates of the different penetrance of CRC. These 1942
individuals who did not develop previously cancer had colonoscopic surveillance
for a total of 13782 observation years. Among those with first cancer, the cumula-
tive incidences of CRC at 70 years by gene were 46%, 35%, 20%, and 10% for
MLHI, MSH2, MSH6, and PMS2 carriers, respectively.

Kim et al. [5] reported the tumor location of first CRC and synchronous CRC in
114 LS patients with a mean age of 43 years (range, 24-82 years) who were referred
to genetic testing through universal tumor screening. The tumor was located in the
right colon, left colon, and the rectum in 74 (69.8%), 21 (19.8%), and 11 (10.4%)
patients. Synchronous CRC developed in 12 (11.3%), while metachronous CRC
developed in 13 (11.4%). Approximately half (54%) of the metachronous CRCs
were located in the right colon, while four (31%) were in the rectum.

Hiatt et al. [6] analyzed 64 LS patients who underwent SC for proximal colon
cancer and reported that 6 (46%) of the 13 patients who developed metachronous
CRC, developed it again in the remaining proximal colon.

Win et al. [7] analyzed 79 LS patients with first rectal cancer treated with abdom-
inal perineal resection or anterior resection and reported that 21 metachronous
CRCs developed, 16 (76%) of which were in the proximal colon (cecum, ascending
colon, hepatic flexure, or transverse colon).

10.3 Surgical Treatment for CRCin LS
10.3.1 Prophylactic Surgery

In the past, prophylactic colorectal resection such as total proctocolectomy with
ileorectal anastomosis or total proctocolectomy with ileal pouch-anal anastomosis
(IPAA) prior to first CRC development was performed in selected individuals with
LS or hereditary nonpolyposis CRC (HNPCC) [8] without genetic diagnosis.
However, because of the lower penetrance of CRC in carriers of the LS pathogenic
variant than patients with familial adenomatous polyposis, prophylactic colorectal
resection should not be performed regardless of the type of resection.

10.3.2 Metachronous Risk of CRC Following SC vs. EC for First
Colon Cancer

Heneghan et al. [9], Anele et al. [10], and Malik et al. [11] conducted systematic
reviews and meta-analyses to investigate the risk of metachronous CRC following
SC for first CRC compared to EC (Table 10.1). Of these studies, Malik et al. [11]
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evaluated the largest cases and reported the genetically proven cases separately
from those who were not. They demonstrated that among patients with genetically
proven, the risk of metachronous CRC development was 8.56-fold higher following
SC as compared with EC. Similarly, the risk was also higher (3.04-fold) following
SC among patients meeting the Amsterdam criteria only. This result seems reason-
able because the cohort comprised patients meeting the Amsterdam criteria, which
potentially included patients with familial CRC type X [12] who are known to have
a lower risk of metachronous CRC than LS patients. The risk of metachronous CRC
following SC as compared with EC reported by Heneghan et al. [9] and Anele et al.
[10] seems to concur with that reported by Malik et al. [11].

However, the findings of these studies should be interpreted with caution as they
included a significant proportion of patients with first rectal cancer who were
regarded to have undergone “colectomy.” In addition, these studies included both
patients with genetically proven LS and those who fulfilled the Amsterdam criteria
only. Despite the useful information they provided, these three systematic reviews
and meta-analyses contain inappropriate studies to strictly evaluate the optimal sur-
gical procedures for patients with CRC in LS. Specifically, the study by Natarajan
etal. [13], which was included in all the three systematic reviews and meta-analyses,
included patients who underwent EC prior to the development of first CRC as a
prophylactic treatment. In the study by Win et al. [7], which was included in the
systematic review and meta-analysis by Malik et al. [11], all the patients had rectal
cancer and were classified into segmental resection group only.

We retrieved five studies comparing SC and EC among patients with genetically
proven LS only that were reported between January 2011 and September 2018
(Table 10.2). Similar with findings in previous studies, metachronous CRC was
found to occur more frequently in patients who underwent SC (144/639, 22.5%)
than in patients who underwent EC (7/215, 3.3%) during long-term follow-up.
Collectively, these findings indicate that compared with SC, EC can reduce meta-
chronous CRC in LS patients with first colon cancer. However, we should note that
there may be substantial selection bias because patients selected for EC were more
likely to have been genetically diagnosed with LS preoperatively and were likely to
have stage I cancer than those who underwent SC.

10.3.3 Risk Factors for Metachronous CRC Following SC for First
Colon Cancer

Identifying the risk factors for metachronous CRC following SC for first colon
(CRC) cancer is important because most patients with LS-associated CRC under-
went genetic diagnosis for MMR deficiency following SC for first CRC. The risk
factors for metachronous CRC after SC have been reported previously. Kim et al.
[5] reported that bowel resection >25 cm decreased the risk compared with less
extensive resection (hazard ratio (HR): 0.10; 95% confidence interval (CI):
0.01-0.86). Parry et al. [14] also reported that the risk of metachronous CRC signifi-
cantly reduced by 31% (95% CI: 12-46%, P = 0.002) for every 10 cm of bowel
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removed. These findings may help when surgeons select SC for patients with
LS-associated first CRC. Moreover, these results may be useful for genetically
proven LS patients with first CRC and their consulting surgeons to preoperatively
decide the type and extent of colorectal resection.

10.3.4 Overall Survival Following SC vs. EC for First Colon Cancer
and Decision Analytic Models

Two studies [5, 15] showed no significant difference in disease-free or CRC-specific
survival between those who underwent SC and EC. In addition, four studies [5, 6,
15, 16] showed no significant difference in overall survival (Table 10.2). These
results may be explained by the following reasons. One is that the major cause of
death following surgery for first CRC is not CRC. A total of 40-61% of cancer
deaths were related to extra-colonic cancers [17]. Another explanation may be the
early detection of metachronous CRCs via periodic colonoscopic surveillance. Kim
etal. [5] reported that 93% of patients who developed metachronous CRC presented
with early-stage CRC without lymph node or systemic metastasis.

The advantage of EC may be influenced by the age at first CRC. According to the
decision analysis model proposed by a Dutch study group, the overall life expec-
tancy gain of EC (subtotal colectomy) compared with SC (hemicolectomy) at ages
27,47, and 67 years was 2.3, 1, and 0.3 years, respectively [18]. Similarly, Syngal
et al. [19] also described a decision analysis model that subtotal colectomy done at
25 years of age in patients with HNPCC led to the greatest life expectancy. Subtotal
colectomy done at the time of cancer diagnosis or identification of an adenomatous
polyp at an older age did not show any survival benefit compared with periodic
surveillance.

Despite the low level of evidence, we should note that EC performed for first
colon cancer does not lead to survival benefit compared with SC. However, EC done
at young age may have significant survival benefits.

10.3.5 Risk of Metachronous Colon Cancer Following
Proctectomy for First Rectal Cancer

Because of the low incidence of first rectal cancer in LS patients, we investigated
the risk of metachronous CRC following rectal cancer surgery separately.
Approximately 10-15% [5, 20, 21] of LS or HNPCC patients develop rectal cancer
as the first CRC, and the surgical decision-making for LS patients is more
complicated.

Win et al. [7] reported the results of a multinational collaborative study to evalu-
ate the risk of metachronous CRC in 79 patients with LS (mean age, 42.8 years;
range, 17-70 years) who underwent proctectomy (abdominal perineal resection in
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29, anterior resection in 50) for first rectal cancer. The cumulative risk of metachro-
nous colon cancer with a median follow-up of 9 years was 19% at 10 years, 47% at
20 years, and 69% at 30 years after proctectomy. They did not identify newly devel-
oping cancer in the remaining rectum. As described in the “Baseline characteristics
of LS-associated CRC updated,” 16 (76%) of the 21 metachronous CRCs were
located in the right colon, which may be due to the commonly observed shift to right
colon cancers in LS. Cox proportional hazard regression analysis was performed to
investigate the factors influencing the risk of metachronous colon cancer and it
showed that the risk of metachronous colon cancer was not associated with sex, age
at rectal cancer diagnosis, country of recruitment, cigarette smoking status, maxi-
mum tumor diameter, and histologic grade of rectal cancer. However, it was associ-
ated with a higher American Joint Committee in Cancer (AJCC) stage (HR: 6.14;
95% CI: 1.21-13.14, P = 0.03) and the presence of synchronous tumor (HR: 11.54;
95% CI: 1.06-125, P = 0.04).

A pan-proctocolectomy would be theoretically a choice to eliminate the risk of
metachronous CRC, particularly in patients in whom the primary tumor developed
in the rectum. Thus, some surgeons might recommend IPAA as a surgical interven-
tion due to the high risk of metachronous colon cancer following first rectal cancer
surgery. However, further investigations with larger series of patients with rectal
cancer are needed to determine the optimal surgical treatment for first rectal cancer
in LS patients. Currently, the first rectal cancer developing in LS patients should be
treated based on standard oncologic principles for sporadic rectal cancer.

10.4 Assessment for Quality of Life

To date, data on postoperative quality of life along with bowel function from differ-
ent surgical procedures are incomplete. Although not limited to patients with LS,
You et al. [22] compared 201 patients who underwent EC (total colectomy or sub-
total colectomy) and 321 patients who underwent SC and concluded that functional
outcomes regarding median daily stool frequency, urgency and looseness of stool,
and quality of life including sexual relations, recreation, travel, housework, and
social activity were better preserved after SC than EC. Haanstra et al. [23] surveyed
patients with LS who underwent surgical treatment of CRC and compared quality
of life outcomes in 51 patients who underwent SC and 53 patients who underwent
EC (total colectomy) with three validated instruments. After EC, there was a detri-
mental effect on stool frequency, social impact, and problems with defecation.
However, none of the three instruments demonstrated a negative impact on the over-
all quality of life between the two surgical procedures.

The extent of colectomy should therefore be balanced against functional out-
comes and quality of life. Prior to surgery for first CRC, patients with LS should be
informed of the functional differences and outcomes but the similar overall quality
of life between the two surgical procedures.
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10.5 Colonoscopic Surveillance and Chemoprevention
Following Resection of First CRC

Several studies on the efficacy and interval of colonoscopic surveillance before
CRC diagnosis in carriers of the LS germline pathogenic variant have been con-
ducted. A systematic review by Lindor et al. [24] concluded that colonoscopic sur-
veillance should be done every 1-2 years starting at age 20-25 years or at 10 years
younger than the youngest age diagnosed with colon cancer in patients with a fam-
ily history. Meanwhile, studies on the efficacy of postoperative colonoscopic sur-
veillance are limited. Kalady et al. [25] reported that in a colonoscopic surveillance
of 253 patients meeting the Amsterdam criteria who underwent SC, 221 (88%) of
whom had postoperative surveillance at a median interval of 25 months, 55 (25%)
developed metachronous CRC. Parry et al. [14] reported a 16% cumulative risk of
CRC following SC at 10 years postoperatively, despite an average of 1 colonoscopy
every 20 months. In addition, they reported that 47% of metachronous colon cancer
following SC were diagnosed as stage I, in contrast to the study by Kalady et al. [25]
that reported a higher proportion of advanced-stage disease. Although evidence is
limited, annual colonoscopy has been recommended after SC by some experts [26].
Because there is clearly a risk of metachronous rectal cancer, annual colonoscopic
surveillance may be recommended in patients with EC (total colectomy).
Chemoprevention in combination with stringent colonoscopic surveillance could
potentially reduce the risk of metachronous CRC in patients undergoing (procto)
colectomy regardless of the extent of bowel resection, but evidence is also lacking.
The CAPP2 randomized controlled trial [27] demonstrated that chemoprevention
with high-dose aspirin (600 mg daily) reduced the risk of developing CRC in LS
patients. After a mean follow-up of 55.7 months, aspirin had a protective effect
against CRC development, and the effect was even higher in those taking aspirin for
2 years or longer. This finding indicates that chemoprevention using high-dose aspi-
rin may eliminate the need for a prophylactic extended colectomy to prevent meta-
chronous colon cancer. However, the effect of aspirin is delayed and it is not until
after a latent period of approximately a decade that the risk is significantly lowered
when compared to a placebo. Despite the significant beneficial effect of aspirin, the
risk of metachronous CRC following SC compared to EC seems to be already
increased by several fold. Therefore, the use of high-dose aspirin is not considered
as an alternative approach to EC in terms of the prevention of metachronous CRC.

10.6 Conclusions

Studies have shown that overall survival is not significantly different between EC
and SC in CRC patients with LS, although EC may be a better surgical procedure
than SC in terms of low risk of metachronous CRC. EC may be recommended for
younger individuals with LS with CRC because it decreases the risk of metachro-
nous CRC, leading to a survival benefit. However, several clinical factors, including
the causative gene, the location of first CRC, the age of onset, the presence of
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synchronous tumor, and the AJCC stage, influence the development of metachro-
nous CRC. Data on the location of first CRC and characteristics of metachronous
CRC development are still limited. Particularly, whether the risk of metachronous
CRC differs between patients undergoing a right-sided SC and those undergoing a
left-sided SC for first colon cancer remains unclear. In addition, data on the charac-
teristics of patients with MHS6, PMS2, or EPCAM variants are lacking. Thus, the
optimal surgical approaches for first synchronous CRCs and metachronous CRC
following SC for the first CRC are yet to be determined. The current investigation
will be helpful to determine the best surgical treatment for LS patients with CRC at
an individual level.

In conclusion, surgeons and patients with LS should be aware of the risk of meta-
chronous CRC following SC despite 1-2 yearly postoperative surveillance in clini-
cal practice. Careful preoperative counselling concerning the choice of colorectal
resection for each patient is mandatory.
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Abstract

Patients with DNA mismatch repair deficient (AIMMR) microsatellite instability
(MSI) metastatic colorectal cancer, including Lynch syndrome, are a distinct
population who benefit less from conventional chemotherapy and have a shorter
overall survival than do patients with proficient MMR (pMMR) metastatic
colorectal cancer. However, after the clinical breakthrough of monoclonal
antibody-based immune checkpoint blockade therapies that enhance the function
of antitumor T lymphocytes, the treatment of such dAMMR-associated recurrent/
metastatic cancers has drastically changed. This chapter aims to review some of
the many advances in immunotherapy for Lynch syndrome patients with
advanced cancers.
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11.1  Immunotherapy

Immunotherapy has recently emerged as a viable and attractive cancer therapy.
Monoclonal antibody-based immune checkpoint blockade therapies that enhance
the function of antitumor T lymphocytes have been particularly promising, yielding
unprecedented clinical efficacies. Buoyed by these successes, considerable opti-
mism has been built in the area of immuno-oncology to capitalize on the efficacy of
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these revolutionary cancer therapies, which have provided durable remission in
many cancer patients. The concept that the immune system can recognize and con-
trol tumor progression traces its origin to 1893 when William Coley used live bac-
teria as an immunostimulant to treat cancer. However, restricted clinical efficacy
owing to the ability of tumor cells to avoid recognition and elimination by the
immune system, allowing them to become established in the host, has dampened the
enthusiasm for cancer immunotherapy [1]. Over the past few decades, however,
there has been tremendous progress in understanding how a cancer cell escapes the
immune system, and basic research findings have enabled the development of novel
approaches to halt cancer immune evasion in favor of eliminating cancer cells.

The clinical success of cancer immunotherapy has been largely achieved through
immune checkpoint inhibitors (ICIs), antibodies to cytotoxic T-lymphocyte antigen-
4 (CTLA-4), and programmed death-1 (PD-1) that have tipped the balance in favor
of the immune system to eliminate cancer cells. These drugs work through the
release of “brakes” that prevent T cells (a type of white blood cell and part of the
immune system) from killing cancer cells. These drugs do not directly target the
tumor, rather they interfere with the ability of cancer cells to evade an immune
response. The clinical impact of cancer immunotherapy has been significant enough
to warrant it being named as 2013s Breakthrough of the Year by Science magazine
[2]. James P. Allison, who investigated CTLA-4 in an important clinical study in
2010 and showed striking effects of antibodies against CTLA-4 in patients with
advanced melanoma [3-5], along with Tasuku Honjo, who discovered PD-1 and
unraveled its role through a series of elegant experiments performed over several
years in his laboratory at Kyoto University [6-9], received the 2018 Nobel Prize in
Physiology or Medicine for their discovery of cancer therapy through inhibition of
negative immune regulation.

11.2 Immune-Associated Features in Lynch Syndrome

Lynch syndrome is caused by pathogenic germline variants in the DNA mismatch
repair (MMR) genes, MLH1, MSH2, MSH6, or PMS?2 (and, rarely, in the non-MMR
gene EPCAM, in which deletions induce epigenetic silencing of MSH2) [10]. The
deficiency of MMR complexes (IMMR) causes microsatellite instability (MSI),
which means the somatic accumulation of small insertion or deletion events at mic-
rosatellites in the genome. When such frameshift mutations occur at hotspot micro-
satellite loci within coding regions of tumor suppressor genes (e.g., TGFBR?2), they
promote carcinogenesis [11]. Additionally, as these mutations generate shifts in the
reading frames of many of these genes, the resulting mutant alleles often encode
novel amino acid sequences, sometimes termed “frameshift peptides,” some of
which may function as potent tumor-specific antigens. Indeed, MSI tumors show a
markedly greater presence of tumor-infiltrating lymphocytes [12, 13].

The hypothesis that IMMR/MSI tumors stimulate the immune system is not new
[14]. In fact, dense immune infiltration and Th1l-associated cytokine-rich environ-
ment observed in MMR-deficient tumors support the hypothesis [13, 15-18]. This
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has been further corroborated by a recent study showing that the dAMMR tumor
microenvironment strongly expressed several immune checkpoint ligands, includ-
ing PD-1, PD-L1, CTLA-4, LAG-3, and IDO, indicating that the active tumor
microenvironment is counterbalanced by immune inhibitory signals that resist
tumor elimination [19]. The most likely explanation for these findings is that the
immune infiltrate associated with dAMMR carcinomas is directed at neoantigens.
The correlation of a higher mutational load and a higher rate of response to anti-
CTLA-4 in melanoma and anti-PD-1 in lung cancer further supports the notion that
mutation-associated neoantigen recognition is an important component of the
endogenous antitumor immune response [20, 21].

The Cancer Genome Atlas (TCGA) and international consensus groups have
adopted consensus definitions of colorectal cancer subtypes [22], and TCGA has
reported that a subset of colorectal cancers possesses markedly elevated tumor
mutation burden (TMB) rates. These tumors are characterized as hypermutant phe-
notype based on the dysfunction of the MMR genes (most tumors in the TCGA
report were sporadic MSIs) or POLE. Hypermutant tumors constitute a minority of
colorectal cancers, with decreasing frequency in more advanced stage disease. For
example, the prevalence of tumors with MSI in stage II, III, and I'V colorectal can-
cers stand at 20%, 12%, and 4%, respectively [23-26]. Thus, Lynch syndrome-
associated (and sporadic MSI) colorectal cancers have superior stage-for-stage
prognoses compared with non-MSI (also termed as chromosomal instability or non-
hypermutated) tumors.

11.3 ICITherapies for Lynch Syndrome

As mentioned above, compared with patients with sporadic colorectal cancer, those
with Lynch syndrome have superior stage-for-stage prognoses; however, in some
cases, the latter unfortunately develop recurrent/metastatic colorectal cancer or
other forms of advanced and incurable Lynch syndrome-associated cancer [27].
Targeted therapies in these individuals include monoclonal antibodies that target
PD-1. In the first study of its kind to specifically examine such agents in metastatic,
refractory dMMR cancers, 11 individuals with dMMR colorectal cancer, 21 indi-
viduals with MMR-proficient (p)MMR) colorectal cancer, and 9 individuals with
dMMR non-colorectal cancers were treated with a single-agent pembrolizumab
[28]. In this cohort, there were markedly superior outcomes [hazard ratio for pro-
gression or death, 0.04; 95% confidence interval (CI), 0.01-0.21] in individuals
with dMMR cancer compared with those with pMMR cancers. Overall response
rates measured using RECIST criteria were 40% and 71% for dMMR colorectal
cancers and non-colorectal cancers, respectively, with no responses among those
with pMMR colorectal cancers. Similarly, overall disease control rates were 90%
and 71% for dMMR colorectal cancers and non-colorectal cancers, respectively,
compared with 11% for pMMR colorectal cancers. With a median follow-up time of
36 weeks, the median progression-free survival was not attained for either cohort of
patients with dMMR cancers (vs. a median progression-free survival of only 2.2
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months among patients with pMMR colorectal cancer). Follow-up data with pem-
brolizumab in 86 patients with a wide variety of previously treated metastatic/
advanced dMMR cancers showed an objective response rate of 53% (95% CI,
42-64%) across tumor types, including a 21% complete response rate and a 77%
overall disease control rate; median overall survival and progression-free survival
were not attained at a median follow-up time of 12.5 months [29].

A complementary single-arm phase II study examined nivolumab, an anti-PD-1
monoclonal antibody, in 74 individuals with chemotherapy-refractory dMMR
colorectal cancer [30]. An investigator-assessed objective response rate of 31.3%
(23 of 74 patients) was observed in this study, and the median duration of response
was not reached during the study period (median follow-up time, 12.0 months).
Similarly, the median overall survival was not attained during the study period, and
the median progression-free survival was 14.3 months, which indicates that the
responses experienced by patients with AMMR colorectal cancer in this study were
quite durable.

The use of anti-PD-1 antibodies in advanced dMMR cancers to date has not
shown any significant difference in response rates or outcomes between individuals
with and without known Lynch syndrome [28-30]. Correlative translational data
have demonstrated marked expansion of T cells targeted toward frameshift neopep-
tides after treatment with anti-PD-1 antibody therapy in patients who experienced
objective responses, strongly corroborating the hypothesis that these antigenic
frameshift neopeptides are crucial for the success of immune-based therapies. These
findings provide an impetus for strategies that leverage immune-based mechanisms
to prevent Lynch syndrome-associated cancers [29]. Indeed, the response rates of
ICI have been shown to positively correlate with the increase in genetic mutation
number observed in cancer cells [31]. Emerging data indicate that among the pri-
mary and secondary resistance mechanisms to anti-PD-1 therapy, -2 microglobulin
mutations that lead to the downregulation of antigenic presentation mechanisms
may account for a sizable fraction of resistance to immune checkpoint block-
ade [30].

These exhilarating successes led to the accelerated approval in 2017 by the US
Food and Drug Administration of pembrolizumab to treat advanced, pretreated
dMMR/MSI cancer (regardless of primary site) and nivolumab (dIMMR/MSI
colorectal cancer only). Most recently, a single-arm phase II study of nivolumab
with ipilimumab (a monoclonal antibody targeted against CTLA-4) in 119 individu-
als with advanced dMMR/MSI colorectal cancer demonstrated an overall response
rate of 55% (with 83% of all responses lasting > 6 months) and a 12-month overall
survival rate of 85% [32].

Furthermore, another interesting result of a study of nivolumab with ipilimumab,
called the NICHE study, has been reported at ESMO2018 [33]. This study had an
arm of patients with colorectal cancer without distant metastasis who underwent
preoperative treatment with nivolumab with ipilimumab before surgical resection.
Of the seven cases of dAMMR colon cancer and eight cases of pMMR colon cancer,
quite surprisingly, four out of seven cases of dAMMR colon cancer showed no rem-
nant tumor in the resected specimen (0%), and the remaining three tumor specimens
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showed only 1-2% remnant tumor. On the other hand, eight resected pMMR colon
cancer specimens showed 85-100% remnant tumor. In the near future, dMMR
colorectal cancer could be cured without surgical resection through neoadjuvant ICI
therapies. These positive findings provide a fillip to synergize different mechanisms
of immune checkpoint blockade to achieve tangible goals in cancer therapy.

In summary, post-ICI era, although treatment strategy is drastically changed and
improved to tumors with higher mutation burden including Lynch syndrome, we
should keep attention to the unnoticed evidence that ICIs do not work on all the
tumors with higher mutation burden including Lynch syndrome.
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Abstract

Recently, patients who have been diagnosed with colorectal cancer (CRC) at a
younger age are increasing and display more hereditary CRC than previously
thought. The development of next-generation sequencing gene panel testing
will diagnose more patients; thus, the number of Lynch syndrome (LS) patients
may increase in the future. As a result, we must perform CRC screening and
target preventive measures to younger individuals. In addition to diet and life-
style modifications that encompass cancer prevention, cancer chemopreventive
agents have been adopted for those who are in high-risk cancer groups, such as
LS. The routine use of chemopreventive agents for patients with LS remains
under debate. However, aspirin chemoprevention trials for LS-associated CRC
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yielded promising results for future clinical use. In this chapter, we introduce
cancer chemoprevention and focus on the current status and future prospects of
chemoprevention for LS-associated malignancies.
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12.1 Introduction

In this chapter, important aspects of the current status and future prospects for can-
cer chemoprevention against Lynch syndrome (LS)-associated malignancies are
summarized.

12.1.1 Chemoprevention

Chemoprevention was first introduced by Dr. Sporn in 1976 [1]. Chemoprevention
is now defined as the ability to suppress, delay, or reverse carcinogenesis and the
resultant prevention of cancer development by the use of specific agents, including
natural and chemical compounds [2]. This term is applied to agents that could also
play a role in several carcinogenesis steps. Cancer chemopreventive agents are
expected to possess a function, such as blocking the action of carcinogenic agents
that change DNA, activating the DNA repair system, decreasing cell cycle speed or
inhibiting the spread of cancer through metastasis [3].

12.1.2 Subjects Adopted for Cancer Chemoprevention

As the user of cancer chemopreventive agents is not a cancer patient, the ideal can-
cer chemopreventive agent must meet several criteria, such as a convenient dosing
schedule, easy administration, low cost, and low side effects. Cancer chemopreven-
tive agents are adopted for those who are in cancer high-risk groups. Recently, che-
moprevention has been used for those who already have cancer but are not showing
clinical symptoms or who have premalignant/precursor lesions. Generally, cancer
chemopreventive agents are not adopted for the general population. The highest
return from chemopreventive strategies may be in patients with a hereditary predis-
position for developing colorectal cancer (CRC). Among familial gastrointestinal
cancer syndromes [4], familial adenomatous polyposis (FAP), and Lynch syndrome
(LS) may fall under this consideration. FAP is a rare autosomal dominant inherited
disorder mainly attributed to APC gene mutation and typically characterized by the
occurrence of more than 100 polyps in the colorectum and other parts of the intes-
tine. Half of FAP patients develop CRC by the age of 40 [5]. Patients with LS, also
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called a hereditary non-polyposis colon cancer (HNPCC), develop malignant
lesions due to a breakdown of the DNA mismatch repair (MMR) gene. Notably,
there are other polyposis syndromes, such as juvenile polyposis, in which the
responsible gene is SMAD4, Peutz Jeghers syndrome, in which the responsible gene
is STK11, and Cowden syndrome, in which the responsible gene is PTEN.

12.1.3 Sources of Finding Chemopreventive Agents

The development of cancer chemopreventive agents in LS is discussed in a separate
section. In this report, we describe the sources of developing common cancer che-
mopreventive agents. The identification of chemopreventive agents comes from dif-
ferent sources: (1) data from observation studies demonstrating that specific eating
habits have lower incidences of specific cancers, (2) data from epidemiological
studies or clinical studies that improved cancer outcomes in a study population as a
secondary effect of a drug, and (3) data from laboratory studies showing the use of
an agent not only inhibits cell proliferation but also elicits surrogate markers of a
malignant to normal reversion at some level [6].

12.1.4 Recent Results of Cancer Chemoprevention Studies

A decrease in cell count or cell proliferation in cancerous cells by candidates of
cancer chemopreventive agents in the laboratory can be easily observed, but it is not
easy to demonstrate the chemopreventive properties of potential agents when trials
are performed on the populations. Thus, to date, the results of cancer chemopreven-
tion are more scarcer than expected. Although a large number of candidates of che-
mopreventive agents have already been tested, in the USA, there are only
approximately 15 molecules approved by the US Food and Drug Administration
(FDA) for use as cancer chemopreventive agents [3]. For instance, tamoxifen and
raloxifene, a selective antagonist of the estrogen receptor, have been approved for
breast cancer, aspirin and celecoxib have been approved for CRC, and the human
papillomavirus (HPV) vaccine has been approved for cervical cancer. Tamoxifen is
the first chemopreventive agent approved by the FDA and it works because a high
proportion of breast cancers express estrogen receptors that cause cancer cell prolif-
eration. We have found recent ongoing trials that successfully achieved translational
research in public trial registries (https://www.ClinicalTrials.gov/, www.ISRCTN.
com, www.umin.ac.jp/ctr/index/htm, or www.trialregister.nl).

12.1.5 Chemoprevention for Colorectal Cancer
In the case of CRC prevention, treatment should ultimately be aimed at delaying

colectomy, reducing frequent performance of endoscopies and polypectomies and
preventing cancer development.
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Based on reports of chemopreventive activity in the literature and/or efficacy
data from in vivo and in vitro models, the most promising drugs that prevent CRC
are aspirin and other nonsteroidal anti-inflammatory drugs (NSAIDs) [7, 8]. The
FDA approved aspirin and celecoxib for adults aged 50-59 with a higher risk of
CRC and individuals greater than 18 years old from FAP families, respectively. The
effectiveness of these drugs may be attributed to the inhibition of cyclooxygenase
(COX) enzyme activity. Another agent that possesses anti-inflammatory function is
omega-3 polyunsaturated fatty acid, which has been proven to inhibit carcinogene-
sis in FAP patients [9]. However, there is a possibility of a drawback in serum-free
fatty acids that may induce cells less sensitive to insulin and thus promote hypergly-
cemia [10]. In the case of metformin, a biguanide compound used for the treatment
of diabetes mellitus, and statins, which are used for lowering cholesterol, the results
are both still controversial. Recently, chemopreventive effects of metformin on spo-
radic adenoma recurrence were shown by a double-blind, placebo-controlled, ran-
domized trial [11]. Further studies are needed to confirm the robust evidence
collected from this trial.

12.2 Chemoprevention Trial for Lynch Syndrome

The routine use of chemopreventive agents for patients with LS remains debated.
However, there are several chemoprevention trials for LS using aspirin, calcium
supplementation (CaCOs;), sulindac, celecoxib, and other agents [12]. Among these
agents, aspirin seems to be of real interest. Calcium and sulindac failed to obtain
positive results. We will introduce several chemoprevention trials for LS including
ongoing trials.

12.2.1 Aspirin Trial

12.2.1.1 CAPP2

The regular use of aspirin or other NSAIDs has been reported to reduce the risk of
colorectal adenomas and cancer. In addition, resistant starch has also been reported
to show antineoplastic effects on rodent carcinogenesis models [13, 14]. However,
the utility of aspirin, resistant starch or both have been unknown in terms of whether
they will prevent colorectal carcinogenesis in LS before the Colorectal Adenoma/
Carcinoma Prevention Program (CAPP) 2 trial.

The CAPP2 trial is the largest chemoprevention trial for LS-associated
CRC. Another feature of this trial is that it is the first double-blind randomized trial
of aspirin chemoprevention with LS-associated CRC as a primary endpoint. This
trial is designed as a 2 x 2 factorial randomized trial. Lynch syndrome gene carriers
(n = 861) were divided into intervention groups of an aspirin enteric-coated tablet
(600 mg/day for a minimum of 2 years), resistant starch (30 g/day for a minimum
of 2 years), and a matched placebo (427 participants) for 1-4 years. This trial has
also planned a 10-year follow-up [15]. The primary endpoint of this trial was
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detection of more than one colorectal adenoma or CRC. Secondary endpoints were
the detection of an adenoma only, CRC only and advanced adenoma or CRC.

After a mean observation period of 29 months, aspirin was not shown to affect
the development of colorectal neoplasia. However, after a longer observation period
of 55.7 months, LS patients treated with 600 mg/day aspirin for at least 2 years
showed a hazard ratio of 0.63 (CI10.35-1.13 P =0.02) for LS-associated CRC com-
pared to the placebo. Adverse events in the aspirin and placebo group were almost
the same. Other findings from CAPP2 are that obesity is associated with a substan-
tially increased CRC risk. The risk in the obese LS participants was 2.41 x (95% CI,
1.22-4.85) greater than for underweight and normal-weight participants [16].
Interestingly, this risk is abrogated by taking aspirin. Findings from CAPP2 suggest
that a follow-up for several years after a randomized trial might be necessary to
evaluate the effects of aspirin and other CRC chemopreventive agents.

12.2.1.2 CAPP3

To recommend the routine use of aspirin in LS patients, the optimal aspirin dose,
duration of use, and aspirin-associated side effects must be further evaluated.
Notably, 600 mg doses of aspirin are not available in the USA. Therefore, the
CAPP3 trial aims to randomize 1000 LS mutation carriers to three doses of aspirin
(100, 300 and 600 mg/day) and will examine the CRC incidence and adverse event
rate during the 5-10-year follow-up period [17]. This CAPP3 trial is currently
ongoing.

12.2.1.3 AAS-Lynch

Another clinical trial (AAS-Lynch) will evaluate the effect of low-dose aspirin
(100 mg/day or 300 mg/day) for 4 years on colorectal adenoma formation in
18-75-year-old LS patients. The primary endpoint of this trial is the number of
patients with at least one adenoma seen on chromo-endoscopy 48 months after com-
plete withdrawal of polyps and initiation of treatment (aspirin or placebo). This
AAS-Lynch trial (NCT02813824) is also currently ongoing.

12.2.2 Naproxen Trial

In the mouse model of LS, it has been shown that naproxen is a more effective che-
mopreventive agent than aspirin. Similar to aspirin, naproxen is an NSAID with
minimal cardiac side effects. This randomized phase Ib/Il clinical trial
(NCT02052908) is investigating the effects of naproxen in preventing LS-associated
CRC. This study investigates the safety of naproxen by examining side effects, such
as ulcer, heart attack, and kidney disorders, and the change of the molecule in the
normal colonic mucosa by naproxen treatment. Patients receive high-dose naproxen
(440 mg/day), low-dose naproxen (220 mg/day), or placebo for 6 months [18]. The
dose of naproxen is equivalent to the recommended amount on the market (1 tablet
or 2 tablets of 220 mg tablets). Participants undergo colonoscopy before treatment
and 6 months after treatment. Prostaglandin E, levels will be measured from
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participants’ blood, urine, and tissue samples. Moreover, the effects of long-term
naproxen treatment on tissues, messenger RNA and microRNA signatures will be
assessed. Similar to the aspirin, this trial attempting to discover biomarkers to iden-
tify the most effective subjects for naproxen.

12.2.3 Progestin Trial

Endometrial cancer, breast cancer, and ovarian cancer are presumed to be an
estrogen-driven malignancy. Observational and case control studies showed that the
use of progestin-containing oral contraceptive pills (OCPs) has been associated
with a reduction of endometrial cancer risk in the general population [19, 20].

A short-term phase II randomized chemoprevention study was performed to
investigate the effects of progestin-containing OCPs or depo-medroxyprogesterone
acetate (depoMPA) on endometrial proliferation in women with LS [21].
Asymptomatic women (25-50 years old) with a diagnosis of LS underwent baseline
transvaginal ultrasound and endometrial biopsy and were then randomized to the
two groups that receive progestin-containing OCPs or depoMPA for 3 months fol-
lowed by repeat transvaginal ultrasound and endometrial biopsy. A total of 51
women were enrolled, and 46 completed the treatment. The primary endpoint was
change in endometrial proliferation measured by Ki67 expression on endometrial
biopsies performed pre- and posttreatment. Secondary endpoints were changes in
endometrial histology, endometrial thickness, and expression of estrogen-modulated
genes. These results demonstrated that women with LS showed an endometrial
response to short-term exogenous progestin exposure.

12.3 Chemoprevention for LS in the Future

As mentioned in the previous section, clinical trials to prevent cancer with LS
have not been sufficiently performed, and aspirin is the only promising drug at the
present time. Pharmacoepidemiological data on LS are not present at the moment.
Therefore, to increase the number of candidates of cancer chemopreventive
agents, it is necessary to begin drug screening in cells and conduct animal
experiments.

Isolating products or plant extracts that are not toxic for continuous human con-
sumption is a challenge, and the difficulty is very significant in translational medi-
cine. Thus, it is important to include ideas of drug repositioning because information
on side effects is already examined for medicines before their development. The
ideal compound for chemoprevention is as follows: one that (1) has little or no tox-
icity, (2) presents high efficacy, (3) can be taken orally, (4) has a known mechanism
of action, (5) is a low-cost drug, and (6) displays easy human acceptance for the
years in which it is taken. It will be helpful when screening drugs with to keep these
points in mind.
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Even in aspirin, a safe medicine with long accepted use, the proper doses and
when it should start being used as a chemopreventive agent lead to discussions. In
LS patients, a benefit will be seen when with aspirin use, but higher doses and con-
tinuous use might be related to gastric and intracranial hemorrhages. It is desirable
to prepare guidelines to select LS patients who show aspirin chemopreventive
effects and are less likely to have side effects.

12.3.1 Establishment of Screening Method for LS-Associated
Colorectal Cancer

LS is a disease in which cancer occurs due to gene instability as a result of a patho-
genic mutation in one of four MMR genes: MLHI, MSH2, MSH6, or PMS2.
Inactivation of the MSH or MLH genes are driven by methylation rather than muta-
tion. MLH1 and MSH?2 mutations are responsible for greater than 90% of all cases
of LS [22]. Those errors tend to occur in microsatellite areas. Thus, the molecular
hallmark of LS cancers is this high microsatellite instability (MSI), which is present
in approximately 93% of tumors [23].

MMR-deficient cells are adequate models to investigate LS-associated CRC
in vitro. Some of the MMR-deficient human CRC cell lines are as follows: HCT116
(MLH1, base substitution resulting in a termination signal at exon 9 codon 252),
SW48 (MLHI1, promoter methylation), RKO (MLHI, promoter methylation),
HCT15/DLD1 (MSH6, 1 bp deletion at codon 222 resulting in a nonsense mutation
and frameshift mutation at codon 1103 that causes a new stop colon 9 bp down-
stream) [12].

Our group has developed an in vitro screening system to develop an effective
cancer chemopreventive agent for FAP patients. FAP is also involved in familial
gastrointestinal cancer syndromes. In this in vitro screening method, we focused
on three signaling pathways that may be involved in the early stages of colon
carcinogenesis (Wnt, NF-kB, NRF2) and selected agents that inhibit TCF/LEF
and NF-xB and activate NRF2 transcriptional activity in several human CRC
cells. Aberration of Wnt signaling is assumed to be the first step in the colorectal
carcinogenic process, regardless of chromosomal instability (CIN) or MSI. Of
note, almost 90% of colorectal cancer is associated with activated Wnt signaling
through mutations of APC and/or CTNNBI (beta-catenin). Conversely, mutation
signature analysis in LS-associated CRC revealed that KRAS and APC mutations
commonly occur after the onset of MMR deficiency [24]. Thus, we believe that an
in vitro screening method for FAP could be used for LS-associated CRC. Indeed,
our idea is supported by the observation that aspirin, which is useful to prevent
colorectal tumor in FAP patients [8], at doses >325 mg/day reduced the incidence
of LS-associated CRC by >50% [25]. These results are encouraging from the
point of view that inhibition of inflammation status may be an effective chemopre-
ventive strategy in typical APC-mediated tumors/adenomas and lesions with an
MSI phenotype.
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12.3.2 Establishment of Animal Models for LS-Associated
Colorectal Cancer

Using precursor lesions, such as colorectal adenoma, for developing chemopreven-
tive agents is an attractive method. However, it is important to develop animal mod-
els in which these lesions are developed and could be easily monitored for
progression to cancer or response to intervention.

Familial gastrointestinal cancer syndromes in genetically engineered mice mod-
els are well summarized elsewhere [26]. Mouse models for MMR genes, such as
MIhl, Msh2, Msh6, and Pms2, have been under investigation for many years.
Heterozygous knockout of the MIh or Msh genes failed to show a cancer phenotype
[26]. Homozygous knockout of the MIh or Msh genes develop small intestine
tumors, but lymphomas are also developed. The intestinal tumors showed MSI and
as expected, routinely exhibited mutations in Apc. Loss of APC function seems to
play a critical role for cancer development in an MMR-deficient genetic back-
ground. Concomitant mutation in MMR genes and the Apc allele (Apc™™* or
Apc'o®N* mice) results in accelerated tumorigenesis and limits tumor development
in the intestinal tract [27]. In the case of LS-associated CRC with an APC mutation,
these mouse models provide an excellent tool for studying novel chemopreventive
agents. Another mouse model with a mutation in MMR genes and mutations in
TgfPRII or Bax is desired to further understand LS-associated CRC.

12.4 Future Aspects

Clearly, benefits from diet and lifestyle modification targeting cancer prevention
should be considered before advancing cancer chemoprevention to high-risk indi-
viduals. Physical activity, weight control, low-fat diet, consumption of abundant
fruits and vegetables and smoking cessation have all been robustly demonstrated to
prevent cancer. This preventive method is useful not only for the prevention of can-
cer but also for the prevention of other chronic diseases. There are no drugs without
side effects that depend on the dose and time of use. Thus, a risk/benefit consider-
ation should be made in order to decide whether a chemopreventive agent should be
used [28].

The development of next-generation sequencing gene panel testing will improve
the ability to diagnose more patients. Recently, in the USA, patients who are diag-
nosed with CRC at a younger age display more hereditary CRC than has previously
been thought [29]. In addition, CRC incidence trends in Surveillance, Epidemiology,
and End Result areas from 1974 to 2013 (n = 490 305) revealed that the incidence
of CRC in young individuals continues to rise [30]. These data imply that the num-
ber of LS patients may increase in the future, and we must perform CRC screening
and target preventative measures to individuals younger than 50 years of age.

The next-generation panel testing will define the exact mutations, and a precise
genetic diagnosis for LS enables a better understanding of the nuances between dif-
ferent gene mutations, the relevance of some variants, and the spectrum of the
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syndrome. These results may help to identify nongenetic modifiers that may influ-
ence the clinical phenotype of LS in basic research and help to design cancer che-
moprevention trials that may be successfully conducted without wasting resources
and time.
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Abstract

Lynch syndrome (LS) is a common hereditary colorectal cancer (CRC) syn-
drome, however the diagnosis of LS in daily clinical practice is still difficult due
to the insignificant manifestation of the disease compared to other hereditary
CRCs such as FAP, which typically develops thousands of polyps in a large intes-
tine and simply identified by colonoscopy. International collaboration is always
essential in understanding of the etiology and the clinical manifestations of the
rare diseases such as hereditary cancer syndromes. International collaboration
group for LS was established as an ICG-HNPCC (International collaborative
group on hereditary non-polyposis colorectal cancer) and the first meeting was
held at Amsterdam hosted by Hans Vasen in 1990. ICG-HNPCC merged to Leeds
Castle Polyposis Group (LCPG) and the International Society for Gastrointestinal
Hereditary Tumors (InSiGHT) was established in 2005. This society was always
the center of the physician, surgeon, researcher, geneticist, genetic counselor,
etc. involved in this field and established clinical criteria and central database
with collection of causative gene alterations for clinical use. It also supported
multiple international research collaborations. Other related collaboration groups
such as European Hereditary Tumor Group and Collaborative Group of the
Americans on Inherited Gastrointestinal Cancer (CGA-IGC) are also mentioned.
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13.1 Introduction

Individual energetic work is important in understanding unknown disease or syn-
drome, however collaboration especially international collaboration is always
essential in understanding of the etiology and the clinical manifestations of the rare
diseases such as hereditary cancer syndromes. Although Lynch syndrome (LS) is a
common hereditary colorectal cancer (CRC) syndrome, diagnosis of LS in daily
clinical practice is still difficult due to the insignificant manifestation of the disease
compared to other hereditary CRCs such as FAP, which typically develops thou-
sands of polyps in a large intestine simply identified by colonoscopy. Assembly of
CRCs in patients within a family was first published by Bashford in 1908 [1].
However, he thought that the disease comes from environmental factor but not from
heredity.

Concept of LS was initially recognized by a pathologist and physician Aldred
S. Warthin at the University of Michigan in 1913, who carefully listened to one of
his patients, seamstress, and gathered an extensive family history and proposed a
familial explanation for this phenomenon [2].

Of course, Dr. Warthin followed up his own family members, Henry T. Lynch
and others also intensively followed his work, finally finding numerous similar fam-
ilies in a variety of communities and countries [3-5].

The investigators recognized that some familial CRCs were associated with a
novel cancer “pathway,” replication error (RER), or microsatellite instability (MSI),
that had been independently discovered by two groups who did not suspect that there
might be a familial form of this pathway [6-8]. The identification of thoroughly
defined families led to the linkage of the cancer-prone phenotype to a single locus of
chromosome 2p in 1993 [9]. Then, the discovery of one of the causative gene (MSH2)
of Lynch syndrome was made in 1994 [10]. A focused race finally led to the discov-
ery of the four genes, MSH2, MLH1, PMS2, and MSH6, responsible for LS [11].

Informed by the knowledge of genetic basis of the disease, that driven by the
development and validation of two powerful clinical tools, MSI and immunohisto-
chemistry (IH), which allowed progress in the diagnosis and treatment of LS. Now
almost all LS cases can be diagnosed by the universal screening for developed CRC
and other related cancers, which means that all indicate cases of CRC should be
screened by MSI or IH and then sequencing for the responsible four genes if neces-
sary [12].

However, more than 20 years have passed since the discovery of the responsible
genes for LS, still full picture of the disease is unclear because of the nature of rare
diseases, which strongly suggests the importance of international collaborations.

13.2 History of International Collaboration Group for LS
from ICG-HNPCC to InSiGHT

The international collaboration group for LS was established as an ICG-HNPCC
(International collaborative group on hereditary non-polyposis colorectal cancer).
During the second International Conference on Gastrointestinal Cancer organized
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by Paul Rosen in Jerusalem in August 1989, Giuseppe Cristofaro from Italy, pro-
posed to Henry T. Lynch that they should form a group of interested colleagues
throughout the world to study LS (hereditary non-polyposis colorectal cancer:
HNPCC at that time) and to form multiple collaborations in the interest of investi-
gating the genetic, clinical, and pathologic aspects of the disease. Then, Henry
T. Lynch, Jane Lynch, Patrick Lynch, Jukka-Pekka Mecklin, Giuseppe Cristofaro,
Jim St. John, and Hans Vasen met informally and agreed that this idea was quite
reasonable because of the growing interest in LS.

The study of large numbers of families with detailed pedigrees would be required
given the syndrome’s genotypic and phenotypic heterogeneity. Careful clinical his-
tories, molecular genetics, pathology, surveillance, and management concerns as
well as genetic counseling are needed for better understanding of the disease. Of
courese benefit for the high-risk patients and their families was be most important
issue in ICG-HNPCC. Further discussion about the establishment of the ICG-
HNPCC took place in November 1989 at an International Meeting on Colorectal
Cancer sponsored by Joji Utsunomiya in Kobe, Japan.

The ICG-HNPCC council initially thought that it might be best to keep the
group to a maximum of about 50 members. However, interest in LS around the
world was increasing proportionately to numerous publications appearing on the
subject of LS and the discovery of the existence and function of the DNA mis-
match repair genes. Membership in the group has since been unrestricted and has
reflected the broad range of specialties involved in the scientific and clinical
aspects of LS.

Following are how the ICG-HNPCC then International Society for Gastrointestinal
Hereditary Tumors (InSiGHT) has taken place until recently.

In 1990, Hans Vasen organized the first formal meeting of ICG-HNPCC in
Amsterdam, the Netherlands. Thirty representatives from eight countries were pres-
ent, and a report of this meeting was published in Diseases of Colon and Rectum
[13]. It was at that time that the first Amsterdam criteria for a clinical diagnosis of
HNPCC based on family history were established [14]. Publication of amended
Amsterdam Criteria allowing inclusion and extracolonic cancers in the clinical defi-
nition of HNPCC (LS) (Table 13.1).

13.3 International Collaborative Groups Related to InSiGHT
13.3.1 The InSiGHT Database: LOVD System

InSiGHT operates database with sharing of clinical and genetic variant data for
genes associated with inherited CRCs. The Leiden Open Variation Database
(LOVD) technology used for this task has been updated to handle genomic data that
is increasingly being generated. InSiGHT maintains a database of known mutations
in the mismatch repair genes [15]. This has been of great usefulness in determining
the significance of mutations as they are reported. The governance committee (Drs
Peltomaki, Woods, Sijmons, Vasem, dem Dummem, and Macrae) met early in the
year to guide the progress of the InSiGHT databases [16].
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Table 13.1 History of International Collaborative Group on Hereditary Non-Polyposis Colorectal
Cancer (ICG-HNPCC) to International Society for Gastrointestinal Hereditary Tumors (InSiGHT)

1991

Trino, Italy
ICG-HNPCC meeting organized by Giuseppe Cristofaro

1992

Crete, Greece
ICG-HNPCC meeting organized by Hans Vasen

1993

Houston, USA
ICG-HNPCC meeting organized by Patrick Lynch

1994

Milan, Italy, organized
ICG-HNPCC meeting by Lucio Bertario

1995

Helsinki, Finland
ICG-HNPCC meeting organized by J.P. Mecklin

1996

Buffalo, New York, USA
ICG-HNPCC meeting organized by Miguel Rodriguez-Bigas

1997

Noordwijk, The Netherlands
Ist combined meeting of ICG-HNPCC with the Leeds Castle Polyposis Group (LCPG)
by Hans Vasen

1998

Coimbra, Portugal
ICG-HNPCC meeting by Julio Leite

1999

Lorne/Melbourne, Australia
Second combined meeting of ICG-HNPCC and LCPG, organized by Finlay Macrae

2000 | Tiberias, Israel
ICG-HNPCC meeting organized by Paul Rosen
2001 | Venice, Italy
Third combined meeting of ICG-HNPCC and LCPG, organized by Lucio Bertario.
2003 | Cleveland, Ohio, USA
Fourth combined meeting of LCPG and ICG-HNPCC organized by James Church
LCPG and ICG-HNPCC merged to InSiGHT
2005 | NewCastle, UK
First conference of InSiGHT organized by Sir John Burn
2007 | Yokohama, Japan
Second conference of InSiGHT by Takeo Iwama
2009 | Dusseldorf, Germany
Third conference of InSiGHT by Gabriela Moslein
2011 | San Antonio, Texas, USA
Fourth conference of InSiGHT by Patrick Lynch and Miguel Rodoriguez Bigas
2013 | Cairns, Australia
Fifth conference of InSiGHT by Allan Spigelman
2015 | Sao Paulo, Brazil
Sixth conference of InSiGHT by Benedio Rossi
2017 | Florence, Italy
Seventh conference of InSiGHT by Maurizio Genuardi and Luigi Ricciardiello
2019 | Auckland, New Zealand

Eighth conference of InSiGHT by Susan Parry

There has been an exciting activity around the mismatch repair database [17].
Firstly, there are continuing efforts to encourage submissions of variant data to
the database. It is obviously clear that all genes need good locus-specific data-
bases so as to support the activities of health professionals caring for families
with genetic diseases. The InSiGHT database receives 20,000 hits/month for
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information to aid in interpretation. Its value is only as good as the comprehen-
siveness of its submissions.

The database also adds value. Maurizio Genuardi chairs an Interpretation
Committee of over 45 of our colleagues who are systematically addressing all the
information around all unclassified variants on the database and reaching an assess-
ment of the pathogenicity based on all published and unpublished information avail-
able [18].

13.3.2 InSiGHT and the Human Variome Project

InSiGHT is cooperating closely with the Human Variome Project and has become
its first gene-specific member [19]. InSiGHT is represented on the HVP Scientific
Advisory Committee. The processes and procedures InSiGHT has developed to
support its databases have been acclaimed by the HVP as a leading model and are
being replicated across many genes. InSiGHT benefits from the broad experience of
members of the HVP, with their expertise in locus-specific databases, ethical con-
siderations, international reach, and, most importantly, recognition by UNESCO.

13.3.3 Other InSiGHT Database Collaborations

The success of the database and its processes has attracted interest from several
stakeholders in the HVP to draw on its experience and outcomes. Amongst these has
been an inclusion in an NIH application to support the flow of data (MutaDatabase)
from the US private diagnostic labs to the National Center for Biotechnology
Information (NCBI) (Clin Var), access to the deliberations of the Interpretation
Committee to test a new data model (PathoDB) being developed in the EU’s
Gen2Phen project, and models of interchange with the UK Diagnostic Services’
central database (DMuDB) and French national database. Direct negotiations with
Quest Diagnostics, the largest private US lab, are also in place. Incorporation has
assisted in all these areas.

13.3.4 Collaborative Group of the Americans on Inherited
Colorectal Cancer (CGA-ICC) to CGA-IG(Gastrointestinal)C

The Collaborative Group of the Americans on Inherited Colorectal Cancer (CGA-
ICC) was established in 1995 to improve understanding of the basic science of
inherited colorectal cancer and the clinical management of affected families [20]. In
2018, the CGA-ICC moved to change their name to the Collaborative Group of the
Americans on Inherited Gastrointestinal Cancer (CGA-IGC), to be more inclusive
of inherited gastrointestinal cancers as a whole. The CGA-IGC’s clinical and
research focus is hereditary gastrointestinal cancers syndromes, including but not
limited to: Familial adenomatous polyposis (FAP), MUTYH associated polyposis
(MAP), Polymerase proofreading-associated polyposis (PPAP), Peutz-Jeghers
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syndrome, PTEN tumor-hamartoma syndrome, Hereditary mixed polyposis syn-
drome, Lynch syndrome, Familial colorectal cancer type X, and Hyperplastic pol-
yposis/serrated polyposis. The vision of the CGA-IGC is to eliminate morbidity and
mortality of hereditary gastrointestinal cancers. The mission of the CGA-IGC is to
advance science of inherited gastrointestinal cancers through research and educa-
tion as the leading authority in the Americans. Through this mission, the CGA-ICG
offers the following:

— Education regarding the clinical management and molecular genetics of
inherited gastrointestinal cancer to physicians, allied healthcare profession-
als, patients, and their families

— Access to collaborative trials and studies

— Resources for developing new hereditary registries and supporting their
registries

— A forum for exchange of ideas

— Multidisciplinary expertise in clinical care, healthcare policy and research
related to hereditary gastrointestinal cancer

13.3.5 European Hereditary Tumor Group (EHTG)

European Hereditary Tumor Group (EHTG) was devolved from the former
“Mallorca Group.” The Mallorca Group was initiated in 2006 by Hans Vasen and
Gabriela Moeslein and was a very active network of specialists working in different
fields involved with prevention, diagnosis, and treatment of hereditary tumor syn-
dromes. The focus was laid on gastrointestinal predisposition to tumors but may
now evolve to embrace other.

The group has defined the aims as:

¢ To conduct collaborative studies
e To establish guidelines
e To set up databases

The working group format as a most interactive platform was most well received
during the first meeting of the EHTG in Mallorca in 2016.

In 2017, EHTG supported the InSiGHT meeting in Florence and hosted a 1-day
meeting on July 5.

In 2018, the third meeting of the EHTG took place on September 23-25, 2008 in
Nice, France with connected with ESCP. Joint EHTG/ESCP symposium at ESCP
on Wednesday September 26.

Fourth meeting of EHTG was held in Barcelona, Spain on October 17-19 ahead
of UEG Week.

e PLSD: The Prospective Lynch Syndrome Database: Pal Moller
e Guidelines for Juvenile Polyposis: Karli Heinimann
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e Guidelines for MAP, PPAP, and NAP: Julian Sampson and Stefan Aretz

e European Database CACMMRD: Chrystelle Colas

e De novo MMR mutations in Lynch Syndrome: Ian Frying

e New Juvenile Polyposis Genes: Ian Tomlinson

 Identification of predictors of CRC development in MMR mutation carriers
under colonoscopy surveillance: Francesc Balaguer

* Role of Genetic Modifiers in Disease Risk-Lynch Syndrome: Bente
Talseth-Palmer

13.3.6 PLSD (the Prospective Lynch Syndrome Database)

LS is associated with a high probability of GI, gynecological, and other cancers. It
is caused by inherited mutations affecting any of four DNA mismatch repair (MMR)
genes, MSH2, MLH1, PMS2, or MSHG, or by a deletion in the EPCAM gene, which
leads to methylation of the adjacent MSH2 promoter. It is an under-recognized con-
dition accounting for about 1-3% of colorectal cancers in the population. To date,
most LS patients have been identified following investigation because of their fam-
ily or personal histories of multiple and/or early-onset cancers.

Carriers of pathogenic MLHI, MSH2, MSH6, or PMS2 mutations requite reli-
able information about their future cancer risk so that they can be offered appropri-
ately targeted surveillance, but published risk estimates are extremely variable.
One obvious factor is reliance on retrospective data. Another is the impact of initial
selection criteria for molecular testing. In clinical practice, these have included the
Amsterdam I or Amsterdam II criteria, the Bethesda guidelines or simply age at
cancer diagnosis. Previous estimates of the cumulative risk at 70 years for CRC in
MLH]I or MSH2 mutation carriers range from 22 to 74%. Mutation of MSH6 or
PMS?2 genes have lower penetrance and different patterns of expression: MSH6
mutation carriers are thought to have a high risk of endometrial cancer, similar to
that in MSH2 mutation carriers, but lower risks of CRC. For a comprehensive and
updated overview or literature, see two recently published reviews by us an others.
Colonoscopy enables the identification and removal of preinvasive neoplasia or
early cancers in the absence of symptoms and is the mainstay of secondary preven-
tion in LS patients. Although adenoma removal is considered to represent a surro-
gate for the prevention of CRC and death, the evidence supporting this assumption
in LS is controversial.

EHTG have developed a pooled prospective database of LS mutation carriers to
better characterize their cancer risks and the effects of interventions [21-23].

Objectives include:

1. Prospective observations in carriers of pathogenic variants causing Lynch
syndrome

2. Report prospectively observed events by observation years

Categorizing observations by gene, gender, age, and intervention(s)

4. Result publicly available through open access publications

(O8]
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5. Results publicly available as an interactive website to calculate cancer risk for
any given carrier of pathogenic variant causing LS

6. Through the above arrive on empirically obtained knowledge as basis for
e Scientific studies
e Guidance for health care

13.3.7 International Mismatch Repair Consortium (IMRC)

To bridge critical gaps in LS research, the International Mismatch Repair Consortium
(IMRC) was formed in 2010. The IMRC comprises major worldwide consortiums
involved in the research and/or clinical treatment of LS (cancer predisposition
caused by inherited mutations in mismatch repair (MMR) genes: MLHI, MSH2,
MSH6, PMS2, and EPCAM); http://www.sphinx.org.au/imrc.

The establishment of the IMRC was facilitated by the InSiGHT and the CGA-
ICC. Currently, the IMRC has 205 members from 74 centers/clinics in Africa,
Australasia, Europe, North America, and South America, and membership is open
to anyone involved in research related to LS and/or the treatment of LS families.
Recently Japan also joined the consortium by submitting our small data. Accurate
cancer risk estimates are needed to develop genetic counseling guidelines and are of
importance for the clinical management of mutation carriers and members within
high-risk families. Risk may differ not only by age and gender and the gene that is
mutated but also by the country and ethnicity of the carrier. The only way to thor-
oughly address this potential heterogeneity is to conduct comprehensive penetrance
analysis on large, ethnically heterogeneous samples of persons/families segregating
mutations in MMR genes.

Aim of the IMRC:

e Establish a combined data set of pedigree data from around the world for approx-
imately 8800 Lynch syndrome families.

e Estimate the age-specific cumulative risk (penetrance) of cancers at each ana-
tomical site by sex, mismatch repair gene, type of mutation, and nationality/
geographic region.

e Develop a personal risk tool for clinical use that provides 10-years risks of can-
cer based on the age, sex, mismatch repair gen, type of mutation, and nationality/
geographic region.

Since July 2014, IMRC investigators from 63 sites were contacted and requested
to submit the MMR family data from their clinics/centers. Instructions on the pre-
ferred data format were provided, including data dictionaries for personal and family
history of demographic data, cancer, MMR gene mutation status, screening, surgery,
and mortality. April 2016, 28 investigators representing 38 sites of 18 countries have
submitted MMR pedigree data for 4302 families including 11,418 mutation carriers.

Collection of MMR family data from many international sites, with varying
resources (Many of which were not established or designed for epidemiological
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research), is challenging. The IMRC will be investigating ways to facilitate data
collection for this project to ensure the maximum benefit is gained from this colle-
gial and international consortium.

13.3.8 Cancer Prevention Project 3 (CAPP3)

The aim of this study is to find the right dose of aspirin for chemoprevention in
LS. The Cancer Prevention Project 3 (CAPP3) study is endorsed by InSiGHT. Over
100 epidemiological/observational studies have reported a significant reduction in
cancer among long-term regular users of aspirin and other nonsteroidal anti-
inflammatory drugs (NSAIDS). Meta-analysis of randomized controlled trials using
colonic adenomas as an endpoint has revealed a significant reduction in that given
aspirin. Very long-term follow-up of participants in early cardiovascular trials
revealed a 21% reduction in cancer mortality among those randomized to the aspirin
limbs, commencing from 5 years after randomization. Two randomized control tri-
als with cancer as a primary endpoint have now reported a significant effect:

e CAPP2 randomized 1009 carriers of hereditary colorectal cancer (LS due to
mutation in mismatch repair gene) to 600 mg aspirin daily for up to 4 years [24].
Those who complied with the primary aim of treatment for at least 2 years saw a
63% reduction in colorectal cancer and comparable reduction in other cancers
associated with the syndrome such as endometrial cancer. The effects become
apparent from 4 years from 4 years after commencing the trial.

e The Women’s Health Study gave alternate day 100 mg aspirin for 10 years to
10,000 American women. There was no effect on cancer at the trial end but sub-
sequent follow-up has revealed an 18% reduction in CRC with the effect becom-
ing apparent after 10 years [25].

There is an expert consensus that aspirin should be recommended to those at
high risk but ongoing debate about the optimal dose and the risk benefit ratio in the
general population. CAPP3 will test three different doses 600, 300, and 100 mg
enteric-coated aspirin in 3000 mismatch repair gene defect carriers at risk of LS. All
3000 participants will be receiving aspirin until the end of the study. Results are
expected in 2020. Meanwhile, low dose aspirin can be recommended to any high-
risk individuals not taking part in the trial.

13.4 Conclusions

International collaboration in LS was crucial and basis for recognition, under-
standing, and treatment of this rare disease (syndrome). Mainstream of the inter-
national collaboration was undertaken through ICG-HNPCC and then
InSiGHT. Important branch of collaborations related to these mainstream collabo-
rations are also listed.
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