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Abstract

Background Traditional serrated adenoma (TSA) is the least

common type of colorectal serrated polyp, which exhibits

considerable morphological and molecular diversity.

Methods We examined the spectra of alterations in MAPK

and WNT pathway genes and their relationship with clin-

icopathological features in 128 TSAs.

Results Sequencing analyses identified BRAF V600E,

BRAF non-V600E, KRAS, and NRAS mutations in 77, 3, 45,

and 1 lesion, respectively. Collectively, 124 lesions (97%)

had mutations in MAPK pathway genes. Alterations in WNT

pathway genes were identified in 107 lesions (84%), includ-

ing RSPO fusions/overexpression, RNF43 muta-

tions, ZNRF3 mutations, APC mutations, and CTNNB1 mu-

tations in 47, 45, 2, 13, and 2 lesions, respectively. Ten

lesions (8%) harbored GNAS mutations. There was signifi-

cant interdependence between the altered MAPK and WNT

pathway genes. RSPO fusions/overexpression was signifi-

cantly associated with KRAS mutations (31/47, 66%),

whereas most RNF43 mutations coexisted with the B-

RAF V600E mutation (40/45, 89%). Histologically, extensive

slit-like serration was more common in lesions with the B-

RAF V600E mutation (71%) and those with RNF43 muta-

tions (87%). Prominent ectopic crypt formation was more

prevalent in lesions with RSPO fusions/overexpression (58%)

and those with GNAS mutations (100%).

Conclusions Our observations indicate that TSAs mostly

harbor various combinations of concurrent WNT and

MAPK gene alterations. The associations between genetic

and morphological features suggest that the histological

diversity of TSA reflects the underlying molecular

heterogeneity.

Keywords Traditional serrated adenoma � WNT pathway �
MAPK pathway

Introduction

Recent studies have suggested that approximately 20–30%

of colorectal cancers are derived from serrated lesions

[1, 2]. Serrated lesions include hyperplastic polyps, sessile

serrated adenoma/polyps (SSA/Ps), and traditional serrated

adenomas (TSAs) [3]. Among these, TSA is the least

common subtype and is associated with premalignant

potential, along with sessile serrated adenoma/polyp [4].

The histological features of TSA include abundant eosi-

nophilic cytoplasm, elongated nuclei, ectopic crypt for-

mation, and slit-like serration [5–7]. It is well established

that TSA represents a distinct entity and the histological

diagnosis is usually straightforward. However, it is also

true that TSAs exhibit significant morphological
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heterogeneity. For instance, the presence of ectopic crypt

formation is characteristic but not a consistent feature of

TSAs [6]. Although still not widely accepted, some authors

have suggested some morphological subtypes of TSAs,

including mucin-rich and filiform variants [8–10].

Serrated polyps mostly harbor genetic alterations lead-

ing to MAPK pathway activation, mostly KRAS or BRAF

mutations [6, 11–14]. KRAS mutations are common in

goblet cell-rich hyperplastic polyps whereas microvesicular

hyperplastic polyps and SSA/Ps frequently harbor the

BRAF V600E mutation [15–17]. TSAs also frequently have

MAPK pathway gene mutations, but unlike others, both

BRAF and KRAS mutations are detected in TSAs, indi-

cating their molecular variability [6, 11–14]. Furthermore,

our previous studies showed that the majority of TSAs also

harbor alterations in WNT pathway genes, including RSPO

fusions/overexpression, RNF43 mutations, and APC

mutations, introducing another layer of genetic hetero-

geneity [18, 19].

Based on these previous observations, we postulated that

the morphological variability of TSAs might reflect their

molecular heterogeneity. The present study aimed to

investigate the spectrum of genetic alterations in a larger

series of TSAs and assessed their clinicopathological

correlations.

Materials and methods

Samples

This study was approved by the Ethics Committee of the

National Cancer Center, Tokyo, Japan. Tissue samples

were obtained by endoscopic resection at the National

Cancer Center Hospital, Tokyo, Japan, or at the National

Cancer Center Hospital East, Chiba, Japan. We analyzed

128 TSAs, which were examined in our previous studies

[18, 19]. Samples with insufficient quality of DNA and/or

RNA for next-generation sequencing or reverse transcrip-

tion PCR were excluded from the present study.

Histological analysis

All TSAs were confirmed to exhibit at least two of the

following three histological features: (1) typical cytology,

(2) slit-like epithelial serrations, and (3) ectopic crypt

formation, with at least one feature present in[ 50% of the

polyps excluding the precursor component (Fig. 1a–d) [6].

The areas exhibiting typical cytology, slit-like serrations

and ectopic crypt formation were semi-quantitatively

evaluated as \ 10%, 10–50%, or[ 50% (regarded as

extensive/prominent). The proportion of goblet cells/mu-

cin-rich cells was also semiquantitatively evaluated as

\ 10%, 10–50%, or[ 50% (Fig. 1e, f). The presence of

high-grade components and the association of hyperplastic

polyp, SSA/P, and superficially serrated adenoma were

determined (Figs. 1g, 2a–d). The cecum to the transverse

colon was defined as the right colon and the descending

colon to the sigmoid colon was defined as the left colon.

Molecular characterization

The detailed methods and part of the results of molecular

analyses were described in our previous studies [18, 19].

Outlines of the analytical methods are as follows.

Sections of formalin-fixed paraffin-embedded specimens

were dissected under a microscope using sterilized tooth-

picks to enrich for tumor content and were used for DNA

and RNA extraction. In the analysis of precursor polyp-

associated lesions, we subjected only TSA components to

DNA and RNA extraction.

For next-generation sequencing, amplicon libraries,

targeting frequently mutated regions of APC, BRAF,

CTNNB1, GNAS, KRAS, and NRAS, and the entire coding

regions of RNF43 and ZNRF3, were prepared using the Ion

AmpliSeqTM custom panel (ThermoFisher Scientific,

Waltham, MA, USA). Sequencing was performed using an

Ion Proton Sequencer, an Ion PI Chip, and an Ion PI Hi-Q

Sequencing 200 Kit (ThermoFisher Scientific). The

sequences obtained were mapped onto the human reference

genome hg19, and sequence variations with variant fre-

quencies[ 10% for single-nucleotide variants and 15% for

insertions/deletions were identified as candidate mutations.

Synonymous mutations and common single nucleotide

polymorphism, based on the Single Nucleotide Polymor-

phism Database build 137, were excluded. All resulting

mutation candidates were confirmed using Sanger

sequencing. Part of the sequencing results was previously

reported [18].

The presence of overexpression and fusions of RSPO2

and RSPO3 was tested using quantitative PCR and the

specific fusions were detected by conventional reverse

transcription PCR. The results of RSPO fusion and over-

expression analyses were described previously [19].

CpG island methylator phenotype (CIMP) status was

assessed by the quantitative methylation-specific PCR

using the panel of Weisenberger et al. (NEUROG1, CAC-

NA1G, IGF2, RUNX3, and SOCS1) [20]. Lesions were

classified by the number of markers showing a percentage

of the methylated reference C 10 as follows: CIMP-high,

C 3; CIMP-low, 1 or 2; and CIMP-negative, no markers.

Part of the methylation analysis was previously reported

[18].
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Immunohistochemistry

Immunohistochemical staining for MLH1 was performed

as described previously [18]. Part of the staining results

was previously reported [18].

Statistical analysis

Fisher’s exact test and Welch’s t-test were used to analyze

categorical variables and continuous variables,

Fig. 1 Representative histology of traditional serrated adenomas.

a Slit-like serration. Narrow slits in the epithelium exhibiting

eosinophilic cytoplasm. b Ectopic crypt formations. Epithelial buds

along the villous projection. c Tumor cells showing abundant

eosinophilic cytoplasm and prominent slit-like serration. d TSA with

prominent ectopic crypt formation. e TSA containing numerous

goblet cells. f TSA showing a focal goblet cell-rich area (left). g A

lesion associated with a high-grade component (right)
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respectively. P values \ 0.01 were considered to indicate

statistical significance.

Results

The TSAs were obtained from 80 male and 48 female

patients who were aged 34–85 years (median, 68 years).

The distribution of the polyps was as follows: 22 lesions

(17%) in the right colon, 51 (40%) in the left colon, and 55

(43%) in the rectum. They were 2–58 mm in size (median,

7 mm). A high-grade component was seen in 21 lesions

(16%). The association of hyperplastic polyp, SSA/P, and

superficially serrated adenoma was observed in 22 (17%),

11 (9%), and 15 lesions (12%), respectively. Typical

cytology was observed in all lesions and extensive in 118

lesions (92%). Slit-like serration, ectopic crypt formation,

and goblet cells were prominent ([ 50% of areas or cells)

in 72 (56%), 49 (38%), and 19 lesions (15%), respectively.

Twenty-four lesions (19%) showed the CIMP-high

phenotype.

Next-generation sequencing followed by confirmation

by Sanger sequencing identified 57 RNF43, 10 ZNRF3, 18

APC, 2 CTNNB1, 80 BRAF, 46 KRAS, 1 NRAS, and 10

GNAS mutations (Supplementary Table 1). Among the

tumor suppressor genes examined, eight RNF43, eight

ZNRF3, and three APC mutations were missense. Since the

functional consequences of these missense mutations were

unclear, only protein-truncating mutations have been con-

sidered as inactivating mutations hereafter. Mutations

detected in CTNNB1, KRAS, NRAS, and GNAS have been

previously reported in diverse tumors and regarded as

oncogenic. A total of six lesions had two RNF43, APC, or

KRAS mutations. Quantitative and conventional reverse

transcription-PCR detected PTPRK-RSPO3 fusions, an

NRIP1-RSPO2 fusion, RSPO2 overexpression, and RSPO3

overexpression in 42, 1, 2, and 2 lesions, respectively.

Collectively, alterations in MAPK pathway genes were

identified in 124 lesions (97%; Fig. 3). BRAF V600E,

Fig. 2 Traditional serrated adenoma associated with precursor

polyps. TSAs with a hyperplastic polyp (a, left) and a sessile serrated

polyp (b, arrowheads), respectively. TSA with a superficially serrated

adenoma (c, arrowheads). The superficially serrated adenoma com-

ponent show adenomatous glands with mild serration confined to the

superficial layer (d)
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KRAS, and NRAS mutations were mutually exclusive to

each other. In contrast, two of the three TSAs with BRAF

non-V600E mutations also had a KRAS or NRAS mutation;

therefore, lesions with the BRAF V600E and non-V600E

mutations were analyzed as separate groups. Alterations in

WNT pathway genes were detected in 107 lesions (84%).

RSPO fusions/overexpression, RNF43 mutations, APC

mutations, and CTNNB1 mutations were mutually exclu-

sive to each other. In contrast, the two lesions with trun-

cating ZNRF3 mutations concurrently harbored RNF43

mutations, consistent with their cooperative roles with

RNF43 mutations [18, 21]. Overall, 80% of TSAs pos-

sessed alterations in both WNT and MAPK pathways.

Since the numbers of lesions with BRAF non-V600E

and those lacking MAPK gene mutations were too small

for statistical analyses, we compared TSAs with the BRAF

V600E and KRAS mutations for their clinicopathological

characteristics (Table 1). There was significant interde-

pendence between alterations in MAPK and WNT pathway

genes. KRAS mutations were associated with RSPO

fusions/overexpression (31/44, 70%). More than half of the

lesions with the BRAF V600E mutation also harbored

RNF43 mutations (40/77, 52%); conversely, most RNF43

mutations coexisted with the BRAF V600E mutation (40/

45, 89%). TSAs with the BRAF V600E mutations were

more likely to be located in the proximal colon and less

frequently had high-grade components. The association

with hyperplastic polyps and SSA/Ps was common in

lesions with the BRAF V600E mutations. As previously

reported [22], superficially serrated adenoma exclusively

coexisted with KRAS-mutated TSAs. Slit-like serration and

ectopic crypt formation were more extensive in BRAF-

mutated and KRAS-mutated TSAs, respectively. The

CIMP-high phenotype was more common in BRAF-mu-

tated TSAs.

With regard to WNT pathway gene mutations, clinico-

pathological features associated with RSPO fusions/over-

expression, RNF43 mutations, and APC mutations were

examined (Table 2). TSAs with RSPO fusions/overex-

pression were rare in the proximal colon, and were slightly

larger in size than others. The presence of a high-grade

component was more frequent in TSAs with RSPO fusions,

but was rare in TSAs with RNF43 mutations. Hyperplastic

polyps and SSA/Ps were more commonly associated with

RNF43-mutated TSAs, whereas superficially serrated ade-

noma was almost exclusively associated with TSAs with

Fig. 3 Molecular and clinicopathological features of traditional serrated adenomas. Only protein-truncating mutations are indicated for RNF43,

ZNRF3, and APC mutations
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RSPO fusions/overexpression. Slit-like serration and ecto-

pic crypt formation were more extensive in TSAs with

RNF43 mutations and RSPO fusions/overexpression,

respectively.

GNAS mutations were significantly associated with

older age, the presence of high-grade components, less slit-

like serration, and extensive ectopic crypt formation

(Table 3).

MLH1 expression was retained in all lesions, except for

one lesion in which a section for immunohistochemical

staining was unavailable (Supplementary Table 1).

Discussion

Our analysis identified concurrent alterations in MAPK and

WNT pathway genes in four-fifths of TSAs. The frequency

of MAPK pathway-related mutations was higher than those

reported in most previous studies, which is partly because

these studies focused on mutations in codon 600 of BRAF

and codon 12 and 13 of KRAS [6, 11–14]. Our analysis

identified three BRAF and seven KRAS mutations outside

these most commonly mutated residues and one NRAS

mutation. Most MAPK pathway gene alterations were

mutually exclusive of each other, but two of the three TSAs

with a BRAF non-V600E mutation concurrently harbored a

KRAS or NRAS mutation. This finding is similar to our

previous observation on SSA/P, demonstrating that all

three lesions with BRAF non-V600E mutations also had a

KRAS or NRAS mutation [17], and is consistent with the

fact that many BRAF non-V600E mutations are loss-of-

function mutations but enhance MAPK signaling in coop-

eration with active RAS [23, 24].

We used the Weisenberger panel to determine the CIMP

status in the present study [20]. Although this panel was

originally designed to correlate with the presence of BRAF

mutations in colorectal cancers, recent studies have shown

the association between the BRAF V600E mutation and the

CIMP-high phenotype also in the precursor lesions using

this panel [6, 14]. Consistently, the CIMP-high phenotype

was more common in lesions with the BRAF V600E

mutation also in the present study.

Mutations related to the WNT pathway are virtually

ubiquitous in colorectal cancers and are thought to be the

initial genetic alterations in the conventional pathway of

tumorigenesis [25, 26]. In the serrated pathway of

Table 1 Clinicopathological features of traditional serrated adenomas according to alterations in MAPK pathway genes

BRAF V600E

n = 77 (60%)

BRAF non-V600E

n = 3 (2%)

KRAS

n = 44 (34%)

No mutations

n = 4 (3%)

BRAF V600E vs. KRAS

RSPO fusion/overexpression 12 (16%) 2 (67%) 31 (70%) 2 (50%) 1.7 9 10–9

RNF43 mutation 40 (52%) 1 (33%) 3 (7%) 1 (25%) 3.4 9 10–7

APC mutation 6 (8%) 0 6 (14%) 1 (25%) 0.35

CTNNB1 mutation 1 (1%) 0 1 (2%) 0 Not assessed

GNAS mutation 5 (6%) 0 4 (9%) 1 (25%) 0.72

Age, year-old, median (range) 67 (40–81) 72 (65–79) 70 (34–85) 70 (52–85) 0.76

Male/Female 53/24 2/1 23/21 2/2 0.081

Right colon/Left colon/Rectum 19/35/23 0/1/2 1/15/28 2/0/2 0.0016a

Size, mm, median (range) 7 (3–58) 4 (3–5) 9.5 (2–54) 10 (4–19) 0.012

High-grade component 6 (8%) 0 13 (30%) 2 (50%) 0.0022

Hyperplastic polyp or SSA/P 18/11 (38%) 0/0 3/0 (7%) 1/0 (25%) 0.00019

SuSA component 0 0 15 (34%) 0 4.3 9 10–8

Slit-like serrationb 55/19/3 3/0/0 12/18/14 2/2/0 3.5 9 10–6c

Ectopic crypt formationb 25/22/30 0/1/2 21/12/11 3/0/1 0.12c

Goblet cellsb 7/19/51 1/1/1 10/10/24 1/2/1 0.056c

CIMP high/low/negatived 25/19/31 1/0/1 2/17/25 0/1/3 0.00051e

SSA/P, sessile serrated adenoma/polyp; SuSA, superficially serrated adenoma

Two TSAs with BRAF non-V600E mutations also had a KRAS or NRAS mutation
aRight colon vs. left colon and rectum
b[ 50/50–10/\ 10% areas
c[ 50% vs. B 50%
dNot assessed for three cases
eCIMP-high vs. -low/negative
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tumorigenesis, MAPK pathway gene alterations are the

initial event and alterations in WNT pathway genes are

acquired during the transition from non-dysplastic to dys-

plastic lesions [27–29]. Consistently, alterations in WNT

pathway genes were detected in the majority of TSAs;

however, the mutation spectrum was different from that of

conventional adenomas. Most conventional adenomas

possess inactivating APC mutations and less frequently,

CTNNB1 mutations [18, 30, 31]. In contrast, RSPO fusions/

overexpression and RNF43 mutations were predominant

mutations in TSAs [18, 19]. Indeed, similar to the BRAF

V600E mutation, these two genetic alterations are specific

to serrated lesions [18, 32]. Interestingly, RSPO fusions/

overexpression was significantly associated with KRAS

mutations and most RNF43 mutations coexisted with the

BRAF V600E mutation, indicating the interdependence

between MAPK and WNT pathway gene mutations.

GNAS mutations were identified in 8% of the lesions, a

frequency similar to those reported by other studies

[14, 33]. While the number of GNAS-mutated lesions was

limited, they correlated with several clinicopathological

features, including the presence of extensive ectopic crypt

formation. On the other hand, there was no apparent

association between GNAS and other mutations.

MLH1 expression was retained in all TSAs examined, in

agreement with previous studies [6, 11]. This observation

suggests that mismatch repair deficiency does not play a

role in the development of TSA unlike tumorigenesis via

SSA/P with dysplasia [27, 34, 35].

Slit-like serration and ectopic crypt formation are

characteristic histological features of TSAs [5–7].

Although both these features are observed in the majority

of TSAs and commonly coexist, their extent varies among

lesions [6]. Our results showed the correlations between

genetic alterations and these histological observations.

Extensive slit-like serration was associated with the BRAF

V600E mutation and RNF43 mutations whereas it was less

common in lesions with RSPO fusions/overexpression and

APC mutations. Prominent ectopic crypt formation was

frequent in lesions with RSPO fusions/overexpression and

GNAS mutations. The correlations between morphology

and genetic alterations suggest that although each of the

alterations in MAPK and WNT pathway genes activates

common signaling pathways, they have different biological

activities. However, lesions with different genotypes

exhibited overlapping histological features, supporting the

validity to regard TSA as a single entity despite its genetic

diversity.

Recent studies have suggested that the mucin-rich

variant of TSA, which is defined as lesions contain-

ing C 50% goblet cells, should be regarded as a distinct

histological subtype [9, 10]. The prevalence of mucin-rich

TSA was reported to be 15–28%, which is consistent with

our findings. However, there was considerable variability

in the number of goblet cells among the polyps, and the

distribution of goblet cells showed notable heterogeneity

within the respective lesions. Therefore, although it is true

that some TSAs are rich in goblet cells, we are hesitant to

regard them as a histologically distinct variant. A previous

study reported that mucin-rich TSAs were more likely to

have BRAF mutations [10]; however, this finding was not

reproduced in our analysis.

Table 3 Clinicopathological

features of traditional serrated

adenomas according to GNAS

mutation status

GNAS-mutated

n = 10 (8%)

GNAS wild-type n = 118 (92%) P value

Age, year-old, median (range) 71 (66–85) 67 (34–85) 0.0069

Male/female 5/5 75/43 0.50

Right colon/left colon/rectuma 0/4/6 22/47/49 0.21

Size, mm, median (range) 23.5 (4–58) 7 (2–49) 0.021

High-grade component 6 (60%) 15 (13%) 0.0013

Hyperplastic polyp or SSA/P 0/0 22/11 (28%) 0.063

SuSA component 2 (20%) 13 (11%) 0.61

Slit-like serrationb 0/7/3 72/32/14 1.6 9 10–4c

Ectopic crypt formationb 10/0/0 39/35/44 3.6 9 10–5c

Goblet cellsb 2/2/6 17/30/71 0.64c

CIMP high/low/negatived 2/5/3 26/32/57 1.0e

SSA/P, sessile serrated adenoma/polyp; SuSA, superficially serrated adenoma
aRight colon vs. left colon and rectum
b[ 50%/50–10/\ 10% areas
c[ 50% vs. B 50%
dNot assessed for three cases
eCIMP-high vs. -low/negative
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The presence of a high-grade component was more

frequent in lesions with KRAS mutations, RSPO fusions/

overexpression, and GNAS mutation. This implies that

TSAs with these genetic alterations may have a higher risk

of malignant progression, but this hypothesis requires

confirmation by analysis of lesions associated with ade-

nocarcinoma. Consistent with our finding, the correlation

between KRAS mutations and higher-grade dysplasia was

also described in a previously study [12]. In contrast, high-

grade dysplasia was rare among lesions with BRAF and/or

RNF43 mutations, including those associated with SSA/P.

It is generally believed that once SSA/Ps acquire dysplasia,

they quickly progress to adenocarcinoma [34]; however,

considering the rarity of high-grade dysplasia in SSA/P-

associated TSA, it may not always be the case.

The present study demonstrated the common coexis-

tence of mutations leading to WNT and MAPK pathway

activation in TSAs. Importantly, various genetic alterations

are involved in the activation of the respective pathways

and each genetic alteration is significantly associated with

different clinical and morphological features. These find-

ings suggest that the histological variability of TSAs

reflects their mutational diversity.
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