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Serrated lesions are the precursor lesions of a new model of colorectal carcinogenesis. From 
a molecular standpoint, the serrated pathway is thought to be responsible for up to 30% of all 
colorectal cancer cases. The three major processes of this molecular mechanism are alterations 
in the mitogen-activated protein kinase pathway, production of the CpG island methylation phe-
notype, and generation of microsatellite instability. Other contributing processes are activation 
of WNT, alterations in the regulation of tumor suppressor genes, and alterations in microRNAs 
or in MUC5AC hypomethylation. Although alterations in the serrated pathway also contribute, 
their precise roles remain obscure because of the various methodologies and definitions used 
by different research groups. This knowledge gap affects clinical assessment of precursor le-
sions for their carcinogenic risk. The present review describes the current literature reporting 
the molecular mechanisms underlying each type of serrated lesion and each phenotype of ser-
rated pathway colorectal cancer, identifying those areas that merit additional research. We also 
propose a unified serrated carcinogenesis pathway combining molecular alterations and types 
of serrated lesions, which ends in different serrated pathway colorectal cancer phenotypes de-
pending on the route followed. Finally, we describe some key issues that need to be addressed in 
order to incorporate the newest technologies in serrated pathway research and to improve overall 
knowledge for developing specific prevention strategies and new therapeutic targets. (Gut Liver 
2021;15:31-43)
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INTRODUCTION

Colorectal cancer (CRC) is the most prevalent cancer in 
Western countries and the second cause of cancer-related 
death, affecting both sexes equally. Furthermore, the num-
ber of new CRC cases worldwide is estimated to increase 
from the 1.4 million reported in 2012 to 2.4 million by the 
year 2035.1

The vision of a unique carcinogenesis model for CRC 
has completely changed in the last 25 years. Since the 
identification of serrated carcinomas by Jass and Smith in 
1992,2 the underlying genetic and epigenetic alterations 
have been described. Although some of these may be 
shared among the other forms of CRC, specific combina-
tions of the molecular defects will result in the different 
CRC phenotypes.

Until recently, three molecular pathways of CRC de-
velopment have been established. The first is the classical 
adenoma-carcinoma sequence (Fearon and Vogelstein 
model),3,4 in which carcinomas usually develop chro-
mosomal instability and are microsatellite stable (MSS); 
this pathway is responsible for 70% to 80% of CRC cases. 
The second is germline mutations in the mismatch repair 
(MMR) genes and development of microsatellite instability 
(MSI); this pathway is responsible for ~3% of CRC cases, 
and has its paradigm in Lynch syndrome, which is char-
acterized by the inherited mutation in one of the MMR 
genes. The third is serrated lesions, no longer considered to 
be lacking malignant potential;5 this pathway is supposed 
to produce the precursors of the remaining 15% to 30% 
of all CRC cases through the so-called “serrated pathway.” 
The serrated pathway colorectal cancers (SPCRCs) are 
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characterized by somatic BRAF mutation and DNA CpG 
island hypermethylation (CpG island hypermethylator 
phenotype or CIMP).6,7

In recent years, much research effort has focused on the 
serrated pathway of carcinogenesis, with the aim of eluci-
dating the molecular evolution from the precursor lesion 
to CRC. However, those studies on the frequency of muta-
tions in serrated lesions have provided disparate results, 
making description of the sequence of molecular events 
somewhat confusing. This situation also makes difficult to 
stablish a firm correlation between molecular alterations 
and histology, inducing several grey areas in our knowl-
edge of the serrated pathway. In this review we summarize 
current knowledge of molecular events present in serrated 
lesions, describe their prevalence in the different histologi-
cal subtypes including SPCRC, and identify methodologi-
cal weaknesses of research. Finally, we propose a concep-
tual framework to explain the origin of SPCRC, pointing 
out future areas of research. As a result, many of the pub-
lished reviews dealing with serrated lesions focus mainly 
on the endoscopic and histological characteristics of this 
CRC type, with less attention dedicated to the molecular 
alterations. In this review, we summarize the most relevant 
information from the literature on the molecular events 
underlying the serrated pathway, with the aim of helping to 
guide future directions in this research. The study protocol 
was approved by the Hospital La Fe Institutional Review 
Board (IRB number: 2016/0477).

DEFINING THE LESIONS:  
HISTOPATHOLOGY AND NOMENCLATURE

The nomenclature and pathological classification of 
serrated lesions have evolved over the last few years. Lon-
gacre and Fenoglio-Preiser8 first used the term “serrated 
adenoma” in 1990, reporting on its neoplastic nature. Six 
years later, Torlakovic and Snover9 coined the term sessile 
serrated adenoma, which is now also used as a synonym 
for sessile serrated polyp.10 Currently, serrated lesions are 
pathologically classified into different subtypes using the 

following World Health Organization (WHO) criteria: ses-
sile serrated adenoma/polyp, with or without cytological 
dysplasia; traditional serrated adenoma (TSA); and hyper-
plastic polyp (HP). Additionally, HPs are subdivided into 
the following three pathological categories: microvesicular 
(MV)HP; goblet cell (GC)HP; and mucin-poor (MP)HP.11 

However, there is lack of uniformity in histopathological 
terminology, especially for referring to the sessile serrated 
adenoma and the minimum features required to make a 
diagnosis. In terms of nomenclature, some authors defend 
using the word “adenoma” to remark its premalignant 
nature, but its use generates unnecessary misconceptions 
because it does not exhibit true cytological dysplasia. Oth-
ers propose using the word “polyp” instead, but again it 
would be inaccurate since atypia and polypoid features are 
not always present. For this reason, in this paper we will 
use the term “sessile serrated lesion” (SSL) with or without 
dysplasia in lieu of sessile serrated adenoma/polyp, follow-
ing the recently published British Society of Gastroenterol-
ogy position statement.12 This society also recommends 
using the WHO criteria to diagnose an SSL, which require 
three crypts or two adjacent crypts showing at least one of 
the characteristic features: irregular distribution of crypts, 
dilatation of crypt bases, serration at crypt bases, branched 
crypts, horizontal extension of crypt bases, dysmaturation 
of crypts and herniation of crypts through the muscularis 
mucosa layer. 

SSLs present distinct endoscopic appearance compared 
to adenomas or HPs, which includes indistinct borders, 
cloud-like surface, irregular shape and dark spots inside the 
crypts. Recognition of these features is key for detection 
and complete resection of these subtle lesions. Fig. 1 pres-
ents typical endoscopic and histologic features of an SSL.

WHAT ARE THE MAIN MOLECULAR 
MECHANISMS INVOLVED IN THE SERRATED 

PATHWAY TO CRC?

The serrated pathway combines three major molecular 
mechanisms, those being CIMP and MSI, both conse-
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Fig. 1.Fig. 1. (A) White light high-resolution 
endoscopic image of a sessile serrat-
ed lesion (SSL): dark spots inside the 
crypts, an irregular shape, indistinct 
borders and a cloud-like surface. (B) 
SSL showing typical serration (H&E, 
×10). Crypts show pronounced basal 
dilation and horizontal spreading in 
an “L” shape.
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quences of epigenetic DNA changes, and alteration of the 
mitogen-activated protein kinase (MAPK) pathway.

1. Aberrant promoter hypermethylation of CpG islands: 
CIMP
This concept was first proposed by Toyota and Issa13 in 

1999 to describe a subset of CRC that exhibited widespread 
promoter hypermethylation, an alteration later pointed out 
as a carcinogenic mechanism within the serrated neoplasia 
pathway. 

CpG islands (cytosine and guanine linked by only one 
phosphate) are DNA regions where cytosine-guanosine res-
idues appear in a repetitive sequence that is at least 200 bp 
long and usually longer than 500 bp. In humans, promoters 
have been found to be embedded in CpG islands in about 
half of the genome.14 The promoter’s aberrant methylation 
in CpG islands, known as CIMP, represents one of the most 
relevant epigenetic mechanisms of tumor suppressor gene 
inactivation. Cytosines in CpG dinucleotides are trans-
formed into 5-methylcytosine by a methyltransferase induc-
ing a modification in the three-dimensional configuration 
of DNA, thus producing a defective interaction between 
transcription factors and the start codon. As a consequence, 
the involved tumor suppressor gene suffers transcriptional 
silencing resulting in changes of gene expression.15

In the setting of serrated pathway CRC, CIMP might 
be the most important oncogenic mechanism. The MLH1 
gene and its promoter’s methylation is the most relevant 

and best characterized in this context, being found in 75% 
of cases.16 However, methylation can develop in other 
genes that contribute to the CIMP phenotype as well.

Categorizing the CIMP status is not straightforward. 
There is some controversy in the literature about the cor-
rect methylated loci combination for determining CIMP 
status in colorectal tumors; moreover, the published studies 
have used different CIMP panels and data interpretation 
methods, specifically when grading CIMP according to 
the number of methylated markers (CIMP-high vs CIMP-
low). This makes it difficult to compare outcomes and to 
get an accurate estimation of the real prevalence of this 
epigenetic alteration. Therefore, a global standardization 
of molecular techniques and reporting seems imperative. 
Table 1 summarizes the most classically used combinations 
of methylation markers to determine CIMP status.13,17-19

All of the published panels are invariably subsets of the 
CpG islands initially explored by Toyota and Issa,13 albeit 
with some differences, such as for MLH1. Some of the 
research groups have not routinely studied MLH1 meth-
ylation for the following two reasons. First, sporadic (not 
Lynch-related) cases of MMR deficiency and MSI appear 
almost exclusively as a consequence of MLH1 methylation 
in a CIMP-H situation. Second, MLH1 methylation is very 
rare in MSS tumors, indicating that in this case CIMP is 
determined by other methylation markers.18,20 On the con-
trary, other research groups have included MLH1 in order 
to discriminate CIMP-H among CIMP-positive CRCs.19,21

Table 1.Table 1. Combinations of Methylation Markers Most Frequently Used to Determine CIMP Status

Toyota and Issa13,17 Weisenberger et al.18 Ogino et al.19

Year of publication 1999 2006 2007
Remarks/novelties First publication on this subject

Type A (age-related): low level of 
methylation

Type C (cancer-related): high level 
of methylation → called “CIMP 
tumors”

195 CpG islands screened through-
out the human genome

Selection starting from the 195 loci ini-
tially explored by Weisenberger et al.18 

New cutoff points and new classification

Surrogate markers for 
epigenetic aberrations

7 Cancer-associated methylation 
markers:

MINT1, MINT2, MINT12, MINT17, 
MINT25, MINT27, and MINT31

Reduced to 5 loci:
CACNA1G, IGF2, NEUROG1, RUNX3, 

and SOCS1

Extended to 8:
CACNA1G, IGF2, NEUROG1, RUNX3, and 

SOCS1, p16CDKN2A, CRABP1, and 
MLH1

But a panel with at least RUNX3, CAC-
NA1G, IGF2, and MLH1 can serve as 
a sensitive and specific marker panel 
for CIMP-H

CIMP classification CIMP-H ≥3 of 7 CIMP-H ≥3 of 5 CIMP-0: No methylated markers
CIMP-L: 1-5
CIMP-H: 6-8

Problems/weaknesses It does not explore MLH1
Classic markers MINT1, MINT2 

and MINT31 later proved to be 
nonspecific for BRAF-mutated 
CIMP tumors19

Lack of detailed classification of 
CIMP tumors because it does 
not explore MLH1

Sensitive and specific markers for de-
tecting CIMP-H rather than CIMP-L

Conflicting interpretation for 4-5 posi-
tive markers

CIMP, CpG island methylator phenotype; H, high; L, low. 
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Most of the research groups have used a commercially 
available 5- or 8-marker polimerase chain reaction (PCR) 
assay to determine the presence of promoter hypermethyl-
ation. These panels are well designed for classifying CIMP-
high (CIMP-H) but not CIMP-low (CIMP-L), and a spe-
cific panel to diagnose CIMP-L is not available yet. From 
our perspective, the 8-marker panel is currently the most 
useful for research purposes. However, the interpretation 
of methylation of 4 and 5 markers is still controversial, 
being better classified into the CIMP-H group than into 
the CIMP-L according to some researchers.22,23 Current re-
search is focused on expanding the number of markers in 
an attempt to characterize more accurately the CIMP status 
of colorectal tumors, but results are not still standardized.24 
Genome-wide methylation profiling could be a potential 
alternative for the extensive exploration of this alteration 
and to find some similarities with other tumor types.25 

2. Microsatellite instability 
Microsatellite sequences are short, simple, repetitive 

tracts of DNA, usually 1 to 6 bp long (although the C and 
A dinucleotide repeat is the most common in humans). 
As they are unique and uniform in length in every person, 
they can be considered as a “DNA fingerprint.” MSI is a 
hypermutable phenotype caused by the loss of DNA MMR 
activity, which produces an increased susceptibility to ac-
cumulation of microsatellite mutations. Proteins in MMR 
serve to correct polymerase errors that spontaneously oc-
cur during DNA replication (i.e., single base mismatches 
or short insertions and deletions).26 

The MSI mechanism is not specific for the serrated 
course27 and consequently it would not be helpful as di-
agnostic filter. In fact, it was first described in relation to 
Lynch syndrome, where germline mutations take place in 
specific MMR genes, such as MLH1, MSH2, MSH6, and 
PMS2. But Lynch syndrome represents only 3% out of the 
global 15% of CRC cases that exhibit MSI. The remaining 
12% involve the serrated pathway, where the DNA MMR 
alteration is due to epigenetic silencing by sporadic, ac-
quired hypermethylation of the MLH1 gene promoter.28 In 
this pathway, the MSI occurs at later stages of the carcino-
genetic sequence and represents a key point in it, as dem-
onstrated by the association of MSI with the rapid develop-
ment of dysplasia and malignancy.29

To determine MSI status, five microsatellite markers 
are used; this is called the Bethesda panel and consists of 
2 mononucleotide (BAT 25 and BAT 26) and 3 dinucleo-
tide (D2S123, D5S346, and D17S250) markers. When 2 
or more of the markers show instability, the tumor is clas-
sified as MSI-high. When only 1 marker is affected, the 
tumor is classified as MSI-low. If no instability is found for 

any of the markers, the tumor is considered MSS.30

3. Alterations in MAPK signaling pathway genes: 
BRAF and KRAS mutations
MAPK pathways modulate extracellular signals from 

the cell surface to the nucleus to control growth, prolifera-
tion, differentiation, migration, and apoptosis. The RAS 
and RAF families are among the constituent proteins of 
this RAS-RAF-MEK-MAPK pathway. Mutations in these 
two oncogenes are frequent in many types of cancers and 
their activation is known to lead to increased cell prolifera-
tion and reduced apoptosis.31 Moreover, BRAF and KRAS 
activating mutations have been found to be mutually ex-
clusive in both CRC32 and the precursor lesions.6,33-35

1) BRAF
In mammals, the RAF kinase family consists of three 

proteins, those being A-RAF, B-RAF, and C-RAF. In 2006, 
O’Brien et al.7 reported a high frequency of BRAF muta-
tion in SPCRC and in its precursor lesions. However, this 
mutation was absent in all of the histologic categories of 
the traditional adenoma-carcinoma sequence, thus consti-
tuting a hallmark of the serrated pathway. This specificity 
allows exclusion of Lynch syndrome when loss of expres-
sion of MLH1 is present.6,7 Within the serrated pathway, 
BRAF mutation is an early instigating event.36 Indeed, Fang 
et al.37 have shown BRAF to be directly responsible for 
CIMP development in colorectal cell lines. 

Classically, BRAF mutation has been investigated via 
molecular methods (e.g., PCR assay, Sanger sequencing, 
pyrosequencing, etc); however, this might change in the 
near future, according to the recently developed BRAFV600E 

mutation-specific antibody. Specifically, published stud-
ies on the determination of BRAF status that have used 
immunohistochemistry (IHC) have yielded results that 
are comparable to those obtained from DNA analysis; the 
overall sensitivity and specificity rates for this technique 
are 100% for BRAFV600E detection.38-40 Its presence is, to 
date, the most useful marker for demonstrating a serrated 
origin. 

2) KRAS
There are at least three RAS genes, those being H-RAS, 

N-RAS, and K-RAS.41 KRAS mutation has been found 
in 30% to 40% of all CRC cases, mainly affecting codons 
12 and 13.42 KRAS mutation is known to be related to 
the classical carcinogenetic pathway, along with chromo-
somal instability;4 it has been found in serrated cancers as 
well.43 So, unlike BRAF mutation, KRAS mutation is not 
pathway-specific. In this context, KRAS mutation harbors 
intermediate or low methylation status, as seen in MSS 
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tumors.44 Pai et al.34 showed that serrated lesions located 
specifically in the appendix harbored KRAS mutations in 
codons 12 and 13 in 51% of cases, suggesting that the ser-
rated pathway could be slightly different at this location.

Similar to BRAF, molecular techniques also represent 
the gold standard for KRAS mutation detection. In this 
case, IHC has been evaluated as a diagnostic tool for detec-
tion of a mutation in KRAS but the available antibodies 
have not shown good sensitivity or specificity,45 and cur-
rently IHC cannot be recommended as an alternative diag-
nostic method.

4. Other mechanisms involved
Apart from the well-known alterations that have been 

already addressed, other mechanisms have been described 
as part of the serrated cascade, although their role is more 
controversial. Here we summarize the alterations most 
extensively studied, which have been proposed as having 
some role in serrated pathway progression or that could 
serve as biomarkers.

1) WNT activation
This alteration has been demonstrated in 93% of all 

CRC cases,46 with the IHC-based detection method gener-
ally using β-catenin nuclear staining as a surrogate marker. 
In conventional adenomas, WNT is activated in early 
phases through APC mutation. On the contrary, nuclear 
β-catenin reactivity has been observed to be overwhelm-
ingly more prevalent in dysplastic SSL than in nondys-
plastic SSL, suggesting that in the serrated pathway WNT 
activation might have some role during progression rather 
than in initiation. Since APC mutation is less common 
in the serrated pathway,47 the WNT activation should oc-
cur through: mutation of other genes, such as RNF43 or 
ZNRF3,48 and DNA methylation changes of the upstream 
WNT antagonists, including the secreted frizzled-related 
proteins, the mutated in CRC protein, and AXIN2.16,49 

RNF43 is a tumor suppressor gene that down-regulates 
the WNT/β-catenin signaling pathway and has been re-
ported to be mutated in different cancers. This mutation 
implies loss of function and therefore WNT activation. 
RNF43 mutation is not found in the traditional adenoma-
carcinoma sequence and is less prevalent in Lynch-CRC 
than in SPCRC.50 Hashimoto et al. 29 described RNF43 
mutation as the most prevalent WNT gene mutation in 
SSLs with cytological dysplasia (SSL-CD), having differ-
ent mutation profiles according to the MLH1 expression 
status. However, Tsai et al.51 showed a higher prevalence of 
RNF43 mutation in TSA (28%) and BRAF-mutated MSS 
CRC (29%) compared to that in SSL (10%). Specifically, 
in TSA (with or without dysplasia), RNF43 mutation was 

shown to be tightly associated with mutation in BRAF but 
inversely with KRAS. 

2) Altered regulation of the tumor suppressor gene 
p16(ink4a) and TP53 
Following activation of MAPK (BRAF and KRAS), 

proliferation at the aberrant crypt foci is induced, but then 
a mechanism driven by the p16 tumor suppressor gene 
(CDKN2A) halts cell proliferation and induces cell senes-
cence.52 According to the results presented by Kriegl et 
al.,53 p16 appears to be up-regulated in the first phases of 
the serrated cascade, leading to an increased secretion of 
insulin-like growth factor binding protein 7 (IGFBP7) in 
the aberrant crypt foci. However, in an investigation of the 
CDKN2A promoter, as the serrated lesion progressed to-
wards malignancy, a CIMP-induced aberrant methylation 
was found to facilitate overcoming the p16 senescence bar-
rier. This alteration has also been demonstrated (by IHC) 
to be present in BRAF-mutated SSL-CD or carcinoma, 
showing a loss of expression of the p16 protein. p16 silenc-
ing has also been demonstrated in BRAF mutant TSA (but 
not in those presenting KRAS mutation).54 Furthermore, 
IGFBP7 methylation has been reported as strongly associ-
ated with BRAF mutation and the presence of CIMP.55

Mutation of the TP53 tumor suppressor gene can be 
evaluated by IHC detection of its product, the p53 protein. 
It is classically described in the classic adenoma-carcinoma 
model but it can also be mutated in CIMP tumors or its 
function can be lost due to epigenetic silencing (methyla-
tion of IGFBP7). BRAF-mutated MSS-CRC has been re-
ported to have a significantly higher rate of TP53 mutation 
then the MSI-CRC (40.6% vs 17.0%).56 This finding was 
later confirmed by an Australian group, who suggested a 
possible association of this mutation with the poor prog-
nosis of these cancers.16 

3) MicroRNAs 
These small molecules are known to be involved in the 

progression towards malignancy, although their specific 
role in the different stages of the serrated pathway is still 
to be elucidated. They might play an important role in the 
development of SSL, because miR-31 expression has been 
shown to be associated with CIMP status in serrated le-
sions with BRAF mutation.57 To date several studies have 
found a unique miRNA signature in different serrated pre-
cursors. Some authors have found that HPs and SSLs pro-
file of miRNAs appears to be down-regulated from normal 
colonic mucosa.58 Another group assessed miRNA patterns 
in 109 colon screening biopsies and identified five different 
histopathologic groups (including normal mucosa, SSL or 
adenomas). The expression of specific miRNAs allowed to 
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discriminate serrated polyp histology from others. Also, 
some of them were identified as potential biomarkers of 
the serrated pathway development (i.e., miR-335, miR-222, 
and miR-214).59 More recently, Kanth et al.60 performed 
small RNA sequencing in 108 different colon samples to 
characterize miRNA profiles and found specific miRNAs 
differentially expressed in serrated lesions compared to 
normal colon and HPs.

4) MUC5AC hypomethylation
MUC5AC hypomethylation has been described as 

an early event in this pathway. Recently, Renaud et al.61 
showed that its presence, as detected by IHC, might repre-
sent a novel marker for detecting serrated precursor lesions 
with BRAF mutation, CIMP-H, or MSI. The positive pre-
dictive value was 100% and the negative predictive value 
was 81.4% for the identification of serrated lesions with 
malignant potential. In this sense, it might also be useful 
in discrimination of goblet cell hyperplastic polyp (GCHP) 
from microvesicular hyperplastic polyp (MVHP) and SSL.

WHAT IS THE DISTRIBUTION OF THE 
MAIN MOLECULAR ALTERATIONS IN 

THE DIFFERENT TYPES OF PRECURSOR 
SERRATED LESIONS? 

There is a great heterogeneity among the published 
studies on the prevalence of all these molecular alterations 
in serrated lesions. Indeed, it is usual to find contradictory 
information or even large gaps in the knowledge. Both of 
these features ultimately complicate interpretation of the 
available data. 

1. Prevalence of molecular alterations in serrated 
precursor lesions 
HPs represent 80% to 90% of all serrated lesions, and 

among them MVHP is the most frequent subtype. It is 
generally agreed that MVHPs have a high frequency of 

BRAF mutation, while KRAS mutation alone is much 
rarer.7,35,62,63 However, the described prevalence of the 
CIMP-H phenotype varies substantially (Table 2).7,11,35,62-65 

Some authors have reported on the existence of the CIMP 
phenotype only, without differentiating CIMP-L/H; this 
represents a major obstacle against standardizing results. 
Regarding GCHP, KRAS mutation is the most important 
genetic marker, but again, a great variability in prevalence 
has been reported (8% to 73%).7,35,62,64 A significant propor-
tion of BRAF mutation has been described in these polyps 
as well, usually around 20%, but in some studies it is even 
higher than that of KRAS mutation.62,65 Reports on the 
prevalence of CIMP indicate a much lower rate than that 
described for MVHP, accounting for 0% to 18%.35,62,66

Only one study to date has evaluated the prevalence 
of all these molecular alterations in MPHP, itself the least 
prevalent subtype of HP. Those researchers found an iden-
tical percentage of BRAF and KRAS mutations (25%), and 
expression of the CIMP-H in 75% of cases. However, their 
results must be interpreted with caution, since only four 
polyps in total were evaluated.35

Regarding SSL, BRAF mutation and the presence of 
very high levels of CIMP are the hallmarks of these le-
sions.7,35,62-65 Conversely, KRAS mutation is unusual and 
some authors have reported data suggesting that KRAS-
mutated SSL frequently corresponds to a misclassified large 
GCHP. Others think that expression of higher levels in SSL 
and frequency of CIMP could be features of these lesions 
that distinguish them from HPs, their potential precursors. 
In this sense, Burnett-Hartman et al.66 described CIMP-H 
in approximately 50% of SSLs, but in only 10% of MVHP 
and none in GCHP. 

The genetic alterations that have been described for the 
TSAs are very heterogeneous, and its ability (and mecha-
nism) to progress to cancer remains to be clarified. The 
prevalence of CIMP and BRAF and KRAS mutations has 
varied widely among the published series. The largest one 
included 200 lesions and showed a high BRAF mutation 
prevalence, of around 67%, mainly involving proximally 

Table 2.Table 2. Frequencies of Molecular Alterations Depending on Lesion Subtype

MVHP GCHP MPHP SSL SSL-CD TSA SPCRC

Prevalence, % 45–94* 6–55* 0–9* 10–25† Rare 1–5† 15–30‡

Location Variable Distal Distal Proximal Proximal Distal Distal
BRAF mutant, % 67–88 10–83 25 61–83 93 67 82
KRAS mutant, %  6–22  8–73 25  0–25   1 22 0–45
CIMP-positive, % 10–73  0–18 75 (CIMP-H) 44–77 93 43–80 90 (CIMP-H)
MSI-H, % 0 0 0 - - - 82

MVHP, microvesicular hyperplastic polyp; GCHP, goblet cell hyperplastic polyp; MPHP, mucin-poor hyperplastic polyp; SSL, sessile serrated le-
sion; SSL-CD, SSL with cytological dysplasia; TSA, traditional serrated adenoma; SPCRC, serrated pathway colorectal cancer; CIMP, CpG island 
methylator phenotype; H, high; MSI, microsatellite instability. 
*Of all hyperplastic polyps; †Of all serrated le sions; ‡Of all colorectal cancers.7,11,35,62-65
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located lesions; meanwhile, mutated KRAS was present in 
only 22% of the lesions, with a distal preponderance. In 
that same paper, the investigators reported 16% of KRAS-
mutant TSAs to be CIMP-H and 44% to be CIMP-L.54 

However, other authors have shown a prevalence of CIMP 
in 43%62 and 80%17 of cases. 

MSI-H status is almost invariably not identified in pre-
cursor serrated lesions,7,62,67 suggesting that this is a late 
event in the molecular evolution of serrated lesions.

One limitation of many of the studies on the prevalence 
of genetic alterations is that information about size of the 
included lesions is not provided. Size could be an impor-
tant confounding factor, as large serrated lesions are more 
prone to show higher prevalence of all these molecular 
alterations and to develop malignancy.66,68

2. Prevalence of molecular alterations in SSL-CD
Because of its low prevalence, the molecular charac-

terization of SSL-CD has been less explored. Bettington 
et al.16 conducted the first large prospective study relating 
clinicopathological and molecular features of SSLs with 
a focus of dysplasia or carcinoma. Of 137 cases, 93% had 
the BRAFV600E mutation and also 93% expressed CIMP-
H. On the other hand, KRAS mutation appeared only in 
1% of cases. The investigators had found 74.5% of SSLs to 
have MLH1 methylation as they developed dysplasia; the 
remaining quarter of SSLs was supposed to pass through 
other possible molecular pathways in their progression to-
wards malignancy. In this context, SSL-CDs were observed 
in patients who were older by 17 years (mean age) than 

those with SSL without dysplasia, and there was no sub-
stantial difference in polyp size between the two groups. 
In fact, the SSL-CDs were generally smaller than 10 mm. 
Similar observations have been reported by Hashimoto et 
al.,29 suggesting that the evolution from HP or SSL to SSL-
CD may take a long time, but once the lesion has acquired 
MLH1 methylation and dysplasia is present, the develop-
ment of MSI and progression towards SPCRC occurs very 
rapidly. This accelerated progression to malignancy makes 
a reliable detection, characterization and complete resec-
tion of these lesions a main objective in the prevention of 
CRC. In the endoscopic examination, the dysplastic area 
may become more apparent than the rest of the lesion (Fig. 
2) increasing the chances of incompletely removing and 
leaving behind a part of the SSL-CD, which could be di-
rectly responsible for an unplanned interval cancer.

HOW ARE THESE MOLECULAR 
ALTERATIONS EXPRESSED IN THE SPCRC? 

The main problem regarding SPCRCs is that, although 
up to 30% of all CRCs are thought to come from serrated 
precursors, only about 10% of them have conserved a true 
serrated morphology at diagnosis.27,69 As a consequence, 
the proportion of all CRCs that originate through the ser-
rated pathway is still unknown. The term “serrated carci-
noma” is actually a catch-all term used in the literature to 
refer to two different situations: (1) tumors arising via the 
serrated pathway; (2) tumors that show a serrated mor-
phology on pathological diagnosis-although it is not always 
known if they actually originated in a serrated precursor. 
Rhee et al.70 suggested that a CRC could be considered as 
an SPCRC in circumstances in which “cancers are in direct 
contiguity with serrated adenomas, cancers are CIMP-H, 
or cancers are serrated adenocarcinomas.”

This uncertainty in definitions shows that sole reliance 
on morphological criteria is not sufficient to identify and 
classify SPCRCs. An accurate SPCRC classification can 
only be obtained through a comprehensive description of 
the correlation between molecular markers and clinical 
phenotype. In this sense, different molecular tracks within 
the serrated pathway have been postulated, which would 
ultimately result in different subsets of SPCRCs (Table 3).70,71

As we previously mentioned, BRAF mutation is a spe-
cific marker for a serrated pathway, originating from a 
hyperplastic polyp (MVHP) and ending up in a CIMP-H, 
MSI carcinoma.7 The BRAFV600E mutation would be related 
to a CIMP-H status, and when the MLH1 promoter be-
comes methylated, an MSI carcinoma would be generated. 
However, if methylation affects other genes, the tumor 

Fig. 2.Fig. 2. Endoscopic appearance of a sessile serrated lesion with cyto-
logical dysplasia. The nodular element (containing dysplasia) is more 
apparent than the rest of the lesion, increasing the likelihood of in-
complete resection of the whole lesion.
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will be an MSS.6,7,20,32 Therefore, most sporadic MSI CRCs 
will exhibit a CIMP phenotype, but on the contrary not all 
CIMP tumors will express MLH1 methylation. The CIMP-
H phenotype has shown strong association with female 
sex, proximal location, and older age20,23 and its develop-
ment has been specifically linked to the serrated pathway.72

Approximately 70% of CRCs containing activated 
KRAS express the CIMP phenotype, and therefore many 
tumor suppressor genes, such as p14(ARF), p15(INK4B) 
and p16(INK4A), are silenced through methylation.17,73 For 
instance, MGMT silencing through promoter hypermeth-
ylation strongly correlates with KRAS mutation. However, 
the arising tumors are CIMP-L74,75 and predominantly 
MSS.71 The attempts to relate CIMP-L tumors with patient 
characteristics have been less successful. However, a pos-
sible association of CIMP-L tumors with KRAS mutation 
and male sex has been described.74

CAN WE BUILD A MOLECULAR FRAMEWORK 
TO EXPLAIN THE EVOLUTION FROM 

PRECURSOR LESIONS TO CRC THROUGH 
THE SERRATED PATHWAY?

Given the diverse rate of reported prevalence for the 
described molecular alterations and the distinct results 
obtained by different research groups, providing a concep-
tual framework could at best be considered speculative at 
the moment (Fig. 3). The initiating event in the neoplastic 
cascade seems to be expression of either mutated BRAF 
or KRAS in the normal mucosa of the colon, leading to an 
excessive cell proliferation through altered MAPK signal-
ing. This change can induce the emergence of aberrant 
hyperplastic crypt foci as the first histological lesion76 and, 

along with some early methylations, the formation of an 
HP. Depending on which MAPK mutation appears to be 
predominant in HPs, it has been postulated that they could 
be precursor lesions of the other two subtypes of serrated 
lesions through two different molecular tracks. Although 
these are normally treated as separate models, they can 
sometimes overlap. 

1. BRAF mutation predominant
In this context, an MVHP could be originated and then 

evolve into SSL after acquisition of the CIMP phenotype 
and further accumulation of aberrantly methylated, and 
thus silenced, genes. This theory is strengthened by the 
fact that similar frequencies of BRAF mutation have been 
reported for MVHPs, SSLs and CRCs, suggesting that this 
mutation is an early event and remains throughout the 
carcinogenetic pathway. The concept of BRAF mutation 
as an early event is also supported by a recent report from 
Bettington et al.72 Those investigators found that, although 
around 10% of all CRCs harbored BRAF mutation,6,77 the 
proportion of BRAF-mutated CRCs differed according to 
age, with less than 40% occurring before the age of 50 years 
but 40% occurring in patients of age greater than 80 years. 
Because the precursor lesion (SSL) was present in similar 
frequencies among all age groups, the authors concluded 
that SSL likely develops at a young age but may remain in 
an early phase for years before the accumulation of other 
genetic alterations, followed by development of dysplasia 
and cancer. The CIMP phenotype was also reported as 
determinative and highly correlated with BRAF mutation, 
both alterations being genuine markers of this pathway. In 
general, SSL is also believed to be able to arise de novo.

Later on, the key step towards evolution of SSL to SSL-
CD (the aberrant hypermethylation of MLH1) occurs and, 

Table 3.Table 3. Subsets, Molecular Features and Characteristics of Serrated Pathway CRC

Contribution to CRC70,71 MAPK mutation CIMP status Microsatellites Pathway-phenotype Proposed precursor

9%–12% BRAF  
mutation

High
MLH1 methylation

Instable Serrated pathway
Older age
Female sex
Proximal location

SSL

6%–8% BRAF 
mutation

High
No MLH1 methylation

Stable Serrated pathway
Older age
Female sex
Proximal location 
p16 and p53 silencing
WNT pathway

SSL

15%–20% KRAS 
mutation

Low
MGMT methylation
Other TSG silenced

Stable Challenging group: different pathways
CIN
Male sex
Distal location

TSA/adenomas

CRC, colorectal cancer; MAPK, mitogen-activated protein kinase; CIMP, CpG island methylator phenotype; SSL, sessile serrated lesion; TSG, tu-
mor suppressor gene; TSA, traditional serrated adenoma; CIN, chromosomal instability.  
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through this, the accumulation of mutations in microsatel-
lites ultimately results in MSI. Evidence has shown that, af-
ter a prolonged stable phase as an SSL and the appearance 
of dysplasia, an MSI-SPCRC can arise very rapidly.16 The 
fact that MSI is absent in precursor lesions supports the 
theory that this alteration may be a final step in the pro-
gression of the serrated pathway. But, in some other cases, 
methylation in SSL-CDs may occur in genes other than 
MLH1 (itself accounting for 25%), and the arising SPCRC 
will be an MSS instead. 

2. KRAS mutation predominant 
In the context, the GCHP may evolve into a TSA, the 

latter of which is thought to be a precursor of MSS SPCRC 
with evolution through MGMT methylation. But, it has 
also been proposed that a non-MLH1 mutating SSL could 
progress to a TSA and ultimately develop into a BRAF-
mutated MSS tumor (Fig. 3, dashed line).16,54 The question 
as to whether TSAs with KRAS mutation should be con-
sidered similar in terms of CRC risk to those TSAs with 
BRAF mutation needs further investigation. 

CONCLUSION AND FUTURE CHALLENGES

Serrated lesions constitute a heterogeneous group of le-
sions that can potentially be the origin of a broad spectrum 
of CRC phenotypes. The various molecular profiles must 
be interpreted as a combination of genetic and epigenetic 
alterations. Many years have passed since the identification 
and description of the serrated pathway and, despite of a 
huge research effort, grey areas and gaps in the pathway 
knowledge remain. The main consequence of this situation 
is that the real malignant potential of each serrated lesions 
is largely unknown, hampering the strength of recommen-
dations of surveillance guidelines which are mainly based 
in expert opinions.

Identifying and classifying SPCRCs is key and also un-
derstanding the route the serrated lesions follow towards 
malignancy. But to this purpose histological analysis has 
proven to be insufficient, and its combination with mo-
lecular markers seems to be the best approach. However, 
as we have shown current research methods do not seem 
to be accurate enough to fulfill these objectives. In the 
near future, traditional Sanger sequencing and panels of 
specific markers will probably be abandoned, with the field 
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Hyperplastic polyp

Goblet cell HP

TSA

KRAS
CIMP-L

MSS

mutationBRAF

MSS

mutationBRAF
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MSS

mutationBRAF mutation
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Fig. 3.Fig. 3. Schematic view of serrated pathway progression.
mRNA, microRNA; HP, hyperplastic polyp; CIMP, CpG island hypermethylator phenotype; MMR, mismatch repair system; SSL, sessile serrated 
lesion; SSL-CD, SSL with cytological dysplasia; CIMP-H, CIMP-high; MSI, microsatellite instability; MSS, microsatellite stability; TSA, traditional 
serrated adenoma; CIMP-L, CIMP-low.
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moving to a genome-wide approach with next-generation 
sequencing. This would allow for the identification of new 
biomarkers and combinations that could boost our knowl-
edge of the serrated pathway. Nowadays, we can easily ob-
tain sequence data on the whole genome, specific exomes, 
the methylome, and the transcriptome. The ability to have 
such vast genomic information, obtained at a very fast pace 
and in a cost-effective manner, opens a wide range of new 
possibilities for this field. 

Recently, Lannagan et al. 78 went a step further and 
generated novel preclinical models of SPCRC by combin-
ing next-generation sequencing, organoid culture, gene 
editing and orthotopic transplantation techniques. They 
first cultured organoids from colonic cells that were then 
transplanted into mice. Then, using CRISPR/cas9 genome 
engineering, they modelled DNA alterations that have 
been found in SPCRC. The resultant tumor behaved like 
an SPCRC (clinically, histologically, and genetically). This 
preclinical model is expected to contribute to the overall 
understanding of SPCRC biology and open new avenues 
for testing of potential treatments. 

However, before we adopt these novelties with enthusi-
asm, a deep reflection is needed. As has been shown, inter-
pretation of results from the current molecular techniques 
is challenging, and this situation could be worsened by the 
incorporation of more potent technologies. To avoid the 
previous mistakes, the molecular methods and their results 
should be reported in a standardized manner in order to 
be comparable across studies and groups.

An accurate identification and classification of serrated 
lesions and SPCRCs would also allow for the incorpora-
tion of epidemiological and endoscopic features to define 
risk profiles that will be applicable in clinical practice. In 
this sense, the combination of epidemiological risk factors, 
number and histological type of serrated lesions and spe-
cific molecular profiles could allow to individualize thera-
peutic and preventive strategies, constituting one of the 
best examples of precision medicine. Specific prevention 
strategies and potential individualized therapeutic targets 
would emerge as the necessary second step, giving rise to a 
completely new scenario of individualized treatments and 
precision medicine.
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