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Abstract

Background: Although serrated polyposis syndrome (SPS) is associated with an
increased colorectal cancer (CRC) risk, the carcinogenic mechanisms remain unknown.
We investigated clinicopathological characteristics and genetic abnormalities in
colorectal polyps and CRC to elucidate carcinogenic mechanisms in SPS.

Methods: We retrospectively analyzed clinicopathological features of colorectal polyps
in 44 SPS patients, and examined mutations of genes including APC, RAS, BRAF, and
TP53, and microsatellite instability (MSI) in CRC tissues.

Results: Of the 44 patients, 25 (56%) fulfilled WHO criterion 1, 11 (25%) fulfilled
criterion 2, and 8 (18%) fulfilled both. A total of 956 polyps were observed; 642 (67%)
hyperplastic polyps (HP), 204 (21%) sessile serrated lesions (SSL), 10 (1%) traditional
serrated adenoma (TSA), and 100 (11%) adenomas. The median numbers of polyps
(/patient) were 10.5 (IQR 2.75-23) HPs, 4.0 (2.0-6.0) SSLs, 0 (0-0) TSA, and 1 (0-3.3)
adenoma. SSL and HP located preferentially in the proximal and distal colon
respectively. Twenty-two CRCs were found in 18 patients. Based on the histological
coexistence of SSL/TSA, BRAF mutation and MSI, 5 CRCs (26%) were classified as
serrated-neoplasia pathway. Conversely, based on the coexistence of adenoma,
APC/RAS and TP53 mutations, 11 CRCs (58%) were classified as adenoma-carcinoma
pathway. The remaining 3 were unclassifiable. Most CRCs through adenoma-
carcinoma pathway were located in the left-side colorectum and patients bearing those
met criterion 2, characterized by many HP and advanced adenomas. Adenoma was a
significant risk factor for CRC.

Conclusions: Our results suggest that more than half of the CRCs, particularly those

in the left-side colorectum, developed through the adenoma-carcinoma pathway in SPS
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patients. Adenoma was a risk factor for CRCs, suggesting its importance in colorectal

carcinogenesis.

Key words: Serrated polyposis syndrome, colorectal cancer, serrated-neoplasia

pathway, adenoma-carcinoma pathway
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Introduction

Serrated polyposis syndrome (SPS), initially termed hyperplastic polyposis
syndrome (HPS), is a heterogeneous disease characterized by multiple serrated polyps
(SPs), which consist of hyperplastic polyp (HP), sessile serrated lesion (SSL) and
traditional serrated adenoma (TSA) [1]. Recently, SPS has received increased attention
because the risk of colorectal cancer (CRC) is reportedly fairly high in SPS patients [2,
3]. Although a single report showed SPS families with a germline RNF43 variant,
currently it is recognized that germline RNF43 accounts for only a very small proportion
of SPS patients [4, 5]. Therefore, the diagnosis of SPS is currently made in accordance
with the World Health Organization (WHO) criteria based on the number, size, and
location of the SPs [6].

In recent larger multicenter studies, the prevalence of CRC ranged from 15.8% to
41.9% in SPS patients [2, 3, 7]. The cumulative 5-year incidence of CRC under
endoscopic surveillance is reported to range from 1.3% to 7.0% [2, 3, 8, 9]. However,
only a few studies have stratified cancer risk in patients with SPS based on clinical risk
factors. ljspeert et al. reported that the risk factors for CRC in SPS patients were
fulfillment of both WHO 2010 criteria 1 and 3, at least 1 SP with dysplasia, or at least 1
advanced adenoma, while a history of smoking decreased the risk of CRC in these
patients [3]. Carballal et al. reported that the presence of more than 2 sessile serrated
polyp/adenomas (SSA/Ps) proximal to the splenic flexure or any proximal SSA/P with
dysplasia was a risk factor for CRC [2]. Thus, the risk factors previously reported are
inconsistent, and therefore an effective predictor of CRC in SPS patients has not yet
been established.

In general, most CRCs develop from an adenoma through the adenoma-carcinoma

pathway, which is associated with APC, KRAS, and TP53 mutations [10], whereas
as
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many as 30% of CRCs reportedly arise from SPs via the serrated-neoplasia pathway
[11]. The serrated-neoplasia pathway is associated with BRAF or KRAS mutations and
CpG island methylation phenotype (CIMP), as well as MLH1 promoter methylation or
TP53 mutation [12]. He et al. reported that 49% (95%CI 33-64%) of CRCs in SPS
patients had a BRAF mutation, 3% (95%CI 0-16%) had a KRAS mutation, 40% (95%CI
33-64%) were microsatellite instability-high (MSI-H), and 53% (95%CI 36-71%) were
MLH21-deficient [13]. Similarly, Boparai et al. reported that 53% of CRCs had BRAF
mutations, 5% had KRAS mutations, 11% had APC mutation, and 32% were MLH1-
deficient in CRC with HPS [14]. These results suggest that only half of the CRCs might
have developed through the serrated-neoplasia pathway in SPS patients. However,
these studies analyzed only a few molecular signatures of serrated-neoplasia related
genes in the limited cohort of heterogeneous patients, and the detailed mechanism of
carcinogenesis in SPS is unknown [14, 15].

Therefore, in this study, we first analyzed clinicopathological features of each type
of colorectal polyp in SPS patients. We then performed molecular analyses of CRC
lesions in SPS to clarify the detailed mechanism of carcinogenesis in patients with SPS.

Moreover, we analyzed risk factors for CRC in SPS patients.

Methods
Patients

We retrospectively screened and enrolled SPS patients from the endoscopy filing
system and medical records who met the 2019 WHO diagnostic criteria for SPS [6] in
Tokushima University Hospital (Tokushima, Japan) between January 2009 and

November 2021. Patients with hereditary CRC syndrome, including familial
5
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adenomatous polyposis (FAP), Lynch syndrome, gastric adenocarcinoma and proximal
polyposis syndrome (GAPPS), and patients with inflammatory bowel disease were
excluded. General information on the patients including age, gender, smoking status,
body mass index (BMI), personal history, and family history of malignancies at the time
of diagnosis of SPS were collected from medical records. This study was approved by
the ethics committee of Tokushima University Hospital and registered in the University
Hospital Medical Information Network Clinical Trials Registry (UMIN-CTR; study

number UMINO00030189). Written informed consent was obtained from all the patients.

Polyp review

Colonoscopy reports, surgery records, and the corresponding pathology reports
were used to obtain information regarding the number, distribution, size, and type of
colorectal polyps. All resected polyps and cancers were formalin-fixed, paraffin-
embedded (FFPE), and used for HE staining, immunohistochemical staining, and gene
analysis. The histological diagnosis of colorectal lesions was made independently by 2
pathologists (Y.B. and K.T.) according to WHO Classification 2019 [15]. All polyps were
classified as SPs and conventional adenomas. SPs were further classified as HP, SSL,
and TSA. The mixed polyp was excluded from the analysis. We classified intramucosal
carcinoma (Tis) as cancer according to Japanese diagnostic guideline [16]. Advanced

adenoma was defined as an adenoma >10 mm or with tubulovillous architecture.

Somatic gene mutation analysis
Genomic DNA was extracted from FFPE tissues using a QlAamp DNA FFPE Tissue
Kit (Qiagen, Venlo, Netherlands) and analyzed for each gene. Mutational analysis of

codons 12, 13, 59, 61, 117, and 146 in KRAS, and NRAS and codon 600 in BRAF, was
6
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performed using the PCR-reverse sequence specific oligonucleotide (PCR-rSSO)
method, as previously described [17]. Subsequently, the mutation was confirmed by
direct sequencing of the PCR product, as described previously [18]. Mutational analysis
of APC (mutation cluster region: MCR), B-catenin (exon 3), RNF43 (exons 2-5, 7-9),
and TP53 (exons 4-9) was performed by direct sequencing of the PCR products, as

previously described [19-21].

MSI Analysis

Microsatellite instability (MSI) analysis was performed as previously described [22].
Alternatively, in cases without normal tissue, MSI analysis was performed using the
qguasi-monomorphic variation range (QMVR) with a new MSI kit (Falco Biosystems Ltd.,
Kyoto, Japan). Tumors with instability at 22 markers were classified as high-degree MSI
(MSI-H); at 1 marker as low-degree MSI (MSI-L); and at no markers as microsatellite

stable (MSS).

Immunohistochemistry

Immunohistochemistry (IHC) for MLH1 and p53 in CRC tissue was performed using
EnVision method (Envision-PO, Agilent Technologies, Inc., Santa Clara, CA) as
previously described [23]. Antigen retrieval was performed using an electric
pressure cooker in 0.05% citraconic anhydride solution, pH7.4 at 98°C for 45 min.
Rabbit anti-human MLH1 monoclonal antibody (diluted 1:100, Abcam Co. Ltd., Tokyo,
Japan) and rabbit anti-human p53 polyclonal antibody (diluted 1:100, Novocastra

Laboratories Ltd., Newcastle upon Tyne, UK) were used as primary antibodies.
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Definition of CRCs via adenoma-carcinoma pathway and serrated-neoplasia
pathway

Carcinogenesis via the adenoma-carcinoma pathway has been well documented
since it was first reported by Vogelstein et al. [10, 24-26]. Based on the histological
findings and gene alterations, CRC derived through adenoma was defined as follows:
1) CRC which is histologically coexistent with adenoma (cancer in/with adenoma); or 2)
CRC which has both APC/B-catenin mutation and TP53 mutation/accumulation. On the
other hand, the serrated-neoplasia pathway was defined as follows, according to
previous reports [1, 27-29] : 1) CRC which is histologically coexistent with SSL, TSA, or
HP (cancer in/with SSL, TSA or HP); or 2) CRC which has both BRAF mutation and
MSI-H/MLH1 loss (serrated-neoplasia pathway) or both BRAF mutation and TP53
mutation/ accumulation (alternative serrated-neoplasia pathway). The CRC which does
not meet either of the definitions or meets both definitions of adenoma-carcinoma
pathway and serrated-neoplasia pathway was classified unknown (unclassifiable)

pathway.

Statistical analyses
All data were analyzed using EZR (Saitama Medical Center, Jichi Medical
University, Saitama, Japan), which is a graphical user interface for R (The R Foundation
for Statistical Computing, Vienna, Austria). More precisely, it is a modified version of R
commander designed to add statistical functions frequently used in biostatistics.
Quantitative variables were analyzed using Student’s t-test, and qualitative
variables were analyzed by Fisher's exact test with Bonferroni correction, or by

Friedman test with Holm correction.
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Results
Study flow and patient characteristics

Patient selection was performed as shown in the flowchart (Supplementary Fig. 1).
We screened 10,346 patients whose colonoscopy images and corresponding reports
were recorded in the endoscopy filing system (SOLEMIO QUEV, Olympus) between
January 2009 and November 2021. The patients were screened using the phrase
“serrated polyposis syndrome” and “hyperplastic polyposis syndrome” as keywords, and
69 and 11 patients were found, respectively. We also screened using “SSA/P or SSL”
and “TSA” as keywords, and found 536 and 98 patients, respectively. Subsequently we
evaluated if those selected patients met SPS WHO criteria 2019 using the data in
medical records, and identified a total of 47 fulfilling the criteria. Of these, 2 patients with
GAPPS were excluded, and 1 patient was excluded due to refusal to provide informed
consent. We ultimately enrolled 44 SPS patients, including 18 patients with complicated
CRC.

The baseline characteristics of patients are summarized in Supplementary Table 1.
The median age at diagnosis of SPS was 62 years (IQR 54.8-67), and 14 patients (32%)
were female. Of all 44 patients, 25 (56%) fulfilled WHO criterion 1, 11 (25%) fulfilled
criterion 2, and the remaining 8 (18%) fulfilled both criteria 1 and 2. The prevalence of

CRC was 41% (18/44).

Clinicopathological features of each type of polyps in SPS patients
A total of 956 polyps were analyzed in all 44 SPS patients. Among all the polyps,
HP was the most common (67%), followed by SSL (21%), adenoma (11%), and TSA

(1%) (Fig. 1a). The prevalence rate of HP, SSL, and TSA in SPS patients was 86%
9
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(38/44), 84% (37/44), and 18% (8/44), respectively, whereas the prevalence of
adenoma was 73% (32/44) (Fig. 1b). The median number of all SPs was 17 (IQR 8.8-
24) per patient; the median numbers of HP, SSL, and TSA were 10.5 (IQR 2.75-23), 4.0
(2.0-6.0), and 0 (0-0), respectively, showing a significant stepwise decrement in this
order (HP vs. SSL, p<0.01; SSL vs. TSA, p<0.01). While the median number of
adenomas was 1 (IQR 0-3.3), which was significantly lower than that of HP and SSL
(p<0.01 and p<0.01 respectively) and higher than that of TSA (p<0.01).

We then examined the distribution of polyps in each region of the colorectum (Fig.
1c). In the proximal colon (from cecum to transverse colon), the majority of polyps were
SSL (54%), followed by HP (28%), adenoma (17%), and TSA (1%). In contrast, most of
the polyps were HP (97%) in the rectum, followed by adenoma (3%), and SSL (1%).
The percentage of SSL decreased from the proximal-to-distal direction step-by-step,
whereas the percentage of HP increased step-by-step from the proximal-to-distal
direction. Adenoma was distributed throughout the colorectum.

The total number of large SPs (=10 mm) was 154, and they were preferentially
located in the proximal colon (119 in the proximal colon, 23 in descending colon, 10 in
the sigmoid colon, and 2 in the rectum). In contrast, the number of advanced adenomas
was 22, and they were predominantly distributed in the left-side colorectum; 5 in the
proximal, 5 in the descending colon, 9 in the sigmoid colon, and 3 in the rectum (Fig.

1c).

Clinicopathological features of colorectal cancer in patients with SPS
A total of 22 CRCs were found in 18 patients with SPS. Clinicopathological features
of those cancers are shown in Table 1. Three patients were diagnosed with multiple

synchronous CRCs; cases 3 and 14 had double cancers, and case 8 had triple cancers.
10
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Twelve of the 18 patients (67%) were male. The median (IQR) ages at diagnosis of SPS
and CRC were 62.5 (57.75-67.50) and 62 (52.25-63.75) years, respectively. Of the 18
CRC patients, 6 (33%) had been endoscopically or surgically operated on 4-29 years
(median: 5 years) before the SPS diagnosis was made.

The distribution of all 22 CRCs is as follows; 6 (27%) in sigmoid colon, 6 (27%) in
rectum, 5 (23%) in ascending colon, 2 (9%) in transverse colon, 1 (5%) in descending
colon, 1 (5%) in cecum, and 1 unknown (5%) (Table 1). The median size of CRCs was
16 mm (IQR 10-30). Most of the tumors (19/22, 86%) were diagnosed at an early stage
(stage O, I, and II). Among all 22 CRCs, 12 (55%) were intramucosal carcinomas (stage
0), and cured by endoscopic resection. The pathological diagnosis for all CRCs was
adenocarcinoma, low-grade (differentiated type). About half of the CRCs (10/22, 45%)
had surrounding benign lesions (2 for SSL, 1 for TSA, 6 for tubular adenoma, 1 for

tubulovillous adenoma).

Somatic mutational analysis of CRC to evaluate carcinogenesis pathway

To investigate the mechanism of carcinogenesis in SPS patients, we performed
gene mutational analysis of RAS, APC, B-catenin, BRAF, and TP53 using 19 CRC
tissues. Figure 2a-d and 2e-h show the representative appearance and genetic analysis
data of CRC derived from serrated-neoplasia pathway. The type 3 cancer (lesion 14-A;
Fig.2a) in the ascending colon from case 14 (62 y, female) histologically exhibited a
differentiated-type tubular adenocarcinoma (Fig. 2b). This cancer showed a BRAF
V600E mutation and MSI-H (Fig.2c, d) but did not have any mutation of the RAS, APC,
B-catenin, or TP53 genes. Thus, this cancer was classified as derived through a
serrated-neoplasia pathway (BRAF-mutated MMR-deficient carcinoma), according to

the definition. The type 3 cancer (lesion 14-B; Fig.2e) in the same individual's ascending
11
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colon (case 14) exhibited histologically differentiated-type tubular adenocarcinoma (Fig.
2f). This cancer showed BRAF V600E (Fig. 2g) and TP53 mutations (R213*) (Fig.2h),
and MSS phenotype, but did not have any mutation of RAS, APC, and -catenin genes
(data not shown); thus, it was classified as derived through an alternative serrated-
neoplasia pathway (BRAF-mutated MMR-proficient carcinoma). On the other hand,
Figure 2i-m shows representative CRC which developed through adenoma-carcinoma
pathway. The type O-lp cancer (lesion 8-B; Fig.2i) in the descending colon from case 8
(63 y, male) shows histologically differentiated adenocarcinoma in adenoma (Fig. 2j).
This lesion exhibited 2 APC mutations (V1414*, T1459I; Fig. 2k), K-RAS mutation
(G13D; Fig. 2I), and TP53 mutation (L252del; Fig. 2m). However, it was negative for
BRAF mutation and was an MSS phenotype (data not shown). Thus, it was classified
as derived through the adenoma-carcinoma pathway.

We summarized the genetic and immunohistochemical data in 19 CRCs from 15
patients with SPS in Table 2. According to the definition of each pathway, we classified
5 CRCs (3-A, 5, 14-A, 14-B, and 16) as originating through the serrated-neoplasia
pathway, and 11 through the adenoma-carcinoma pathway. Of the 5 CRCs via the
serrated-neoplasia pathway, only 1 was a well-reported pathway with both BRAF
mutation and MSI-H. Three CRCs had both BRAF mutation and TP53 mutation
(including p53 protein accumulation), indicative of alternative serrated-neoplasia
pathway. The remaining 1 was thought to develop from TSA. In contrast, among the 11
CRCs derived from adenoma-carcinoma pathway, 10 cancers had both APC/B-catenin
mutations and TP53 mutation/accumulation except for one lesion coexistent with
tubulovillous adenoma (cancer in tubulovillous adenoma), which was positive for both
KRAS mutation and TP53 protein nuclear accumulation, consistent with a previous

report [30].
12
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The remaining 3 CRCs (lesions 3-B, 13, 15) were classified as unknown pathway:
lesion 3-B, which had both APC mutation and BRAF V600E mutation, and TP 53 nuclear
accumulation, met both definitions simultaneously; lesions 13 and 15 did not meet either
definition. To investigate more in detail, we performed additional RNF43 mutational
analysis on lesions 13 and 15, which were negative for APC mutation. Lesion 13 had
only TP53 mutation but not any mutation in APC, B-catenin, RAS, BRAF, and RNF43.
Lesion 15 exhibited MSI-H phenotype and RNF43 mutation (R114Q, G659fs) but was

also positive for KRAS mutation (Q61H).

Differences in clinicopathological features between carcinogenesis pathways in
SPS patients

We assessed differences in clinicopathological features between the serrated-
neoplasia and adenoma-carcinoma pathways (Table 3). All patients with CRCs via the
serrated-neoplasia pathway met criterion 1, whereas most patients with CRCs via the
adenoma-carcinoma pathway met criterion 2. There was a significant correlation
between the pathway and the criteria (p=0.0385). Basically, CRCs via the serrated-
neoplasia pathway were located in the proximal colon except for case 16, which
developed from TSA. Meanwhile, 9/11 (82%) CRCs via the adenoma-carcinoma
pathway were mostly located in the distal to splenic flexure (p=0.0357). Sex, age and
distribution type were not significantly associated with the carcinogenesis pathway.

The median number of SPs in patients with CRC via the adenoma-carcinoma
pathway (23 [IQR 19.5-33.5]) was significantly higher than that via the serrated-
neoplasia pathway (16 [16-18]; p=0.0402). The same tendency could be shown for HP;
23 (14.5-31.5) for the adenoma-carcinoma pathway vs. 9 (9-12) for the serrated-

neoplasia pathway (p=0.0307). The median number of advanced adenomas in patients
13
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with CRC via the adenoma-carcinoma pathway (1 [0.5-6]) was significantly higher than
via the serrated-neoplasia pathway (0 [0-0]; p=0.0169). Similarly, the prevalence of
advanced adenoma in patients with CRC via the adenoma-carcinoma pathway was
significantly higher than via the serrated-neoplasia pathway (73% [8/11] vs. 0% [0/5];

p=0.0256).

Risk factors for colorectal cancer in SPS patients

We performed a univariate analysis of possible risk factors for CRC in SPS patients
(Table 4). No significant differences in sex ratio, age at diagnosis of SPS, WHO criteria,
BMI, smoking habit, incidence of other organ malignancy, and family history of CRC
were observed. Although the patients with CRC had more SPs, particularly HPs, no
statistically significant difference was observed. However, the prevalence of adenoma
in patients with CRC was significantly higher than in patients without CRC (94% [17/18]
VS. 62% [16/26]; p=0.0157). Similarly, the number of advanced adenomas tended to be
higher in the former than in the latter. These results suggest an important role of

adenoma in colorectal carcinogenesis in SPS.

Discussion

This study demonstrated that more than half of CRCs in patients with SPS
developed from an adenoma through the adenoma-carcinoma pathway. Specifically, of
the 19 CRCs examined in SPS patients, 11 (58%) were considered to develop from
adenoma through the adenoma-carcinoma pathway, whereas 5 (26%) developed from
SPs via the serrated-neoplasia pathway, and the remaining 3 (16%) were classified as

an unknown pathway. We also revealed that the carcinogenesis pathway was strongly
14
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associated with the location of CRC, i.e., most of the CRCs located in the ascending
colon originated from the serrated-neoplasia pathway, and the patients bearing those
CRCs met with WHO criterion 1 and were characterized by a large SSL. On the other
hand, most CRCs located in the distal to splenic flexure developed through the
adenoma-carcinoma pathway, and patients bearing those CRCs met with criterion 2
and were characterized by a high number of HPs and advanced adenomas. To our
knowledge, this is the first report demonstrating the importance of the adenoma-
carcinoma pathway as a carcinogenesis pathway in SPS patients. This result is also
supported by the data showing that the presence of adenoma was a risk factor for CRC
in SPS patients.

The gender ratio (male/female) of SPS patients in this study was relatively high
(30/14). Since the ratio in previous studies was roughly equivalent [2, 3], it should be re-
evaluated in a larger scale cohort in the future. The incidence of CRC including
intramucosal carcinoma in this study was 41%, which was roughly comparable with
previous reports ranging 15.8% to 41.9% [2, 3, 7]. The population and distribution of
each type of polyp was also mostly consistent with previous reports [2]; the most
common type of polyp was HP, followed by SSL, adenoma, and TSA. SSL distributed
predominantly in the proximal region, whereas HP distributed predominantly in the distal
regions. The adenomas were distributed throughout the colorectum, which was mostly
similar to the distribution in the general population [31, 32]. However, the incidence of
adenomas (73%) in SPS patients was higher than in the general population.

There are only a few published reports on molecular analysis of SPS-derived CRC.
In particular, specific carcinogenic pathways other than the serrated-neoplasia pathway
in SPS patients have not been thoroughly investigated. We defined the serrated-

neoplasia pathway and adenoma-carcinoma pathway in the Methods section and
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evaluated whether CRC in SPS patients originated from any of those pathways. Out of
19 CRCs, 5 (26%) were classified as originating from the serrated-neoplasia pathway.
The rate of BRAF mutation, an important gene mutation in the serrated-neoplasia
pathway, was 26% (5/19) among all CRCs in this study, which was slightly lower than
previously reported (49-53% of BRAF mutations) [13, 14]. In the Japanese population,
BRAF mutations are estimated to occur in 4.5% of CRCs [33], which may account for
the difference in the rate of BRAF mutations. In addition, MSI-H or MLH1
downregulation, which are also important gene alterations in the serrated-neoplasia
pathway, were identified in 2 patients (11%; 2/19) in our study, and this rate is
apparently lower than the rate of 32% to 53% reported from Western countries [13, 14].
Interestingly, this discrepancy also might be associated with racial or geographical
differences, evidenced by the fact that MSI-H was found in 5.9% of CRCs in a Japanese
cohort [34], which was a lower rate than that in a European cohort (12-16%) [35, 36].
On the other hand, 11 CRCs (58%) were classified as arising from the adenoma-
carcinoma pathway. Among all 19 CRCs, the APC mutation, specific for adenoma-
carcinoma pathway, was detected in 53% (10/19), and RAS mutation in 37% (7/19),
and they were higher than in previous reports (i.e., 11% for APC mutation and 3% to
5% for RAS mutation) [13, 14]. The higher rate of RAS mutations found here might be
due to the higher sensitivity of the sequencing method we used, compared to that of
previous reports, in which several codons of RAS other than KRAS codons 12 and 13
were examined [37]. Thus, although the low rates of BRAF mutation and MSI-H may
affect the incidence of CRC via the serrated-neoplasia pathway, a more than half of
CRCs developed from adenoma via the adenoma-carcinoma pathway. This is quite

paradoxical because the SPS patients had many precancerous SPs in the colorectum;
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however, CRC did not develop from those SPs but rather from adenoma, which is much
less frequent than SPs in those SPS patients.

Three CRCs (16%) were categorized as arising from an unknown pathway in this
study. One lesion (3-B), which was located in the cecum, had BRAF and APC mutation
and TP53 nuclear accumulation. It is plausible that the SSL with BRAF mutation, or
adenoma with APC mutation, had additional APC or BRAF mutations incidentally, and
finally developed into cancer via TP53 mutation. However, considering the fact that
patient 3 had another CRC in the ascending colon (lesion 3-A) which was histologically
surrounded by SSL, near lesion 3-B, the lesion 3-B seemed to have developed through
a similar pathway to lesion 3-A. Lesion 13, located in the rectum, had only TP53
abnormality without any mutation of the BRAF, RAS, APC, and B-catenin genes. A rare
type of mutation in these genes, which was not detected by our methods, might have
been positive, otherwise a mutation in the other rare genes such as axin and GSK3
might have been positive. Lesion 15, located in the ascending colon, exhibited RAS
mutation and MSI-H (MLH1 loss), which is an uncommon combination. This CRC was
positive for MSI-H and RNF43 mutation, and patient 15 had 6 large SSLs but no
adenomas. Since KRAS mutation was reported to be positive in 7% to 10% of SSLs
[38], this CRC more likely developed through the serrated-neoplasia pathway.

It is quite impressive that all CRCs in the ascending colon were derived from the
serrated-neoplasia pathway, whereas all the distal CRCs and the transverse CRC were
derived from the adenoma-carcinoma pathway, except for carcinoma with TSA,
regardless of the diagnostic criteria (1 and 2) (Fig. 3). Moreover, patients who fulfilled
criterion 2, characterized by a high number of HP, developed CRC through the
adenoma-carcinoma pathway mainly in the distal colorectum, whereas patients who

fulfilled criterion 1, characterized by large SSLs, developed CRC not only in the proximal
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colon through the serrated-neoplasia pathway, but also in the distal colorectum via the
adenoma-carcinoma pathway. This may be partly explained by the current results
showing that large SSLs were predominantly located in the proximal colon, whereas
advanced adenomas were predominantly observed in the distal colorectum in SPS
patients (Fig.1c). This is also consistent with our data showing that patients with CRCs
from the adenoma-carcinoma pathway had a greater number of advanced adenomas
(Table 3). It is well documented that the adenoma-carcinoma pathway, which is mainly
initiated by APC mutation, is likely to occur in the distal colorectum [39, 40], whereas
SSL, which mainly occurs via BRAF mutation, is predominantly located in the proximal
colon in the general population [12, 28]. However, the reason why the incidence of
adenoma in SPS patients is higher than in the general population is currently unknown.

Several recent studies suggest that CRC risk depends on patient-specific risk
factors, such as a history of SP with dysplasia, advanced adenomas, or satisfying both
WHO 2010 criteria 1 and 3 [2, 3]. In this study, no significant risk of CRC could be
detected among clinical, endoscopic, and histopathological parameters except for the
presence of conventional adenoma. Buchanan et al. reported that the presence of
adenoma was approximately 4-times higher risk for CRC among the patients with
multiple SPs (25) [41]. Our result is consistent with their findings, and also suggest the
importance of advanced adenomas, which were predominantly located in the left-side
colorectum, in carcinogenesis of SPS patients.

The guideline for SPS recommends periodic colonoscopy to detect and remove
proximal SSLs and HPs, particularly those lesions =210 mm, but does not mention
conventional adenomas [42]. However, in this study, more than half of CRCs in SPS
patients developed from adenoma through the adenoma-carcinoma pathway. Moreover,

in patients fulfilling criterion 2 alone, all the CRCs developed through the adenoma-
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carcinoma pathway in the distal colorectum. Therefore, we should perform colonoscopy
and carefully detect adenoma in the distal colorectum to remove it. While for patients
who meet criterion 1, we should search not only for SSL in the proximal colon but also
for adenoma in the distal colorectum, as well as the transverse colon, to remove them.

The major limitation of the present study was that it had a limited sample size and
was performed at a single institution, thus warranting further evaluation in a larger
multicenter cohort. However, since SPS is a rare disease and SPS with CRCs is even
rarer, our cohort was of an acceptable size for the genetic analysis. Moreover, we did
not perform comprehensive whole genomic and epigenetic analysis in CRCs since the
analysis of variants outside the coding regions of the genome (e.g., promoters, deep
intronic regions), aberrant DNA methylation, and structural rearrangements was beyond
the scope of this study.

In conclusion, our data suggest that CRC in the left-side colorectum was originated
from the adenoma-carcinoma pathway, whereas CRC in the right-side (ascending)
colon was derived from the serrated-neoplasia pathway in SPS patients. More than half
of the CRCs was supposedly derived from the adenoma-carcinoma pathway in SPS
patients. Adenoma was a risk factor for CRC in SPS patients, suggesting an important

role of adenoma in SPS.
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Figure legends

Figure 1.

Number of colorectal polyps in patients with serrated polyposis syndrome (SPS). a The
percentage of each type of polyp (N=956). b The number (per person) and prevalence
of each type of polyp. Statistical analysis was performed by Friedman test with Holm
correction. * p<0.05. ¢ The percentage of each type of polyp in each location.

HP, hyperplastic polyp; SSL, sessile serrated lesion; TSA, traditional serrated adenoma.

Figure 2.

Three representative cases of colorectal cancer (CRC) with SPS. a Endoscopic finding
of type 3 cancer (lesion 14-A) in the ascending colon. b H&E staining exhibited a
differentiated-type tubular adenocarcinoma. Magnification: 100x. ¢ A mutation in codon
600 of the BRAF gene (V600E). d Abnormal electropherogram patterns of tumors
compared with normal epithelia in 5 microsatellite markers, representing MSI-H. e
Endoscopic finding of type 3 cancer (lesion 14-B) in the ascending colon. f H&E staining
showed differentiated-type tubular adenocarcinoma. Magnification: 100x. g Mutation in
codon 600 of the BRAF gene (V600E). h Mutation in exon 6 of the TP53 gene (R213*).
i Endoscopic finding of type O-lIp cancer (lesion 8-B) in the descending colon. j H&E
staining showed differentiated adenocarcinoma in adenoma (Tis). Magnification: 40x. k
Two mutations in exon 15 of the APC gene (V1414* T1459). | Mutation in exon 2 of the

K-RAS gene (G13D). m Mutation in exon 7 of the TP53 gene (L252del).

Figure 3.
Distribution of CRCs and the number of each type of polyp in patients with SPS. A blue

circle represents a cancer from the serrated-neoplasia pathway via an SSL. A red circle
26
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represents a cancer from the serrated-neoplasia pathway via a TSA. A green circle
represents a cancer from the adenoma-carcinoma pathway. Criteria 1/2 indicate WHO
criteria 1/2 for SPS; criterion 1 defined as =25 serrated lesions/polyps proximal to the

rectum, all being 25 mm in size, with 22 being 210 mm in size; or criterion 2 defined as
>20 serrated lesions/polyps of any size distributed throughout the large bowel, with =25
being proximal to the rectum. The bar graph indicates the number of each type of polyp.
Yellow, HP; blue, SSL; red, TSA; and green, adenoma. The dark color represents a

larger (= 10 mm) polyp.

Supplementary Figure
Flow diagram. SSA/P, sessile serrated adenoma/polyp; IBD, inflammatory bowel
disease; FAP, familial adenomatous polyposis; GAPPS, gastric adenocarcinoma and

proximal polyposis syndrome.
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Table 1

Table 1. Clinicopathological features of colorectal cancer in patients with serrated polyposis syndrome.

Case Lesion Sex WHO di agr?c?s?g of dia@ggsei‘; of Location Size Stage Therapy Pathological diagnosis®
criteria® SPS (y) CRC (y) (mm) (UICC) (WHO classification 2019)
1 F 2 66 66 S 30 0 EMR Ca. in adenoma
M 1 65 36 Unknown
M 1 62 62 A 10 0 EMR Ca.in SSL

B 62 C 10 0 EMR Ca.
4 M 1,2 60 56 R 16 0 EMR Ca. in tubulovillous
5 F 1 62 62 A 25 0 ESD adenoma Ca. in SSL
6 M 1 53 53 S 50 I Ope Ca.
7 F 2 57 52 R 15 I CRT/Ope Ca.
8 M 2 68 63 T 35 I Ope Ca.

B 63 D 10 0 EMR Ca. in adenoma

C 63 S 12 0 EMR Ca. in adenoma
9 M 2 63 63 R 15 0 EMR Ca. with adenoma
10 M 44 44 S 13 I Ope Ca.
11 F 1,2 55 51 T 10 0 ESD Ca. in adenoma
12 M 1,2 70 60 R 10 0 EMR Ca.
13 M 1 74 74 R 34 I Ope Ca.
14 F 1 62 62 A 41 Ma Ope Ca.

B 62 A 29 Ope Ca.
15 M 1 73 73 A 20 I Ope Ca
16 M 1 64 64 S 8 0 EMR Ca. with TSA
17 M 2 71 71 S 35 I Ope Ca.
18 F 1 48 48 R 25 0 EMR Ca. in adenoma

WHO World Health Organization, CRC colorectal cancer, UICC Union for International Cancer Control
EMR endoscopic mucosal resection, ESD endoscopic submucosal dissection, CRT chemoradiation therapy, Ope operation
Ca cancer; SSL sessile serrated lesion, TSA traditional serrated adenoma

aWHO criteria: Criterion 1 defined as =5 serrated lesions/polyps proximal to the rectum, all being 25 mm in size, with 22 being =210 mm in size; or criterion 2 defined as >20 serrated lesions/polyps
of any size distributed throughout the large bowel, with =5 being proximal to the rectum. 1, fulfillment of criterion 1 alone; 2, fulfillment of criterion 2 alone; 1,2, fulfillment of both criteria 1 and 2.

bAll cancers were adenocarcinoma low-grade (differentiated type).
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Table 2

Table 2. Gene mutation and protein expression in cancer tissue from SPS

Case Lesion Pathological diagnosis? Tis/ Gene mutational analysis MSI Immunohistochemistry
g’a \;’acsei:e APC Bcatenin  KRAS  BRAF  RNF43 TP53 accug75tf;ation /\758’1 1
Serrated neoplasia pathway
A Ca. in SSL Tis wTt wTt wTt V600E N.A. MSS + —
Ca. in SSL Tis wTt wTt wTt V600E N.A. + —
14 A Ca. Invasive wTt wTt wTt V600E wTt MSI-H
14 B Ca. Invasive wTt wTt wTt V600E R213 MSS
16 Ca. with TSA Tis wTt wrTt G12D wTt wTt MSS + —
Adenoma-carcinoma pathway
1 Ca. in adenoma Tis V1414* wrt wrt wTt R213* MSS - —
4 Ca. in tubulovillous adenoma  Tis wT wT G12v wTt wTt MSS + —
6 Ca. Invasive wT H85Y G13D wTt wTt MSS + —
8 A Ca. Invasive  D1318Y, K1359R wTt G12D wTt V173M MSS + —
8 B Ca. in adenoma Tis V1414% T1459] wTt G13D wTt L252del MSS + —
8 C Ca. in adenoma Tis M1389L, S1465G wTt wrTt wT R273C MSS + —
9 Ca. with adenoma Tis Vi1472* wT wT wTt c.97-1G>A MSS + —
10 Ca. Invasive S1340P wrt wrt wTt WT P151S MSS + —
11 Ca. in adenoma Tis A1595V wT wT wTt MSS + —
17 Ca. Invasive T13131 wrt G12D¢ wTt c.993+1 G>A MSS + —
18 Ca. in adenoma Tis S$1400* wTt wTt wT C124Wfs*25 MSS + —
Unknown pathway
3 B Ca. Tis S1587P, L1641S  WT wTt V600E N.A. MSS + —
13 Ca. Invasive wT wT wT wTt wT R248Q MSS + —
15 Ca. Invasive wTt wT Q61H wTt R114Q wTt MSI-H — +
G659fs

SPS serrated polyposis syndrome, MSI microsatellite instability, APC adenoma polyposis coli, Ca cancer, SSL sessile serrated lesion, TSA traditional serrated adenoma

WT wild type, N.A. not amplified, MSS microsatellite stable, MSI-H microsatellite instability-high,

aAll adenocarcinomas were low-grade (differentiated type). YPRNF43 mutational analysis was performed only for the CRC from cases 13 and 15. °G12D mutation in NRAS.

The 2 CRC tissues from cases 7 and 12 were so old that the DNA extracted was not amplified by PCR. The lesion 2 is missing.
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Table 3

Table 3. Comparison of clinicopathological features between patients with CRC via the serrated-neoplasia and

adenoma-carcinoma pathways.

Serrated-neoplasia Adenoma-carcinoma  p value
pathway (N=5) pathway (N=11)
Female, n 3 3 0.299
Age at diagnosis of CRC (years), median (IQR) 62 (62-62.5) 56 (51-63) 0.587
WHO criteria 2019?%; n (%)
Criterion 1 5 (100%) 3 (27%) 0.0385
Criterion 2 0 6 (55%)
Criteria 1 and 2 0 2 (18%)
Location of CRC; proximal colon®; n (%) 4 (80%) 2 (18%) 0.0357
Serrated polyps, median number (IQR) 16 (16-18) 23 (19.5-33.5) 0.0402
»Subtype of serrated polyp
HP 9(9-12) 23 (14.5-31.5) 0.0307
SSL 5 (4-7) 1(0-4.5) 0.0942
TSA 0 (0-1) 0(0-1) 0.331
»Location
Serrated polyp in proximal colon® 6 (5-6) 4 (0-6.5) 0.387
Serrated polyp in distal colon® 11 (11-12) 23 (12-29.5) 0.068
»Size 210 mm 3(3-4) 2 (1.5-4) 0.356
HP 1(1-1) 2 (0-2) 0.857
SSL 2(2-3) 0 (0-2.5) 0.142
TSA 0 (0-0) 0 (0-0) 0.178
Adenoma present 5 (100%) 11 (100%) 1.0
Adenoma, median number (IQR) 1(1-1) 2 (1-9.5) 0.21
Advanced adenomad, present 0 (0%) 8 (73%) 0.0256
Advanced adenoma¢, median number (IQR) 0 (0-0) 1(0.5-6) 0.0169
CRC colorectal cancer, WHO World Health Organization, HP hyperplastic polyp, SSL sessile serrated lesion, TSA traditional serrated
adenoma

aWHO criteria: 1, fulfillment of criterion 1 alone; 2, fulfillment of criterion 2 alone; 1,2, fulfillment of both criteria 1 and 2.
bproximal colon: proximal to and including the splenic flexure

cdistal colon: distal to the splenic flexure

dadvanced adenoma: >10 mm in diameter or with villous structure
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Table 4

Table 4. Possible risk factors for colorectal cancer in patients with serrated polyposis syndrome.

With Without p value
CRC (N=18) CRC (N=26)
Female, n 6 (33%) 8 (31%) 1
Age of diagnosis of SPS (years), median (IQR) 62.5 (57.75-67.50) 61.0-(54.00-66.75) 0.43
WHO criteria 20192
Criterion 1 10 (56%) 15 (58%) 1
Criterion 2 5 (28%) 6 (23%)
Criteria 1 and 2 3 (17%) 5 (19%)
Other organ malignancy present 5 (28%) 6 (23%) 0.738
BMI (kg/m?)
>25kg/m?; n (%) 12 (66%) 11 (42%) 0.136
<25kg/m?; n (%) 6 (33%) 15 (58%)
Smoking status; n (%)
Current Smoker 8 (44%) 12 (46%) 0.622
Former smoker 7 (39%) 7 (27%)
Never smoker 3 (17%) 7 (27%)
Family history of CRC 1 (5.5%) 5 (19%) 0.375
Family history of other organ malignancy 9 (50%) 8 (31%) 0.225
Serrated polyps, median number (IQR) 18.5(13.00-25.25) 14.0 (7.25-25.25) 0.205
»Subtype of serrated polyp
HP 13.5 (6.75-23) 4.5 (1.00-21) 0.106
SSL 3 (1.25-6.00) 5 (2.00-5.75) 0.361
TSA 0 (0-0.75) 0 (0-0.00) 0.164
»Location
Serrated polyp in proximal colon® 6 (4-6.00) 5 (4-7.75) 0.847
Serrated polyp in distal colon® 12 (5.5-21.5) 5 (2.0-20.0) 0.129
»Size 210 mm, median number (IQR) 3 (2-4) 3 (2-4) 0.846
Adenoma present 17 (94%) 16 (62%) 0.0157
Adenoma, median number (IQR) 1 (1-3.75) 1 (0-2.75) 0.182
Advanced adenomad, present 5 (28%) 3 (12%) 0.24
Advanced adenoma, median number (IQR) 0 (0-1) 0 (0-0) 0.0864

CRC colorectal cancer, SPS serrated polyposis syndrome, WHO World Health Organization, BMI body mass index
HP hyperplastic polyp, SSL sessile serrated lesion, TSA traditional serrated adenoma

8WHO criteria: 1, fulfillment of criterion 1 alone; 2, fulfillment of criterion 2 alone; 1,2, fulfillment of both criteria 1 and 2.
bproximal colon: proximal to and including the splenic flexure

Cdistal colon: distal to the splenic flexure

dadvanced adenoma: >10 mm in diameter or with villous structure
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Figure 2
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Figure 3
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