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Abstract 

Background: Although the serrated-neoplasia pathway reportedly accounts for 15%-30% 

of colorectal cancer (CRC), no studies on chemoprevention of sessile serrated lesions 

(SSLs) have been reported. We searched for effective compounds comprehensively from a 

large series of compounds by employing Connectivity Map (CMAP) analysis of SSL-specific 

gene expression profiles coupled with in vitro screening using SSL patient-derived 

organoids (PDOs), and validated their efficacy using a xenograft mouse model of SSL. 

Methods: We generated SSL-specific gene signatures based on DNA microarray data, and 

applied them to CMAP analysis with 1309 FDA-approved compounds to select candidate 

compounds. We evaluated their inhibitory effects on SSL-PDOs using a cell viability assay. 

SSL-PDOs were orthotopically transplanted into NOG mice for in vivo evaluation. The 

signal transduction pathway was evaluated by gene expression profile and protein 

expression analysis.   

Results: We identified 221 compounds by employing CMAP analysis of SSL-specific 

signatures, which should cancel the gene signatures, and narrowed them down to 17 

compounds. Cell viability assay using SSL-PDOs identified lansoprazole as having the 

lowest IC50 value (47 µM) among 17 compounds. When SSL-PDO was orthotopically 

transplanted into murine intestinal tract, the tumor grew gradually. Administration of 

lansoprazole to mice inhibited the growth of SSL xenograft whereas the tumor in control 

mice treated with vehicle alone grew gradually over time. The Ki67 index in xenograft 

lesions from the lansoprazole group was significantly lower compared with the control 

group. Cell cycle analysis of SSL-PDOs treated with lansoprazole exhibited a significant 

increase in G1 phase cell population. Microarray and protein analysis revealed that 

lansoprazole downregulated Skp2 expression and upregulated p27 expression in SSL-

PDOs. 
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Conclusions: Our data strongly suggest that lansoprazole is the most effective 

chemopreventive agent against SSL, and that lansoprazole induces G1 cell cycle arrest by 

downregulating Skp2 and upregulating p27 in SSL cells. 

Keywords: sessile serrated lesion, chemoprevention, connectivity map, organoid, 

lansoprazole  



 

4 

 

Introduction 

Colorectal cancer (CRC) is one of the leading causes of cancer-related mortality 

worldwide [1]. CRC develops mainly from adenomatous polyps as precursor lesions 

(adenoma-carcinoma sequence), whereas the serrated neoplasm pathway, in which 

serrated polyps give rise to cancer, has been identified in the last 2 decades as an 

alternative pathway [2-6]. The serrated-neoplasia pathway is reported to account for 

approximately 15% to 30% of CRCs [4, 7]. Serrated colorectal lesions are largely classified 

into 3 categories: hyperplastic polyp (HP), sessile serrated lesion (SSL), and traditional 

serrated adenoma (TSA) [8]. SSLs, previously referred to as sessile serrated 

adenomas/polyps, are considered precursor lesions of the CRC that has molecular features 

of CpG island methylator phenotype (CIMP), actionable BRAF mutations (V600E), and high 

microsatellite instability (MSI-H) [9-12]. Because the majority of this cancer subtype derive 

from the serrated-neoplasia pathway and shows a very poor prognosis [13-15], the 

development of agents effective for the chemoprevention of SSLs is an important strategy. 

No prospective chemopreventive study targeting SSLs has been reported to date. 

Wallace et al. evaluated chemopreventive effects against serrated polyps retrospectively 

using pooled data from previous randomized clinical trials for colorectal adenoma. They 

suggested that aspirin may reduce the risk of serrated polyps in the right-side colon [16]. 

However, all 3 kinds of serrated polyps (SSL, HP and TSA) were categorized as a single 

lesion type because the concept of serrated polyps was first proposed by Jass et al. in 2002 

[17] and the pathological classification of serrated polyps was not defined when these 

randomized controlled trials were performed (1994-2003). Thus, a chemopreventive 

strategy for the SSL-cancer sequence has not yet been well established. 

 It is important for the development of chemopreventive agents to extensively survey 

numerous compounds/drugs based on omics data obtained from targeted precancerous 
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lesions. The Connectivity Map (CMAP) is a database of gene expression profiles from 

human cell lines treated with 1309 different compounds (e.g., Food and Drug Administration 

[FDA]-approved drugs), which can be used to score the ability of each compound/drug to 

counteract disease-specific signatures obtained by DNA microarray analysis of the disease 

[18]. A number of studies have been reported using CMAP analysis for common diseases 

such as diabetes and various cancers such as breast and prostate cancer, some of which 

are expected to be leveraged in clinical practice [19-21]. Therefore, the application of 

CMAP analysis to SSL makes it possible to identify effective candidate compounds 

comprehensively from a vast library of FDA-approved compounds. 

 Until recently, it has been difficult to culture SSL cells in vitro for an extended period of 

time. Therefore, few studies on SSL using SSL cell culture in vitro have been reported. 

Moreover, no animal model of SSL has been established. Thus, in vitro experiments to 

evaluate the preventive effect of compounds/drugs against SSL have not yet been 

documented to date. Sato et al. reported an intestinal organoid culture technique that 

enables in vitro long-term 3D culture of intestinal cells, such as normal colonic mucosa and 

colonic polyps, using endoscopic biopsies or surgically resected tissue [22]. Sugimoto et al. 

reported orthotopic xenotransplantation of human intestinal organoids into 

immunosuppressed mice [23]. Therefore, using this organoid culture and its orthotopic 

xenotransplantation techniques, we can evaluate inhibitory effects of candidate 

compounds/drugs in vitro against SSL, and furthermore confirm their efficacy in an in vivo 

animal model. 

 In the present study, we first generated SSL-specific gene signatures from DNA 

microarray data of SSL and normal mucosal tissues obtained from multiple patients, and 

identified candidate preventive compounds against SSL from 1309 compounds employing 

CMAP analysis. We then screened the efficacy of the candidate compounds in vitro using 
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patient-derived organoids of SSL (SSL-PDOs). Since we ultimately identified lansoprazole 

as a promising candidate drug, we then confirmed its efficacy on SSL in vivo using SSL 

orthotopic xenograft mice. Furthermore, we investigated the detailed mechanism of 

lansoprazole on SSL using SSL-PDOs. 

 

Materials and Methods 

Patients and samples 

We enrolled 3 patients with SSL sized 10-20 mm to obtain 3 pairs of SSL tissue and 

surrounding normal colonic tissue by biopsy under colonoscopy for microarray analysis. 

The samples were immediately preserved in RNAlater (Sigma, St. Louis, MO) and stored at 

-80°C. The SSLs were then removed by endoscopic mucosal resection (EMR), and the 

histological diagnosis of SSL was confirmed by 2 pathologists (H.U. and Y.B.) according to 

WHO criteria 2019 [8]. Similarly, we enrolled 4 additional patients with SSL sized 10-20 mm 

and obtained SSL tissues and surrounding normal epithelia by biopsy for establishment of 

PDO. Patient and tumor characteristics are provided in Supplementary Figure 1a, and 

endoscopic and histopathological appearances are shown in Supplementary Figure 1b and 

1c.  

This study was approved by the Ethics Committee of Tokushima University Hospital 

(Approval number; 2250), and all patients gave written informed consent.  

 

Gene signatures of sessile serrated lesions and CMAP analysis 

To identify the SSL-specific gene signature, we estimated the difference in gene 

expression as follows. We performed the outlier test for all values of microarray probes and 
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calculated a z-score for each probe as previously described [24]. The z-score of each gene 

was then transformed into probability, and then each difference in gene probability between 

the 2 sets, 𝑝𝑝𝑘𝑘𝑑𝑑, was calculated, as described previously [24]. The difference in gene 

expression between SSL and normal tissue was estimated by the following 8 analyses. 

First, we selected the approximately top 200 or 1000 genes with higher 𝑝𝑝𝑘𝑘𝑑𝑑 values or higher 

fold change, and created the 4 SSL-specific signatures, respectively. We then performed 

enrichment analysis on each of the 4 gene signatures in the molecular signature database 

(http://www.broadinstitute.org/gsea/msigdb), providing another 4 gene signatures. The 

enrichment probability of the gene list was estimated based on the hypergeometric 

probability, as previously described [25]. In the present study, we selected enriched gene 

sets with p values <5%. A total of 8 gene signatures were analyzed by CMAP 

(https://www.broadinstitute.org/connectivity-map-cmap). For each of the signatures, an 

enrichment score (ranging from -1 to 1) and p value for each compound were calculated by 

CMAP as described previously [18]; a negative enrichment score denotes an inhibitory 

effect of compounds on the SSL-specific signature to the normal epithelia ranking with the 

strongest compound designated as -1. We selected all compounds featuring a negative 

enrichment score and p value < 0.05 on permuted results by compound and cell line from 

the 8 CMAP datasets. In the case of a duplicated compound, the better (lower) enrichment 

score and p value were selected, and compounds that could not be practically used for 

long-term prophylaxis were then manually excluded. The detailed schema of drug selection 

based on gene profiles of SSL is shown in Figure 1b. 

 

Compounds  

http://www.broadinstitute.org/gsea/msigdb
https://www.broadinstitute.org/connectivity-map-cmap
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Cimetidine (C4522-5G), ranitidine hydrochloride solid (R101-1G), nizatidine analytical 

standard (N7035-5G), naproxen sodium (M1275-5G), acetylsalicylic acid (A5376-100G), 

etodolac (E0516-10MG), omeprazole solid (O104-100MG), lansoprazole (L8533-250MG), 

chloroquine diphosphate salt (C6628-25G), disulfiram (PHR1690-1G), pyridoxine (S5669-

5G), acacetin (00017-25MG), capsaicin (M2028-50MG), theobromine (T4500-25G), luteolin 

(L9283-10MG), guaifenesin (PHR1027-1G), gibberellic acid (G7645-500G), and tretinoin 

(PHR1187-3X100MG) were purchased from Sigma-Aldrich (St. Louis, MO). Lansoprazole 

for animal experiments was purchased from Tokyo Kasei Kogyo. Co., Ltd. (Tokyo, Japan). 

 

Patient-derived organoid culture  

Isolation of crypts and organoid cultures from biopsy specimens of human SSLs and 

normal colonic mucosa was performed, as described previously [26, 27].  

 

Organoid viability assay 

The viability assay for SSL-PDO and PDO of normal colonic mucosa (Nr-PDO) was 

performed using CellTiter-Glo assay kits (Promega, Madison, WI), as we described 

previously [26]. In brief, organoids mechanically dissociated by pipetting were suspended in 

basal culture medium with 5% Matrigel, seeded in 96-well plates, and incubated at 37°C. 

The next day, we added each compound at a variety of concentrations with a 1% final 

DMSO concentration, and the plates were incubated for 120 h. We then measured cell 

viability using CellTiter-Glo assay kits according to the manufacture’s instruction. Dose-

response curves were fitted to the luminescence signal intensities, and IC50 values were 

calculated by non-linear regression analysis using GraphPad Prism software (GraphPad 

Prism v.8.0). 



 

9 

 

 

Orthotopic xenograft mouse model of patient-derived organoid 

All animal experiments were performed according to the guidelines of the Committee on 

Animal Care and Use of Tokushima University. Female NOD/Shi-scid, IL-2RγKO Jic (NOG) 

mice aged 6 weeks were obtained from In-Vivo Science, Inc. (Tokyo, Japan). SSL-PDOs 

transduced with GFP-luciferase lentivector were orthotopically transplanted into the colon of 

NOG mice, as previously described [23]. Briefly, mice were anesthetized and the colonic 

lumens were washed with PBS using a thin metallic tube. A cotton swab soaked with PBS-

EDTA buffer was placed inside the colorectum for 2 min. An electric brush was then 

inserted into the colorectum and the ventral side of the lumen was gently rubbed. The cell 

suspension of organoids (1-3 × 106 cells/100 µL cold PBS with 15% Matrigel) was injected 

into the colonic lumen. The anus was sutured for 12 h and then removed. 

 

In vivo experiment with orthotopic xenograft mice 

The experimental schema of the orthotopic xenograft model is shown in Figure 4a. We 

generated 16 orthotopic xenograft mice of SSL-PDO and evaluated engraftment using IVIS 

spectrum 4 weeks after transplantation. Four of these mice had much smaller xenograft 

than the others, thus we randomly assigned the remaining 12 mice to treatment (n=6) and 

vehicle (n=6) groups. Mice in the treatment group were given 50 mg/kg of lansoprazole 

suspended in 0.5 % carboxymethyl cellulose (CMC), and mice in the vehicle group were 

given 0.5% CMC alone, using a gastric sonde, every day for 8 weeks. Luminescence 

images of mice in each group were obtained after intraperitoneal injection of d-luciferin 

using an IVIS Spectrum every week for 8 weeks, and the mice were then sacrificed for 

endoscopic observation and histological analysis of the xenograft colon. 



 

10 

 

 

Detailed methods for microarray analysis, patient-derived organoid culture, organoid size 

measurement, BrdU proliferation assay, lentiviral transduction, in vivo and ex vivo imaging, 

histological assessment, western blotting, cell cycle analysis, apoptosis analysis, and 

statistics are provided in Supplementary Methods. 

 

Results 

Generation of gene signatures of sessile serrated lesions 

To generate SSL-specific gene signatures, we obtained biopsies from the SSL and the 

surrounding normal mucosa in each of the 3 patients showing endoscopic findings in Figure 

1a. We then extracted RNA and performed microarray analysis on the extracted RNA. 

Based on the differential expression of genes, 8 kinds of SSL-specific gene signatures were 

generated using the top 200 or 1000 genes, and fold change or probability difference, and 

these were applied for gene set enrichment analysis (GSEA) of the signaling pathway. A 

representative heat map of a gene signature among 8 signatures consisting of 552 

upregulated and 472 downregulated genes is provided in Figure 1c, and the 1024 gene 

names are listed in Supplementary Table 1. The gene list of the remaining 7 signatures are 

described in Supplementary Tables 2-8. 

 

Selection of preventive candidate drugs for sessile serrated lesions using 

Connectivity Mapping 

To identify effective compounds against SSL, we then applied SSL-specific signatures to 

CMAP analysis and selected 221 candidate compounds with p<0.05 for the enrichment 

score (Supplementary Tables 9-17). Of these compounds, we excluded 204 due to adverse 



 

11 

 

events, oral bioavailability and cost considering long-term oral administration, and selected 

the remaining 17 compounds as colorectal cancer prophylaxis candidates (Fig. 1b). The 17 

compounds and respective enrichment scores are listed in Figure 1d.  

 

Identification of effective compounds for sessile serrated lesions using human-

derived organoids 

To evaluate the in vitro effect of the 17 compounds selected by CMAP analysis, we 

established SSL-PDOs and examined their inhibitory effects on SSL-PDOs by cell viability 

assay (Fig. 2a). The IC50 values of 14 compounds were determined to range from 47 µM to 

4902 µM, while the values were not determined for the remaining 3 compounds (Fig. 2b). 

Of these, lansoprazole and chloroquine showed the lowest IC50 values (47 µM and 56 µM, 

respectively). Therefore, viability assays were performed using SSL-PDOs obtained from 2 

additional patients. The mean IC50 value of lansoprazole among the 3 PDOs was 42.5 ± 

7.1 µM, whereas the mean IC50 value of chloroquine was 126 ± 50 µM (Fig. 2c). We also 

performed cell viability assays on Nr-PDOs after treatment with lansoprazole or vehicle 

alone. The percentage of viable SSL-PDO cells was significantly lower than that of viable 

Nr-PDO cells treated with lansoprazole at concentrations of 25 µM and 50 µM 

(Supplementary Fig. 2). These data suggest that lansoprazole is the best candidate for 

chemoprevention against SSL. Moreover, when SSL-PDO was incubated with lansoprazole 

(50 µM), the size of the PDOs was significantly inhibited compared with PDOs treated with 

vehicle alone (116.4 ± 6.2 vs. 137.2 ± 7.1 µm; p<0.05) (Fig. 2d, 2e). In the BrdU assay, the 

cell proliferation ability of SSL-PDOs was significantly suppressed in a dose-dependent 

manner by lansoprazole (Fig. 2f). Thus, lansoprazole exhibited the strongest inhibitory 

effect on SSL-PDOs among the 17 compounds. Therefore, we focused on lansoprazole in 

the following experiments. 
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Generation of an orthotopic xenograft mouse model of sessile serrated lesions 

Since there have been no prior reports of an animal model of SSL, we established an 

orthotopic xenograft mouse model of SSL-PDO. We first transfected a lentiviral vector 

expressing green fluorescent protein (GFP) and firefly luciferase into SSL-PDOs, and then 

confirmed a green fluorescence signal in the transfected organoids (Fig. 3a). Next, these 

organoid cells were orthotopically transplanted into the intestinal tract of NOG mice. In the 

transplanted mice, clear luminescence signals were observed in the lower abdomen using 

the IVIS Spectrum after intraperitoneal administration of D-luciferin, and the luminescence 

intensity gradually increased with tumor growth every week (Fig. 3b). Five weeks after 

transplantation, NOG mice were sacrificed and the colons removed were excised 

longitudinally. The luminescence signal was observed up to about 2 cm from the anal verge 

after spraying D-Luciferin using the IVIS Spectrum (Fig. 3c). Autofluorescence endoscopy 

detected island-shaped tumor lesions with green fluorescence of GFP in the corresponding 

area of the colorectum, and magnified images observed under a stereomicroscope 

exhibited dilatation of crypt lumens in the xenograft tumor area (Fig. 3d). Histological 

examination of the tumor area showed dilation of the crypt base and serrations extending 

into the crypt base, a morphologic feature of SSL, distinct from those of surrounding normal 

epithelia, which was very similar to the histological findings of the same SSL specimen 

resected endoscopically (Fig. 3e). The xenograft area also showed a clear green 

fluorescence under fluorescence microscopy. These data indicated that our xenograft 

mouse is useful as a mouse model of SSL. 

 

Lansoprazole inhibited development of sessile serrated lesions in xenograft mice 
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To evaluate the effect of lansoprazole on SSL in vivo, we administered lansoprazole (50 

mg/kg p.o.) or vehicle alone to SSL-xenograft mice daily for 8 weeks, and obtained the 

luminescence image of mice using the IVIS Spectrum weekly (Fig. 4a). There was no 

significant difference in body weight during the experimental period (Supplementary Fig. 3a) 

and luminescence intensity at the start of treatment (Supplementary Fig. 3b) between the 

groups. The median value (percentage) of luminescence intensity in the lansoprazole group 

was marginally lower than that in control group at 8 weeks (114.8 % vs. 179.5 %; p=0.065) 

(Fig. 4b). Representative luminescence images of mice observed using the IVIS Spectrum 

in each group are shown in Supplementary Figure 3c. Autofluorescence endoscopy 

identified smaller fluorescent lesions in the colorectum of the lansoprazole group as 

compared with the control group, as shown in the respective representative images (Fig. 

4c). Histological examination revealed similar appearance of green fluorescence in the 

xenograft lesion from the lansoprazole and control groups, but the Ki67-positive cells in the 

xenograft lesions from the lansoprazole group was obviously fewer than in the control 

group, as shown in the respective representative images (Fig. 4d). The median value of 

Ki67 index in the lansoprazole group was significantly lower than in the control group 

(29.7% vs. 49.6%; p<0.05) (Fig. 4e). On the other hand, no significant difference in Ki-67 

index of normal mice colon epithelium surrounding the xenograft was observed between 

lansoprazole and control (vehicle) mouse groups (Supplementary Fig. 4). Thus, 

lansoprazole suppressed the proliferation of SSL cells in xenograft mice. 

 

Lansoprazole affected cell cycle-related pathways in sessile serrated lesions  

To investigate the mechanism of the inhibitory effect of lansoprazole on SSL cell 

proliferation, we performed microarray analysis of the 3 SSL-PDOs treated with 

lansoprazole (100 µM) or vehicle alone, and compared gene expression profiles between 



 

14 

 

them to generate a lansoprazole-specific signature. The lansoprazole-specific signature 

consisted of 459 upregulated and 379 downregulated genes with 𝑝𝑝𝑘𝑘𝑑𝑑 >0.1, and the list of 

these 838 genes is shown in Supplementary Table 18. The GSEA of those genes yielded 

174 pathways (p<0.05), which are listed in Supplementary Table 19. The top 20 pathways 

with the lowest p values for the lansoprazole-specific signature are shown in Figure 5a; 

many cell cycle-related pathways were identified, which are associated with cell growth 

inhibition of SSL. When the expression of individual genes in the KEGG cell cycle pathway 

was examined in the lansoprazole-treated PDOs, 4 upregulated and 21 downregulated 

genes with 𝑝𝑝𝑘𝑘𝑑𝑑 value > 0.1 were identified (Fig. 5b). 

 

Effects of lansoprazole on molecules related to cell cycle arrest 

Since the microarray analysis suggested a strong effect of lansoprazole on the cell cycle 

in SSL cells, we analyzed the cell cycle change and related proteins in SSL-PDOs. First, we 

examined the cell cycle histogram of SSL-PDOs after treatment with lansoprazole or 

vehicle for 0-24 h by flow cytometry. The histogram of lansoprazole-treated SSL-PDOs at 

24 h exhibited an increase in the G1 phase and a decrease in the S and G2/M phases (Fig. 

5c). Quantitative analysis showed significantly higher G1 phase cells and lower S and G2/M 

phase cells in lansoprazole-treated SSL-PDOs at 18 h and 24 h (Fig. 5d). However, no 

significant change in the number of G1, S, or G2/M phase cells was observed in 

lansoprazole-treated Nr-PDO compared with vehicle-treated Nr-PDO at 24 h 

(Supplementary Fig. 5). These data suggest that lansoprazole inhibits cell proliferation of 

SSL by inducing G1 arrest. Among the 25 lansoprazole-specific genes in the cell cycle 

pathway (Fig. 5b), S-phase kinase associated protein 2 (Skp2), CDKN1B (p27), CDK2, and 

CCNE (cyclin E) are reported to be associated with G1 arrest. Western blot analysis 

revealed that the protein expression level of Skp2, a degradation protein of p27, was 



 

15 

 

downregulated in the lansoprazole-treated SSL-PDO. The expression of p27 was 

upregulated in the lansoprazole-treated SSL-PDO. In addition, the expression of CDK2 and 

cyclin E1, which are regulated by p27 and directly trigger the G1-S phase transition, were 

downregulated in the lansoprazole-treated SSL-PDO (Fig. 5e).  

We then examined apoptotic cell death of SSL-PDOs after treatment with lansoprazole 

by flow cytometric analysis of annexin V. The percentage of annexin V-positive cells 

(apoptotic cells) was increased by lansoprazole in a dose dependent manner 

(Supplementary Fig. 6a, 6b). Regarding stemness induction, although we checked mRNA 

levels of 13 stemness markers in SSL-PDOs treated with lansoprazole or vehicle alone on 

the basis of microarray analysis data, none of the 13 markers were increased in SSL-PDO 

treated with lansoprazole (Supplementary Fig. 6c). These data suggest that lansoprazole 

inhibits SSL proliferation by inducing G1 arrest via downregulation of Skp2 and upregulation 

of p27, and then underwent apoptotic cell death (Fig. 5f). 

 

Discussion 

In this study, we selected 17 candidate chemopreventive compounds among 1309 FDA-

approved compounds as candidates to investigate for the prevention of SSL employing 

CMAP analysis, and ultimately identified lansoprazole as the most effective compound 

based on in vitro evaluation using SSL-PDOs. We also demonstrated the inhibitory effect of 

lansoprazole on SSL in vivo using a mouse model involving orthotopic xenotransplantation 

of SSL-PDOs. Furthermore, we revealed the mechanism of the inhibitory effect of 

lansoprazole, which downregulated Skp2 expression and thereby activated p27, leading to 

G1 arrest of the cells. This is the first study to comprehensively analyze numerous 

compounds/drugs using SSL gene profiles and CMAP data, and to confirm their inhibitory 

effects in vitro and in vivo by applying SSL-PDOs and animal models. 
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 Lansoprazole is an FDA-approved proton pump inhibitor (PPI), which is used for 

treatment of acid-related disorders including gastroesophageal reflux disease, peptic ulcer, 

and Zollinger-Ellison syndrome. No clinical study showing an inhibitory effect of 

lansoprazole or other PPIs on SSL has been reported to date. However, there has been a 

single retrospective observational study showing that long-term oral administration of PPIs 

including lansoprazole and omeprazole reduced the number of HPs [28]. Our study showed 

an inhibitory effect of lansoprazole on SSLs, which is not on HPs. However, in this study, 

not only lansoprazole but also omeprazole was identified as a candidate compound and 

showed a relatively low IC50 value (Fig. 2b). Because SSL and HP are histologically similar 

to each other, their study may support our findings regarding lansoprazole. In addition, 

aspirin and NSAIDs (naproxen, etodolac) were selected as candidate compounds for the 

prevention of SSL based on CMAP analysis. This finding is consistent with previous reports 

indicating that aspirin or NSAIDs may be effective in the prevention of serrated polyps [16, 

29]. However, in our study, aspirin, naproxen and etodolac showed relatively higher IC50 

values (4902 µM, 614 µM, and 708 µM, respectively), whereas lansoprazole showed a 

much lower IC50 value (47 µM), suggesting that lansoprazole is even more effective than 

aspirin or NSAIDs against SSLs. 

 In the present study, we reported for the first time an orthotopic xenograft mouse model 

of human SSL using organoids established from biopsy specimens of patients. There have 

been several studies on mouse models of serrated CRC [30-32], but no animal model of 

precancerous SSL has been reported so far. Bond et al. reported Braf mutant mice which 

developed serrated lesions in the small intestine by 8 months [33]. However, no colonic 

lesion developed in their model, and it is not clear whether the serrated lesions in the small 

intestine are indeed precancerous lesions which are similar to colonic SSL in humans. In 

contrast, the tumor in our mouse model was located in the colon and its pathological 
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features were identical to those of SSL in humans. These findings suggest that our model is 

very useful for evaluating agents for the prevention of human SSL. 

 We evaluated the in vivo effect of lansoprazole against SSL in mice at a dose of 50 

mg/kg/day for 8 weeks. Although the bioluminescence intensity in the lansoprazole-treated 

group was lower than in the vehicle group, the difference was marginally significant but not 

statistically significant (114.8% vs 179.5%; p=0.065). We speculate the following 

possibilities as the underlying reasons. 1) Although we designed an in vivo treatment 

protocol lasting 8 weeks, the duration of treatment might have been too short to lead to a 

significant difference because the growth rate of SSL tumors was very low. In fact, tumor 

volume in our SSL-xenograft mice (vehicle group) at 12 weeks was only 1.5 times greater 

than that at 4 weeks although the xenograft of colon cancer PDO reportedly showed a 3-

fold increase in tumor volume for 60 days [34]. This slow growth rate of SSL tumor might 

have resulted in an inadequate duration of lansoprazole treatment. 2) The oral dose of 

lansoprazole administered to mice might have been insufficient, as suggested by a previous 

study showing a difference in metabolism of lansoprazole between mice and humans [35]. 

However, we found that the number of Ki-67 positive cells per tumor area in mice treated 

with lansoprazole, which is a well-known indicator of proliferative potential, was significantly 

lower than that of mice treated with vehicle alone, as revealed by immunofluorescence. 

Based on these data, we would expect that long-term administration of the drug would 

provide significant tumor inhibition in vivo.  

We found lansoprazole among 1309 compounds using the SSL-specific signature, and 

clarified its mechanism of tumor inhibition using the lansoprazole-specific signature 

obtained from SSL-PDO after treatment with lansoprazole. Theoretically, the SSL-specific 

signature and lansoprazole-specific signature would be expected to be similar. When these 

2 signatures were compared, some percentage of the genes and pathways were commonly 
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identified in both signatures (Supplementary Tables 20-22). However, some of the genes 

and pathways were not found in the other signature, suggesting a discrepancy between 

them. This discrepancy may be explained by the fact that SSL-specific signatures were 

generated by comparing gene expression between human SSL and normal colorectal 

tissue obtained by biopsy during colonoscopy, whereas lansoprazole-specific signature was 

generated by comparing between SSL-PDO treated with lansoprazole and vehicle alone in 

vitro, which comprised only SSL cells without stroma.   

In the present study, we first found that lansoprazole downregulated Skp2 expression 

and upregulated p27 expression, leading to G1 phase cell cycle arrest. Skp2 is upregulated 

in a variety of cancers, including CRC, and is thought to contribute to tumor progression 

[36]. Although there have been no previous reports showing that lansoprazole or other PPIs 

induced downregulation of Skp2 expression in cancers, several studies have shown that 

PPIs, including lansoprazole, have antitumor effects against several kinds of cancers [37-

42]. Omeprazole inhibited growth in human colon cancer cell lines via induction of 

p21waf1/cip1 [39] and lansoprazole induces cell cycle arrest via upregulation of p27kip1 in lung 

cancer cell lines [42]. Since Skp2 leads to downregulation of p27 and p21 by ubiquitination 

and degradation, these reports suggest that Skp2 may be involved in the inhibitory effect of 

lansoprazole not only in SSL but also in some cancers. However, the progression of SSL 

involves a loss of function of a cell cycle-dependent kinase inhibitor [30], which represents a 

state of suppressed cell cycle arrest. Therefore, this inhibitory mechanism of lansoprazole 

may be compatible with those previous studies. 

In general, lansoprazole as a proton-pump inhibitor, is a prodrug, which converts to an 

active form under acidic conditions, and it inhibits acid secretion by binding to sulfhydryl 

group in the H+/K+-ATPase. It has been reported that ATP4A, ATP4B, and ATP12A genes, 

which encode H+/K+-ATPase, are not expressed in normal colonic mucosa or colorectal 
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cancer in the Human Protein Atlas (https://www.proteinatlas.org). We also confirmed no 

expression of these genes in SSL as well as in normal colorectal tissues on the basis of our 

microarray data (Supplementary table 1-8). On the other hand, recent studies reported that 

PPIs including lansoprazole suppress cancer cell growth by inhibiting vacuolar-type 

ATPase (V-ATPase) [37, 38]. Moreover, Zeng et al. reported that cancer cell growth was 

inhibited by pantoprazole in medium with pH 7.2-7.4, not under acid conditions, and noted 

that pantoprazole inhibits colorectal cancer growth in its prodrug form (pantoprazole) [41]. 

Similarly, in this study, we confirmed that lansoprazole strongly inhibited cell growth of SSL-

PDOs in vitro in non-acidic conditions (pH 7.2-7.4). Therefore, we speculate that 

lansoprazole inhibits proliferation of SSL by its prodrug form regardless of the inhibition of 

proton pump function. 

 In the present study, we used CMAP to comprehensively select an effective compound 

against SSL from a large number of agents. Because CMAP is based on data of preexisting 

compounds, selected compounds can be studied immediately in clinical chemoprevention 

trials. Patients who undergo endoscopic resection of large SSLs reportedly have a high risk 

of CRC [43]. Moreover, serrated polyposis syndrome is well documented as the most 

common gastrointestinal polyposis syndrome (gastrointestinal polyposis syndrome with the 

highest prevalence), and it predisposes patients to a high risk of CRC (15.3%-24.5%) [44]. 

It is very important to prevent the development of CRC in such patients. Lansoprazole 

appears to be an ideal drug for these patients due to its low cost and high safety.  

 One of limitations in this study is that the sample size to generate SSL-specific gene 

signatures was relatively small. We compared our transcriptome data for SSL in this study 

with those in a previous study, which showed 1000 genes specifically upregulated and 

downregulated in SSL from 10 pairs of tumor and normal colonic tissues [45], and found 

that our SSL-specific signatures were mostly consistent with those reported previously. 
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Another limitation in this study is that the sample size of animal experiments was relatively 

small. Therefore, it would be important to confirm the data using a larger number of animals 

with the SSL xenograft model concomitant with a longer duration of lansoprazole treatment. 

 In conclusion, this is the first study to comprehensively analyze compounds for the 

chemoprevention of SSL, employing CMAP analysis, SSL-PDOs, and an orthotopic 

xenograft mouse model. Our data demonstrate that lansoprazole is the most effective agent 

for SSL chemoprevention among 1309 FDA-approved compounds, and that lansoprazole 

induces G1 arrest in SSL cells via Skp2 downregulation. 
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Figure legends 

Fig. 1 Generation of sessile serrated lesion (SSL)-specific gene signature and selection of 

candidate compounds for cancer prevention from Connectivity Map analysis. a Endoscopic 

images of SSLs from which biopsy tissue was taken for DNA microarray analysis. b 

Flowchart for compound selection. Four SSL-specific signatures consisted of the top 208 to 

1045 genes based on 2 mathematical analysis methods; higher fold change (fc) or higher 

pkd (pd) values. GSEA was performed on each signature to generate 4 additional signatures. 

The compounds were selected by employing CMAP analysis based on a total of the 8 

signatures. Compounds unsuitable for long-term administration were excluded. c 

Representative heat map image describing the top 1024 genes with high fc derived from 

microarray data of SSLs and corresponding normal mucosae of 3 individual cases. Green 

indicates genes with low expression levels and red indicates genes with high expression 

levels. d A list of 17 candidate compounds and their enrichment scores and p values 

calculated by CMAP analysis based on SSL-specific gene signatures. 

 

Fig. 2 Preventive compound screening by evaluating inhibitory effect on patient derived 

organoids (PDOs) of SSL. a Dose response curves of SSL-PDOs treated with each of the 

candidate compounds for 120 h. Organoid viability was assessed by CellTiter-Glo assay. b 

IC50 values of 17 compounds against SSL-PDOs. c Dose response curves of 3 individual 

SSL-PDOs treated with lansoprazole (left) or chloroquine (right). The mean ± SD was 

plotted (n = 3). d Microscopic images treated with vehicle alone or 50 µM lansoprazole 

(LPZ) for 0 h or 120 h. Scale bar, 400 µm. e The diameter of PDO-cluster in each group 

(mean ± SD). *p < 0.05 by Student’s t test. F) BrdU uptake of SSL-PDOs treated with 0, 25, 

50, or 100 µM lansoprazole for 24 h as shown by BrdU (ELISA) assay. Data shown is mean 

± SD of n = 6. *p < 0.05, **p < 0.01 by Dunnett’s test. 
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Fig. 3 Development of an orthotopic xenograft mouse model of organoids derived from 

human sessile serrated lesions. a Bright-field, GFP fluorescence and their merged 

microscopic images of SSL-PDOs infected with CMV-GFP-T2A-luciferase lentivirus. Scale 

bar, 100 µM. b Bioluminescence (IVIS) images of the xenograft mouse model obtained 

once a week until 5 weeks after transplantation of transfected SSL-PDOs. Red circles are 

the regions of interest with a diameter of 20 mm. c Photographic (left) and bioluminescence 

(right) images of the longitudinally excised colon from SSL xenograft mice. d Endoscopic 

image of the excised colon visualized with white light (left) and autofluorescence (middle) 

using autofluorescence image (AFI) endoscopy. Scale bar, 2 mm. A magnified image of 

yellow square is shown in the right panel. Right side of the image shows xenograft area and 

left side shows recipient area. e Microscopic images of xenograft area in mouse model and 

the adjacent recipient area of normal mouse colon, and SSL specimens endoscopically 

resected and used for the xenograft. Upper row shows hematoxylin and eosin (H&E) 

staining, and lower shows GFP fluorescence images. Scale bar, 100 µm. 

 

Fig. 4 Growth inhibitory effect of lansoprazole on sessile serrated lesions in xenograft mice. 

a Schema of the treatment schedule for lansoprazole against SSL in vivo. b Bioluminescent 

intensity of tumors in xenograft mice up to 8 weeks after administration of lansoprazole or 

vehicle alone. The intensity was calculated as a percentage compared to pretreatment. 

Data shown are mean ± SE of n = 6. c Representative endoscopic autofluorescence image 

of tumor in xenograft of lansoprazole and vehicle group ex vivo. d Representative 

microscopic images of GFP fluorescence and Ki67 immunohistochemistry in tumors of 

lansoprazole and vehicle groups (dotted square). e Ki67 index in tumors of lansoprazole 
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and vehicle groups. Ki67 index is shown as a percentage of Ki67 immunostaining positive 

cells among GFP-positive cells. *p < 0.05 by Mann-Whitney U-test. 

 

Fig. 5 Lansoprazole inhibits the cell cycle of patient-derived organoids of sessile serrated 

lesions via downregulation of Skp2 leading to G1 arrest. a Top 20 significantly different 

pathways in MsigDB comparing microarray data of SSL-PDOs treated with lansoprazole 

and vehicle alone. b A heatmap displaying upregulated and downregulated genes in KEGG 

cell cycle pathway in each of SSL-PDOs. c Representative histograms of flowcytometric 

analysis of SSL-PDOs treated with lansoprazole (100 µM) or vehicle alone. d The 

distribution of each cell cycle phase in SSL-PDOs treated with lansoprazole or vehicle 

alone for 0, 12, 18, 24 h was analyzed (n=3). **p < 0.01 by Student’s t test. e Expression of 

Skp2, p27, CDK2 and cyclin E1 protein in SSL-PDOs treated with lansoprazole (50 µM) or 

vehicle alone for 24 h as determined by western blotting. Relative expression was 

calculated as a ratio of the expression level of β-actin. f Schema of a putative mechanism 

of the inhibitory effect of lansoprazole against SSL. Lansoprazole downregulated Skp2 

expression, thereby activating p27, which in turn downregulated CDK2 and cyclin E, leading 

to G1 arrest of the cells. 
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REACTOME_G1_S_TRANSITION

REACTOME_CELL_CYCLE_CHECKPOINTS
REACTOME_ACTIVATION_OF_THE_PRE_REPLICATIVE_COMPLEX

REACTOME_TELOMERE_MAINTENANCE
REACTOME_MEIOSIS

P value (log10 P)

Pathway name

G1 arrest
Cell cycle

Skp2

CDK2 Cyclin E

p27

Lansoprazole

↓

p27

↓ ↓

↑
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