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Abstract The serrated neoplasia pathway constitutes an

‘‘alternative route’’ to colorectal cancer (CRC), and sessile

serrated lesions with dysplasia (SSLDs) are an intermediate

step between sessile serrated lesions (SSLs) and invasive

CRC in this pathway. While SSLs show indolent growth

before becoming dysplastic ([ 10–15 years), SSLDs are

considered to rapidly progress to either immunogenic

microsatellite instable-high (MSI-H) CRC (presumably

75% of cases) or mesenchymal microsatellite stable (MSS)

CRC. Their flat shapes and the relatively short window of

this intermediate state make it difficult to detect and

diagnose SSLDs; thus, these lesions are potent precursors

of post-colonoscopy/interval cancers. Confusing terminol-

ogy and the lack of longitudinal observation data of ser-

rated polyps have hampered the accumulation of

knowledge about SSLDs; however, a growing body of

evidence has started to clarify their characteristics and

biology. Together with recent efforts to incorporate ter-

minology, histological studies of SSLDs have identified

distinct dysplastic patterns and revealed alterations in the

tumor microenvironment (TME). Molecular studies at the

single-cell level have identified distinct gene alterations in

both the epithelium and the TME. Mouse serrated tumor

models have demonstrated the importance of TME in

disease progression. Advances in colonoscopy provide

clues to distinguish pre-malignant from non-malignant-

SSLs. Recent progress in all aspects of the field has

enhanced our understanding of the biology of SSLDs. The

aim of this review article was to assess the current

knowledge of SSLDs and highlight their clinical

implications.
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Introduction

Colorectal cancer (CRC) is the third most common

malignancy worldwide and the second leading cause of

cancer-related death [1]. Colonoscopy is used to detect and

simultaneously remove pre-malignant colorectal polyps

before they develop into invasive cancers. However, sev-

eral studies have reported that 5–8% of all CRCs are

diagnosed in patients who have undergone colonoscopies

3–5 years before diagnosis [2–6]. These cancers are usu-

ally called post-colonoscopy CRCs or interval CRCs, and

have become an important clinical issue that attracts

physicians’ attention.

Three decades ago, sporadic CRCs were considered to

arise exclusively from colorectal adenomas through the

‘‘adenoma–carcinoma sequence,’’ and colorectal serrated

polyps, characterized by a saw-toothed pattern of colonic

crypts, were thought to be harmless hyperplastic lesions

[7, 8]. However, serrated polyps have now been recognized

as alternative precursors that potentially progress to CRC,

representing another key oncogenic route, named ‘‘serrated

neoplasia pathway,’’ which accounts for approximately
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15–30% of sporadic CRCs [9–13]. In this alternative route,

CRCs mostly arise from sessile serrated lesions (SSLs),

which display a flat elevated hyperplastic mucosa with a

unique morphological change in crypt bottom, such as a

‘‘boot’’ or ‘‘inverted T’’ shape appearance. After gradual

growth for a long period (typically over 10–15 years),

SSLs begin to contain malignant dysplastic areas (SSLs

with dysplasia: SSLDs) that presumably progress to CRCs

within a short duration [14, 15]. Thus, SSLDs are an

intermediate state between SSLs and CRCs and exist for a

very short period during the serrated pathway. Their flat

shapes make it difficult to detect SSLs and SSLDs by

colonoscopy or other modalities such as computed

tomography (CT) or CT colonography and causes incom-

plete endoscopic resection for their removal [16–20].

Therefore, SSLs/SSLDs are considered a threat precursor

of post-colonoscopy/interval cancers that share many

genomic and colonic site characteristics with SSLDs

[2, 17]. However, the bona fide malignant potential of SSLs

(i.e., the proportion of SSLs that truly progress to advanced

CRCs via SSLDs) has not been revealed because of the

lack of reliable longitudinal observational data on the

natural history of SSLs. In addition, the clinicopathological

and molecular features of SSLDs are not well defined.

Furthermore, despite recent advancements in understand-

ing the role of the tumor microenvironment (TME) in CRC

development and its therapeutic application [21–23],

alterations in the TME of SSLs/SSLDs remain to be elu-

cidated. Therefore, a full clarification of the distinct char-

acteristics of SSLDs on molecular, histological, and

endoscopic bases is vital to develop a method to distinguish

SSLs that are directed toward invasive CRC.

In this review, after a brief introduction of each subtype

of serrated polyps, we describe the current knowledge of

epidemiology, histological, and endoscopic characteristics,

and optimal therapeutic indications of SSLDs, with a par-

ticular focus on the difference between non-malignant

SSLs and SSLDs. In addition, molecular and microenvi-

ronmental alterations, which are proposed to contribute to

the progression from SSL to dysplasia and cancer, are

discussed, highlighting new findings from the recent

literature.

Classification of serrated polyps

The latest World Health Organization (WHO) classifica-

tion released in 2019 divides serrated polyps histopatho-

logically into ‘‘hyperplastic polyps (HPs)’’, ‘‘sessile

serrated lesions (SSLs)’’, ‘‘traditional serrated adenomas

(TSAs)’’, and ‘‘serrated adenoma, unclassified’’ [24]

(Table 1).

HPs are the most common, accounting for approxi-

mately 75% of all serrated polyps, and are generally con-

sidered benign [25]. HPs are usually found in distal colons

(left-sided) of B 5 mm in size and are characterized by the

elongation of the intestinal crypts, with serration of the

upper part of the crypts and uniform proliferation of the

basal part of the crypts. Additionally, HPs have two vari-

ants: microvesicular hyperplastic polyps (MVHPs) and

goblet cell-rich hyperplastic polyps (GCHPs) [24]. MVHPs

are characterized by small droplets of mucin, whereas

GCHPs are characterized by an increased number of goblet

cells. MVHPs are considered to progress to SSLs [10, 26].

Both SSLs and TSAs are now recognized as precursors

of CRCs, but SSLs are expected to be a more significant

contributor to the burden of CRCs [15]. SSLs are generally

larger than HPs and are more frequently detected in the

proximal colon (right-sided) [27, 28]. In addition, SSLs

have distinctive molecular features, including hyperme-

thylation of CpG islands in the promoter regions of tumor

suppressor genes, and BRAF mutations [29, 30]. SSLs with

dysplasia (SSLDs) represent an intermediate step between

SSLs and advanced CRCs and are considered to progress to

either of the following subtypes: microsatellite instable-

high (MSI-H) CRC with MLH1 inactivation or

microsatellite stable (MSS) CRC without MLH1 alteration

[25, 31–33].

TSAs are the least frequent type of serrated polyps,

accounting for\ 1% of all polyps, and are commonly

located in the distal colon (left-sided), similar to the

localization of HPs [34–36]. TSAs often demonstrate vil-

lous architecture with cells that contain prominent eosi-

nophilic cytoplasm and penicillate nuclei, and are

endoscopically characterized by a ‘‘pinecone-like’’ or

‘‘branch coral-like’’ appearance [37, 38]. TSAs can pro-

gress to MSS CRCs with distinct molecular features such

as CIMP-high and BRAF mutations without MLH1 inacti-

vation or KRAS mutations without any CIMP-high, BRAF

mutations, or MLH1 inactivation [38–40].

‘‘Serrated adenoma, unclassified’’ has been introduced

to be used for rare ambiguous colorectal polyps showing

both adenomatous and serrated architecture, which cannot

be clearly classified as SSL, TSA, or conventional ade-

noma [24]. Recently, superficially serrated adenoma

(SuSA), characterized by mixed adenomatous and serrated

features with superficially spread, has been reportedly

related to a subtype of TSA [41–43].

Hereafter, we will focus on the neoplasia pathway

occurring from SSL through SSLD, which is the most

common precursor of serrated CRC.
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Epidemiology of SSLs and SSLDs

SSLs account for up to 8% of colorectal polyps in the

screening population, and approximately 25% of serrated

polyps [25, 34, 44–46]. Most SSLs are\ 1 cm in size,

frequently located in the proximal colon, and have a female

predominance [25, 37]. However, the true prevalence of

SSLs remains unknown because of the difficulty in detec-

tion due to their obscure appearance and poor discrimina-

tion from other types of polyps by colonoscopy. In

addition, resected specimens may not be adequately diag-

nosed as SSLs owing to inconsistent diagnostic criteria and

terminology for serrated lesions among pathologists

[9, 11, 47].

SSLDs are not frequently found, occurring in approxi-

mately 0.5% of average-risk patients (approximately 4–8%

of all SSLs) [25, 44, 45, 48]. However, this observation

does not necessarily indicate that SSLs rarely develop into

CRCs; rather, it may reflect a relatively short window of

this intermediate state for detection compared with that of

SSLs or conventional adenomas. Once dysplasia occurs in

SSLs, these lesions may have the potential to rapidly

transform into invasive CRCs. Several reports have

demonstrated cases of rapid progression from SSLDs to

advanced cancers in a short period of time [49–51] (Fig. 1).

Bettington et al. reported that the dwell time of SSLs

before dysplasia occurred was approximately 17 years,

whereas there was no significant difference in age between

patients with SSLDs and those with carcinoma, supporting

the theory that this intermediate state lasts only for a short

time before full transformation of the lesions [15]. Diffi-

culties in both endoscopic detection and resection and

pathological evaluation may lead to misdiagnosis of

SSLDs. For example, the endoscopic miss rate is high for

SSLDs, whereas the complete excised lesion rate is low

[17, 19, 47]. Pathologists find it difficult to distinguish

SSLs with extensive dysplasia from conventional adeno-

mas. Furthermore, since dysplastic areas within SSLDs are

often polypoid while the non-dysplastic part in the same

lesion is flat, there is a potential issue that endoscopists

may resect only the polypoid portion while leaving the

remaining part (which is histologically serrated), which

might lead to a wrong diagnosis of a conventional adenoma

on pathological examination [17].

SSLDs and SSLs with carcinoma appear to share a site

preference (proximal colon) and gender distribution (fe-

male predominance) with SSLs without dysplasia [15, 52].

Recent evidence has shown that 80% of 741 SSLs without

dysplasia were located in the proximal colon; 55% of SSLs

occur in women [27]. Among 137 cases of SSLDs or SSLs

with carcinoma, 87% were proximal and 61% occurred in

women. The mean polyp size of these SSLDs or SSLs with

carcinoma was 10.7 mm, slightly larger than that of SSLs

without dysplasia (8.5 mm) [15, 27]. SSLDs are either

mismatch repair gene-deficient (MMRD) or mismatch

repair gene-proficient (MMRP); approximately 75% of

SSLDs are MMRD [53]. Regarding sex distribution and

location, a report demonstrated a sharp difference between

MMRD and MMRP SSLDs; 70.4% of MMRD SSLDs

occurred in women, whereas 36.4% of MMRP SSLDs

occurred in women. Only 8.5% of MMRD SSLDs arise in

the distal colon or rectum, while this accounts for 28.1% of

MMRP SSLDs [15].

Histological features of SSLs and SSLDs

According to the 2019 WHO classification (5th edition)

[24], the characteristic histological features of SSLs

include horizontal growth along the muscularis mucosae,

dilation of the crypt base (basal third of the crypt), serra-

tions extending into the crypt base, and asymmetrical

proliferation. If there is at least one clearly distorted crypt,

the lesion is diagnosed as an SSL. Of note, this latest WHO

classification recommends the use of term ‘‘sessile serrated

lesion (SSL)’’ instead of other terms such as ‘‘sessile ser-

rated adenoma (SSA),’’ ‘‘sessile serrated polyp (SSP),’’ or

‘‘sessile serrated adenoma/polyp (SSA/P)’’. Since there is

significant inter-observer variation in identifying, classi-

fying, and even naming serrated lesions among

Table 1 The classification of

serrated colorectal lesions

according to World Health

Organization classification 5th

edition (2019)

The classification of serrated colorectal lesions according to 2019 WHO classification

Histological type Subtype

Hyperplastic polyp (HP) Microvescicular type (MVHP)

Goblet cell-rich type (GCHP)

Sessile serrated lesion (SSL)

SSL with dysplasia (SSLD)

Traditional serrated adenoma (TSA)

Serrated adenoma, unclassified

WHO World Health Organization
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pathologists [9, 11, 47], this change in diagnostic rule

should help increase the sensitivity to detect SSLs and

improve the consistency in terminology for the lesions.

After this new criterion was introduced, there was a 7%

increase in the diagnosis of SSLs [27]. SSLs and sessile

serrated polyps defined by other terms are strictly different;

however, in the present review, we adopted SSL as a term

defining all sessile serrated lesions (i.e., SSA, SSP, SSA/P,

and SSL) without dysplasia, regardless of the era of the

study.

SSLDs represent an abrupt transition from SSLs and are

characterized by the existence of crypt architecture with

cytological atypia [24]. Dysplasia occurring in SSLs tends

to show rapid progression to carcinoma, even if dysplasia is

morphologically low grade. Therefore, applying the same

dysplasia grading system used for conventional adenomas

is not recommended for SSLDs. Approximately 75% of

SSLDs demonstrate a loss of MLH1 staining in dysplastic

areas, reflecting the hypermethylation of MLH1 [53].

Although loss of MLH1 staining is a good indicator for

identifying the presence of dysplasia, retained MLH1

staining does not exclude dysplasia. In the 2010 WHO

classification [54], SSLDs were classified into two main

categories, ‘‘dysplasia resembling conventional adenomas’’

and ‘‘serrated dysplasia’’ (Table 2). Dysplasia resembling

conventional adenomas was referred as intestinal dysplasia

in the 2019 WHO classification. SSLs with intestinal dys-

plasia morphologically resemble conventional adenomas,

but are distinct from mixed lesions composed of both SSLs

and adenomas. However, a substantial proportion of SSLs

with intestinal dysplasia may involve collisions between

SSLs and conventional adenomas. Analysis of BRAF

mutation status using molecular testing and BRAF-V600E

immunohistochemistry [55] demonstrated that among 13

SSLs with intestinal dysplasia displaying a BRAF mutation

in their non-dysplastic component, 10 were BRAF wild

type in their dysplastic component. SSL with serrated

dysplasia is characterized by atypical nuclei, prominent

nucleoli, eosinophilic cytoplasm, and increased mitotic

activity [24].

As the 2010 version of the WHO classification was

unable to adequately and fully describe the spectrum of

morphological dysplasia occurring in SSLs, the updated

version (released in 2019) introduced a subtype exhibiting

subtle cytological atypia, including hypermucinous chan-

ges. Liu et al. identified the presence of other dysplastic

patterns occurring in SSLs that do not fall into either

intestinal or serrated dysplasia and proposed two more

Fig. 1 Case of suspected rapid progression from a sessile serrated

lesion with dysplasia (SSLD) to advanced cancer. a A 5 mm sized

sessile-type lesion with stool and mucus adhesion, located in the

transverse colon. A 3 mm sized area of no vessel visibility (white

arrow) accompanying the lesion suggests the presence of a flat

serrated lesion. The lesion was retrospectively diagnosed as an SSLD

of 8 mm in diameter. b The patient had anticoagulant therapy and did

not give consent for immediate endoscopic treatment. After 8 months,

follow-up endoscopy showed 20 mm sized Type 1 (polypoid type)

advanced colon cancer with a loss of surface glandular structure.

Postoperative diagnosis was advanced colon cancer (pT2N1M0 and

pStage IIIA, UICC)

Table 2 The classification of

sessile serrated lesions with

dysplasia

The classification of SSLDs

The WHO classification 2010 The new classification proposed by Liu

Dysplasia resembling conventional adenomas Adenomatous dysplasia

Serrated dysplasia

Serrated dysplasia Minimal deviation dysplasia

Dysplasia not otherwise specified

SSLDs sessile serrated lesions with dysplasia, WHO World Health Organization
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entities, ‘‘minimal deviation dysplasia’’ and ‘‘dysplasia not

otherwise specified (NOS)’’ [53] (Table 2). Minimal

deviation dysplasia is defined by minor architectural and

cytological changes that are often accompanied by the loss

of MLH1 expression in SSL (Fig. 2). Although dysplasia

has mild disorganization and crowding in the crypt and

reduced luminal serration, its architectural and cytological

changes are slight; thus, it is difficult to histologically

identify the minimal dysplastic area occurring in SSL

without MLH1 staining. This subtype accounts for 19% of

SSLDs, with a higher incidence than that of intestinal

dysplasia (8%) or serrated dysplasia (12%) but is fre-

quently accompanied by other dysplastic patterns. In an

analysis of 266 SSLDs using MLH1 staining, 91% of 50

cases with minimal deviation dysplasia had loss of MLH1

expression, and 72% had other patterns of dysplasia [53].

However, most SSLDs show a diverse range of architec-

tural and cytological abnormalities that do not fit into any

of the above categories and are defined as ‘‘dysplasia not

otherwise specified (NOS).’’ This subtype was also char-

acterized by a high rate of MLH1 loss (83% of 211 cases).

Although not recognized as dysplasia in the current clas-

sification, the presence of single or small clusters of crypt

cells with loss of MLH1 expression within the SSL has

been reported [53]. This slight change in the crypt base

resembles ‘‘cryptal dysplasia’’ described by Sano et al. [56]

and is also accompanied by other types of dysplasia. These

small foci with MLH1 loss may be precursors of dysplastic

changes in SSLDs; however, their clinicopathological

significance remains unclear.

Immune microenvironmental alterations have also been

reported in SSLs and SSLDs; however, to date, they have

not been comprehensively investigated in contrast to their

unique epithelial changes. Rau et al. reported an increase in

intra-epithelial lymphocytes (IELs) in SSLDs and found

that MLH1 methylation and IEL counts were independent

and robust parameters for the diagnosis of SSLDs [57].

Superficial erosion and acute neutrophil granulocytes may

cause reactive changes, potentially leading to dysplasia.

Other studies have demonstrated that IEL density increases

with the sequential progression from SSLs to CRCs via

SSLDs [58]. There was also a correlation between

increased IEL density and immune checkpoint (PD-1 and

PD-L1) expression with disease progression and MSI sta-

tus, as MSI-H SSLDs and CRCs had significantly higher

IEL density values and PD-1/PD-L1 expression compared

with MSS-serrated CRCs, supporting the stepwise dys-

plasia–carcinoma sequence of serrated carcinogenesis and

the hypermutator phenotype of MSI-H lesions. Recent

studies using molecular approaches to human lesions and

experimental mouse models have identified substantial

changes in the TME of SSLDs and SSLs with carcinoma

that might contribute to serrated tumorigenesis (see the

next section). More in-depth histological evaluation

focusing on the TME in serrated lesions is needed to fur-

ther classify and determine the importance of immune and

stromal components in the serrated pathway.

Fig. 2 Case of sessile serrated

lesion (SSL) with intestinal

dysplasia (a, b), accompanied

by minimal deviation dysplasia

(c, d). a Non-dysplastic SSL

(left) and intestinal dysplasia

resembling the architecture of

conventional adenoma (right).

b Only intestinal dysplasia

showed loss of MLH1 staining.

(c, d) Minimal deviation

dysplasia, showing large

glandular structures,

hypermucinous change, and loss

of MLH1 staining, was

incidentally identified apart

from the intestinal dysplasia in

location
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Molecular signatures of SSL and SSLD

Analyses of the mutational landscape of serrated lesions

have identified an activating BRAF mutation as a key

alteration in the serrated neoplasia pathway, which is pre-

sent in 70%–81% of SSLs [59] and results in the consti-

tutive upregulation of the MAPK signaling cascade

(Fig. 3a). Mutations in KRAS (approximately 9% of SSLs)

are also observed in SSLs, but at a much lower frequency

than those in BRAF. Activation of the MAPK signaling

pathway leads to dysregulation of crypt cell proliferation

and differentiation, which gives rise to serrated lesions

[29, 60–62]. These mutated lesions develop into serrated

precursors (microvesicular HPs and SSLs) that are often

Sessile serrated lesion
(SSL)

Conventional pathway (70%–80%)

Serrated neoplasia pathway (20%–30%)

Normal colon SSL with dysplasia
(SSLD)

Adenocarcinoma

AdenomaNormal colon Adenoma with dysplasia
(Advanced adenoma)

Adenocarcinoma

APC inactivatoin TP53 mutation
KRAS mutation

SMAD4 mutation

BRAF mutation

(aPKC inactivation)

(KRAS mutation)
MLH1 silencing
p16INK4A silencing

Activation of
WNT signaling

Rapid
progression?

CIMP-H

RNF43, 
APC, or 

ZNRF mutation

SSL/SSLD

BRAF mutation KRAS mutation

Microvesicular
hyperplastic polyp

Goblet cell
hyperplastic polyp

(Epi-1 signature)
TSA

(Epi-2 signature)

Proliferation
Stemness

Oncogenic signature

Lysosome secretion
Angiogenesis

MSI-H/immunogenic CRC MSS/mesenchymal CRC

b c

a

Immune active TME Immunosuppressive TME

Dysplasia

Dysplasia

(Microenvironmental
alteration?)

SSLD with MLH1 silencing SSLD without MLH1 silencing

High CD8+ T infiltration High stroma reaction
ICB effective ICB resistant

Fig. 3 Molecular evolution of sessile serrated lesion with dysplasia

(SSLD) and SSLD-derived cancer. a Colorectal cancer (CRC)

develops through two distinctive pathways. Conventional pathway

(top), accounting for 70%–80% of sporadic CRCs, is initiated by

inactivation of APC in normal cells which results in the formation of

conventional-type adenoma. Conventional adenoma acquires the

additional mutations of KRAS, SMAD4 and TP53 which results in

the progression to adenoma with dysplasia (advanced adenoma) and

finally to adenocarcinoma. Serrated neoplasia pathway (bottom),

accounting for 20%–30% of CRCs, is initiated mostly by BRAF
mutation, which results in the formation of sessile serrated lesion

(SSL). Hypermethylation in the CpG island promoter regions (CpG

island methylation phenotype; CIMP) of tumor suppressors such as

MLH1 and p16INK4a results in the silencing of these genes and allow a

progression of SSL to SSLD. This process is also associated with the

activation of WNT signaling pathway, led by mutation of RNF43,

APC or ZNRF. Epigenetic silencing of tumor suppressors and

activation of WNT signaling, together with microenvironmental

alteration, induces rapid progression of SSLD to adenocarcinoma.

b BRAF mutated lesions develop into SSL/SSLD via microvesicular

hyperplastic polyp, while KRAS mutated lesions are more likely to

develop into traditional serrated adenoma (TSA) via goblet cell

hyperplastic polyp. Epi-1 signature is mainly observed in SSL and

SSLD, while Epi-2 is exclusively in TSA. Compared to Epi-2, that is

characterized by upregulated pathways of lysosome secretion and

angiogenesis, Epi-1 demonstrates higher expression of genes related

to proliferation, stemness, and oncogenic signatures. c Presumable

progression of SSLD to CRC, considering their microsatellite status

and tumor microenvironment (TME). BRAF-mutant SSLD with

epigenetic silencing of MLH1 progress to immunogenic microsatellite

instability high (MSI-H) CRC, whereas SSLD without loss of MLH1
progress to microsatellite stable (MSS) CRC. MSI-H CRC is

associated with an immune-active TME and responds better to

immune checkpoint blockage (ICB) therapy. MSS CRC of serrated

origin is mesenchymal and exhibits high stroma reaction, ICB-

resistance, and metastatic behavior with poor prognosis

123

710 J Gastroenterol (2023) 58:705–717



associated with the hypermethylation of CpG island pro-

moter regions (the CpG island methylation phenotype;

CIMP-H), which results in the silencing of a number of

tumor suppressor genes such as MLH1 [29, 61, 62]. MLH1

is a mismatch repair (MMR) gene, whose silencing is

associated with the transition of SSLs to SSLDs and

eventually leads to the development of CIMP-H/MSI-H

CRCs [63–65]. Approximately 75% of SSLDs exhibit

MSI-H, resulting from specific hypermethylation of MLH1

[53].

Other factors associated with dysplastic changes in SSLs

include the activation of the WNT signaling pathway. More

than 60% of SSLDs harbor truncating mutations in RNF43

(50%), APC (9%), or ZNRF3 (7%), whereas SSLs rarely

have mutations in genes involved in the WNT signaling

pathway (7%) [66]. In agreement with this finding, nuclear

b-catenin accumulation and MYC overexpression are pre-

sent in most SSLDs, but are rare in SSLs. Low-frequency

APC mutations in SSLs/SSLDs are in contrast to conven-

tional adenomas, which show APC mutations in more than

90% of cases as an initial event in the adenoma–carcinoma

sequence. Mutations in RNF43 are observed in 86% of

MLH1-deficient SSLDs, which may indicate an intimate

relationship between MLH1 promoter hypermethylation

and activated WNT signaling [66]. Consistent with these

results, a recent transcriptomic approach at the single-cell

level in serrated polyps demonstrated that SSLs did not

exhibit WNT pathway activation or a stem cell signature

[67]. In contrast, SSLDs show upregulated signatures of

cell proliferation and activation of MYC signaling [68].

Zhou et al. identified distinct epithelial subpopulations

(Epi-1 and Epi-2) predominantly in serrated lesions [68].

The Epi-1 subset was mainly observed in SSLs and SSLDs,

whereas Epi-2 was exclusively observed in TSAs (Fig. 3b).

Compared with Epi-2, which was characterized by upreg-

ulated pathways of lysosome secretion and angiogenesis,

the Epi-1 subset demonstrated higher expression of pro-

liferation markers (MKI67 and SOX4) and stem cell

markers (OLFM4, HES1, and JUN), and several activated

oncogenic signatures, such as MYC, G2M checkpoint,

NOTCH signaling, E2F targets, and MAPK targets. The

Epi-1 subcluster is more enriched in SSLDs than in SSLs

[68]. These findings would explain, at least in part, the

higher malignant potential of SSLs/SSLDs compared with

that of TSAs, and the rapid progression of SSLDs to ser-

rated CRCs.

Most BRAF-mutant SSLDs with MLH1 hypermethyla-

tion progressed to CIMP-H/MSI-H CRCs, whereas SSLDs

without loss of MLH1 were proposed to progress to BRAF-

mutant/MSS CRCs (Fig. 3c). TP53 mutations are more

common in BRAF-mutant/MSS CRCs than in BRAF-mu-

tant/MSI-H CRCs [69]. MSI-H CRCs are associated with

an immune-active TME, have a relatively good prognosis,

and are sensitive to immune checkpoint blockage (ICB)

therapy. BRAF-mutant/MSS CRCs tend to be poorly dif-

ferentiated and mucinous, and are associated with signet

ring cell morphology. MSS CRCs of serrated origin are

mesenchymal and exhibit treatment-resistant and meta-

static behavior with poor prognosis [70]. Importantly, MSS

CRCs derived from SSLs do not necessarily require

mutations in MAPK pathway genes for their development

[71]. Recent data from a serrated mouse model demon-

strated that intestinal epithelium-specific knockout of only

two atypical protein kinase Cs (aPKCs), PKCl k/i and

PKC, resulted in the spontaneous development of HPs,

SSLs, and SSLDs in the mouse intestines [72]. These

sessile serrated lesions rapidly progress to highly invasive

adenocarcinomas, associated with mesenchymal activation,

immunosuppression and MSS, and show poor differentia-

tion and signet ring cell histology, resembling human

BRAF-mutant/MSS CRCs [72].

Similar to CIMP-H/MSI-H CRCs, which have highly

immunogenic characteristics, recent evidence has demon-

strated high infiltration of cytotoxic immune cells within

SSLs [67, 68]. In contrast to the infiltrating CD8? T cells in

SSLs, which have the potential for strong cytotoxicity,

CD8? T cells in SSLDs manifested overexpressed immune

checkpoint genes (PDCD1, CTLA4, TIGIT, and LAG3).

The expansion of M2-like anti-inflammatory macrophages

was observed in serrated polyps, particularly in SSLDs and

TSA. Stromal components also play a role in serrated

tumorigenesis and immunosuppressive phenotypes

[71, 73]. TGF-b produced by a hyperactivated tumor

stroma has been proposed to skew the BRAF-mutant ser-

rated precursors from the high-immune-infiltration subtype

to the mesenchymal subtype with poor prognosis [74, 75].

Single-cell analyses of serrated lesions have shown that

PDGFRA? fibroblasts are enriched in the TME of a

spectrum of serrated tumors, most evident in SSLDs [68].

PDGFRA? fibroblasts secrete MMP11 to promote HBEGF

cleavage and the development of serrated lesions, and

display high levels of periostin, which was shown to induce

immunosuppressive premetastatic niche formation. Fur-

thermore, a recent report applying a mouse serrated CRC

model driven by aPKC deficiency demonstrated that

treatment with PEGylated hyaluronidase reprogrammed

PDGFRA? fibroblasts into an inflammatory phenotype,

impaired immunosuppression, and reduced tumorigenesis

and metastasis [76]. Thus, inhibition of stroma activation

by use of TGF-b inhibitor or reprogramming of PDGFRA?

fibroblasts potentially disrupts the immunosuppressive

TME of mesenchymal-serrated CRCs and induces their

vulnerabilities to otherwise ineffective ICB therapy

[72, 76]. In regard of a signaling pathway in fibroblast, a

recent report showed that selective loss of BMPR1A

resulted in upregulation of CXCL12 in fibroblasts that lead
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to severe histological changes in the intestines with a sig-

nificant increase in stromal cell content and epithelial cell

hyperproliferation, which caused formation of numerous

serrated polyps [77].

Endoscopic features for differentiating SSLs
and SSLDs

Diagnosis using white light imaging

Most SSLs are flat lesions with similar color to their sur-

roundings and have mucus adhesion, indistinct borders, and

a cloud-like surface [16, 37, 78]. However, these mor-

phological characteristics of SSLs are not necessarily

specific to SSLs but are often observed in HPs as well [79].

Endoscopic findings, such as large or small nodules on the

surface and partial protrusion of SSLs, are useful indicators

of dysplasia within SSLs, with an accuracy of 93.9% in the

analysis of 326 SSLs [56]. Pedunculated morphology,

double elevation, and central depression are associated

with the presence of dysplasia in SSLs (the stage of

SSLDs) [52]. As dysplasia within SSLs often exhibits a

similar appearance to conventional adenomas, endoscopists

need to be careful not to recognize and resect only the

dysplastic area with regarding it as a conventional ade-

noma. Sano et al. reported a low sensitivity (46.2%) for the

detection of SSLDs by morphology [56]. Furthermore, only

17.0% of the dysplastic or malignant components show a

protuberant growth pattern [15]; thus, it should be noted

that the dysplastic components of SSLDs sometimes do not

present a characteristic morphology. The frequency of

dysplasia occurrence within SSLs significantly increases

with lesion size (B 5 mm, 0%; 6–9 mm, 6.0%; C 10 mm,

13.6%) [37]. However, Bettington et al. showed that

SSLDs were predominantly small polyps

(54.3%\ 10 mm) [15]. Murakami et al. also reported that

48 (42.9%) of 112 SSLDs or SSLs with carcinoma were

B 10 mm in size [16]. Such characteristics make SSLDs

easy to miss and their detection requires careful

colonoscopy.

Diagnosis using narrow band imaging

or chromoendoscopy

Narrow band imaging (NBI) with magnifying colonoscopy

and chromoendoscopy is a useful strategy to distinguish

between SSLs and HPs [80–87]. For example, NBI mag-

nifying colonoscopy allows endoscopists to find small dark

dots inside openings to crypts [80, 85] and varicose

microvascular vessels running throughout the deep muco-

sal layer [83], which are both typical findings of SSLs. The

type II open pit pattern (PIT) indicated by magnifying

chromoendoscopy suggests the existence of a dilated crypt

base, which is recognized in more than 60% of SSLs

(sensitivity 66%, specificity 97%) [87] (Fig. 4).

Although there are still a limited number of reports

(Table 3), both the Japan NBI Expert Team (JNET) clas-

sification [88, 89], a universal magnifying NBI classifica-

tion of colorectal lesions, and the PIT classification [90–92]

with chromoendoscopy are useful for identifying SSLDs.

SSLs tend to exhibit JNET type 1 (JNET 1) and type II or II

open PIT, while dysplasia, including adenoma or carci-

noma, shows JNET type 2A, 2B, or 3, and type III, IV, or V

PIT. The presence of dysplastic patterns (JNET type 2A/

2B/3 or type III/IV/V PIT) within SSL (JNET type 1 or

type II/open II PIT) often suggests the transition of SSLs to

SSLDs or SSLs with carcinoma [52, 93–97]. In particular,

applying the JNET classification to the diagnosis of SSLDs

and SSLs with carcinoma had high sensitivity (83.9%),

specificity (95.5%), and accuracy (94.5%) [93]. Murakami

et al. reported that SSLDs with type III/IV/V PIT within

SSLs showing type II PIT could be properly diagnosed

with 99.4% accuracy in the analysis of 314 SSLs [52].

However, in the analysis of 201 large SSLs (C 20 mm in

size), SSLDs exhibited neoplastic pit patterns with an

accuracy of only 70.6% [95], suggesting difficulty in

detecting small changes within large SSLs. Furthermore, it

remains controversial whether subtle neoplastic changes

within SSLDs, such as minimal deviation dysplasia or

small foci with MLH1 loss, can be detected by colono-

scopy. Further studies are needed to evaluate the efficacy

of colonoscopy for the diagnosis of SSLDs and to develop

alternative or combinatory approaches. Defining alterations

in the immune and stromal components of serrated polyps

by colonoscopy is still challenging, but could be considered

as a supplemental strategy in the future.

Differences in therapeutic indications
between SSLs and SSLDs

Endoscopic removal is used for the treatment of most SSLs

and SSLDs. Cold snare polypectomy (CSP) has become the

standard method for non-pedunculated colorectal

polyps\ 10 mm in size [98–101] because of the low risk

of delayed post-polypectomy bleeding and perforation,

short procedure times, and low costs. In addition, piece-

meal CSP for large SSLs (C 10 mm) has been reported to

be safe and effective. The residual rates of SSLs of C 10

mm resected by CSP were lower than those of adenomas

[102–107]. In an analysis of 474 SSLs of C 10 mm

resected by CSP or piecemeal CSP, only one case (0.2%)

had residual serrated tissue identified by post-polypectomy

biopsy, and no recurrence was observed [105]. However,

several studies have reported that 3.7%–9.6% of lesions
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resected by CSP are SSLDs [107, 108]. CSP has a shallow

resection depth; thus, this method is not suitable for car-

cinomas [99, 109–111]. As SSLDs tend to have incomplete

resection owing to their obscure borders and rapid pro-

gression to carcinoma, en bloc removal with endoscopic

mucosal resection (EMR) or endoscopic submucosal

resection (ESD), which enables deeper resection, better

pathological evaluation, and a lower recurrence rate com-

pared with CSP, should be considered to treat

endoscopically suspicious SSLDs [112–114]. Given the

difficulty in accurately detecting neoplastic changes in

SSLDs before resection, especially subtle dysplastic

changes, the application of CSP for SSLs should be care-

fully evaluated in the future. Several groups, including the

US Multisociety Task Force and European Society of

Gastrointestinal Endoscopy, have proposed an appropriate

surveillance interval after the resection of serrated polyps

in published guidelines [115–117]. Since TSAs, large SSLs

Fig. 4 Endoscopic image of sessile serrated lesion (SSL; right of the

polyp) with dysplasia (left area). a By magnifying narrow band

imaging, small dark dots inside the openings to the crypts and

varicose microvascular vessels, which are thicker than meshed

capillary vessels and meandering, were found in SSL; JNET Type 2

was found in dysplasia. b Magnifying chromoendoscopy with indigo

carmine showed the type II open pit pattern in SSL, and the type IV

pit pattern in dysplasia

Table 3 Endoscopic diagnostic performance for the differentiating between SSLs and SSLDs

Author Year Study design Diagnostic method SSL with

dysplasia/carcinoma (n)

SSL without

dysplasia (n)

Sensitivity Specificity Accuracy

Sano 2018 Retrospective WLI

(only morphology)

26 (dysplasia) 300 46.2% 97.3% 93.3%

Murakami 2017 Retrospective WLI 41 (dysplasia),

7 (carcinoma)

414 91.7% 85.3% 85.9%

Tate 2018 Prospective WLI ? NBI (Non-

magnifying)

36

(dysplasia,

size C 8 mm)

105

(size C 8 mm)

93.9% 95.4% 95.0%

Murakami 2021 Retrospective Magnifying NBI

(JNET classification)

52 (dysplasia),

10 (carcinoma)

647 83.9% 95.5% 94.5%

Burgess 2016 Prospective Pit pattern* 66

(dysplasia,

size C 20 mm)

135

(size C 20 mm)

66.7% 72.6% 70.6%

Murakami 2017 Retrospective Magnifying

Chromoendoscopy

(Pit pattern)

30 (dysplasia),

6 (carcinoma)

278 94.4% 100.0% 99.4%

Tanaka 2017 Prospective Magnifying

Chromoendoscopy

(Pit pattern)

33 (dysplasia) 90 93.9% 87.8% 89.4%

*The use of dyes was not always required in the study

SSL sessile serrated lesion, WLI white light imaging, NBI narrow band imaging, JNET Japan NBI expert team
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(C 10 mm), and SSLDs yield metachronous advanced

neoplasia or CRC risks similar to conventional adenomas

[118], these guidelines recommend 3-year intervals after

polypectomy of these polyps. However, considering that

SSLDs have high rates of incompletely excised lesions and

rapid growth to invasive carcinoma, the surveillance

interval after removal of SSLDs may need to be shorter.

Conclusions

Research on the serrated neoplasia pathway is an evolving

field and has revealed new findings in both clinical and

basic science, since this pathway was defined as an alter-

native route to CRC a few decades ago [28]. However,

despite their clinical importance, SSLDs have been over-

looked because of their high miss rate during colonoscopy

owing to the difficulty in identification, inconsistent

recognition, and the relatively short period of this inter-

mediate state. The lack of synchronization in the nomen-

clature of serrated polyps has also caused confusion

between patients and providers. Updated classification of

serrated polyps and recent advances in colonoscopy

examination have improved the detection and proper

diagnosis of SSLDs and have allowed the substantial study

of these lesions macroscopically, histologically, and on a

molecular basis. However, several issues must be addres-

sed to fully understand the biology of SSLDs and to pre-

vent their progression to CRCs, which is usually faster than

that of adenomas. More in-depth morphological investi-

gations of SSLDs, with a particular focus on the TME, are

absolutely warranted to validate the findings from studies

at the molecular level, including recent animal models and

single-cell transcriptomes. In addition, it is vital to identify

the molecular steps that determine the fate of the precursor

lesions (whether SSLs/SSLDs progress to either good-

prognosis immunogenic MSI-H CRCs or poor-prognosis

mesenchymal MSS CRCs), considering the applicable

therapeutic options including ICB therapy.

Acknowledgements Research was supported by Japan Agency for

Medical Research and Development (AMED) P-CREATE

(21cm0106283h0001), P-PROMOTE (22cm0106283h0002); the

Japan Society for the Promotion of Science (JSPS) Grants-in-Aid

KAKENHI (JP21H02902 and JP 22K21080); Japan Science and

Technology Agency (JST) Fusion Oriented Research for Disruptive

Science and Technology; the Foundations of Takeda Science, Prin-

cess Takamatsu Cancer Research, Astellas, Daiichi Sankyo.

Declarations

Conflict of interest The authors declare that they have no conflict of

interest.

Open Access This article is licensed under a Creative Commons

Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as

long as you give appropriate credit to the original author(s) and the

source, provide a link to the Creative Commons licence, and indicate

if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless

indicated otherwise in a credit line to the material. If material is not

included in the article’s Creative Commons licence and your intended

use is not permitted by statutory regulation or exceeds the permitted

use, you will need to obtain permission directly from the copyright

holder. To view a copy of this licence, visit http://creativecommons.

org/licenses/by/4.0/.

References

1. Sung H, Ferlay J, Siegel RL, et al. Global cancer statistics 2020:

GLOBOCAN estimates of incidence and mortality worldwide

for 36 cancers in 185 countries. CA Cancer J Clin.

2021;71:209–49.

2. Arain MA, Sawhney M, Sheikh S, et al. CIMP status of interval

colon cancers: another piece to the puzzle. Am J Gastroenterol.

2010;105:1189–95.

3. Cooper GS, Xu F, Barnholtz Sloan JS, et al. Prevalence and

predictors of interval colorectal cancers in medicare beneficia-

ries. Cancer. 2012;118:3044–52.

4. Gorski TF, Rosen L, Riether R, et al. Colorectal cancer after

surveillance colonoscopy: false-negative examination or fast

growth? Dis Colon Rectum. 1999;42:877–80.

5. Lee YM, Huh KC. Clinical and biological features of interval

colorectal cancer. Clin Endosc. 2017;50:254–60.

6. Singh H, Nugent Z, Demers AA, et al. Rate and predictors of

early/missed colorectal cancers after colonoscopy in Manitoba:

a population-based study. Am J Gastroenterol.

2010;105:2588–96.

7. Longacre TA, Fenoglio-Preiser CM. Mixed hyperplastic ade-

nomatous polyps/serrated adenomas. A distinct form of col-

orectal neoplasia. Am J Surg Pathol. 1990;14:524–37.

8. Goldman H, Ming S, Hickock DF. Nature and significance of

hyperplastic polyps of the human colon. Arch Pathol.

1970;89:349–4.

9. Ij JE, Vermeulen L, Meijer GA, et al. Serrated neoplasia-role in

colorectal carcinogenesis and clinical implications. Nat Rev

Gastroenterol Hepatol. 2015;12:401–9.

10. Leggett B, Whitehall V. Role of the serrated pathway in col-

orectal cancer pathogenesis. Gastroenterology.

2010;138:2088–100.

11. Bettington M, Walker N, Clouston A, et al. The serrated path-

way to colorectal carcinoma: current concepts and challenges.

Histopathology. 2013;62:367–86.

12. O’Brien MJ, Zhao Q, Yang S. Colorectal serrated pathway

cancers and precursors. Histopathology. 2015;66:49–65.

13. Rosty C, Hewett DG, Brown IS, et al. Serrated polyps of the

large intestine: current understanding of diagnosis, pathogenesis,

and clinical management. J Gastroenterol. 2013;48:287–302.

14. Lash RH, Genta RM, Schuler CM. Sessile serrated adenomas:

prevalence of dysplasia and carcinoma in 2139 patients. J Clin

Pathol. 2010;63:681–6.

15. Bettington M, Walker N, Rosty C, et al. Clinicopathological and

molecular features of sessile serrated adenomas with dysplasia

or carcinoma. Gut. 2017;66:97–106.

16. Murakami T, Kurosawa T, Fukushima H, et al. Sessile serrated

lesions: clinicopathological characteristics, endoscopic diagno-

sis, and management. Dig Endosc. 2022;34:1096–109.

123

714 J Gastroenterol (2023) 58:705–717

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


17. Burgess NG, Tutticci NJ, Pellise M, et al. Sessile serrated ade-

nomas/polyps with cytologic dysplasia: a triple threat for

interval cancer. Gastrointest Endosc. 2014;80:307–10.

18. Nanda KS, Tutticci N, Burgess N, et al. Caught in the act:

endoscopic characterization of sessile serrated adenomas with

dysplasia. Gastrointest Endosc. 2014;79:864–70.

19. Pohl H, Srivastava A, Bensen SP, et al. Incomplete polyp

resection during colonoscopy-results of the complete adenoma

resection (CARE) study. Gastroenterology. 2013;144:74-80.e1.

20. Kamba S, Tamai N, Saitoh I, et al. Reducing adenoma miss rate

of colonoscopy assisted by artificial intelligence: a multicenter

randomized controlled trial. J Gastroenterol. 2021;56:746–57.

21. Pei L, Liu Y, Liu L, et al. Roles of cancer-associated fibroblasts

(CAFs) in anti- PD-1/PD-L1 immunotherapy for solid cancers.

Mol Cancer. 2023;22:29.

22. Jin Z, Sinicrope FA. Mismatch repair-deficient colorectal can-

cer: building on checkpoint blockade. J Clin Oncol.

2022;40:2735–50.

23. Anderson NM, Simon MC. The tumor microenvironment. Curr

Biol. 2020;30:R921-5.

24. WHO Classification of Tumours Editorial Board. WHO Clas-

sification of Tumors: Digestive System Tumours. 5th ed. Lyon:

International Agency for Reasearch on Cancer; 2019.

25. Crockett SD, Nagtegaal ID. Terminology, molecular features,

epidemiology, and management of serrated colorectal neoplasia.

Gastroenterology. 2019;157:949-66.e4.

26. Mezzapesa M, Losurdo G, Celiberto F, et al. Serrated colorectal

lesions: an up-to-date review from histological pattern to

molecular pathogenesis. Int J Mol Sci. 2022;23:4461.

27. Bettington M, Walker N, Rosty C, et al. Critical appraisal of the

diagnosis of the sessile serrated adenoma. Am J Surg Pathol.

2014;38:158–66.

28. Torlakovic E, Skovlund E, Snover DC, et al. Morphologic

reappraisal of serrated colorectal polyps. Am J Surg Pathol.

2003;27:65–81.

29. Kambara T, Simms LA, Whitehall VL, et al. BRAF mutation is

associated with DNA methylation in serrated polyps and cancers

of the colorectum. Gut. 2004;53:1137–44.

30. Jass JR. Classification of colorectal cancer based on correlation

of clinical, morphological and molecular features. Histopathol-

ogy. 2007;50:113–30.

31. Sheridan TB, Fenton H, Lewin MR, et al. Sessile serrated ade-

nomas with low- and high-grade dysplasia and early carcinomas:

an immunohistochemical study of serrated lesions ‘‘caught in

the act.’’ Am J Clin Pathol. 2006;126:564–71.

32. Goldstein NS, Bhanot P, Odish E, et al. Hyperplastic-like colon

polyps that preceded microsatellite-unstable adenocarcinomas.

Am J Clin Pathol. 2003;119:778–96.

33. Phipps AI, Limburg PJ, Baron JA, et al. Association between

molecular subtypes of colorectal cancer and patient survival.

Gastroenterology. 2015;148:77-87.e2.

34. Hazewinkel Y, de Wijkerslooth TR, Stoop EM, et al. Prevalence

of serrated polyps and association with synchronous advanced

neoplasia in screening colonoscopy. Endoscopy.

2014;46:219–24.

35. Carr NJ, Mahajan H, Tan KL, et al. Serrated and non-serrated

polyps of the colorectum: their prevalence in an unselected case

series and correlation of BRAF mutation analysis with the

diagnosis of sessile serrated adenoma. J Clin Pathol.

2009;62:516–8.

36. Torlakovic EE, Gomez JD, Driman DK, et al. Sessile serrated

adenoma (SSA) vs. traditional serrated adenoma (TSA). Am J

Surg Pathol. 2008;32:21–9.

37. Sano W, Hirata D, Teramoto A, et al. Serrated polyps of the

colon and rectum: remove or not? World J Gastroenterol.

2020;26:2276–85.

38. McCarthy AJ, Serra S, Chetty R. Traditional serrated adenoma:

an overview of pathology and emphasis on molecular patho-

genesis. BMJ Open Gastroenterol. 2019;6: e000317.

39. Bettington ML, Walker NI, Rosty C, et al. A clinicopathological

and molecular analysis of 200 traditional serrated adenomas.

Mod Pathol. 2015;28:414–27.

40. Tsai JH, Liau JY, Lin YL, et al. Traditional serrated adenoma

has two pathways of neoplastic progression that are distinct from

the sessile serrated pathway of colorectal carcinogenesis. Mod

Pathol. 2014;27:1375–85.

41. Hashimoto T, Tanaka Y, Ogawa R, et al. Superficially serrated

adenoma: a proposal for a novel subtype of colorectal serrated

lesion. Mod Pathol. 2018;31:1588–98.

42. Mizuguchi Y, Tanaka Y, Cho H, et al. Endoscopic features of

isolated and traditional serrated adenoma-associated superfi-

cially serrated adenomas of the colorectum. Dig Endosc.

2022;34:153–62.

43. Togashi K. Superficially serrated adenoma: Novel precursor in

the serrated pathway. Dig Endosc. 2022;34:77–8.

44. Abdeljawad K, Vemulapalli KC, Kahi CJ, et al. Sessile serrated

polyp prevalence determined by a colonoscopist with a high

lesion detection rate and an experienced pathologist. Gastroin-

test Endosc. 2015;81:517–24.

45. Ij JE, de Wit K, van der Vlugt M, et al. Prevalence, distribution

and risk of sessile serrated adenomas/polyps at a center with a

high adenoma detection rate and experienced pathologists.

Endoscopy. 2016;48:740–6.

46. Kumbhari V, Behary J, Hui JM. Prevalence of adenomas and

sessile serrated adenomas in Chinese compared with Cau-

casians. J Gastroenterol Hepatol. 2013;28:608–12.

47. Snover DC. Sessile serrated adenoma/polyp of the large intes-

tine: a potentially aggressive lesion in need of a new screening

strategy. Dis Colon Rectum. 2011;54:1205–6.

48. Yang JF, Tang SJ, Lash RH, et al. Anatomic distribution of

sessile serrated adenoma/polyp with and without cytologic

dysplasia. Arch Pathol Lab Med. 2015;139:388–93.

49. Amemori S, Yamano HO, Tanaka Y, et al. Sessile serrated

adenoma/polyp showed rapid malignant transformation in the

final 13 months. Dig Endosc. 2020;32:979–83.

50. Oono Y, Fu K, Nakamura H, et al. Progression of a sessile

serrated adenoma to an early invasive cancer within 8 months.

Dig Dis Sci. 2009;54:906–9.

51. Kinoshita S, Nishizawa T, Uraoka T. Progression to invasive

cancer from sessile serrated adenoma/polyp. Dig Endosc.

2018;30:266.

52. Murakami T, Sakamoto N, Ritsuno H, et al. Distinct endoscopic

characteristics of sessile serrated adenoma/polyp with and

without dysplasia/carcinoma. Gastrointest Endosc.

2017;85:590–600.

53. Liu C, Walker NI, Leggett BA, et al. Sessile serrated adenomas

with dysplasia: morphological patterns and correlations with

MLH1 immunohistochemistry. Mod Pathol. 2017;30:1728–38.

54. World Health Organization, International Agency for Reasearch

on Cancer. World Health Organization classification of tumours

of the digestive system. 4th ed. Lyon: International Agency for

Reasearch on Cancer; 2010.

55. Bettington M, Liu C, Gill A, et al. BRAF V600E immunohis-

tochemistry demonstrates that some sessile serrated lesions with

adenomatous dysplasia may represent collision lesions.

Histopathology. 2019;75:81–7.

56. Sano W, Fujimori T, Ichikawa K, et al. Clinical and endoscopic

evaluations of sessile serrated adenoma/polyps with cytological

dysplasia. J Gastroenterol Hepatol. 2018;33:1454–60.

57. Rau TT, Atreya R, Aust D, et al. Inflammatory response in

serrated precursor lesions of the colon classified according to

123

J Gastroenterol (2023) 58:705–717 715



WHO entities, clinical parameters and phenotype-genotype

correlation. J Pathol Clin Res. 2016;2:113–24.

58. Acosta-Gonzalez G, Ouseph M, Lombardo K, et al. Immune

environment in serrated lesions of the colon: intraepithelial

lymphocyte density, PD-1, and PD-L1 expression correlate with

serrated neoplasia pathway progression. Hum Pathol.

2019;83:115–23.

59. Spring KJ, Zhao ZZ, Karamatic R, et al. High prevalence of

sessile serrated adenomas with BRAF mutations: a prospective

study of patients undergoing colonoscopy. Gastroenterology.

2006;131:1400–7.

60. Wang L, Cunningham JM, Winters JL, et al. BRAF mutations in

colon cancer are not likely attributable to defective DNA mis-

match repair. Cancer Res. 2003;63:5209–12.

61. Koinuma K, Shitoh K, Miyakura Y, et al. Mutations of BRAF

are associated with extensive hMLH1 promoter methylation in

sporadic colorectal carcinomas. Int J Cancer. 2004;108:237–42.

62. Minoo P, Moyer MP, Jass JR. Role of BRAF-V600E in the

serrated pathway of colorectal tumourigenesis. J Pathol.

2007;212:124–33.

63. Snover DC. Update on the serrated pathway to colorectal car-

cinoma. Hum Pathol. 2011;42:1–10.

64. Toyota M, Ahuja N, Ohe-Toyota M, et al. CpG island methy-

lator phenotype in colorectal cancer. Proc Natl Acad Sci USA.

1999;96:8681–6.

65. Park SJ, Rashid A, Lee JH, et al. Frequent CpG island methy-

lation in serrated adenomas of the colorectum. Am J Pathol.

2003;162:815–22.

66. Hashimoto T, Yamashita S, Yoshida H, et al. WNT pathway

gene mutations are associated with the presence of dysplasia in

colorectal sessile serrated adenoma/polyps. Am J Surg Pathol.

2017;41:1188–97.

67. Chen B, Scurrah CR, McKinley ET, et al. Differential pre-ma-

lignant programs and microenvironment chart distinct paths to

malignancy in human colorectal polyps. Cell. 2021;184:6262-

80.e26.

68. Zhou YJ, Lu XF, Chen H, et al. Single-cell transcriptomics

reveals early molecular and immune alterations underlying the

serrated neoplasia pathway toward colorectal cancer. Cell Mol

Gastroenterol Hepatol. 2023;15:393–424.

69. Murakami T, Akazawa Y, Yatagai N, et al. Molecular charac-

terization of sessile serrated adenoma/polyps with dys-

plasia/carcinoma based on immunohistochemistry, next-

generation sequencing, and microsatellite instability testing: a

case series study. Diagn Pathol. 2018;13:88.

70. De Sousa EMF, Wang X, Jansen M, et al. Poor-prognosis colon

cancer is defined by a molecularly distinct subtype and develops

from serrated precursor lesions. Nat Med. 2013;19:614–8.

71. Nakanishi Y, Diaz-Meco MT, Moscat J. Serrated colorectal

cancer: the road less travelled? Trends Cancer. 2019;5:742–54.

72. Nakanishi Y, Duran A, L’Hermitte A, et al. Simultaneous loss of

both atypical protein kinase c genes in the intestinal epithelium

drives serrated intestinal cancer by impairing immunosurveil-

lance. Immunity. 2018;49:1132-47.e7.

73. He Z, Chen L, Chen G, et al. Interleukin 1 beta and matrix

metallopeptidase 3 contribute to development of epidermal

growth factor receptor-dependent serrated polyps in mouse

cecum. Gastroenterology. 2019;157:1572-83.e8.

74. Fessler E, Drost J, van Hooff SR, et al. TGFb signaling directs

serrated adenomas to the mesenchymal colorectal cancer sub-

type. EMBO Mol Med. 2016;8:745–60.

75. Leach JDG, Vlahov N, Tsantoulis P, et al. Oncogenic BRAF,

unrestrained by TGFb-receptor signalling, drives right-sided

colonic tumorigenesis. Nat Commun. 2021;12:3464.
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