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Abstract

Background and aims—The human intestinal peptide transporter 1, hPepT1, is expressed in 

the small intestine at low levels in the healthy colon and upregulated during inflammatory bowel 

disease. hPepT1 plays a role in mouse colitis and human studies have demonstrated that chronic 

intestinal inflammation leads to colorectal cancer (colitis-associated cancer; CAC). Hence, we 

assessed here the role of PepT1 in CAC.

Methods—Mice with hPepT1 overexpression in intestinal epithelial cells (TG) or PepT1 (PepT1-

KO) deletion were used and CAC was induced by AOM/DSS.

Results—TG mice had larger tumor sizes, increased tumor burdens, and increased intestinal 

inflammation compared to WT mice. Conversely, tumor number and size and intestinal 

inflammation were significantly decreased in PepT1-KO mice. Proliferating crypt cells were 

increased in TG mice and decreased in PepT1-KO mice. Analysis of human colonic biopsies 
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revealed an increased expression of PepT1 in patients with colorectal cancer, suggesting that 

PepT1 might be targeted for the treatment of CAC. The use of an anti-inflammatory tripeptide 

KPV (Lys-Pro-Val) transported by PepT1 was able to prevent carcinogenesis in WT mice. When 

administered to PepT1-KO mice, KPV did not trigger any of the inhibitory effect on tumorigenesis 

observed in WT mice.

Conclusions—The observations that pepT1 was highly expressed in human colorectal tumor 

and that its overexpression and deletion in mice increased and decreased colitis associated 

tumorigenesis, respectively, suggest that PepT1 is a potential therapeutic target for the treatment of 

colitis associated tumorigenesis.
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Introduction

The Proton-dependent Oligopeptide Transporter (POT) family includes four transporter 

proteins belonging to the SLC15A solute carrier group 1. Of them, PepT1 is a di- and 

tripeptide transporter that is primarily expressed in the small intestine of healthy individuals. 

PepT1 transports di/tripeptides from the lumen into epithelial cells via an inward-directed 

proton gradient 2. Under normal physiological condition, intestinal epithelial cells show 

apical expression of PepT1, facilitating the transport and absorption of di/tripeptides from 

endogenous sources in the small intestinal epithelial cells. There are some controversies 

regarding whether PepT1 is also expressed in colonic tissues. Multiple studies have reported 

little or no PepT1 expression at mRNA levels in the colons of healthy humans and 

rodents 3–10. Other reports have suggested that PepT1 mRNAs were regionally distributed in 

the colon, with little or no expression in proximal colon and an increased expression in the 

distal colon 5, 6, 11. While another study showed PepT1 protein expression using 

immunofluorescence in the proximal colon at steady state, the potential transport functions 

of colonic PepT1 was not investigated11.

Despite these controversies regarding pepT1 expression during steady state, the alterations 

to expression profile of PepT1 within the gastrointestinal tract during chronic inflammation 

have been well described. In patients with chronic diseases, such as inflammatory bowel 

disease (IBD) and short bowel syndrome, PepT1 expression is upregulated in the colon 7, 12. 

Colonic PepT1 is highly expressed in IL10−/− mice with colitis but not in Lactobacillus 
plantarum treated IL10−/− mice, lacking any signs of colitis 13. It was also shown that 

colonic PepT1 expression and function may be induced in mice under pathological 

conditions of the colon from Citrobacter rodentium infection 14. In addition to di/tripeptides 

from the diet and other endogenous sources, PepT1 is also able to transport di/tripeptides 

from bacterial origin, such as N-formyl-methionine-leucine-phenylalanine (fMLP) 15–20, 

muramyl dipeptide (MDP) 21, and L-Ala-gamma-D-Glu-mDAP (Tri-DAP) 22. Previous in 
vitro results from our laboratory and others have demonstrated that bacterial peptide 

transport by PepT1 in colonic epithelial cells could trigger downstream pro-inflammatory 

events, including increased production of inflammatory cytokines via NF-κB pathway 

activation, and deregulation of colonic miRNA expression 17, 21–23. These findings suggest 
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that PepT1 could play a crucial role in cell-to-cell communication during colitis. In the 

context of IBD, a functional hPepT1 SNP (rs2297322) was recently linked to the presence of 

IBD in Swedish patients free of the NOD2 mutations 24, suggesting that hPepT1 mutation 

may contribute to the pathology of IBD. However, additional studies are needed to explore 

how this mutation affects the expression and function of PepT1 during IBD.

In two previous studies 18, 25, we designed transgenic (TG) mice that overexpressed PepT1 

under the control of the villin promoter (which confers specific expression in intestinal 

epithelial cells) and obtained PepT1-KO mice from Deltagene (San Mateo, CA), in order to 

examine how PepT1 overexpression or deletion affected intestinal inflammation using 

various models of colitis. Our results demonstrated that overexpression of PepT1 in 

intestinal epithelial cells increased inflammation and exacerbated colitis pathology 25. In 

Dextran sodium sulfate (DSS)-treated TG mice, the degree of pathology was correlated to 

increased pro-inflammatory cytokine production, increased neutrophil infiltration and 

greater weight loss compared to wild-type (WT) mice 25. Importantly, DSS-treated PepT1-

KO mice developed a moderate colitis compared to WT mice 26. Histological examination 

revealed that DSS-treated PepT1-KO mice exhibited less of pro-inflammatory cytokine 

production, neutrophil infiltration and weight loss compared to DSS-treated WT mice. In 

addition, knockout of PepT1 decreased the chemotaxis of immune cells recruited to the 

intestine during inflammation. Finally, phenotypes observed with both TG and PepT1-KO 

mice were linked to the presence of gut microbiota since they were attenuated by antibiotic 

treatment 25, 26. Together, these findings suggested that PepT1 expression in immune cells 

regulates the secretion of pro-inflammatory cytokines triggered by bacteria and/or bacterial 

products, thus playing an important role in the induction of colitis.

Colorectal cancer (CRC) is among the most common human malignancies 27 and has been 

firmly linked to chronic intestinal inflammation, giving rise to the term “colitis-associated 

cancer” (CAC) 7, 28. The development of CAC in patients suffering from IBD is one of the 

best characterized examples of an association between intestinal inflammation and 

carcinogenesis 29–34. Among patients with ulcerative colitis (UC), the risk of colon cancer 

has been found to be as high as 2% at 10 years, 8% at 20 years, and 18% at 30 years after 

initial diagnosis29. In contrast, the lifetime risk of sporadic colorectal cancer in the United 

States is only 5% 35. In present study, we hypothesized that PepT1 could be involved in 

CAC development due to its role in intestinal inflammation. To test this hypothesis, we used 

both TG and PepT1-KO mice and employed a well-known murine model of CAC using the 

carcinogen, azoxymethane (AOM), followed by two cycles of DSS 36, 37. PepT1 has been 

shown to transport many types of drugs/prodrugs 38–40, including KPV 41. This anti-

inflammatory tripeptide, which is derived from α-melanocyte stimulating hormone (α-

MSH), has been shown to have anti-inflammatory properties 42, 43 and to effectively reduce 

chemically induced colitis in mice 41, 44, 45. Therefore, we hypothesized that KPV may 

attenuate tumorigenesis in the AOM/DSS-induced murine model of colon cancer.

In this study, we reported the effect of PepT1 overexpression and deletion in AOM/DSS-

induced carcinogenesis. We interestingly observed that KPV was able to decrease the tumor 

number and the proliferation of malignant colonic epithelial cells in a PepT1 dependent way, 
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confirming that PepT1 can be a therapeutic target for the treatment of colonic inflammation 

and subsequent tumorigenesis.

Methods

Mice

Eight-week old female TG, PepT1-KO and the respective WT mice with matching C57BL/6 

or FVB/NJ background were used in this study. ApcMin mice (ApcMin/+) were purchased 

from the Jackson Laboratory (Bar Harbor, ME). Mice were housed in specific pathogen-free 

conditions and fed ad libitum. All the experiments involving mice were approved by 

institutional animal care and use committee (IACUC, Georgia State University Atlanta, GA, 

USA), permit number A14010, and A14007.

Colitis-associated cancer and intestinal adenoma spontaneous models

CAC was induced as previously described with some modifications 46. Mice were 

intraperitoneally (IP) injected with AOM (10 mg/kg body weight) (Sigma-Aldrich, St. 

Louis, MO) diluted in PBS (10mg/kg) and maintained on regular diet and water for 5 days. 

Mice were then subjected to two cycles of DSS treatment (MP Biomedicals, Solon, OH, 

USA), in which each cycle consisted of 2.5% DSS for 7 days followed by a 14-day recovery 

period with regular water. Mice were sacrificed by CO2 asphyxiation. Colonic tumors were 

counted and measured using a dissecting microscope. Colonic tumors were counted and 

grouped by size as follows: <1, 1–2, and >2mm. The total sum of the area of tumors for each 

colon was given as the tumor burden index.

In experiments testing the efficacy of KPV (Biopeptide Co. Inc., San Diego, CA) the above 

protocol was used with slight modifications. Five days after AOM injections (10mg/kg or 

15mg/kg to WT or PepT1-KO, respectively), WT or PepT1-KO mice were given 3% DSS 

with or without KPV for seven days, followed by 14 days of normal drinking water, then 

2.5% or 3% DSS in WT or PepT1-KO mice, respectively, with or without KPV for seven 

days followed by 14 days of normal drinking water. The KPV-treated group received 100 

μM KPV in their drinking water along with the DSS during both DSS cycles. While 

receiving DSS treatment mice were weighed daily to ensure that mice did not lose greater 

than 20% of their original body weight.

From 5 weeks to 18 weeks of age, APCMin/+ mice were treated with KPV diluted to 100μM 

in the drinking water. Mice were sacrificed at 18 weeks of age by CO2 asphyxiation. The 

entire small intestine and colon were dissected longitudinally. Intestinal tissues were 

examined under a dissecting microscope and counted for the presence of adenomas. 

Intestinal adenomas were counted and grouped by size as follows: <1, 1–2, and >2mm.

Human Colon Tissue Microarray

Human colon tissue array slides were purchased from US Biomax, Inc. (Rockville, MD). 

The microarray slide consisted of 75 samples in duplicates of normal, reactive, and 

cancerous (different grades and stages) colon tissues. The grading system of the tumor was 

as follow: Grade 1 or well-differentiated (cells appear normal and are not growing rapidly); 
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Grade 2 or moderately-differentiated (cells appear slightly different than normal); Grade 3 or 

poorly differentiated (cells appear abnormal and tend to grow and spread more 

aggressively); Grade 4 or undifferentiated (features are unremarkably different from that of 

undifferentiated cancers of other organs). The previously described antibody against 

hPepT1 7 was used to stain the array slides at US Biomax, Inc. (Rockville, MD) and 

subsequent imagings were performed by the employees of US Biomax, Inc., in which were 

then sent to our laboratory for the further analysis of epithelial hPepT1 staining (Rabbit h-

PepT1, dilution 1:3000). Images were then scored according to two parameters (from 0 to 

2): the intensity of the staining (0: absence of PepT1 positive cells, 1: low intensity staining, 

2: High intensity staining) and the areas of positive cells in the epithelium (0: absence of 

PepT1 positive cell, 1: less than the half of the epithelium was PepT1 positive, 2: the half or 

more of the epithelium was PepT1 positive). The intensity was indexed by the surface 

parameter giving one final score for each slide.

H&E Staining of Colonic Tissue

Mouse colons were fixed in 10%-buffered formalin for 24 h at room temperature and then 

embedded in paraffin. Tissues were sectioned at 5-μm thickness and stained with 

hematoxylin & eosin (H&E) using standard protocols. Images were acquired using an 

Olympus microscope equipped with a DP-23 Digital camera.

Immunohistochemistry

Mouse colons were fixed in formalin and paraffin-embedded. For Ki67, β-catenin, and 

PepT1 staining, sections were deparaffinized. Sections were incubated in sodium citrate 

buffer (pH 6.0) and cooked in a pressure cooker for 10 minutes for antigen retrieval. 

Sections were then blocked with 5% goat serum in TBS followed by one hour incubation 

with anti-Ki67 (1:100, Vector Laboratories, Burlingame, CA), anti-β-catenin (1:1000, Cell 

Signaling, Danvers, MA) or anti-mPepT1 at 37° C. After washing with TBS, sections were 

treated with appropriate biotinylated secondary antibodies for 30 minutes at 37°C, and color 

development was performed using the Vectastain ABC kit (Vector Laboratories). Sections 

were then counterstained with hematoxylin, dehydrated, and coverslipped. Images were 

acquired using an Olympus microscope equipped with DP-23 Digital camera. Ki67-positive 

cells were counted per crypt.

Terminal deoxynucleotidyl transferase deoxyuridine triphosphate nick-end labeling 
(TUNEL) staining

To quantitate the number of apoptotic cells in colonic epithelial cells, paraffin sections were 

deparaffinized and stained for apoptotic nuclei according to the manufacturer’s instructions 

using the In Situ Cell Death Detection Kit (Roche Diagnostics, Indianapolis, IN). Images 

were acquired using an Olympus microscope equipped with a Hamamatsu black and white 

ORCA-03G digital camera. TUNEL-positive cells that overlapped with DAPI nuclear 

staining were counted per crypt.
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Cytokine expression levels

RNA Extraction and Real-Time RT-PCR Total RNA were extracted from colonic tissues 

using RNeasy mini Kit (Qiagen) according to the manufacturer’s instructions. Yield and 

quality of RNA were verified with a Synergy 2 plate reader (BioTek, Winooski, VT, USA). 

cDNA were generated from the total RNA isolated above using the Maxima first-strand 

cDNA synthesis kit (Thermo Scientific, Lafayette, CO, USA). mRNA expression were 

quantified by quantitative real-time reverse transcription-PCR (qRT-PCR) using Maxima 

SYBR green/ROX (6-carboxyl-X-rhodamine) quantitative PCR (qPCR) Master Mix 

(Thermo Scientific) and the following sense and antisense primers: IL-6 5′-

ACAAGTCGGAGGCTTAATTACACAT-3′ and 5′-TTGCCATTGCACAACTCTTTTC-3′; 

CXCL2 5′-CACTCTCAAGGGCGGTCAAA-3′ and 5′-

TACGATCCAGGCTTCCCGGGT-3′; IL-22 5′-GTCAACCGCACCTTTATGCT-3′ and 5′-

GTTGAGCACCTGCTTCATCA-3′; IL-10 5′-GGTTGCCAAGCCTTATCGGA-3′ and 5′-

CTTCTCACCCAGGGAATTCA-3′; tumor necrosis factor α (TNF α) 5′-

AGGCTGCCCCGACTACGT-3′ and 5′-GACTTTCTCCTGGTATGAGATAGCAAA-3′; 

36B4 5′-TCCAGGCTTTGGGCATCA-3′ and 5′-

CTTTATCAGCTGCACATCACTCAGA-3′. Results were normalized by using 36B4 

housekeeping gene.

Western blot

Whole colon lysates were made by homogenizing a small piece of distal colon in Radio-

Immunoprecipitation Assay (RIPA) buffer plus Halt phosphatase and protease inhibitor 

cocktail (Thermo Fisher Scientific Inc.). Fifty μg of lysate per well were resolved on 

polyacrylamide gradient gels and transferred to nitrocellulose membranes (Bio-Rad, 

Hercules, CA). Membranes were probed with relevant primary antibodies, including β-

catenin, p-Iκκ-α/β and β-actin (Cell Signaling), mPepT-1, p-ERK1/2 and total ERK1/2 

(Santa Cruz Biotechnology, Inc., Santa Cruz, CA) followed by incubation with appropriate 

HRP-conjugated secondary antibodies (GE Healthcare Biosciences, Pittsburgh, PA). Blots 

were developed using ECL Western Blotting Detection reagents (GE Healthcare 

Biosciences). Densitometry quantifications were performed using the software Quantity One 

(Bio-Rad).

Statistical Analysis

Data are presented as means ± SEM. Statistical analysis for significance was determined 

using ANOVA test followed by a Bonferroni post-test (GraphPad Prism). Differences were 

noted as significant: *P<0.05, **P<0.01 and ***P<0.001.

Results

Tumor growth is increased in mice that overexpress PepT1 in intestinal epithelial cells

We first examined if PepT1 overexpression in the colon could contribute to the development 

of CAC, as it was previously demonstrated that TG mice had increased inflammation and 

exacerbated pathologies during acute colitis 25. Our laboratory previously generated TG 

mice that overexpress PepT1 under the control of the villin promoter 25, which is primarily 
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active in intestinal epithelial cells. When these mice were treated with AOM/DSS, they 

tended to develop an increased number of tumors compared to WT mice though this did not 

reach statistical significance (p= 0.06), reflecting an important variability between 

individuals (Figure 1A–1B). The number of large tumors (> 2 mm2) was highly increased in 

TG versus WT mice (Figure 1C), as was the overall tumor burden index (i.e., the total area 

of tumors per colon) (Figure 1D), indicative of increased susceptibility to tumorigenesis in 

TG mice, with an enhanced tumor growth and/or tumor cell survival. Despite the absence of 

any difference in body weight loss between WT and TG mice during the AOM/DSS protocol 

(Figure 1E), the colon lengths were decreased in TG mice compared to WT mice treated by 

AOM/DSS, showing that the TG mice were more susceptible to colitis (Figure 1F). 

Histological examination revealed the presence of larger adenomas and increased areas of 

inflammatory cell infiltration (arrow) in colonic sections from AOM/DSS-treated TG and 

WT mice (Figure 1G), with increased dysplasia, aberrant crypt foci and cellular infiltration 

in the colonic epithelia of AOM/DSS-treated TG mice compared to WT mice. 

Histologically, we did not observe any difference between water-treated (control) TG and 

WT mice. Next, we determined the mRNA expression levels of pro-inflammatory cytokines 

and chemokines and found the levels of Il-6, Cxcl2 and Il-22 to be significantly higher in 

AOM/DSS-treated TG mice compared to treated WT mice (Figure 1H), supporting the 

previous observation that TG mice were more sensitive to intestinal inflammation and 

tumorigenesis induced by AOM/DSS treatment. Interestingly, the expression level of mRNA 

encoding TNF-α, a pro-inflammatory cytokine reported to have an increased expression in 

colitis and CAC 47, did not significantly differ between TG and WT mice (Figure 1H). The 

anti-inflammatory cytokine IL-10 expression was decreased in AOM/DSS-treated TG mice 

compared to similarly treated WT mice (Figure 1H). In control (water-treated) TG and WT 

mice, no significant difference of these cytokine levels were observed (Figure 1H). Taken 

together, these data indicate that TG mice are more susceptible to AOM/DSS treatment than 

WT mice, suggesting a potential role of PepT1 in the initiation and exacerbation of cancer 

development.

Overexpression of hPepT1 deregulates proliferation and apoptosis

The increase in tumor burden and average tumor size in TG mice suggested that they may be 

subjected to increased cell proliferation compared to WT mice. Proliferation of the colonic 

epithelial cells was analyzed using an antibody against the nuclear marker Ki67. No 

significant difference in the cellular proliferation between water-treated WT and TG mice 

was observed (Figure 2A–B). However, following AOM/DSS treatment, the number of Ki67 

positive cells was increased in both WT and TG mice, but to a significantly higher level in 

TG mice compared to WT mice (Figure 2A–B). This observation indicates that 

overexpression of PepT1 in intestinal epithelial cells exacerbate the AOM/DSS-induced 

proliferation of crypt cells in the colonic epithelium. Ki67-positive cells were highly 

prevalent in the colon tumors of both WT and TG mice (data not shown). In addition, a 

TUNEL-based quantification of apoptosis in colonic sections from WT and TG mice 

revealed that the epithelia of AOM/DSS-treated WT mice had significantly more TUNEL+ 

cells compared to treated TG mice (Figure 2C–D). While AOM/DSS treatment increased the 

number of apoptotic cells in both WT and TG mice, the fold change was significantly higher 

in the former (Figure 2D), indicating that PepT1 overexpression in epithelial cells 
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minimized AOM/DSS-induced apoptosis in the colonic epithelia. Together, these data 

demonstrated that PepT1 overexpression in intestinal epithelia may induce various pathways 

that lead to increased proliferation and/or decreased apoptosis of colonic epithelial cells, 

thereby potentially contributing to the increased tumor burden observed in TG mice.

Overexpression of hPepT1 alters tumorigenesis signaling pathways

Several signaling pathways have been associated with the regulation of tumorigenesis in the 

AOM/DSS CAC mouse model and human CAC. Among them, β-catenin is an oncogenic 

protein that plays important roles in cell adhesion and in a co-transcriptional activation of 

genes of the Wnt signaling pathway (e.g., c-myc, cyclooxygenase-2, metalloproteinase-7 
and cyclin D1) 48. AOM induces mutations of β-catenin at specific serine and threonine 

residues that are targeted by GSK-3β phosphorylation, leading to the cellular accumulation 

of β-catenin 36. β-catenin immunohistochemical staining demonstrated that the levels of free 

β-catenin were increased in the cytoplasm of tumor cells from AOM/DSS-treated WT and 

TG mice compared to control (water-treated) animals, where the majority of β-catenin 

staining was associated with the cellular membranes (Figure 2E). We also observed an 

increased nuclear accumulation of β-catenin in tumor cells from TG mice compared to WT 

mice (Figure 2E), suggesting that the transcription of β-catenin may be enhanced in these 

cells. Consistent with these results, AOM/DSS-treated WT and TG mice had increased 

levels of β-catenin compared to their water-treated counterparts, and β-catenin expression 

was slightly higher in colon lysates from TG mice compared to WT mice as shown in 

densitometric analysis of Western Blot (Figure 2F–G). The NF-κB and MAPK pathways 

have also been implicated in colon tumorigenesis 36, 49, so we next examined associated 

signaling partners of these pathways by Western blot. Levels of phosphorylated Iκκ-α/β and 

phosphorylated IκB-α were highly increased in AOM/DSS-treated TG mice, but only 

marginally in comparably treated WT mice (Figure 2F–G), suggesting that NF-κB signaling 

is enhanced in AOM/DSS-treated TG mice compared to WT mice. Finally, we observed 

increased levels of phosphorylated ERK1/2 in AOM/DSS-treated WT and TG mice 

compared to their respective water controls (Figure 2F–G) but found no significant 

AOM/DSS treatment effect between the two genotypes, suggesting that this pathway was not 

be required for the increased tumor growth observed in PepT1 TG mice.

Decreased tumorigenesis in PepT1-deficient mice

Next, we investigated whether the absence of PepT1 could protect from AOM/DSS-induced 

CAC phenotype. Following AOM/DSS-treatment, PepT1-KO mice developed significantly 

fewer tumors (of all sizes) compared to similarly treated WT mice (Figure 3A–C). 

Consistent with these data, the overall tumor burden was significantly lower in AOM/DSS-

treated PepT1-KO mice compared to AOM/DSS-treated WT mice (Figure 3D). These data 

suggest that, in absence of PepT1, mice were protected from tumor initiation and growth. 

Since intestinal inflammation is known to be a central factor in the initiation and 

development of colon tumors, we next measured various parameters of inflammation after 

the induction of CAC in WT and PepT1-KO mice. Monitoring of body weight showed that 

WT mice underwent a dramatic weight loss during the first cycle of DSS, whereas no such 

effect was observed in PepT1-KO mice (Figure 3E). The colons were longer in PepT1-KO 

AOM/DSS treated compared to the WT counterpart confirming that the PepT1-KO mice 
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were more resistant to colitis than WT mice (Figure 3F). Histological examination revealed 

the presence of large adenomas with major lymphocyte infiltration in colonic sections from 

AOM/DSS-treated WT mice (Figure 3G), whereas no lymphocyte infiltration or adenoma 

was detected in AOM/DSS-treated PepT1-KO mice (Figure 3G). We did not observe any 

difference of these parameters between control (water-treated) PepT1-KO and WT mice 

(Figure 3G). Next, we examined the mRNA levels of pro-inflammatory cytokines and 

chemokines in WT and PepT1-KO mice with or without CAC induction. We found that the 

expression levels of Il-6, Cxcl2, Il-22 and Tnf-α were significantly increased in WT mice 

after AOM/DSS treatment. Importantly, while Il-6 and Cxcl-2 were only moderately 

elevated in AOM/DSS-treated PepT1-KO mice, level of Il-22 and Tnf-α were significantly 

elevated (Figure 3H). The expression level of Il-10 in PepT1-KO mice tended to be lower 

than that in WT mice, but no significant difference was observed regardless of the genotype 

or treatment (Figure 3H). These results showed that AOM/DSS-associated intestinal 

inflammation was attenuated in PepT1-KO mice compared to WT mice.

Taken together, these data indicate that PepT1-KO mice were protected against AOM/DSS-

induced tumorigenesis through a partial inhibition of tumorigenic intestinal inflammation. 

This supports our hypothesis that PepT1 play a central role in the initiation and exacerbation 

of CAC in mice.

PepT1-KO mice elicit a beneficial balance of proliferation and apoptosis in the colonic 
mucosa associated with inhibition of tumorigenesis-related signaling

Ki67 staining demonstrated that there was no significant difference in cellular proliferation 

among water-treated (control) WT and PepT1 mice as well as AOM/DSS-treated PepT1-KO 

mice, whereas AOM/DSS-treated WT mice had significantly more Ki67 positive cells per 

crypt (Figure 4A–B). This indicates that, in the absence of PepT1, proliferation of crypt 

epithelial cells was inhibited. Importantly, Ki67 positive cells were located in the entire crypt 

in WT mice, while they were located only in basal crypts in PepT1KO mice attesting the 

extensive proliferation occurring in WT mice when subjected to AOM/DSS. Next, we used 

TUNEL staining to determine the levels of apoptosis in colonic mucosa sections from WT 

and PepT1-KO mice. The basal level of apoptosis was slightly but significantly higher in 

PepT1-KO mice compared to WT mice, and the number of apoptotic cells in the epithelia of 

WT and (to a lesser extent) PepT1-KO mice was significantly greater after AOM/DSS 

treatment (Figure 4C–D). Thus, PepT1 deficiency appears to be protective against the 

proliferative and abnormal apoptosis status induced by AOM/DSS treatment.

In order to investigate whether PepT1 deficiency inhibits tumorigenesis signaling pathways, 

the accumulation of proteins involved in tumorigenesis was analyzed by Western-blot. 

Increased levels of phosphorylated Iκκ-α/β were observed in AOM/DSS-treated PepT1-KO 

mice compare to AOM/DSS-treated WT mice, whereas no difference was observed in the 

levels of phosphorylated IκB-α and total IκB-α between the two genotypes (Figure 4E–F), 

suggesting that the inhibition of NF-κB pathway was not the mechanism underlying the 

attenuated tumor growth associated with PepT1 deficiency. Compared to the relevant 

controls, β-catenin levels were unaltered in AOM/DSS-treated WT mice and comparably 

treated PepT1-KO mice, whereas the levels of phosphorylated ERK1/2 were drastically 
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increased in AOM/DSS-treated WT mice but remained unchanged in AOM/DSS-treated 

PepT1-KO mice (Figure 4E–F). This finding suggests that PepT1 deficiency may antagonize 

and/or protect from the AOM/DSS-induced ERK pathway. Together, these results suggest 

that inhibition of the tumor-growth-promoting ERK pathway 50, 51 might be involved in the 

inhibition of AOM/DSS-associated tumor growth observed in PepT1-KO mice.

KPV prevents intestinal inflammation and tumorigenesis during colitis-associated 
carcinogenesis in a PepT1 dependent manner

The analysis of PepT1 expression at the mRNA and proteins levels both indicated that 

PepT1 levels were upregulated in the colons of AOM/DSS-treated WT mice (Figure 5A and 

5C). WT mice treated with AOM/DSS had increased PepT1 staining in epithelial cells lining 

the colon compared to water-treated (control) mice (Figure 5B). These 

immunohistochemical data were further verified by Western blot analysis of whole-colon 

lysates (Figure 5C), where greater PepT1 expression was found in the colon of AOM/DSS-

treated WT animals. Therefore, we predicted that colonic PepT1 would be also upregulated 

in colon cancer patients, as previously described for bladder cancer specimens at mRNA 

levels 52. To determine if PepT1 was upregulated during human disease, we analyzed a 

human tissue microarray, stained for hPepT1, that included paraffin-embedded samples from 

control patients and colon cancer patients with various stages of malignancies from Grade I 

to Grade III, as well as patients with benign colon tumors (male and female patients ranging 

in age from 19 to 92). The images were then analyzed and scored for epithelial/tumor cell 

hPepT1 staining. Most of the colon cancer patients demonstrated hPepT1 staining in their 

epithelial and/or tumor cells (Figure 6 A–B). In normal colon samples, some hPepT1 

staining was observed in cells surrounding the epithelium, which are most likely immune 

cells 16. In the benign colon adenoma, hPepT1 staining was observed in limited areas of 

epithelia, probably as a consequence of inflammation, as previously reported 7. Importantly, 

the majority of the colon tumor samples showed increased staining relative to both normal 

and benign tissues (Figure 6B). The specific up-regulation of PepT1 in tumor tissues reveals 

the potential use of PePT1 transporter activity in the treatment of CAC.

Several studies have previously shown that KPV tri-peptide decreased intestinal 

inflammation and attenuated DSS-induced colitis 41, 44, 45, suggesting tripeptide as a 

valuable therapeutic tool against colitis and associate carcinogenesis. We previously 

demonstrated that KPV was transported via PepT1 in vitro in Caco-2/BBE cells 41. We then 

hypothesized that KPV may help to prevent colon tumorigenesis in the AOM/DSS-induced 

CAC model. To test this hypothesis, WT mice were treated with AOM/DSS or AOM/DSS + 

KPV, revealing that WT mice given KPV in conjunction with AOM/DSS exhibited drastic 

decrease in colon tumorigenesis, as revealed by tumor numbers, sizes, and overall colonic 

tumor burdens (Figure 7A–D), compare to AOM/DSS-treated-only animals. While both 

groups of mice lost similar amounts of weight during DSS treatment (Figure 7E), KPV-

treated mice exhibited decreased inflammation, fewer aberrant crypt foci, decreased cellular 

infiltration (as seen on H&E-stained sections), and less epithelial cell proliferation (i.e., 

fewer Ki67+ cells/crypts) (Figure 7F–H). In order to investigate putative protective effect of 

KPV administration in PepT1-KO mice, colitis-associated cancer protocol was slightly 

modified based on the relative low penetrance of the disease in PepT1-deficient animals 
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(Figure 3). AOM concentration was increased to 15mg/kg and DSS to 3% in order to favor 

tumor development. We observed that, unlike WT mice, PepT1-KO animals were not 

protected from tumorigenesis by KPV administration, as revealed by tumor numbers, sizes, 

and tumor burden that were not significantly changed between AOM/DSS and AOM/DSS + 

KPV groups (Figure 8A–D). Despite the statistical non-significance, a trend for a decreased 

tumor burden index was seen in KPV treated group. These data importantly reveal that KPV 

acts at least in part through PepT1, opening an important potential therapeutic avenue for the 

treatment of colonic inflammation and subsequent tumorigenesis.

KPV was shown to decrease tumorigenesis in a colitis-associated model of cancer. We next 

wanted to know whether KPV would also reduce tumorigenesis in a non-inflammatory 

model. For this purpose, APCMin/+ mice, a genetic model of intestinal adenocarcinoma that 

spontaneously develops adenomas mainly in the small intestine, were treated with KPV for 

13 weeks. As presented in Figure 9, KPV did not decrease the tumor burden in the small 

intestine nor in the colon. However, our results importantly showed that intestinal 

inflammation, assessed by Lipocalin-2 (Lcn-2) measurement, was decreased by KPV 

treatment, confirming the anti-inflammatory effect of KPV in this model. Those results 

indicated that the decrease of intestinal inflammation induced by KPV, observed in Figure 7, 

was not sufficient to decrease the tumor formation in a genetic model of tumorigenesis. 

However, genetic colon carcinoma models only represent 2–5% of all colon cancers 53 and 

have a severe tumor development even in germ free mice and a dramatically decreased basal 

intestinal inflammation 54. Therefore, although the inhibition of intestinal inflammation via 
KPV/PepT1 pathway was not sufficient to inhibit tumorigenesis in such a stringent model as 

the APCMin/+ mice, KPV revealed a promising potential for inhibiting the inflammation in 

various models of colon cancer.

Discussion

The present study demonstrates that PepT1 overexpression leads to increased inflammation 

and colonic tumor burdens in a murine model of CAC, strongly suggesting that PepT1 plays 

a crucial role in CAC. Previous reports showed that PepT1 protein expression was 

upregulated in colon under the conditions of chronic inflammation, such as IBD 7, 28; this 

may increase the interactions between bacterial peptides and intracellular innate immune 

receptors (e.g., NOD receptors), thereby triggering the downstream activation of pro-

inflammatory signaling pathways 25, 55.

In TG mice, we observed upregulation of pro-inflammatory cytokines/chemokines and 

downregulation of an anti-inflammatory cytokine (IL-10) compared to WT mice. It has been 

reported that IL-10-deficient mice develop spontaneous colitis, and after 3 and 6 months, 

25% and 60% of the mice develop adenocarcinomas, respectively56. Thus, IL-10 appears to 

play an important role in intestinal inflammation. Interestingly, colonic PepT1 protein was 

expressed in IL-10−/− mice that show signs of colitis, but not in non-colitic IL10−/− mice 13, 

suggesting that PepT1 contributes to the development of colitis in this model. In IL-10-

deficient mice, tumorigenesis was decreased by the administration of exogenous IL-10, even 

after colitis had developed 32, 56. Following the induction of the CAC tumor model, we 

herein found that PepT1-overexpressed TG mice had increased inflammation, larger tumors 

Viennois et al. Page 11

Cell Mol Gastroenterol Hepatol. Author manuscript; available in PMC 2016 December 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and greater overall tumor burdens compared to WT mice, suggesting that PepT1 expression 

in intestinal epithelial cells may enhance tumor cell growth or survival in the presence of a 

carcinogenic assault (here, AOM/DSS treatment). Despite the non-significance (p=0.06), a 

trend for an increased tumor number was observed in TG mice subjected to AOM/DSS 

treatment compared to WT. The observation of a subtle increase suggested that the tumor 

initiation was not the main process being affected by PepT1. Instead, PepT1 appears to 

enhance the proliferation/survival of tumor cells, contributing to the presence of larger 

tumors throughout the colon. Consistent with this hypothesis, cell proliferation was 

increased while apoptosis was decreased in the epithelial crypts of TG mice. The tumor 

number was significantly lower in PepT1-KO mice than WT mice, however, suggesting that 

different pathways are involved in the protective effect observed in PepT1-KO mice versus 
the aggravating effect observed in TG mice. To test this hypothesis, we used Western blot to 

examine various proteins involved in the pro-survival, proliferation and tumorigenesis 

signaling pathways. AOM/DSS treatment enhanced the activation of the NF-κB and Wnt/β-

catenin pathways in TG mice compared to WT mice, but no such change was seen in PepT1-

KO mice. Conversely, phosphorylated ERK1/2 was similarly upregulated following 

AOM/DSS treatment of TG and WT mice, but this upregulation was abrogated in PepT1-KO 

mice. This suggests that the absence of PepT1 inhibits the ERK pathway, potentially 

explaining (at least in part) the inhibition of tumor development and growth observed in 

PepT1-KO mice.

Since colonic PepT1 is expressed at minimal levels in healthy individuals, treatments that 

effectively downregulate PepT1 expression in IBD or, as shown in our study, in CAC 

patients where PepT1 is expressed at higher levels, may attenuate inflammation and reduce 

the risk for tumorigenesis. For example, treatment of IL-10−/− mice with the probiotic, 

Lactobacillus plantarum, reduced PepT1 expression and activity and attenuated colitis 

compared to vehicle-treated IL-10−/− animals 57. Alternatively, since we showed that PepT1 

was upregulated in colons of mice with AOM/DSS-induced CAC and in human colon 

adenocarcinoma, treatments that exploit the transporter activity of PepT1 could increase the 

effectiveness of particular drugs by enhancing their bioavailability after oral administration. 

PepT1 transports several types of peptide-derived drugs, including antibiotics, inhibitors of 

angiotensin-converting enzyme, and anti-cancer and anti-viral drugs 38, 39, 58. Among them, 

the PepT1 substrate and anti-tumor drug, bestatin, was found to decrease cell proliferation, 

ameliorate tumor growth 59, inhibit the growth of colon adenocarcinoma, and decrease the 

growth of myeloid leukemia C1498 cells in vivo 60. In this study, we specifically focused on 

another peptide, namely KPV.

KPV, a tripeptide from the C-terminus of α-melanocyte-stimulating hormone, confers anti-

inflammatory effects 61, 62; acting as a substrate for and actively transported by PepT1 in 
vitro 41. Following stimulation with pro-inflammatory cytokines, Caco2-BBE and Jurkat 

cells that were co-treated with KPV showed attenuated NF-κB activation and decreased pro-

inflammatory cytokine production 41. Our data presented here, importantly demonstrate that 

KPV treatment is able to decrease AOM/DSS induced tumorigenesis. This was occurring in 

a PepT1 dependent manner, since PepT1-KO animals were not protected from tumorigenesis 

by KPV administration. However, a trend for a decreased tumor burden index was still seen 

in PepT1-KO in KPV treated group compared to the water control group, pointing that, even 
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if mainly PepT1 dependent, KPV might also be transported by other peptide transporters. 

KPV still represents a promising drug for targeting PepT1, as inferred from a previous study 

that found a high affinity of hPepT1 for KPV (Km~160μM) in Caco2-BBE cells 41. This Km 

is among the lowest Kms reported for hPepT1. For example, Gly-Sar, which is the most 

commonly used PepT1 substrate, has a Km ≥ 1 mM in Caco2-BBE cells 63. This will allow 

low doses of KPV to be efficiently transported by PepT1. This aspect is of high interest for 

using this tri-peptide in clinic for the treatment of IBD or CAC.

IBD-related inflammation is believed to increase the risk of colorectal cancer, but many 

existing studies have failed to show strong positive link between the anti-inflammatory drugs 

commonly used to treat IBD and a decreased risk of colon cancer 64. However, a long-term 

reduction of the inflammation by the use of NSAID was previously associated with a 

protective role against colorectal cancer 65. In the present study, we reported a time-

dependent increase of intestinal inflammation in APCMin/+. Importantly, even with a limited 

inhibition of tumorigenesis in such a stringent model, KPV was sufficient to decrease the 

inflammation in this model of non-inflammatory-induced carcinogenesis. Therefore, we 

anticipate that the use of KPV prior to the development of colon cancer might be of interest 

as a preventive agent to the colonic carcinogenesis.

Overall, additional studies are warranted to determine the precise mechanism by which KPV 

decreases tumorigenesis in this model, and to test whether this tripeptide could be beneficial 

against human CAC.

Finally, several studies have shown that PepT1 is expressed by cancer cell types beyond 

colorectal cancer cells 66–68, including gastric and pancreatic cancer cells. Thus, the 

transporter activity of PepT1 either in small or large intestine may be used to address these 

other types of cancer, and future studies may identify other tumor types that display 

increased PepT1 expression.
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Abbreviations

AOM azoxymethane

CAC Colitis-associated-cancer

DSS Dextran sodium sulfate

ERK Extracellular signal-regulated kinases

IBD Inflammatory Bowel Disease

IL10 Interleukin-10
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IκB-α inhibitor of kappa B

Iκκ-α/β IκB kinase

KPV Lys-Pro-Val

mRNA messenger Ribonucleic acid

NF-κB nuclear factor kappa-light-chain-enhancer of activated B cells

PCR Polymerase chain reaction

PepT1 peptide transporter 1

TG Transgenic

TUNEL Terminal deoxynucleotidyl transferase dUTP nick end labeling

WT Wild-type
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Summary

PepT1 is highly expressed in colorectal tumor biopsies and exacerbates tumor 

development in murine models of colitis associated cancer. The small peptide KPV, 

transported by PepT1, decreases colon tumorigenesis suggesting that PepT1 is a potential 

therapeutic target for colon cancer.
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Figure 1. Inflammation and tumor growth is increased in mice that overexpress PepT1 in their 
intestinal epithelial cells
FVB/NJ WT and TG mice were intraperitoneally (IP) injected with AOM (10 mg/kg body 

weight), maintained for 7 days, and then subjected to a two-cycle DSS treatment (each cycle 

consisted of 7 days of 2.5% DSS and 14 days of H2O). A, Representative colon samples 

were obtained from each experimental group at the end of the AOM/DSS protocol. B, 
Number of tumors per mouse. C, Tumor size was determined using a dissecting microscope 

fitted with an ocular micrometer. The tumor size distribution was graphed. D, Tumor areas 

for each colon were summed and were presented as the tumor burden index. E, AOM/DSS-

treated WT and TG mice were weighed on day 0, daily during each DSS treatment, and once 

per week during the 2-week recovery period after each DSS treatment. The graph represents 
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the % values of the original day 0 weights. F, Colon lengths of AOM/DSS-treated WT and 

TG mice. G, Representative images of H&E-stained colonic sections from WT or TG mice 

that received AOM/DSS or water (control). H, The colonic mRNA levels of Il-6, Cxcl-2, 

Il-22, Il-10 and Tnf-α were quantified by qRT-PCR and normalized to mRNA levels of the 

ribosomal protein, 36B4. Values are mean ± SEM (n=5 per group). Scale bar: 100 μm; 

arrow: inflammatory cell infiltration; * p < 0.05; ** p < 0.01; and *** p < 0.001.
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Figure 2. Overexpression of hPepT1 increases colonic epithelial proliferation, decreases epithelial 
apoptosis and alters tumorigenesis signaling pathways
A, The levels of epithelial cell proliferation in colonic tissue sections from WT and TG mice 

treated with AOM/DSS or water alone were assessed by immunohistochemistry using the 

proliferation marker, Ki67. B, Ki67+ cells were counted and averaged per crypt. Values are 

mean ± SEM (n=5 per group). C, Apoptotic colonic epithelial cells were quantified using a 

TUNEL assay (FITC, green) and nuclei were stained with DAPI (blue). D, Cells positive for 

both TUNEL and DAPI staining were counted and averaged per crypt. Values are mean ± 

SEM (n=5 per group). E, The levels of β-catenin were assessed by immunohistochemical 

analysis of colonic tissue sections from WT and TG mice treated with AOM/DSS or water 

alone. F, The protein levels of phosphorylated IκκB-αβ, phosphorylated IκB-α, β-catenin, 

phosphorylated-ERK1/2 and total ERK1/2 in the colons of WT or TG mice treated with 

AOM/DSS or water alone were analyzed by Western blotting. G, Bar graph represents 

densitometric quantifications of Western blot normalized to β-actin. Scale bars: 50 μm; * p < 

0.05; *** p < 0.001.
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Figure 3. Inflammation and tumor growth is reduced PepT1-KO mice
WT and PepT1-KO mice were IP injected with AOM (10 mg/kg body weight) and 

maintained for 7 days, then subjected to two-cycle DSS treatment with each cycle consisting 

of 7 days of 2.5% DSS and 14 days of H2O. A, Representative colons were obtained from 

each experimental group at the end of the AOM/DSS protocol. B, Number of tumors per 

mouse. C, Tumor size was determined using a dissecting microscope fitted with an ocular 

micrometer. The tumor size distribution was graphed. D, Tumor areas were summed for each 

colon, and were presented as the tumor burden index. E, AOM/DSS-treated WT and PepT1-

KO mice were weighed on day 0, daily during each DSS treatment, and once per week 

during each 2-week post-DSS recovery period. The graph represents the % values of the 

original day 0 weights. F, Colon lengths of AOM/DSS-treated WT and PepT1-KO mice. G, 
Representative images of H&E-stained colonic sections from WT or PepT1-KO mice treated 

with AOM/DSS or water alone. H, The colonic mRNA levels of IL-6, CXCL-2, IL-22, 

IL-10 and TNF-α were quantified by qRT-PCR and normalized to mRNA levels of the 

ribosomal protein, 36B4. Values are mean ± SEM (n=4–11 per group). Scale bar: 50 μm; 

arrow: inflammatory cell infiltration; * p < 0.05; and ** p < 0.01.
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Figure 4. PepT1 knockout decreases colonic epithelial proliferation, modifies epithelial apoptosis 
and inhibits tumorigenesis-related signaling
A, The levels of epithelial cell proliferation in colonic tissue sections from WT and PepT1-

KO mice treated with AOM/DSS or water alone were assessed by immunohistochemistry 

using the proliferation marker, Ki67. B, Ki67+ cells were counted and averaged per crypt. 

Values are mean ± SEM (n=5–9 per group). C, Apoptotic colonic epithelial cells were 

quantified using a TUNEL assay (FITC, green), and nuclei were stained with DAPI (blue). 

D, Cells positive for both TUNEL and DAPI were counted and averaged per crypt. Values 

are mean ± SEM (n=5–9 per group). E, The protein levels of phosphorylated IκκB-αβ, 

phosphorylated and total IκB-α, β-catenin, phosphorylated-ERK1/2 and total ERK1/2 in the 
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colons of WT or PepT1-KO mice treated with AOM/DSS or water alone were analyzed by 

Western blotting. F, Bar graph represents densitometry quantifications of Western blot 

normalized to β-actin. Scale bars: 50 μm; * p < 0.05; ** p < 0.01; and *** p < 0.001.
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Figure 5. PepT1 expression is upregulated during colon cancer in mice
A, The colonic mRNA levels of PepT1 were quantified by qRT-PCR and normalized to 

mRNA levels of the ribosomal protein, 36B4. Values are mean ± SEM (n=8–9 per group). B, 
Immunohistochemical analysis of mouse PepT1 was performed on colonic tissue sections 

from wild-type (WT) mice treated with AOM (10 mg/kg body weight) plus two cycles of 

2.5% DSS, or water alone. Microscopic images were taken at 20X magnification. C, Whole-

colon lysates were used in Western blot analyses for mouse PepT1. β-Actin was detected as 

the loading control. **, p < 0.01 and ***, p < 0.001.
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Figure 6. PepT1 expression is upregulated during colon cancer
A, Human PepT1 antibody was used to observe PepT1 levels in a human tissue microarray 

counterstained with hematoxylin. The tissue microarray included samples from normal 

patients, patients with benign colon tumors, and colon cancer patients with various stages of 

colon adenocarcinoma. B, The anti-human PepT1 stained slides were scored according two 

parameters (from 0 to 2): the intensity of the staining (0: absence of PepT1 positive cells, 1: 

low intensity staining, 2: High intensity staining) and the area of positive cells in the 

epithelium (0: absence of PepT1 positive cell, 1: less than the half of the epithelium is 

PepT1 positive, 2: the half or more of the epithelium is PepT1 positive). The intensity was 

indexed by the surface parameter giving one final score for each slide. Scale bars: 100 μm; *, 

p < 0.05.
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Figure 7. KPV decreases inflammation and tumorigenesis during CAC
WT mice were treated with AOM followed by two cycles of DSS, during which mice were 

co-treated with or without 100 μM KPV. A, Representative colons were obtained from each 

experimental group at the end of the AOM/DSS protocol. B, Number of tumors per mouse. 

C, Tumor size was determined using a dissecting microscope fitted with an ocular 

micrometer. The tumor size distribution was graphed. D, The tumor areas of each colon 

were summed, and they were presented as the tumor burden index. E, Mice were weighed 

on day 0, daily during the two DSS treatments, and once per week during the 2-week 

recovery period that followed each DSS or DSS/KPV treatment. The graph represents the % 

values of the original day 0 weight. F, Representative images of H&E-stained colonic 

sections from both experimental groups. G, Epithelial cell proliferation in colonic tissue 

sections from each experimental group was assessed by immunohistochemistry using the 
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proliferation marker, Ki67. H, Ki67+ cells were counted and averaged per crypt. Values are 

mean ± SEM (n=6 per group). Scale bars: 50 μm; *, p < 0.05; **, p < 0.01; and ***, p < 

0.001.
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Figure 8. KPV inhibitory effect is abrogated in PepT1-KO mice
PepT1-KO mice were treated with AOM followed by two cycles of 3% DSS, during which 

mice were co-treated with or without 100 μM KPV. A, Representative colons were obtained 

from each experimental group at the end of the AOM/DSS protocol. B, Number of tumors 

per mouse. C, Tumor size was determined using a dissecting microscope fitted with an 

ocular micrometer. The tumor size distribution was graphed. D, The tumor areas of each 

colon were summed, and they were presented as the tumor burden index. E, Mice were 

weighed on day 0, daily during the two DSS treatments, and once per week during the 2-

week recovery period that followed each DSS or DSS/KPV treatment. The graph represents 

the % values of the original day 0 weight. Values are mean ± SEM (n=5 per group).
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Figure 9. 
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