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Abstract: Lynch syndrome (LS) arises from germline mutations that lead to defective functioning of the
DNA mismatch repair (MMR) system. It is the most common cause of inherited colorectal cancer (CRC),
and predisposes individuals to significantly elevated risks for extracolonic cancers. A sensitive and accurate
diagnostic approach will enable proactive management of the proband and at-risk relatives in order to
minimize their cancer burden. Comprehensive clinical genetics care should include personalized and tailored
multidisciplinary oncologic care, with consideration for the extent of surgical resection, the choice of
systemic agents, and the use of radiation. Preventive strategies including lifelong multi-organ surveillance,
testing of family members, prophylactic-intent surgery and chemoprevention should be considered. In this
review, we aim to provide an update on the diagnostic approach to LS, and to summarize key components of
comprehensive clinical genetics care, through an examination of existing data and guidelines from Asian and

from Western perspectives.
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Introduction

Although colorectal cancer (CRC) is a multifactorial disease,
up to 20-30% of CRC patients have a family history of
CRC, and up to 6% of cases have germline mutations that
refer to an identifiable hereditary CRC syndrome (1).

The most common hereditary syndrome predisposing to
CRC is Lynch syndrome (LS), which was first reported by
Dr. Aldred S. Warthin more than 100 years ago (2). LS is
an autosomal-dominant inheritance pattern syndrome and

accounts for approximately 2-4% of all CRC cases (1 in
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35 CRCs). LS results from germline mutations in the DNA
mismatch repair (MMR) genes (MLHI, MSH2, MSHG,
PMS?2, being the four most major ones) or the EPCAM
gene (located upstream from the MSH?2 gene) (3). Since the
1980s, LS was called “hereditary nonpolyposis colorectal
cancer” (HNPCC), because Dr. Lynch used the term to
differentiate this syndrome from familial adenomatous
polyposis (FAP), another CRC-predisposing inherited
syndrome (4). However, the term HNPCC was somewhat
misleading and a misnomer, because colorectal polyps
or adenomas as well as extracolonic cancers have been

Chin Clin Oncol 2018;7(1):9



Page 2 of 16

recognized in patients with LS; therefore, by consensus the
term “Lynch syndrome (LS)” has been more commonly
utilized recently.

Distinguishing clinicopathologic features of LS

Individuals with LS face significantly elevated lifetime
risks for CRC and extracolonic cancers when compared
to general population risk, and they exhibit distinguishing
clinic-pathologic features that are unique from patients with
sporadic CRC or of other hereditary syndromes.

Lifetime risk of CRC

LS is associated with a lifetime risk of 30-70% for CRC,
depending on gender and mutation of the MMR gene (5).
The most significant risks are associated with MLHI and
MSH?2. CRCs can arise as rapidly as within 3 years after
a clearing colonoscopy (6). Indeed, in known LS families,
the risk for CRC is 4.1% in 5 years and 8.1% in 10 years
for yet-unaffected carriers (median age of 49 years), as
compared to 0.39% at 5 years and 2.4% at 10 years for non-
carriers (7).

Young age of onset

The mean age of diagnosis for the first CRC in patients
with LS ranges between 44-61 years, significantly earlier
than the mean age of diagnosis of 69 years for sporadic CRC
in the Western world. This young-onset presentation may
be related to a more rapid adenoma-carcinoma sequence
in LS of about 35 months as compared to approximately
7-10 years in sporadic CRC cases (8). Among patients with
CRC diagnosed before age 35, LS can account for up to
35% of cases (9). This proportion is significantly higher
than the 4-6% (1) among all CRCs diagnosed at all ages.

Proximal colon predominance

Approximately 60-80% of CRC cases with LS arise in the
right side of the colon, proximal to the splenic flexure,
compared with 30% of sporadic CRC; only 15-20% of the
cases present as rectal cancer (8). Therefore, colonoscopy,
including viewing of the cecum, is the modality of choice
for endoscopic screening and surveillance of CRC in LS
patients.
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Distinctive histopathology

LS-associated CRC more frequently exhibit microscopic
features including mucinous/signet cell histology, poor
differentiation, and evidence of tumor-infiltrating
lymphocytes. These are hallmarks of microsatellite
instability (MSI) status, and a hypermutated phenotype (10).
This phenotype is associated with a high degree of
immunogenicity.

Better prognosis

Patients with CRC in the setting of LS experience a better
prognosis than those with sporadic CRCs. A cohort analysis
of stage III CRC found that 5-year overall survival was
significantly more favorable in LS patients than in patients
with sporadic disease, 70% wvs. 56%, respectively (11).
Another study reported 5-year cumulative survival rates
of 60-94.2% in LS patients, compared with 52-75.3%
in sporadic CRCs (12). Limited evidence suggests that
MSI-high CRCs may have a different recurrence pattern
that MSS CRCs, with more frequent local or peritoneal
recurrence (13).

Synchronous and metachronous adenomas and
adenocarcinomas

LS is associated with early-onset oligopolyposis. In a
recent retrospective study of 263 patients with LS, 41%
of patients had at least one adenoma, including 11% with
2 to 5 adenomas and 4% with 10 or more cumulative
adenomas (14). Similarly, patients with LS can present
with synchronous pathologies, such as synchronous
advanced adenomas, synchronous adenoma and
invasive adenocarcinoma, or multiple adenocarcinomas.
Metachronous CRC is defined as a separate primary CRC
occurring more than 6 months after surgical resection of
the index CRC (3). The risks for metachronous CRC after
segmental colon resection of the index CRC have been
reported as: 16% at 10 years, 41% at 20 years, and 62% at
30 years (15).

Extracolonic malignancies

Individuals with LS are also predisposed to a wide variety
of extracolonic cancers. Women with LS have significantly
increased (20% to 60%) lifetime risk for endometrial cancer
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Table 1 Lifetime cancer risk in individuals with LS and in the general

population

Cancer type (I;/f) popizjcgsl (%) References
Colon and rectum 30-70 5.5 (8,18)
Endometrium 20-60 2.7 (6,16)
Stomach 2-13' <1 6,8,17)
Urologic tract’ 5-12 <1 (3,6,8)
Ovary 4-20 1.6 6,17)
Small bowel 3-6 <1 (6,8)
Pancreas 4 1 (6,8)
Hepatobiliary 1.4-4 <1 (6,8)
tract

Brain/central 1-4 <1 (6,8)
nervous system

Sebaceous 1-9 <1 (6,8)
neoplasms

Prostate 9-30 16.2 (6,8)
Breast 5-18 12.4 (6,8)

T, from western data, compared with up to 30% in Asian
countries; t, transitional cell carcinoma of the ureter, renal pelvis,
and bladder. LS, Lynch syndrome.

(EC) (16). Other common cancer sites associated with LS
include the urologic tract, stomach, ovary, hepatobiliary
tract, small bowel, and pancreas. Association of LS with
prostate, breast, and lung cancers has also been reported
(6,8,17) (Table 1).

Mutation dependent

The risks of CRC and extracolonic cancer in carriers vary
depending on the different germline mutation in the MMR
gene. The cumulative cancer risks of LS were similar in
MLH]I and MSH?2 mutation carriers (59% and 57%), but
significantly lower in mutation carriers of MSH6 gene
(10-25%) (18) and PMS2 gene (15-20%) (19). Additionally,
MLHI mutation carriers tend to develop CRC at younger
ages, compared with MSH2 carriers who seem to be at
higher risk for rectal cancers (20) and extracolonic cancers,
such as EC (48%) and urothelial cancer (80%) (18,21).
MSHG6 gene mutation carriers seem to have lower CRC risk,
with disease tending to occur at later ages, compared with
substantially higher risk (71%) in women with EC (22). It
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also reported a lower PMS2 mutation penetrance for CRC
and EC compared with other gene mutation carriers (23).

Diagnosis of LS through tumor molecular testing
and germline mutation testing

Making the diagnosis of LS is critical because a missed
diagnosis means overlooking the dangers of high lifetime
cancer risks in mutation carriers. Early detection and
diagnosis can be aided by screening CRC tumor tissue
for evidence of hypermutability or MSI, through somatic
testing by immunohistochemistry (IHC) staining
and/or MSI testing. In addition to screening, the diagnosis
of LS can be confirmed by the identification of a germline
mutation in one of the major MMR genes or the EPCAM

gene (1).

Tumor molecular testing: IHC and MSI testing

One of the most significant discoveries in the last century
concerning LS is the recognition that MSI is the molecular
signature of a defective DNA MMR mechanism. Nearly
all of LS-associated CRCs display a high level of MSI, also
termed MSI-high (or MSI-H) (3).

MSI is thought to arise from defects in the DNA MMR
system. If the wild-type allele in MMR genes is lost or
inactivated, the gene product MMR protein can no longer
repair DNA mismatch errors that inevitably arise during
DNA replication, leading to accumulation of mutations
in the DNA. One of the places in the tumor DNA where
such errors become most manifest is at simple repetitive
sequences (microsatellites). Therefore, identifying
disruptions in repetitive sequences in the tumor DNA,
but not in the adjacent normal tissue, is the gold-standard
method for detecting MSI (24). MSI testing is a polymerase
chain reaction (PCR) based test that tests for allelic
shift in a standardized panel of markers, most typically
BAT?25, BAT26, BAT40, D5S346, D2S123, D17S250, and
TGFBR2. By consensus, MSI-high is defined by 30% or
more of the markers in the panel showing allelic shift, while
MSI-stable (MSS) is defined by 0% of the markers showing
allelic shift, and the remaining is defined as MSI-low (25).

IHC can be performed on tumor tissue to detect
the presence or absence of MMR proteins. Deficient
expression of MMR proteins indicates an underlying
defect in the MMR genes. Typically, MMR proteins

combine as heterodimer complexes, such as “MLH1-
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PMS2” or “MSH2-MSHG6”, and work synergistically
to target microsatellite repair. Therefore, typical IHC
staining pattern can show loss of expression of MLH1
with PMS2, and loss of expression of MSH2 with MSH6
when there is underlying defect in MLHI or MSH?2 genes
respectively (26).

MSI arising from epigenetic silencing of MLH1

MSI-high or hypermutator phenotype is observed in about
12-15% of all CRCs (10). The majority of MSI-high CRCs
arise not from germline mutations in MMR genes, but from
other causes. The most well-known of these is epigenetic
silencing of the MLH1 gene caused by hypermethylation of
the MLH1 promoter (8). MLH1 promoter methylation turns
off the production of MLHI mRNA and protein product,
leading to loss of MLHI expression on IHC testing (27).
Additionally, this hypermethylation is often associated
with a BRAF ¢.1799T > A (p.V600E) mutation (28).
Therefore, when THC shows absence of MLHI/PMS?2
protein expression, the analysis of MLHI promoter
hypermethylation and/or BRAF V600E mutation should be
conducted. Rarely, such hypermethylation can be inherited.
In a series of 331 LS-suspected patients, the frequencies of
germline MLHI promoter hypermethylation was 0.6% (29).

Germline mutations in major MMR genes and EPCAM

LS is caused by germline mutations in at least one of four
DNA MMR genes, MLHI, MSH2, MSH6, and PMS?2.
The MMR proteins work to maintain genomic fidelity
by identifying and correcting replication errors (single
nucleotide mismatch or insertion and deletion loops)
that have escaped the normal editing function of DNA
polymerase (30).

According to the study of Dr. Lynch in 2003, two main
genes, MLHI and MSH2, account for almost 90% of all
identified mutations, with only 10-12% of the mutations
in the MSHG6 gene and 1-2% in the PMS2 gene (3).
However, recent publications have indicated that the
frequencies of MSH6 and PMS2 gene mutations have likely
been underestimated in the past, because affected carriers
display less striking phenotypes. The International Society
for Gastrointestinal and Hereditary Tumours (InSiGH'T)
database and other population-based studies showed that
LS-associated mutations are likely comprised of: 35-42% in
MLH1, 33-44% in MSH2, 8-18% in MSH6, and 2-7.5%
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in PMS2 (31).

EPCAM gene is upstream from MSH2. The deletion
of the 3’ terminal codon of EPCAM, previously called
TACSTDI, leads to hypermethylation and silencing of
MSH?2, leading to a phenotype similar to that of LS (32).
Thus, mutation testing in the EPCAM gene should be
considered in cases of absent expression of MSH2 and/or
MSHS6 by IHC.

Guidelines for diagnosing LS among CRC
patients: Western and Asian perspectives

The early identification of LS is critical for effective
cancer prevention in probands and their at-risk family
members. Historically, the diagnosis of LS relied on
pedigree features such as clustering of cancers at early ages.
However, diagnostic approaches to LS have significantly
evolved over the past 100 years. In 1991, the International
Collaborative Group on Hereditary Nonpolyposis
Colorectal Cancer established the Amsterdam I criteria
(1able 2) for HNPCC (33). By 1999, these criteria were
replaced by the Amsterdam II criteria (7able 2), to include
some extracolonic tumors (except gastric and ovarian
cancer) as qualifying criteria for LS (34). Amsterdam I/11
criteria rely on an accurate and detailed family history,
but neither set is optimal due to limited sensitivity and
specificity. Unfortunately, 40% of families with known
MMR mutations do not fulfill the Amsterdam criteria.
On the contrary, 50% who do meet the criteria have no
detectable MMR gene deficiency (“Syndrome X”) (21). In
2004, a third set of clinical criteria, the revised Bethesda
guidelines (35) (Table 2), were developed to encourage
evaluation of MSI-high status in CRC tumors by MSI and/
or IHC, to identify individuals who should undergo further
genetic testing for LS. This provides a screening approach
with higher sensitivity (approximately 70%) (4). There are
several limitations to replying on clinical criteria alone. A
comprehensive family history is often not available for every
cancer patient, and family size has decreased over time,
making pedigrees less informative. Thus, current guidelines
for LS diagnosis utilize not only family history but also
molecular testing, germline mutational analysis, and clinical
prediction models.

We summarized most currently published evidence-
based guidelines for LS diagnosis (Table 3), and
discuss their differences from the Asian and Western
perspectives (6,8,36-39).

Chin Clin Oncol 2018;7(1):9



Chinese Clinical Oncology, Vol 7, No 1 February 2018

Table 2 Clinical guidelines for diagnosis of Lynch syndrome
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Amsterdam | criteria (3-2-1) [1990]

() Three or more relatives have histologically verified CRC, with one should be a first-degree relative of the other two. FAP should be

excluded
(I Two or more successive generations with CRC
(1)  One or more CRC cases diagnosed at <50 years of age

Amsterdam |l criteria [1999]

()  Three or more relatives have histologically verified LS-associated cancers (CRC, cancer of endometrium, small bowel, ureter, or
renal pelvis), with one should be a first-degree relative of the other two. FAP should be excluded

(I)  Two or more successive generations with LS-associated cancers

(1)  One or more cancers diagnosed <50 years
Revised Bethesda guidelines [2004]
() CRC diagnosed at <50 years

(I Presence of synchronous or metachronous CRC or other LS-associated tumors' regardless of age

() CRC with the MSI-high histologyi diagnosed at <60 years

(IV) Patient with CRC, and CRC or LS-associated tumor diagnosed <50 years in one or more first-degree relatives

(V) Patient with CRC, CRC or LS-associated tumors diagnosed at any age in two or more first- or second-degree relatives

T, LS-associated tumors include colorectal, endometrial, stomach, ovarian, pancreas, ureter and renal pelvis, biliary tract, and brain
(usually glioblastoma as seen in Turcot syndrome) tumors, sebaceous gland adenomas and keratoacanthomas in Muir-Torre syndrome,
and carcinoma of the small bowel; 1, presence of tumor-infiltrating lymphocytes, Crohn’s-like lymphocytic reaction, mucinous/signet-ring
differentiation, or medullary growth pattern. CRC, colorectal cancer; FAP, familial adenomatous polyposis; MSI, microsatellite instability;

LS, Lynch syndrome.

Who should be tested?

The guidelines differ depending on whether the individual
is clinically affected by CRC or whether a germline
mutation is known in the family (40). The remaining
discussion pertains to testing of individuals presenting
with a CRC without a known family mutation. Current
guidelines around the globe remain divided in terms of
selective testing or universal testing of CRC patients for LS.
More recent guidelines from Western countries advocate
a universal testing approach, while still acknowledging
alternative strategies that are more selective. On the other
hand, the older European guideline and the available
guidelines from Asia have taken the selective testing
approach (Table 3).

Selecting who to test based on clinical criteria outlined
in Tuble 2 has been criticized for low sensitivity and
efficiency. Meanwhile, several clinical prediction models
that take into account clinical, family history and tumor
MSI status information have been developed, including
MMRpredict (41), MMRpro (42), and PREMM], 2, 6 (43).
These computational models aim to estimate the probability
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of finding a pathogenic mutation in a MMR gene. The
overall sensitivity and specificity of these models have been
reported to be up to 90% (4). Unfortunately, practical
utilization of these models has remained limited by lack
of awareness among physicians and lack of compliance
by suspected patients. During the Jerusalem workshop
organized by Dr. Shike in 2009, selective testing of CRC
patients who are younger than 70 years of age was proposed
as more cost-effective than universal testing, while missing
only 4.9% of LS cases (44). Hence, selective universal
screening, testing all CRCs diagnosed at age <70 years
and selective screening in patients with CRC diagnosed at
age >70 years who meet revised Bethesda guidelines, has
been adopted by some guidelines (6,36).

Universal testing provides a screening strategy among
newly diagnosed CRC patients with 100% sensitivity. A
pooled analysis demonstrated that relative to universal
testing, the relative sensitivity for selective testing based
on the Bethesda guidelines was 87.8%, on Jerusalem
recommendations was 85.4%, and the selective universal
screening (95.1%), with similar specificities (45). However,

Chin Clin Oncol 2018;7(1):9
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a more recent study found that 18% of LS cases had CRC
diagnosed above age 70 years (46). As more guidelines
support universal testing in all newly diagnosed CRC
cases regardless of age (8,37), attention should be paid to
the impact on healthcare costs, patient anxiety, and the
feasibility of widespread adoption.

How to test?

Although almost all recent guidelines for LS utilize tumor-
based IHC and MSI testing as well as germline testing,
subtle differences exist (7able 3). For example, both the 2013
European Society for Medical Oncology (ESMO) and the
2014 the American Society of Clinical Oncology (ASCO)
guidelines recommended that CRC tumors be tested
by IHC for MMR proteins and/or MSI (6). ASCO has
emphasized that IHC testing has advantages in identifying
loss of specific MMR protein expression, which may help
target confirmatory germline testing toward the MMR
gene most likely to be mutated. Secondly, the US Multi-
Society Task Force (USMSTF) stated in 2014 that if a
tumor demonstrates loss of MLH1, either BRAF mutation
testing “or” analysis of MLHI promoter hypermethylation
should be performed (8). However, 30% to 50% of CRCs
can present as BRAF wild-type and still have MLH1
promoter hypermethylation (47). Therefore, the National
Institute for Health and Care Excellence (NICE) in the
United Kingdom emphasizes that, if the result for MLH]I is
abnormal, sequential BRAF V600E “and” MLHI promoter
methylation testing should be performed (37).

Emerging use of multi-gene panel testing

With advances in genomic medicine and next-generation
sequencing (NGS), multiple genes can be sequenced
using panel testing. When compared to traditional
phenotype-directed germline testing, multi-gene panel
testing can identify individuals who have hereditary cancer
syndrome with atypical and even no, phenotypes or clinical
presentations (48). It can test multiple genes simultaneously
and is more efficient when there is a wide differential
diagnosis for the potential hereditary syndromes. There is
wide variation in the exact nature and composition of the
available panels. Some include not only highly penetrant
genes that predispose mutation carriers to CRC (e.g.,
APC, MUTYH, MMR genes, and SMAD#4) but also low
penetrance genes or genes related to malignancies other

than CRC (e.g., PTEN, CDHI, STKI11, BRCAI, and
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BRCA?2) (49). Therefore, the main challenge of clinical
use of these panels is the increased complexity of result
interpretation and assessment of the clinical significance of
uncertain or unexpected findings. At present, the United
States National Comprehensive Cancer Network (NCCN)
guidelines do not recommend routine use of multi-gene
testing as a universal testing strategy. And the need for
careful case selection under the direction of a clinician with
expertise in genetics is emphasized (48).

“Lynch-like syndrome” (LLS) or “mutation-negative” LS

Germline testing for LS can lead to three categories
of results: pathogenic mutation, variant of uncertain
significance (VUS), and informative negative finding (50).
The practice of universal tumor MSI testing followed
by confirmatory germline mutation testing has led
to identification of a cohort of patients who present
with MSI-high CRC, no evidence of MLHI promoter
hypermethylation or BRAF mutation, but have no identified
pathogenic mutation on germline testing (51).

Unclassified variants were reported to account for
20-50% of all those tested for MMR mutations (51). The
use of multiplex gene panel testing is associated with even
higher proportions of variants of uncertain significance
and uninformative negative results would be observed.
Currently, these variants are thought to potentially represent
missense mutations (52), which would cause unknown or
highly variable clinical effects. There is a significant amount
of active research in variant reclassification. These efforts
utilize a combination of iz silico prediction models, in vitro
functional assays, and aggregate clinical data. However,
translation of variant reclassification approaches to clinical
practice is challenging.

Among patients with uninformative negative germline
testing results, a proportion harbor what has been termed
“Lynch-like” LS or “mutation-negative” LS (51,53-55).
These patients behave similarly to LS patients, but they
show lower risks for malignancy: the standardized incidence
ratio (SIR) for CRC in LLS vs. LS is 2.12 vs. 6.04, and for
extra-colonic cancers in LLS vs. LS is 1.69 vs. 2.81. The
molecular mechanism for LLS has not been fully elucidated.
A subset of these patients has been found to harbor two
somatic events that affect MMR gene expression. Examples
may include a somatic mutation coupled with loss of
heterozygosity (LOH), or two somatic biallelic mutations of
DNA MMR genes. In a series 1,234 newly diagnosed CRC
patients from Japan who underwent universal tumor MSI
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testing, 11 (0.9%) were referred for confirmatory germline
testing. Pathogenic mutation was found in 9 patients, while
2 (0.2%) remaining patients harbored biallelic somatic
deletion of MMR genes and uninformative germline
test result. The authors suggest that the prevalence of
pathogenic mutations for LS among CRC patients in Japan
appeared similar to that reported by studies in Western
population, but the prevalence of LLS was extremely
low (56).

The clinical management of these patients discussed
above is controversial. It appears prudent to continue to
perform surveillance for cancer development, while clinical
data continue to accumulate. However, it is likely that
following the same surveillance guidelines as those for LS
represents overtreatment.

Clinical genetics care for CRC patients with LS

Patients who present with CRC on the background of
LS require tailored and personalized clinical genetic care.
Clinical genetics care should focus on both the treatment
of the CRC as well as the prevention of future CRC and
extracolonic cancers; additionally, needs of both the proband
as well as his/her at-risk relatives should be addressed.
Preventive strategies include prophylactic surgery, active
comprehensive surveillance, as well as chemoprevention.

Multidisciplinary oncology treatment of CRC in patients
with LS

Surgical intervention
Surgical treatment of CRC in patients with LS should be
planned to provide optimal oncologic treatment of curative-
intent for the index CRC, while also taking into account the
high risks of metachronous high risk adenoma or CRC as
well as for other extracolonic cancers in the patient (57).
Oncologic resection of the index CRC should
include segmental resection with adequate locoregional
lymphadenectomy. For LS patients presenting with an index
colon cancers, the risk of developing a metachronous high-
risk adenoma or invasive cancer is significant as previously
discussed. Therefore, subtotal or total abdominal colectomy
has been advocated over segmental colectomy to offer the
advantage of decreased risks of metachronous lesions (58).
Studies that have compared LS patients who underwent
segmental colectomy vs. total colectomy have reported that
25-26% developed a second CRC at a median follow-up of
5.7 years, compared with 6-8% after total colectomy (59).
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High-risk adenomas were found in 22%. However, from
a survival view, there is no convincing evidence that more
extensive surgery improves overall survival in LS patients
when compared to segmental resection and colonoscopic
surveillance, acknowledging that the latter strategy might
endure more short-interval colonoscopies and even
repetitive surgery. In a recent study (60), subtotal colectomy
decreased the risk of subsequent CRC [hazard ratio (HR)
0.20; 95% CI: 0.08-0.52] compared with segmental
resection, but there was no difference in overall survival
nor in disease-specific survival, between the standard and
extended surgeries (47.2% vs. 41.4%, P=0.83; and 82.7%
vs. 87.2%, P=0.76) within 25 years. Another study also
demonstrated similar results (57). Finally, it is important
to consider that the functional outcomes of segmental
colectomy differ significantly from those of total abdominal
colectomy (61). After total abdominal colectomy, the
frequency of stool can be as high as 4 to 6 times daily; over
50% of the patients reported dietary restriction; and over
30% reported restriction of social activity and recreation
when compared to preoperative levels (61).

For LS patients presenting with an index rectal cancer,
the choice of operation is even more controversial. In the
largest series of rectal cancers in patients with LS, the extent
of surgical resection was influenced by synchronous colonic
disease (i.e., adenomas) at presentation, tumor height,
clinical stage, and pelvic radiation (20). Similar to the case
in colon cancer, limited resection focusing on proctectomy
did not compromise overall survival when compared to total
proctocolectomy.

Therefore, the optimal surgical decision would be
an informed and balanced choice for the individual LS
patient, considering the risks and benefits for limited or
extended procedures. Extensive resections minimize the
risks for metachronous lesions but typically carry functional
sequela without significant survival advantages (62,63).
Higher compliance and more frequent lifetime endoscopic
surveillance of any remaining colorectum are required for
patients offered limited resection.

Systemic therapy including chemotherapy and
immunotherapy

Common chemotherapy regimens for CRC include
fluorouracil (5-FU), oxaliplatin-based (FOLFOX), and
irinotecan-based (FOLFIRI). However, the efficacy of
single agent 5-FU in MSI-high CRCs associated with
LS is controversial. In in-vitro studies, MMR-deficient
colon cancer cells had an approximately 18-fold increase
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in resistance to 5-FU, compared with MMR-proficient
cells (64). Another study revealed a strong correlation between
MMR deficiency and 5-FU resistance in a panel of 77 CRC
cell lines (65). In addition, single agent 5-FU is ineffective
in MMR-deficient CRC patients with stage II disease in the
adjuvant setting (66). Finally, single agent 5-FU appeared to
be an appropriate chemo-sensitizing agent for rectal cancer in
the setting of neoadjuvant chemoradiation (20).

For patients with metastatic CRC, FOLFOX-based
regimens have generally been thought to be effective,
although a small study suggested that MMR-deficient
CRCs may show a lower treatment response rate compared
with MMR-proficient CRCs (11.7% vs. 28.6%) (67). Most
recently, MSI-high phenotype has been found to be highly
immunogenic with excellent response to immunotherapy
agents, such as checkpoint inhibitors (68). MSI-high
CRC:s express high levels of checkpoint proteins, including
programmed death 1 (PD-1) and programmed death
ligand 1 (PD-L1) (69). Inhibition of the interaction of
PD-1 and/or PD-L1 checkpoint proteins allows the innate
anticancer system and immune T cells to remain active
and attack malignant cells (70). A phase II clinical trial
treated patients with progressive metastatic solid tumors
with pembrolizumab, an anti-PD-1 immune checkpoint
inhibitor. Patients with MMR-deficient CRC showed
significantly higher rates of objective response (40% uvs.
0%) and progression-free survival (78% vs. 11%), when
compared with patients with MMR-proficient CRC (71). In
the more recent phase II CheckMate-142 trial, anti-PD-1
monoclonal antibody, nivolumab, demonstrated excellent
response and disease control in histologically confirmed
recurrent or metastatic CRC with MMR deficiency (72).
After a median follow-up of 12 months, objective response
rate was 31.1% and the overall survival rate was 73.8%,
with a median progression-free survival of 9.6 months.
Compared with chemotherapy, immunotherapy agents have
shown significantly less toxicity rates. Additional clinical
trials involving immunotherapy are ongoing.

Radiotherapy

Radiation activates DNA-damage responses that may
lead to apoptosis of cancer cells (73). While some in vitro
studies reported that MMR deficiency was associated
with sensitivity to ionizing radiation in CRC cells (74),
others suggest that they showed more resistance to low-
dose irradiation (75). The clinical studies, however, have
mainly supported the effectiveness of radiation in MSI-high
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CRCs. In a series of rectal cancers treated with neoadjuvant
chemotherapy (5-FU and CPT-11) and radiotherapy
(45 to 54 Gy), MMR-deficient rectal cancers showed a
60% complete response (76). In our series of 62 MMR-
deficient rectal cancers, 30 (75% of 40 patients with clinical
stage II or III disease) received neoadjuvant 5-FU based
chemoradiation. The complete pathologic response rate
was 27.6%, and 55.5% were downstaged. After a median
follow-up of 6.8 years, the 5-year disease-specific survival
rates were 100% for stage I and II, 85.1% for stage 11, and
60.0% for stage IV disease (20). Radiotherapy has also been
routinely incorporated in the treatment of LS-associated
extracolonic cancers, such as endometrial and brain cancers.

Life-long multi-organ surveillance in LS patients

Screening for LS-associated CRC by colonoscopy is
universally recommended (8) (Table 4). Screening should be
performed every 1-2 years starting around age 20-25 years,
or 2-5 years younger than the CRC diagnosis of the
youngest CRC family member if he or she was diagnosed
earlier than 25 years old. Colonoscopy screening has been
shown to increase life expectancy, reduce CRC incidence
by 62% (77), and identify CRC at earlier stages. The risks
of CRC differ by different MMR gene mutations: MSH6
and PMS?2 mutation carriers have a lower risk of CRC and
older age at diagnosis than do patients with MLHI and
MSH?2 mutations (22). Therefore, some have suggested
that screening for these individuals could be delayed until
age 30 in MSH6 and 35 in PMS?2 carriers, unless an early-
onset cancer exists in the family history (8). However,
when implementing surveillance management in LS cases,
many challenges still exist, including patient compliance,
endoscopist availability, and access to care (78).

Surveillance of the remaining colon and rectum in LS
who has had a limited resection for an index CRC is critical
for triggering timely management of any metachronous
pathology (79).

Screening guidelines for extracolonic cancers have
remained controversial, mainly due to the lack of evidence
for survival benefit and the lack of consensus. For
example, the optimal surveillance strategy for EC has not
been determined. The ESMO guidelines recommend
gynecologic examination, pelvic ultrasound, cancer antigen
125 (CA-125), and endometrial aspirate annually beginning
at age 30 to 35 years (36). But this is not endorsed by other
societies who consider the evidence for routine surveillance
for endometrial and ovarian cancers limited (6) (Table 4).
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Chemoprevention

Aspirin

The largest clinical trial of chemoprevention for LS-
associated CRC is the CAPP2 trial (80), launched by the
Colorectal Adenoma/Carcinoma Prevention Program
(CAPP) in 1999. Mutation carriers were randomized in a
2x2 design to aspirin (600 mg daily vs. placebo) and resistant
starch (starch vs. placebo) After long-term follow-up of
55.7 months, LS patients treated with aspirin for >2 years
showed a HR of 0.41 for CRC and of 0.45 for any LS-
related cancer when compared to placebo (81). However,
it is notable that the optimal aspirin dose, duration of
use, and associated side effects require further research.
Therefore, the CAPP3 trial is currently ongoing. It aims to
randomize 1,000 LS mutation carriers to 3 doses of aspirin
(100, 300, and 600 mg daily), and will examine the CRC
incidence and adverse event rate during the 5- to 10-year
follow-up period (68). In addition, another clinical trial
(AAS-Lynch) will evaluate the effect of low-dose aspirin
(100 mg daily vs. 300 mg daily) on colorectal adenomas
formation in patients with LS.

Naproxen

Naproxen is a non-steroidal anti-inflammatory drug
(NSAID) with minimal cardiac side effects. A randomized
phase Ib/II clinical trial (NCT02052908) is investigating the
effects of naproxen in preventing CRC in MMR-deficient
(LS) patients. Patients receive high-dose naproxen, low-dose
naproxen, or placebo for 6 months, respectively (69). This
study will compare prostaglandin E2 (PGE2) concentration
levels in normal colorectal mucosa at different doses.

Unigque aspects of LS diagnosis and management in Asia

Although Asia is the most populous continent, knowledge
regarding LS-associated CRC in Asian countries has
been limited. Based on available reports, the clinical
manifestations similarly highlight features such as early
onset of CRC, more aggressive histopathology, lifetime
cancer risk, and multiple extracolonic cancers. However, a
few unique aspects warrant highlighting.

Lower prevalence or incidence of LS?

The prevalence of LS in Asian has been thought to be
lower than that reported in Western populations, where
the prevalence rate is estimated at 3—5%, depending on
the ascertainment method. In a retrospective study of
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Chinese CRC patients, LS, as defined by meeting the
Amsterdam criteria I or II, was found in 1.24% and 2.15%
of the patients, respectively (70). Another Japanese study of
452 patients with CRCs, LS, as defined by pathogenic
germline mutation in MLHI or MSH2 was found in only
1.7% (71). In a recent study of Japanese CRC patients
under the age of 60 years, using MSI testing and IHC
as a primary screening method, only 2.2% of the CRCs
were found to be suggestive of LS (72). Furthermore,
several studies demonstrated that the incidence rates of
synchronous and metachronous cancer in Chinese LS
patients ranges between 10.0-20.4% (82), compared with
substantially higher rates (16-62 %) in Western studies (15).

It should be noted that using the clinical criteria
(Amsterdam I/II) to ascertain LS in China is likely
inaccurate due to under-estimation because of the
universally small family sizes in China arising from the
national “one-child policy.” Therefore, a modification of
the original criteria has been proposed to “at least two
pathologically verified CRCs in a family; at least two are
first-degree relatives including parents or siblings” (83). In
addition, the algorithm of germline testing has mainly only
included MLH1 and MSH?2 in Asian studies (84), and the
lack of testing of MSHG6, PMS2, and EPCAM likely account
for some degree of underestimation (85,86).

High risks of gastric cancer?

Another significant difference in Asia is the high prevalence
of gastric cancer among extracolonic malignancy associated
with LS. In a study of 30 LS families diagnosed by the
Amsterdam criteria, 37% extracolonic malignancies were
gastric cancer, while only 4 (13.3%) cases were EC (87).
Another study including both Chinese and Korean LS
families also found that gastric cancer was the second most
common cancer in these families (88). Moreover, among 98
cancer deaths in female first-degree relatives from Japanese
LS families, 53%, 19%, and 13% of the deaths were due
to colorectal, gastric, and uterine cancers, respectively (89).
Similar results were reported in other studies (90).
Compared with only a 2-13% lifetime risk in Western
countries (8), the risk of gastric cancer in Asian studies
is theoretically estimated at approximately 30% in LS
probands for MMR mutation carriers (91,92). Consequently,
surveillance focusing on the upper gastrointestinal tract has
been considered for Asian patients.

Preferential sidedness?
While European and American studies have highlighted
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a predominance for proximal location for LS-associated
CRCs, this has been controversial in studies from Asian
populations.

One study reported that among tumors in patients
who meet the Amsterdam criteria, 69% were left sided,
with most being sigmoid cancers (93). In another study
from China, 31 families demonstrated a remarkably
high proportion of left-sided CRC (60.6%) and a lower
synchronous cancer incidence (8.5%), compared with
Western data (90). In a recent Chinese study of 116 patients
with LS, more left-sided and rectal tumors were found
(64.7% wvs. 35.3% right-sided) (94). Other studies have
reported that LS-associated CRCs were proximal to the
splenic flexure in only 40.9% (95) or only 39% (96).

However, the reported proportions of CRCs arising from
right vs. left side may reflect recruitment bias. At least one
study of 34 LS families in China found 77 (66.4%) of the
cases developed in the proximal colon, and 39 (33.6%) cases
were distal colon cancer, a pattern not dissimilar to that
reported in Western countries (97). It should also be noted
that greater than 50% of all CRCs diagnosed in China
or other Asian countries in general are rectal cancer (83),
and may represent a baseline difference in population.
Hence, whether the prominent left-sided feature found in
Asia indicates a potential recruitment bias or an accurate
phenomenon requires more evidence.

Clinical genetics care guidelines of LS in Asia

Given the above distinct features of LS, it is worthwhile
to compare the clinical care guidelines from Asian vs.
Western countries (Table 4). Several differences exist.
First, while the debate between segmental vs. extended
resection exist for management of index CRC associated
with LS, the Asian guidelines do not strongly advocate
for extended resection. Neither extensive colectomy
for index CRC nor prophylactic surgery for unaffected
carriers is advocated, and are not mentioned in the
current Chinese Society of Clinical Oncology (CSCO)
guidelines (39). Indeed, in a Japanese study, extensive
surgery (proctocolectomy/colectomy) was preferred by only
9% of the care providers, and prophylactic gynecologic
surgery was preferred by only 18% for postmenopausal
women (98). Secondly, Asian guidelines have strongly
recommend screening with upper gastrointestinal
endoscopy, for example, every 1-2 years in Japanese
Society for Cancer of the Colon and Rectum (JSCCR)
guidelines (38), despite firm evidence of survival benefit.
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This is in contrast with the Western guidelines that would
consider esophagogastroduodenoscopy every 2-3 years
based on significant patient and/or family risk factors, while
acknowledging that the evidence base for the consideration
is low (8). Finally, strategies for chemoprevention have
largely been absent in the Asian guidelines. This likely
reflects the lack of chemoprevention trials in Asian
populations, where only one Chinese study (99) reported
the use of celecoxib, another NSAID, in patients with LS and
FAP. After 9-month treatment with celecoxib at 400 mg/d,
the polyps vanished in most patients with LS, but side
effects were observed, including arrhythmia, angina
pectoris, and nervous headache.

Conclusions

LS, caused by inheritable deficiency in the DNA MMR
system, predisposes patients to CRC and extracolonic
cancers. Improved understanding of the molecular basis of
LS has enabled universal tumor-based screening, genetic
counseling, and advanced germline testing. Finally, a
system for comprehensive clinical genetics care should be
established to provide optimal treatment of the index CRC,
as well as implementation of preventive strategies include
prophylactic surgery, active comprehensive surveillance,
as well as chemoprevention. Increased international
exchange and collaboration is needed to help reduce the
global burden of inherited colorectal and extracolonic
malignancies associated with LS.
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