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Abstract
Approximately 10% of colorectal cancer (CRC) cases occur in the context of hereditary cancer-predisposing

conditions caused by germline pathogenic variants (PVs) in cancer predisposition genes, with Lynch syn-

drome and familial adenomatous polyposis at the top of the list. Although the identification of hereditary

CRC has traditionally relied on clinical characteristics, including familial accumulation, multiple and early

onset of CRC and other related cancers, and the presence of gastrointestinal polyposis, more comprehensive

approaches, such as universal tumor screening and universal germline testing, have recently been employed.

From a technical standpoint, next-generation sequencing has enabled genome-wide analysis of genetic al-

terations in germline and somatic settings. Taking advantage of this technology, germline multigene panel

testing has been utilized in genetic testing, which leads to the identification of PVs, not only in well-known

hereditary CRC genes but also in rare causal genes, moderate-risk genes, and high-risk genes previously not

linked to CRC predisposition. In addition, comprehensive genomic profiling and companion diagnostics for

solid tumors occasionally yield unexpected hereditary CRC diagnoses. Thus, more hereditary CRCs have

been identified not based on clinical phenotypes but rather by comprehensive approaches or as secondary

findings of treatment drug testing. In this review, we discuss the impact of recent advances in genomic

medicine on the clinical aspects of hereditary CRC, which has promoted an understanding of the entire

landscape of genetic predisposition to CRC.
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Introduction

Approximately 10% of patients with colorectal cancer

(CRC) possess germline pathogenic variants (PVs) or likely

PVs (LPVs) in cancer predisposition genes[1,2]. While

Lynch syndrome (LS) and familial adenomatous polyposis

(FAP) are the most well-known hereditary CRCs, recent ad-

vances in genomic medicine have promoted the understand-

ing of the entire landscape of genetic predisposition to CRC,

including rare and/or moderate-risk conditions and high-risk

hereditary cancer syndromes previously not linked to CRC.

The identification of families with hereditary CRC has sig-

nificant implications as proper management, including sur-

veillance and prophylactic interventions, can lead to better

outcomes in affected individuals. For instance, surveillance

colonoscopy and removal of adenomatous polyps decrease
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Figure 1. Identification of individuals with hereditary CRC. Red 

bars indicate individuals affected by hereditary CRC among those

with and without the occurrence of CRC. Patients with hereditary

CRC in “Tier 1” can be detected using traditional diagnostic crite-

ria specific for each hereditary CRC syndrome or the Amsterdam

criteria, whereas the revised Bethesda guidelines enable the screen-

ing of individuals in “Tier 2.” In contrast, universal approaches

(i.e., universal tumor testing and universal genetic testing) and 

population-based screening are required to identify individuals 

with hereditary CRC in “Tiers 3 and 4,” respectively. Relatives of

patients with hereditary CRC can be diagnosed by cascade testing 

(“Tier 0”). CRC, colorectal cancer; eoCRC, early-onset colorectal 

cancer
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the incidence of CRC and prolong overall survival in indi-

viduals with LS[3].

Traditionally, the identification of hereditary CRC has re-

lied on clinical information, including familial accumulation,

multiple and early-onset CRC and other related cancers, the

presence of polyposis or multiple polyps, and other specific

features characterizing specific conditions. More comprehen-

sive approaches to identifying hereditary CRCs have been

developed in recent years. In this context, universal tumor

screening using microsatellite instability (MSI) test and/or

immunohistochemistry (IHC) for mismatch repair (MMR)

proteins is recommended in all patients with CRC[4] and

endometrial cancer[5] aiming to detect individuals with LS.

In addition, MSI testing and IHC for MMR proteins have

been widely performed as companion diagnostics to deter-

mine the indication of immune checkpoint inhibitors (ICIs)

in solid tumors[6], further facilitating LS diagnosis. From a

technical standpoint, the invention of next-generation se-

quencing (NGS) has enabled the genome-wide analysis of

genetic alterations in germline and somatic settings. Using

NGS, comprehensive genomic profiling (CGP) to sequence

dozens to hundreds of cancer-related genes in cancer cells

has been introduced into clinical practice for patients with

solid tumors. Although its primary purpose is to explore po-

tential treatment drugs, CGP occasionally yields unexpected

diagnoses of hereditary cancer-predisposing conditions[7].

NGS technology has also enabled germline multigene panel

testing (MGPT), which is utilized in the genetic testing of

suspected hereditary CRC cases. Notably, germline MGPT

identified PVs/LPVs in well-known hereditary CRC genes,

including MMR and polyposis-related genes, and in genes

traditionally not linked to CRC predisposition[8,9]. More re-

cently, some authors have proposed the use of universal

germline testing to perform germline MGPT in all patients

with CRC[1,2] and in those with all solid tumors[10]. Thus,

more hereditary CRCs have been identified not based on

clinical phenotypes but rather by comprehensive approaches

or as secondary findings of companion diagnostics and CGP.

In this review, we discuss the impact of recent advances in

genomic medicine on the clinical aspects of hereditary CRC.

Overview of Hereditary CRC in Genomic
Medicine

Typically, families carrying hereditary cancers possess two

key features: familial accumulation and early-onset of spe-

cific types of cancer. In addition, it is common for affected

individuals to develop multiple tumors; some hereditary

CRCs manifest characteristic clinical phenotypes leading to

their diagnosis, such as adenomatous or hamartomatous

polyposis in the gastrointestinal tract (Figure 1). Although

familial accumulation and early-onset tumors are hallmarks

of hereditary cancers, none of them are prerequisite condi-

tions. In families carrying hereditary CRCs, a lack of famil-

ial accumulation of multiple cancers can be observed be-

cause of low penetrance, nuclear family unavailability of

medical information on extended family members, and/or de

novo occurrence of causal variants. Meanwhile, a non-

negligible proportion of familial CRC cases have no detect-

able PVs on germline testing[9]; this could be attributed to

high-risk PVs outside the genes tested or those that conven-

tional methods could not detect. Alternatively, combinations

of hundreds of common low-risk variants associated with

environmental factors may result in a significantly high risk

of CRC in a family[11]. Although early-onset tumors raise

the possibility of hereditary cancer, most patients with early-

onset cancer do not harbor detectable germline PVs in can-

cer predisposition genes[12-14]. Conversely, cancer occur-

rence in elderly patients does not necessarily exclude heredi-

tary cancer.

In the era of genomic medicine, approaches for diagnos-

ing hereditary cancer have changed. By adopting compre-

hensive screening approaches, including universal tumor

screening and universal germline testing, and as secondary

findings of companion diagnostics and CGP performed for

cancer treatment, the identification of germline PVs predis-

posing to CRC has increased among those without typical
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Table　1.　Impact of Genomic Medicine on Non-Polyposis Hereditary CRC.

Causal genes Inheritance Comments

LS

MLH1

AD

Universal tumor screening and universal germline testing increased the yield of LS detection 

among patients with CRC and endometrial cancer. Screening for other solid cancers should also 

be considered. The prevalence of LS in the general population is estimated to be 1 in 432 to 1 in 

550, and it is most frequently caused by PVs in PMS2 and MSH6.

MSH2

MSH6

PMS2

EPCAM

Constitutional MLH1 epimutation

MLH1 Non-mendelian

Constitutional MLH1 epimutation analysis for patients with MLH1 methylated CRCs in patients 

with early-onset and/or multiple tumors should be considered. No remarkable family history 

was observed in most cases.

CMMRD

MLH1

AR

Typically, patients develop brain tumors, gastrointestinal cancers, and hematological malignan-

cies showing dMMR by the age of 18. Café-au lait maculae mimicking neurofibromatosis type 

1 are commonly seen. May present with colorectal adenomatous polyposis. The parents of the 

CMMRD probands are likely to carry LS, whereas the siblings are presumably either CMMRD 

or LS.

MSH2

MSH6

PMS2

FCCTX

Various genes AD?

Heterogeneous conditions with putative causal genes, including BMPR1A, BRCA2, FAN1, 

MUTYH, OGG1, RNF43, RSP20, SEMA4A, and SETD6. The detection of rare causal genes may 

be facilitated by the use of germline MGPT. Colonoscopic surveillance reduced CRC incidence 

and improved survival in families with FCCTX.

AD, autosomal dominant; AR, autosomal recessive; CRC, colorectal cancer; CMMRD, constitutional mismatch repair deficiency; dMMR, deficient mismatch 

repair; FCCTX, familial colorectal cancer type X; LS, Lynch syndrome; MGPT, multigene panel testing; PVs, pathogenic variants

clinical manifestations. Moreover, the use of germline

MGPT in patients with suspected hereditary CRC revealed

the involvement of high-risk hereditary cancer genes previ-

ously not linked to CRC predisposition, such as BRCA1 and

BRCA2, as well as moderate-risk genes[1,2,15]. The fre-

quent use of MGPT inevitably increases the detection of

variance of uncertain significance (VUS), especially when

using a larger panel[15]. It should be noted that the interpre-

tation of variants can be troublesome and can be updated

over time[16]. Nonetheless, the recurrent use of MGPT may

improve variant interpretation and reduce those categorized

as VUSs. Furthermore, recent studies have estimated the

prevalence of LS in the general population by utilizing

whole-exome sequencing (WES) data from biobank partici-

pants[17,18]. Compared with conventional studies focused

on probands diagnosed from patients with CRC and/or those

meeting clinical criteria, this approach may contribute to

elucidating the entire picture of hereditary CRC in terms of

prevalence, cancer risk, and other clinical manifestations.

Impact of Genomic Medicine on Hereditary
CRC (Table 1)

LS

LS is an autosomal dominant hereditary cancer syndrome

caused by germline PVs in one of the MMR genes (MSH2,

MLH1, MSH6, and PMS2), or EPCAM; it represents the

most frequent hereditary CRC, accounting for 0.7%-4.0% of

all CRC cases[19,20]. Individuals with LS have higher risks

of CRC, endometrial cancer, and various other cancers, with

the vast majority of tumors showing deficient MMR

(dMMR) as a result of impaired function of the responsible

MMR protein. Familial accumulation and early onset of re-

lated cancer are the hallmarks of LS; clinical criteria incor-

porating this information, such as the Amsterdam criteria

II[21] and revised Bethesda guidelines[22], have been used

to screen suspected LS cases. Since it has become evident

that the use of these criteria will miss a significant number

of affected individuals, universal tumor screening by MSI

and/or IHC for MMR proteins has been introduced and

widely performed in patients with CRC and endometrial

cancer[4,5]. Since MSI testing and IHC for MMR proteins

have been widely performed as companion diagnostics for

ICIs[6], and CGP[7] has been clinically implemented in

daily practice, opportunities for identifying LS in patients

with various cancer types are increasing, including cancers

that have not been previously linked to LS[23]. Latham et

al. evaluated the MSI status determined by targeted NGS in

more than 15,000 tumors, including more than 50 cancer

types, and showed that the prevalence of LS in patients with

MSI-high, MSI-indeterminate, and microsatellite stable tu-
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mors was 16.3% (53 of 326), 1.9% (13 of 699), and 0.3%

(37 of 14,020), respectively. They reported that among pa-

tients diagnosed with LS, half (33 of 66) in the MSI-high

and MSI-indeterminate groups and the predominant propor-

tion in the microsatellite stable group were cancers other

than CRC or endometrial cancer[23]. Thus, their data indi-

cate the need for LS screening targeting a broader spectrum

of solid tumors as well as proficient MMR (pMMR)/non-

MSI-high tumors. Indeed, the utility of LS screening incor-

porating multiple types of solid tumor has been re-

ported[24]. In addition, it has been reported that universal

tumor screening could have missed 6.3% of LS probands

among patients with CRC, suggesting the need for universal

germline testing[2]. In clinical practice, the yield of univer-

sal tumor screening may be lower because a significant pro-

portion of possible LS patients do not opt to undergo ge-

netic testing[25]; therefore, the advantages of universal

germline testing over universal tumor screening in identify-

ing more probands with LS could be substantial. By analyz-

ing data on biobank participants, the prevalence of LS in the

general population was estimated to be 1 in 432-550[17,18].

In a study by Rosenblum et al., most carriers of PVs/LPVs

in MMR genes had previously no documented diagnosis of

LS, further supporting the need for a universal approach in

LS screening[17]. Interestingly, despite MSH2 and MLH1
being known as the predominant causal genes of LS, PVs/

LPVs were most frequent in PMS2, followed by MSH6
among biobank participants, presumably reflecting the lower

penetrance in carriers of PMS2 and MSH6[17,18]. In the

treatment of dMMR tumors, including those occurring in

patients with LS, the efficacy of ICIs has been demon-

strated[26]. Despite the hope that ICIs may also be useful

for cancer prevention in individuals with LS, Harrold et al.

recently showed that the risk of developing new cancers did

not decrease after ICIs, including anti-PD-1/PD-L1 antibod-

ies. However, the incidence of visceral neoplasms may de-

crease after ICI exposure in the subgroup analysis[27].

Constitutional MLH1 epimutation

Most CRCs exhibiting high MSI levels and loss of MLH1

expression are sporadic and are associated with aberrant

MLH1 promoter methylation in tumor cells. On rare occa-

sions, methylation of a single allele of the promoter of the

MLH1 gene is observed in normal cells, which causes tran-

scriptional silencing of the affected allele and is referred to

as constitutional MLH1 epimutation[28]. Similar to LS

caused by PVs in MMR genes, constitutional MLH1 epimu-

tation is linked to multiple and early-onset tumors within the

LS spectrum. Although MLH1 epimutation can be inherited,

it is reversible between generations and tends to have no re-

markable family history[28,29]. In clinical practice, tumors

with positive MLH1 methylation are considered sporadic and

are generally excluded from genetic testing in universal tu-

mor screening for LS. Among MLH1 methylated CRCs,

constitutional MLH1 epimutation was overrepresented in

early-onset patients[29] and in those who met the revised

Bethesda guidelines[29,30]. Therefore, constitutional MLH1
epimutation analysis should be considered for MLH1 meth-

ylated CRCs associated with clinical features resembling LS.

Constitutional mismatch repair deficiency (CMMRD)

CMMRD is a rare cancer predisposition syndrome caused

by biallelic germline PVs in one of the four MMR

genes[31]. Most patients with CMMRD develop malignant

neoplasms, including brain tumors, gastrointestinal cancers,

and hematological malignancies, by the age of 18. Non-

neoplastic features, such as café-au-lait maculae, are also

common in CMMRD, mimicking neurofibromatosis type

1[31,32]. The vast majority of tumors occurring in CMMRD

demonstrate dMMR and increased tumor mutational burden

(TMB)[31]; therefore, MSI testing, IHC for MMR proteins,

and CGP can trigger the detection of CMMRD cases. Al-

though an optimal protocol has not been established, surveil-

lance, including clinical examination, brain magnetic reso-

nance imaging, and colonoscopy, has been reported to im-

prove the survival of individuals with CMMRD[31,33]. Be-

cause the parents of patients with CMMRD are likely LS

carriers, and the siblings of patients with CMMRD are pre-

sumably either LS or CMMRD, it is extremely important to

offer cascade genetic testing to the relatives of patients with

CMMRD[31].

Familial colorectal cancer type X (FCCTX)

FCCTX is defined as families that fulfill the Amsterdam

criteria, and their tumors show pMMR with no germline

PVs in MMR genes[34,35]. FCCTX has been linked to an

increased risk of CRC; however, unlike LS, most studies ob-

served no association with an increased risk of extracolonic

cancer in FCCTX[34,36,37]. Compared with LS, CRCs in

FCCTX have characteristic clinicopathological features, in-

cluding older age at diagnosis, more likely left-sided loca-

tion, and not linked to poorly differentiated or mucinous his-

tology[34,35,38]. Notably, members of FCCTX families had

a lower risk of developing CRC than those of LS[39],

whereas cancer-related mortality was higher in FCCTX than

in LS[38]. Importantly, colonoscopic surveillance signifi-

cantly reduces CRC incidence and improves survival among

asymptomatic members of FCCTX families[40].

The genetic causes of FCCTX are heterogeneous and

have not yet been fully elucidated. Thus far, germline PVs

in BRCA2[41], BMPR1A[42], FAN1[43], MUTYH[44],

OGG1[44], RSP20[45], SEMA4A[46], and SETD6[47] have

been reported as putative causes of FCCTX. In addition, the

co-segregation of germline variants in the BRCA1 and RNF
43 genes with CRC in an FCCTX family has been re-

ported[48]. It is expected that the use of MGPT comprising
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Table　2.　Impact of Genomic Medicine on Adenomatous Polyposis Syndromes.

Causal genes Inheritance Comments

FAP

APC AD
Genotype-phenotype correlation has been reported to be beneficial in patient management. A part of 

the de novo cases are due to somatic APC mosaicism, which can be detected by next-generation se-

quencing.

MAP

MUTYH AR

Often presents as attenuated adenomatous polyposis but also exhibits classical adenomatous polypo-

sis or SPS. Tumors associated with MAP were enriched for G:C to T:A transversions and KRAS 

G12C (c.34 G>T) variants.

NTHL1-associated tumor syndrome

NTHL1 AR Linked to the broad spectrum of tumors enriched from C:G to T:A transitions.

PPAP

POLE AD The tumors developed in patients with PPAP exhibited a very high tumor mutational burden and a 

good response to treatment with immune checkpoint inhibitors.POLD1 AD

Other adenomatous polyposis

AXIN2 AD

The detection of rare causal genes may be facilitated by the use of germline MGPT. Whole-exome 

and whole-genome sequencing may promote the future identification of novel causal genes.
MBD4 AD, AR

MLH3 AR

MSH3 AR

AD, autosomal dominant; AR, autosomal recessive; FAP, familial adenomatous polyposis; MAP, MUTYH-associated polyposis; MGPT, multigene panel testing; 

PPAP, polymerase proofreading-associated polyposis; SPS, serrated polyposis syndrome

the above-mentioned genes or more comprehensive ap-

proaches, such as WES and whole-genome sequencing

(WGS), will facilitate the identification of rare causal genes

in more FCCTX families.

Adenomatous polyposis (Table 2)

FAP is a hereditary cancer syndrome characterized by the

presence of �100 adenomatous polyps in the colon and rec-

tum. Virtually all patients with FAP develop CRC if they do

not receive prophylactic treatment; in addition, they are also

predisposed to extra-colorectal tumors, including duodenal

cancer, gastric cancer, thyroid cancer, pancreatic cancer, he-

patoblastoma, and desmoid tumor[20,49,50]. The primary

cause of FAP is monoallelic germline PVs in the APC gene,

which is found in approximately 58%-78% of classical FAP

(i.e., �100 adenomatous polyps)[51,52] and leads to an

autosomal dominant pattern of inheritance. Although germ-

line PVs in APC are more common in classical FAP, they

are also found in attenuated FAP harboring fewer than 100

adenomatous polyps[51-53]. Interestingly, a genotype-

phenotype correlation has been reported. PVs located be-

tween codons 1250-1464 in APC were associated with pro-

fuse polyposis, whereas those in codons 78-157, 312-412,

and 1595-2843 were associated with attenuated poly-

posis[54]. Approximately 15%-25% of FAPs arise de novo

without a family history[20,49], and approximately 15%-

20% of them are reportedly due to somatic mosaicism for

the APC gene[20,49,54]. Because NGS can detect low-level

variants, it can facilitate the diagnosis of somatic APC mo-

saicism among previously undiagnosed patients with

FAP[52,55]. In addition, Young et al. recently reported that

paired germline DNA-RNA MGPT can detect deep-intronic

DNA variants leading to aberrant RNA splicing that were

unidentified by DNA-only genetic testing[56].

MUTYH-associated polyposis (MAP) is the second most

frequent type of adenomatous polyposis, which is caused by

biallelic germline PVs in the MUTYH gene and shows an

autosomal recessive inheritance pattern[57,58]. MAP pre-

sents as attenuated polyposis more often; however, some pa-

tients may exhibit classical polyposis with �100 adenoma-

tous polyps. It has been reported that among patients with

biallelic germline MUTYH PVs, 22.7% had at least 100 ade-

nomatous polyps, whereas 68.5% had fewer than 100[51]. In

addition to colorectal adenomatous polyposis and CRC, car-

riers of biallelic germline PVs in MUTYH have a higher risk

of developing tumors, including duodenal adenoma and can-

cer, ovarian cancer, and bladder cancer[57,58]. Notably, pa-

tients with MAP commonly harbor serrated polyps, such as

sessile serrated lesions and hyperplastic polyps, and they oc-

casionally meet the criteria for serrated polyposis syndrome

(SPS)[59]. MUTYH is involved in base excision repair

(BER), and its impaired function results in an excess of G:C

to T:A transversions. Consequently, MAP-associated CRCs

show a predominance of the KRAS G12C (c.34G>T) variant

among KRAS alterations[60].

More recently, an association between NTHL1, another
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Table　3.　Impact of Genomic Medicine on Nonadenomatous Polyposis Syndromes.

Causal genes Inheritance Comments

JPS

BMPR1A AD Juvenile polyps occur throughout the gastrointestinal tract but predominantly in the colorectum. 

Clinical use of CGP and germline MGPT may promote the diagnosis of more probands, including 

those lacking typical features.SMAD4 AD

PJS

STK11 AD
Characterized by mucocutaneous pigmentation and Peutz-Jeghers hamartomatous polyps predomi-

nantly in the small intestine. Clinical use of CGP and germline MGPT may promote the diagnosis of 

more probands, including those lacking typical features.

PHTS

PTEN AD
Characterized by various extragastrointestinal manifestations, such as macrocephaly, autism spec-

trum disorders, and mucocutaneous lesions. Clinical use of CGP and germline MGPT may promote 

the diagnosis of more probands, including those lacking typical features.

HMPS

BMPR1A AD
Germline MGPT, WES, and WGS may contribute in disclosing unknown causal genes and the spec-

trum of the syndrome.
upstream of 

GREM1
AD

SPS

MUTYH AR Most cases are not hereditary syndromes. Germline MGPT detected PVs/LPVs in various cancer-

predisposing genes in ~10% of patients.RNF43 AD

AD, autosomal dominant; AR, autosomal recessive; CGP, comprehensive genomic profiling; HMPS, hereditary mixed polyposis syndrome; JPS, juvenile polyp-

osis syndrome; LPVs, likely pathogenic variants; MGPT, multigene panel testing; PHTS, PTEN-hamartoma tumor syndrome; PJS, Peutz-Jeghers syndrome; PVs, 

pathogenic variants; SPS, serrated polyposis syndrome; WES, whole-exome sequencing; WGS, whole-genome sequencing

BER gene, and adenomatous polyposis and CRC was re-

ported[61,62]. Biallelic PV carriers in NTHL1 possess

higher risks for adenomatous polyposis and CRC and are

further linked to a broad spectrum of tumors[57,58,61]. Dis-

tinct from tumors in patients with MAP, tumors developed

in association with NTHL1 dysfunction demonstrate the en-

richment of C:G to T:A transitions[57,58,61,62].

POLE and POLD1, which encode DNA polymerase ε and

δ, respectively, have also been associated with hereditary

CRC. Indeed, monoallelic germline PVs in the proofreading

exonuclease domains of POLE and POLD1 are known to

cause polymerase proofreading-associated polyposis (PPAP),

which is a cancer-predisposing condition that exhibits

autosomal dominant inheritance and is associated with mul-

tiple colorectal adenomas, CRC, and extracolorectal cancers

such as endometrial cancer[63,64]. Because most CRCs with

PVs in the exonuclease domains of POLE and POLD1 show

an extremely high TMB[65,66], and a high TMB is an es-

tablished predictive biomarker for a favorable response to

immune therapy[67], cancers that occur in patients with

PPAP can be good targets for treatment with ICIs. A recent

report by Ambrosini et al. showed that patients with metas-

tatic CRCs harboring POLE and POLD1 PVs had a signifi-

cantly higher overall response rate and superior progression-

free survival after treatment with ICIs than those with

dMMR/MSI-high metastatic CRCs[66].

Other rare causes of adenomatous polyposis include

monoallelic germline PVs in AXIN2[68,69], monoallelic[70]

and biallelic germline PVs in MBD4[71], and biallelic germ-

line PVs in MSH3[72] and MLH3[73]. In addition,

CMMRD can present with adenomatous polyposis[31]. The

detection of PVs in these rare causal genes could be pro-

moted by genetic testing using MGPT, WES, or WGS.

Germline PVs/LPVs in cancer-predisposing genes other than

those previously associated with adenomatous polyposis

have been detected by MGPT in a significant proportion of

patients with classical and attenuated polyposis with prob-

able adenomatous histology[74].

Nonadenomatous polyposis (Table 3)

Juvenile polyposis syndrome (JPS), Peutz-Jeghers syn-

drome (PJS), and PTEN-hamartoma tumor syndrome

(PHTS) are hereditary cancer-predisposing conditions char-

acterized by autosomal dominant inheritance and the pres-

ence of multiple hamartomatous polyps in the gastrointesti-

nal tract[75]. JPS is caused by monoallelic germline PVs in

SMAD4 or BMPR1A and is associated with an increased risk

of CRC and other cancers, including gastric, duodenal, small

intestinal, and pancreatic cancers. Hamartomatous polyps

observed in JPS are called juvenile polyps and occur

throughout the gastrointestinal tract, predominantly in the

colon and rectum. JPS may also present with gastrointestinal
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bleeding, protein-losing gastroenteropathy, and various ex-

traintestinal manifestations, including telangiectasia, pig-

mented nevi, and skeletal stigmata. Individuals with germ-

line SMAD4 PVs frequently present with combined JPS and

hereditary hemorrhagic telangiectasia[76,77]. PJS is caused

by monoallelic germline PVs in STK11 and is characterized

by mucocutaneous pigmentation and Peutz-Jeghers hamarto-

matous polyps in the gastrointestinal tract, predominantly in

the small intestine. PJS symptoms are mostly caused by ha-

martomatous polyps, including gastrointestinal bleeding,

anemia, and small bowel intussusception. PJS has been asso-

ciated with the occurrence of various cancer types, including

CRC and gastric, small intestinal, pancreatic, breast, lung,

ovarian, and uterus cancers[78,79]. PHTS comprises a spec-

trum of conditions caused by monoallelic germline PVs in

PTEN, including Cowden syndrome, Bannayan-Riley-

Ruvalcaba syndrome, Proteus syndrome, and Proteus-like

syndrome. The characteristic clinical features of PHTS in-

clude macrocephaly, autism spectrum disorders, mucocutane-

ous lesions such as trichilemmoma and oral papilloma, ha-

martomatous and other types of colonic polyps, and glyco-

genic acanthosis of the esophagus. PHTS is also linked to

malignant tumors, including breast, thyroid, endometrial, re-

nal cell cancers, and CRC[80,81]. The above-mentioned

clinical presentations of hamartomatous polyposis have been

the key to identifying affected individuals; however, the

clinical use of CGP and germline MGPT may contribute to

the diagnosis of more probands, including those lacking

typical features.

Hereditary mixed polyposis syndrome (HMPS) is charac-

terized by multiple colorectal polyps, including Peutz-

Jeghers polyps, juvenile polyps, serrated polyps, and con-

ventional adenomas; it is associated with the development of

CRC. Although the genetic causes of HMPS have not been

fully elucidated, germline PVs in BMPR1A and duplications

in a region upstream of the GREM1 gene have been re-

ported in HMPS[82].

SPS is the most frequent polyposis syndrome of the col-

orectum; it is characterized by the presence of multiple and/

or large serrated polyps throughout the colon, with a high

risk of CRC[83,84]. The majority of SPS cases do not have

relatives with polyposis and are thus considered to be non-

inherited conditions associated with environmental expo-

sures, such as cigarette smoking. Conversely, first-degree

relatives of patients with SPS reportedly have a five-fold

relative risk of CRC, suggesting some genetic susceptibil-

ity[83]. Monoallelic germline PVs in RNF43[85] and bialle-

lic germline PVs in MUTYH[59] have been reported in a

small proportion of SPSs. More recently, genetic testing us-

ing MGPT revealed PVs/LPVs in CHEK2, MUTYH,

POLD1, RNF43, and SMAD4 in 9.6% of the tested patients

with SPS[86], verifying the role of genetic predisposition in

some patients with SPS.

Impact of the CGP Test on Hereditary
CRC Identification

Although its primary purpose is to explore potential treat-

ment drugs, germline PVs or presumed germline PVs

(PGPVs) may be detected by CGP, which is often referred

to as germline or secondary findings[87,88]. The CGP test

includes tumor-normal paired and tumor-only testing, which

requires tumor specimens. More recently, CGP using circu-

lating tumor DNA, commonly known as liquid biopsy, has

also been implemented in clinical settings[89]. In tumor-

normal paired testing, DNA analysis derived from normal

tissues allows determination of germline PVs. In contrast,

tumor-only testing and liquid biopsy cannot clearly distin-

guish germline and somatic variants[88]. PVs detected by

tumor-only testing and liquid biopsy, possibly of germline

origin, are called PGPVs and require confirmatory germline

testing[7]. For tumor-only testing, the European Society for

Medical Oncology Precision Medicine Working Group

(ESMO-PMWG) proposed a filtering strategy for PGPVs to

select PVs that warrant confirmatory germline testing, con-

sidering factors such as age at tumor diagnosis, cancer type,

clinical actionability of genes, and variant allele frequency

in tumor tissue[7]. As an indicator of the probability that the

PVs detected by tumor-only testing being the germline PVs

for each gene, the ESMO-PMWG defines the germline con-

version rate (GCR), calculated as the ratio of the number of

tumor-detected germline PVs to the total number of tumor-

detected PVs[7].

Data from the Memorial Sloan Kettering Cancer Center

using the MSK-IMPACTⓇ assay (n = 45,472, encompassing

47 cancer types and limited to non-hypermutated samples)

indicated that among hereditary CRC-associated genes,

MMR genes such as MSH2 (22/37, 59.5%), MSH6 (43/78,

55.1%), and MLH1 (22/43, 51.2%) showed high GCR. In

contrast, APC exhibits a very low GCR (27/2369, 1.1%);

therefore, confirmatory germline testing for PGPVs in APC
is recommended only for patients diagnosed before the age

of 30 to enhance the yield of true germline PVs[7]. When

applying the ESMO-PMWG criteria to the MSK-IMPACTⓇ

dataset, >50% of the PGPVs selected for confirmatory

germline testing were confirmed to be true germline PVs[7].

Our previous study analyzing data from another CGP test,

FoundationOne CDxⓇ, showed the validity of the ESMO-

PMWG criteria in selecting PGPVs with a high likelihood

of germline origin detected by tumor-only CGP in clinical

practice[90].

CGP leads to germline PV identification in hereditary

CRC genes in patients with CRC and other solid tumors.

PVs in the APC gene detected in APC-related tumors (“on-

tumor”), including CRC, demonstrated a significantly lower

GCR (15/2083, 0.7%) compared with those in non-APC-

related tumors (“off-tumor”) (12/286, 4.2%)[7], presumably
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because of the high rate of somatic APC PVs in CRC. Fur-

thermore, in the MSK-IMPACTⓇ CRC dataset (n = 4370),

the GCR of on-tumor genes (e.g., APC, MLH1, MSH2,

MSH6, MUTYH, and PMS2) was lower than that of off-

tumor genes (e.g., BRCA1, BRCA2, RET, and VHL) (“on-

tumor”: 118/3767, 3.1% vs. “off-tumor”: 122/347,

35.2%)[7]. Taken together, the opportunities for diagnosing

hereditary CRC can be expanded by carefully interpreting

the CGP results.

Early-onset CRC

The incidence of CRC diagnosed before the age of 50 is

referred to as early-onset CRC (eoCRC), and it is increasing

worldwide[91]. Risk factors for eoCRC include family his-

tory of CRC, hyperlipidemia, obesity, and alcohol consump-

tion[91,92]. The occurrence of cancer(s) at a younger age is

a hallmark of hereditary cancer; germline genetic testing us-

ing MGPT is recommended for all patients with eoCRC[91].

However, the majority of patients with eoCRC are sporadic,

without a family history of CRC or detectable germline PVs

in known cancer-predisposing genes. Among patients with

eoCRC, only 14%-26% had a first-degree relative with

CRC, and up to 20% possessed germline PVs/LPVs associ-

ated with cancer predisposition. Although the majority of

germline PVs/LPVs were found in high-penetrance CRC

genes such as MMR genes (MLH1, MSH2, MSH6, and

PMS2) and polyposis-related genes (e.g., APC, MUTYH,

SMAD4, and BMPR1A), they were also observed in genes

not traditionally linked to CRC (e.g., ATM, BRCA1, BRCA2,

CHEK2, PALB2, and TP53), indicating the utility of MGPT

incorporating a broader spectrum of cancer-predisposing

genes[12-14].

Universal Germline Testing of CRC and Other
Solid Tumors

Recently, a more comprehensive approach for identifying

individuals with cancer-predisposing conditions has been

proposed. Yurgelun et al. utilized a cohort of >1,000 con-

secutive patients with CRC without preselection by MSI/

MMR status, age at diagnosis, and personal/familial cancer

history and performed MGPT to analyze germline altera-

tions in cancer susceptibility genes. They found that 9.9% of

patients with CRC had at least one PV/LPV, including 3.1%

in LS genes, 1.0% in BRCA1 and BRCA2, 1.1% in other

high-penetrance genes (APC, biallelic MUTYH, PALB2,

CDKN2A, and TP53), and 4.7% in moderate-penetrance

genes (monoallelic MUTYH, APC I1307K, ATM, BRIP1,

CHEK2, NBN, and BARD1). Because specific risk-reducing

interventions are recommended to most individuals harbor-

ing PVs/LPVs and most individuals with non-LS cancer-

predisposing conditions lacked the characteristic clinical fea-

tures of the respective syndromes, the authors argued for the

benefit of comprehensive germline testing in unselected pa-

tients with CRC[1]. Pearlman et al. reported the outcomes

of a prospective study involving >3,000 patients with surgi-

cally treated CRC, in which they performed universal tumor

screening for LS combined with germline MGPT in patients

with dMMR tumors, <50 years of age, multiple tumors, or a

family history of CRC and endometrial cancer. They showed

that 38.6% of patients with hereditary cancer syndromes, in-

cluding 6.3% of those with LS, would have been missed if

universal tumor screening had been employed without a

combination of MGPT[2]. Another study by Coughlin et al.

retrospectively analyzed the results of germline MGPT in >

34,000 patients with CRC performed in a commercial labo-

ratory; they found that 11.9% of the patients had clinically

actionable PVs, including 3.1% in genes not traditionally as-

sociated with CRC[15]. These recent studies support the le-

gitimacy of universal germline testing in patients with CRC,

although its clinical implementation should be considered to

balance its disadvantages, such as the cost of NGS and the

increasing need for genetic counseling. Moreover, universal

germline testing has been proposed for other solid tu-

mors[10,93], which may increase the chance of identifying

CRC-predisposing individuals from those with other solid

tumors.

Future Directions

In the era of genomic medicine, comprehensive ap-

proaches and the use of germline MGPT have promoted the

identification of individuals with hereditary CRC, which has

led to a better understanding of the entire landscape of

CRC-predisposing conditions. The broader use of germline

MGPT has increased PV detection in rare causal genes,

moderate-risk genes, and high-risk genes previously not as-

sociated with CRC and among individuals not associated

with the characteristic features of known hereditary CRC

syndromes. However, the cause of a significant proportion

of CRC predispositions remains unexplained. Future studies

utilizing genome-wide sequencing approaches, including

WES, WGS, and RNA sequencing, may contribute to the

discovery of novel mechanisms hidden in the human

genome, which may lie in unknown, rare causal genes or

within noncoding sequences that lead to the dysregulation of

gene expression. In addition, new technologies may facilitate

the identification of unknown mechanisms, as long-read se-

quencing enables the identification of structural variants that

are difficult to detect using conventional methods[94,95].

Furthermore, studies focusing on PV carriers in hereditary

CRC genes in the general population are needed to elucidate

their prevalence and penetrance. The ultimate goal of heredi-

tary CRC practice is to identify affected individuals and

families and provide appropriate care to improve quality of
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life and prolong survival. To this end, it is crucial to train

specialists, including clinical geneticists, genetic counselors,

and clinicians, who are well-versed in managing hereditary

CRC. As advances in genomic medicine have expanded the

opportunity for identifying probands with hereditary CRC,

accessibility to requisite medical care should also be univer-

sally promoted.

Conflicts of Interest

There are no conflicts of interest.

Author Contributions

Atsushi Yamada and Tomohiro Kondo wrote and approved

the final version of the manuscript.

References
1. Yurgelun MB, Kulke MH, Fuchs CS, et al. Cancer susceptibility

gene mutations in individuals with colorectal cancer. J Clin Oncol.

2017 Apr; 35(10): 1086-95.

2. Pearlman R, Frankel WL, Swanson BJ, et al. Prospective statewide

study of universal screening for hereditary colorectal cancer: the

Ohio Colorectal Cancer Prevention Initiative. JCO Precis Oncol.

2021 May; 5: PO.20.00525.

3. Järvinen HJ, Aarnio M, Mustonen H, et al. Controlled 15-year

trial on screening for colorectal cancer in families with hereditary

nonpolyposis colorectal cancer. Gastroenterology. 2000 May; 118

(5): 829-34.

4. Seppälä TT, Latchford A, Negoi I, et al. European guidelines from

the EHTG and ESCP for Lynch syndrome: an updated third edi-

tion of the Mallorca guidelines based on gene and gender. Br J

Surg. 2021 May; 108(5): 484-98.

5. Crosbie EJ, Ryan NAJ, Arends MJ, et al. The Manchester Interna-

tional Consensus Group recommendations for the management of

gynecological cancers in Lynch syndrome. Genet Med. 2019 Oct;

21(10): 2390-400.

6. Yoshino T, Cervantes A, Bando H, et al. Pan-Asian adapted

ESMO Clinical Practice Guidelines for the diagnosis, treatment

and follow-up of patients with metastatic colorectal cancer. ESMO

Open. 2023 Jun; 8(3): 101558.

7. Kuzbari Z, Bandlamudi C, Loveday C, et al. Germline-focused

analysis of tumour-detected variants in 49,264 cancer patients:

ESMO Precision Medicine Working Group recommendations. Ann

Oncol. 2023 Mar; 34(3): 215-27.

8. Cragun D, Radford C, Dolinsky JS, et al. Panel-based testing for

inherited colorectal cancer: a descriptive study of clinical testing

performed by a US laboratory. Clin Genet. 2014 Dec; 86(6): 510-

20.

9. Yurgelun MB, Allen B, Kaldate RR, et al. Identification of a vari-

ety of mutations in cancer-predisposition genes in patients with

suspected Lynch syndrome. Gastroenterology. 2015 Sep; 149(3):

604-13.

10. Esplin ED, Nielsen SM, Bristow SL, et al. Universal germline ge-

netic testing for hereditary cancer syndromes in patients with solid

tumor cancer. JCO Precis Oncol. 2022 Sep; 6: e2100516.

11. Shen Y, Chen W, Fu C, et al. Polygenic risk score, healthy life-

style score, and colorectal cancer risk: a prospective cohort study.

Cancer Epidemiol Biomarkers Prev. 2024 Nov; doi: 10.1158/1055-

9965.EPI-24-1013. Online ahead of print.

12. Pearlman R, Frankel WL, Swanson B, et al. Prevalence and spec-

trum of germline cancer susceptibility gene mutations among pa-

tients with early-onset colorectal cancer. JAMA Oncol. 2017 Apr;

3(4): 464-71.

13. Stoffel EM, Koeppe E, Everett J, et al. Germline genetic features

of young individuals with colorectal cancer. Gastroenterology.

2018 Mar; 154(4): 897-905.

14. Stanich PP, Pelstring KR, Hampel H, et al. A high percentage of

early-age onset colorectal cancer is potentially preventable. Gastro-

enterology. 2021 Apr; 160(5): 1850-2.

15. Coughlin SE, Heald B, Clark DF, et al. Multigene panel testing

yields high rates of clinically actionable variants among patients

with colorectal cancer. JCO Precis Oncol. 2022 Nov; 6: e2200517.

16. Valle L, Vilar E, Tavtigian SV, et al. Genetic predisposition to col-

orectal cancer: syndromes, genes, classification of genetic variants

and implications for precision medicine. J Pathol. 2019 Apr; 247

(5): 574-88.

17. Rosenblum RE, Ang C, Suckiel SA, et al. Lynch syndrome-

associated variants and cancer rates in an ancestrally diverse bio-

bank. JCO Precis Oncol. 2020 Nov; 4: PO.20.00290.

18. Fummey E, Navarro P, Plazzer JP, et al. Estimating cancer risk in

carriers of Lynch syndrome variants in UK Biobank. J Med Genet.

2024 Aug; 61(9): 861-9.

19. Lynch HT, Lynch PM, Lanspa SJ, et al. Review of the Lynch syn-

drome: history, molecular genetics, screening, differential diagno-

sis, and medicolegal ramifications. Clin Genet. 2009 Jul; 76(1): 1-

18.

20. Tomita N, Ishida H, Tanakaya K, et al. Japanese Society for Can-

cer of the Colon and Rectum (JSCCR) guidelines 2020 for the

clinical practice of hereditary colorectal cancer. Int J Clin Oncol.

2021 Aug; 26(8): 1353-419.

21. Vasen HF, Watson P, Mecklin JP, et al. New clinical criteria for

hereditary nonpolyposis colorectal cancer (HNPCC, Lynch syn-

drome) proposed by the International Collaborative group on

HNPCC. Gastroenterology. 1999 Jun; 116(6): 1453-6.

22. Umar A, Boland CR, Terdiman JP, et al. Revised Bethesda Guide-

lines for hereditary nonpolyposis colorectal cancer (Lynch syn-

drome) and microsatellite instability. J Natl Cancer Inst. 2004 Feb;

96(4): 261-8.

23. Latham A, Srinivasan P, Kemel Y, et al. Microsatellite instability is

associated with the presence of Lynch syndrome pan-cancer. J

Clin Oncol. 2019 Feb; 37(4): 286-95.

24. Yamada A, Doi Y, Minamiguchi S, et al. Lynch syndrome screen-

ing in patients with young-onset extra-colorectal Lynch syndrome-

associated cancers. Int J Clin Oncol. 2024 Nov; 29(11): 1696-703.

25. Yamada A, Matsuoka Y, Minamiguchi S, et al. Real-world out-

come of universal screening for Lynch syndrome in Japanese pa-

tients with colorectal cancer highlights the importance of targeting

patients with young-onset disease. Mol Clin Oncol. 2021 Dec; 15

(6): 247.

26. Le DT, Uram JN, Wang H, et al. PD-1 blockade in tumors with

mismatch-repair deficiency. N Engl J Med. 2015 Jun; 372(26):

2509-20.

27. Harrold EC, Foote MB, Rousseau B, et al. Neoplasia risk in pa-

tients with Lynch syndrome treated with immune checkpoint

blockade. Nat Med. 2023 Oct; 29(10): 2458-63.

28. Hitchins MP, Ward RL. Constitutional (germline) MLH1 epimuta-

tion as an aetiological mechanism for hereditary non-polyposis



J Anus Rectum Colon 2025; 9(2): 167-178 dx.doi.org/10.23922/jarc.2025-001

176

colorectal cancer. J Med Genet. 2009 Dec; 46(12): 793-802.

29. Hitchins MP, Dámaso E, Alvarez R, et al. Constitutional MLH1

methylation is a major contributor to mismatch repair-deficient,

MLH1-methylated colorectal cancer in patients aged 55 years and

younger. J Natl Compr Canc Netw. 2023 Jul; 21(7): 743-52.

30. Castillejo A, Hernández-Illán E, Rodriguez-Soler M, et al. Preva-

lence of MLH1 constitutional epimutations as a cause of Lynch

syndrome in unselected versus selected consecutive series of pa-

tients with colorectal cancer. J Med Genet. 2015 Jul; 52(7): 498-

502.

31. Colas C, Guerrini-Rousseau L, Suerink M, et al. ERN GENTURIS

guidelines on constitutional mismatch repair deficiency diagnosis,

genetic counselling, surveillance, quality of life, and clinical man-

agement. Eur J Hum Genet. 2024 Dec; 32(12): 1526-41.

32. Ercan AB, Aronson M, Fernandez NR, et al. Clinical and biologi-

cal landscape of constitutional mismatch-repair deficiency syn-

drome: an International Replication Repair Deficiency Consortium

cohort study. Lancet Oncol. 2024 May; 25(5): 668-82.

33. Durno C, Ercan AB, Bianchi V, et al. Survival benefit for indi-

viduals with constitutional mismatch repair deficiency undergoing

surveillance. J Clin Oncol. 2021 Sep; 39(25): 2779-90.

34. Lindor NM, Rabe K, Petersen GM, et al. Lower cancer incidence

in Amsterdam-I criteria families without mismatch repair defi-

ciency: familial colorectal cancer type X. JAMA. 2005 Apr; 293

(16): 1979-85.

35. Dominguez-Valentin M, Therkildsen C, Da Silva S, et al. Familial

colorectal cancer type X: genetic profiles and phenotypic features.

Mod Pathol. 2015 Jan; 28(1): 30-6.

36. Yamaguchi T, Furukawa Y, Nakamura Y, et al. Comparison of

clinical features between suspected familial colorectal cancer type

X and Lynch syndrome in Japanese patients with colorectal can-

cer: a cross-sectional study conducted by the Japanese Society for

Cancer of the Colon and Rectum. Jpn J Clin Oncol. 2015 Feb; 45

(2): 153-9.

37. Bucksch K, Zachariae S, Aretz S, et al. Cancer risks in Lynch

syndrome, Lynch-like syndrome, and familial colorectal cancer

type X: a prospective cohort study. BMC Cancer. 2020 May; 20

(1): 460.

38. Choi YH, Lakhal-Chaieb L, Kröl A, et al. Risks of colorectal can-

cer and cancer-related mortality in familial colorectal cancer type

X and Lynch syndrome families. J Natl Cancer Inst. 2019 Jul; 111

(7): 675-83.

39. Bucksch K, Zachariae S, Ahadova A, et al. Adenoma and colorec-

tal cancer risks in Lynch syndrome, Lynch-like syndrome and fa-

milial colorectal cancer type X. Int J Cancer. 2022 Jan; 150(1):

56-66.

40. Hatfield E, Green JS, Woods MO, et al. Impact of colonoscopic

screening in Familial Colorectal Cancer Type X. Mol Genet

Genomic Med. 2018 Nov; 6(6): 1021-30.

41. Garre P, Martín L, Sanz J, et al. BRCA2 gene: a candidate for

clinical testing in familial colorectal cancer type X. Clin Genet.

2015 Jun; 87(6): 582-7.

42. Nieminen TT, Abdel-Rahman WM, Ristimäki A, et al. BMPR1A

mutations in hereditary nonpolyposis colorectal cancer without

mismatch repair deficiency. Gastroenterology. 2011 Jul; 141(1):

e23-6.

43. Seguí N, Mina LB, Lázaro C, et al. Germline mutations in FAN1

cause hereditary colorectal cancer by impairing DNA repair. Gas-

troenterology. 2015 Sep; 149(3): 563-6.

44. Garre P, Briceño V, Xicola RM, et al. Analysis of the oxidative

damage repair genes NUDT1, OGG1, and MUTYH in patients

from mismatch repair proficient HNPCC families (MSS-HNPCC).

Clin Cancer Res. 2011 Apr; 17(7): 1701-12.

45. Nieminen TT, O’Donohue MF, Wu Y, et al. Germline mutation of

RPS20, encoding a ribosomal protein, causes predisposition to he-

reditary nonpolyposis colorectal carcinoma without DNA mis-

match repair deficiency. Gastroenterology. 2014 Sep; 147(3): 595-

8.

46. Schulz E, Klampfl P, Holzapfel S, et al. Germline variants in the

SEMA4A gene predispose to familial colorectal cancer type X.

Nat Commun. 2014 Oct; 5: 5191.

47. Martín-Morales L, Feldman M, Vershinin Z, et al. SETD6 domi-

nant negative mutation in familial colorectal cancer type X. Hum

Mol Genet. 2017 Nov; 26(22): 4481-93.

48. Chan JM, Clendenning M, Joseland S, et al. Inherited BRCA1 and

RNF43 pathogenic variants in a familial colorectal cancer type X

family. Fam Cancer. 2024 Mar; 23(1): 9-21.

49. Vasen HF, Möslein G, Alonso A, et al. Guidelines for the clinical

management of familial adenomatous polyposis (FAP). Gut. 2008

May; 57(5): 704-13.

50. Zaffaroni G, Mannucci A, Koskenvuo L, et al. Updated European

guidelines for clinical management of familial adenomatous poly-

posis (FAP), MUTYH-associated polyposis (MAP), gastric adeno-

carcinoma, proximal polyposis of the stomach (GAPPS) and other

rare adenomatous polyposis syndromes: a joint EHTG-ESCP revi-

sion. Br J Surg. 2024 May; 111(5): znae070.

51. Grover S, Kastrinos F, Steyerberg EW, et al. Prevalence and phe-

notypes of APC and MUTYH mutations in patients with multiple

colorectal adenomas. JAMA. 2012 Aug; 308(5): 485-92.

52. Takao M, Yamaguchi T, Eguchi H, et al. APC germline variant

analysis in the adenomatous polyposis phenotype in Japanese pa-

tients. Int J Clin Oncol. 2021 Sep; 26(9): 1661-70.

53. Nielsen M, Hes FJ, Nagengast FM, et al. Germline mutations in

APC and MUTYH are responsible for the majority of families

with attenuated familial adenomatous polyposis. Clin Genet. 2007

May; 71(5): 427-33.

54. Macrae F, du Sart D, Nasioulas S. Familial adenomatous poly-

posis. Best Pract Res Clin Gastroenterol. 2009; 23(2): 197-207.

55. Kim B, Won D, Jang M, et al. Next-generation sequencing with

comprehensive bioinformatics analysis facilitates somatic mosaic

APC gene mutation detection in patients with familial adenoma-

tous polyposis. BMC Med Genomics. 2019 Jul; 12(1): 103.

56. Young CC, Horton C, Grzybowski J, et al. Solving missing heri-

tability in patients with familial adenomatous polyposis with

DNA-RNA paired testing. JCO Precis Oncol. 2024 Mar; 8:

e2300404.

57. Weren RD, Ligtenberg MJ, Geurts van Kessel A, et al. NTHL1

and MUTYH polyposis syndromes: two sides of the same coin? J

Pathol. 2018 Feb; 244(2): 135-42.

58. Magrin L, Fanale D, Brando C, et al. MUTYH-associated tumor

syndrome: the other face of MAP. Oncogene. 2022 Apr; 41(18):

2531-9.

59. Boparai KS, Dekker E, Van Eeden S, et al. Hyperplastic polyps

and sessile serrated adenomas as a phenotypic expression of

MYH-associated polyposis. Gastroenterology. 2008 Dec; 135(6):

2014-8.

60. Viel A, Bruselles A, Meccia E, et al. A specific mutational signa-

ture associated with DNA 8-oxoguanine persistence in MUTYH-



dx.doi.org/10.23922/jarc.2025-001 Implications of Genomic Medicine for Hereditary CRC

177

defective colorectal cancer. EBioMedicine. 2017 Jun; 20: 39-49.

61. Rivera B, Castellsagué E, Bah I, et al. Biallelic NTHL1 mutations

in a woman with multiple primary tumors. N Engl J Med. 2015

Nov; 373(20): 1985-6.

62. Weren RD, Ligtenberg MJ, Kets CM, et al. A germline homozy-

gous mutation in the base-excision repair gene NTHL1 causes

adenomatous polyposis and colorectal cancer. Nat Genet. 2015

Jun; 47(6): 668-71.

63. Palles C, Cazier JB, Howarth KM, et al. Germline mutations af-

fecting the proofreading domains of POLE and POLD1 predispose

to colorectal adenomas and carcinomas. Nat Genet. 2013 Feb; 45

(2): 136-44.

64. Palles C, Martin L, Domingo E, et al. The clinical features of po-

lymerase proof-reading associated polyposis (PPAP) and recom-

mendations for patient management. Fam Cancer. 2022 Apr; 21

(2): 197-209.

65. Cancer Genome Atlas Network. Comprehensive molecular charac-

terization of human colon and rectal cancer. Nature. 2012 Jul; 487

(7407): 330-7.

66. Ambrosini M, Rousseau B, Manca P, et al. Immune checkpoint in-

hibitors for POLE or POLD1 proofreading-deficient metastatic

colorectal cancer. Ann Oncol. 2024 Jul; 35(7): 643-55.

67. Marabelle A, Fakih M, Lopez J, et al. Association of tumour mu-

tational burden with outcomes in patients with advanced solid tu-

mours treated with pembrolizumab: prospective biomarker analysis

of the multicohort, open-label, phase 2 KEYNOTE-158 study.

Lancet Oncol. 2020 Oct; 21(10): 1353-65.

68. Chan JM, Clendenning M, Joseland S, et al. Rare germline vari-

ants in the AXIN2 gene in families with colonic polyposis and

colorectal cancer. Fam Cancer. 2022 Oct; 21(4): 399-413.

69. Leclerc J, Beaumont M, Vibert R, et al. AXIN2 germline testing

in a French cohort validates pathogenic variants as a rare cause of

predisposition to colorectal polyposis and cancer. Genes Chromo-

somes Cancer. 2023 Apr; 62(4): 210-22.

70. Tanakaya K, Kumamoto K, Tada Y, et al. A germline MBD4 mu-

tation was identified in a patient with colorectal oligopolyposis

and early-onset cancer: A case report. Oncol Rep. 2019 Sep; 42

(3): 1133-40.

71. Palles C, West HD, Chew E, et al. Germline MBD4 deficiency

causes a multi-tumor predisposition syndrome. Am J Hum Genet.

2022 May; 109(5): 953-60.

72. Adam R, Spier I, Zhao B, et al. Exome sequencing identifies bial-

lelic MSH3 germline mutations as a recessive subtype of colorec-

tal adenomatous polyposis. Am J Hum Genet. 2016 Aug; 99(2):

337-51.

73. Olkinuora A, Nieminen TT, Mårtensson E, et al. Biallelic germline

nonsense variant of MLH3 underlies polyposis predisposition.

Genet Med. 2019 Aug; 21(8): 1868-73.

74. Stanich PP, Pearlman R, Hinton A, et al. Prevalence of germline

mutations in polyposis and colorectal cancer-associated genes in

patients with multiple colorectal polyps. Clin Gastroenterol Hepa-

tol. 2019 Sep; 17(10): 2008-15.

75. Lorans M, Dow E, Macrae FA, et al. Update on hereditary col-

orectal cancer: improving the clinical utility of multigene panel

testing. Clin Colorectal Cancer. 2018 Jun; 17(2): e293-305.

76. Dal Buono A, Gaiani F, Poliani L, et al. Juvenile polyposis syn-

drome: an overview. Best Pract Res Clin Gastroenterol. 2022 Jun-

Aug; 58-59: 101799.

77. Matsumoto T, Umeno J, Jimbo K, et al. Clinical guidelines for di-

agnosis and management of juvenile polyposis syndrome in chil-

dren and adults-secondary publication. J Anus Rectum Colon.

2023 Apr; 7(2): 115-25.

78. Wagner A, Aretz S, Auranen A, et al. The management of Peutz-

Jeghers syndrome: European hereditary tumour group (EHTG)

guideline. J Clin Med. 2021 Jan; 10(3): 473.

79. Yamamoto H, Sakamoto H, Kumagai H, et al. Clinical guidelines

for diagnosis and management of Peutz-Jeghers syndrome in chil-

dren and adults. Digestion. 2023; 104(5): 335-47.

80. Pilarski R, Burt R, Kohlman W, et al. Cowden syndrome and the

PTEN hamartoma tumor syndrome: systematic review and revised

diagnostic criteria. J Natl Cancer Inst. 2013 Nov; 105(21): 1607-

16.

81. Takayama T, Muguruma N, Igarashi M, et al. Clinical guidelines

for diagnosis and management of Cowden syndrome/PTEN ha-

martoma tumor syndrome in children and adults-secondary publi-

cation. J Anus Rectum Colon. 2023 Oct; 7(4): 284-300.

82. Liu S, Ma Y, You W, et al. Hamartomatous polyposis syndrome

associated malignancies: risk, pathogenesis and endoscopic sur-

veillance. J Dig Dis. 2021 Aug; 22(8): 444-51.

83. Carballal S, Balaguer F, IJspeert JEG. Serrated polyposis syn-

drome; epidemiology and management. Best Pract Res Clin Gas-

troenterol. 2022 Jun-Aug; 58-59: 101791.

84. Shimohara Y, Urabe Y, Oka S, et al. Clinicopathological character-

istics of colorectal serrated polyposis syndrome (SPS): results of a

multicenter study by the SPS Study Group in Japan. J Gastroen-

terol. 2022 Apr; 57(4): 300-8.

85. Gala MK, Mizukami Y, Le LP, et al. Germline mutations in

oncogene-induced senescence pathways are associated with multi-

ple sessile serrated adenomas. Gastroenterology. 2014 Feb; 146(2):

520-9.

86. Murphy A, Solomons J, Risby P, et al. Germline variant testing in

serrated polyposis syndrome. J Gastroenterol Hepatol. 2022 May;

37(5): 861-9.

87. Li MM, Chao E, Esplin ED, et al. Points to consider for reporting

of germline variation in patients undergoing tumor testing: a state-

ment of the American College of Medical Genetics and Genomics

(ACMG). Genet Med. 2020 Jul; 22(7): 1142-8.

88. Liu YL, Stadler ZK. The future of parallel tumor and germline ge-

netic testing: is there a role for all patients with cancer? J Natl

Compr Canc Netw. 2021 Jul; 19(7): 871-8.

89. Wan JCM, Massie C, Garcia-Corbacho J, et al. Liquid biopsies

come of age: towards implementation of circulating tumour DNA.

Nat Rev Cancer. 2017 Apr; 17(4): 223-38.

90. Kondo T, Yamamoto Y, Fukuyama K, et al. Germline sequencing

for presumed germline pathogenic variants via tumor-only compre-

hensive genomic profiling. Int J Clin Oncol. 2022 Aug; 27(8):

1256-63.

91. Cavestro GM, Mannucci A, Balaguer F, et al. Delphi initiative for

early-onset colorectal cancer (DIRECt) international management

guidelines. Clin Gastroenterol Hepatol. 2023 Mar; 21(3): 581-603.

92. O’Sullivan DE, Sutherland RL, Town S, et al. Risk factors for

early-onset colorectal cancer: a systematic review and meta-

analysis. Clin Gastroenterol Hepatol. 2022 Jun; 20(6): 1229-40.

93. Whitworth PW, Beitsch PD, Patel R, et al. Clinical utility of uni-

versal germline genetic testing for patients with breast cancer.

JAMA Netw Open. 2022 Sep; 5(9): e2232787.

94. Bjørnstad PM, Aaløkken R, Åsheim J, et al. A 39 kb structural

variant causing Lynch Syndrome detected by optical genome map-



J Anus Rectum Colon 2025; 9(2): 167-178 dx.doi.org/10.23922/jarc.2025-001

178

ping and nanopore sequencing. Eur J Hum Genet. 2024 May; 32

(5): 513-20.

95. Nakamura W, Hirata M, Oda S, et al. Assessing the efficacy of

target adaptive sampling long-read sequencing through hereditary

cancer patient genomes. NPJ Genom Med. 2024 Feb; 9(1): 11.

Journal of the Anus, Rectum and Colon is an Open Access journal distributed

under the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 In-

ternational License. To view the details of this license, please visit (https://creativ

ecommons.org/licenses/by-nc-nd/4.0/).


