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Abstract

This study identifies a novel mechanism linking IL-17A with colon tissue repair and tumor 

development. Abrogation of IL-17A signaling mice attenuated tissue repair of DSS-induced 
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damage in colon epithelium and markedly reduced tumor development in AOM/DSS model of 

colitis-associated cancer. A novel IL-17A target gene, PLET1 (a progenitor cell marker involved in 

wound healing) was highly induced in DSS-treated colon tissues and tumors in an IL-17RC-

dependent manner. PLET1 expression was induced in the LGR5+ colon epithelial cells after DSS 

treatment. LGR5+PLET1+ marks a highly proliferative cell population with enhanced expression 

of IL-17A target genes. PLET1 deficiency impaired tissue repair of DSS-induced damage in colon 

epithelium and reduced tumor formation in AOM/DSS model of colitis-associated cancer. Our 

results suggest that IL-17A induced PLET1 expression contributes to tissue repair and colon 

tumorigenesis.
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Introduction

Proper maintenance of the gastrointestinal tract is essential in preventing systemic 

absorption of enteric toxins and bacteria. Disturbance of the intestinal epithelium 

homeostasis, by physical, chemical injury or microbial infections, can lead to intestinal 

barrier dysfunction, which is a main feature of inflammatory bowel diseases (IBD). 

Evidence suggests that colon cancer is also associated with microbial infection, injury, 

inflammation and tissue repair processes (1) . While it is well documented that chronic 

inflammation, is a major risk factor for the development of colon cancer, it is still an 

evolving research area for how inflammation and subsequent tissue repair are intrinsically 

linked to colon cancer.

Previous studies have shown that CD4+ IL-17A-producing, Th17 cells are abundant in the 

intestinal mucosa and regulated by commensal bacteria (2). Induction of Th17 cells has been 

shown to promote colon tumorigenesis in mouse models (3). Consistently, mice lacking 

IL-17A or IL17RA are protected from intestinal/colon tumor development. In Apcmin mice, 

which spontaneously develop intestinal adenomas, IL-17A or IL-17RA deficiency resulted 

in significantly fewer adenomas (4) (5) (6). Furthermore in models of colitis associated 

cancer (CAC), where a pre-malignant cell is induced with the carcinogen azoxymethane 

(AOM) and promoted by repeated cycles of dextran sulfate sodium (DSS), mice deficient in 

IL-17A also develop fewer colonic tumors (7) (8). However, the role of IL-17A in the 

intestinal tract is rather complex. Although traditionally considered only as pro-

inflammatory cytokine, IL-17A exerts a protective role in the intestine as blockade of 

IL-17A in IBD patients exacerbates intestinal inflammation (9) (10) (11). Based on these 

findings, we hypothesize that additional functions of IL-17A signaling, other than its pro-

inflammatory role, underline the tumor-promoting effect. In this study, we aim to further 

investigate the mechanism by which IL-17A signaling mediates tissue repair and 

tumorigenesis.

The receptor for IL-17A is a heterodimeric complex composed of IL-17RA and IL-17RC. In 

this study, we report that IL-17A provides a critical link between colon tissue repair and 
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tumor development. IL-17RC deficiency compromised tissue repair with defective 

regenerative proliferation in the colon epithelium, and IL-17RC-deficient mice had markedly 

reduced tumor burdens in the AOM/DSS colon cancer model. Gene array analysis identified 

several novel IL-17A target genes, including PLET1 (a progenitor cell marker involved in 

wound healing), that were highly induced in DSS-treated colon tissues and tumors. While 

DSS induced PLET1 in the LGR5+ stem cells, LGR5+PLET1+ marked a group of highly 

proliferative cells with enhanced expression of IL-17A target genes. Importantly, PLET1 

deficiency hindered the tissue repair and attenuated tumor formation in AOM/DSS model. 

Our results demonstrate that IL-17A-induced PLET1 expression plays a critical role in tissue 

repair and colon tumorigenesis.

Materials and Methods

Mice and husbandry—The IL-17RC-deficient mice, were provided by Dr. W. Ouyang 

(Genentech) and generated as described in (12) on C57/Bl6 background. The Act1f/f and 

Act1-deficient (both C57/Bl6) mice were generated as described in (13) The 

Lgr5EGFP-IRES-CreERT2 knock-in mice were originally generated as described (14). The 

Lgr5EGFP-IRES-CreERT2 mice were crossed to Act1f/f and Act1-deficient mice to generate 

conditional Act1f/– and Act1f/+ Lgr5cre mice. ROSA26-EGFP was purchased from The 

Jackson Laboratory. Plet1 knockout mice were generated with CRISPR technology in Dr. 

Yina Huang’s lab. For all experiments, the controls mice were littermate controls co-housed 

with the knockout mice. Bone marrow chimera mice were generated by irradiating C57BL/6 

recipient (WT or Plet1-/-) mice twice with 600rad at a 4-h interval. Mice were reconstituted 

postirradiation with 1.5×107 donor bone marrow cells from WT or Plet1-/- mice by tail vein. 

Intraperitoneally gentamicin was administered to prevent infection. Mice were analyzed 6 

weeks after the reconstitution. All animal procedures were approved by the Institutional 

Animal Care and Use Committee of the Cleveland Clinic Foundation.

Colitis Associated Cancer Model—8-week-old gender matched mice (IL-17RC-

deficient and WT littermates) were injected with Azoxymethane (Sigma) 12.5 mg/kg. 5 days 

after the AOM injection, mice were treated with 2.5% DSS (36,000-50,000Da, MP 

Biomedicals) in sterile tap water for 5 days. Following this mice were given regular water 

for 16 days. This cycle was repeated for three cycles, mice were sacrificed 10 days after the 

end of the third DSS cycle. Tamoxifen injections during the CAC procedure in Act1;Lgr5 

conditional knock-outs consisted of two weekly injections of Tamoxifen prior to AOM 

administration. Tamoxifen was injected on the first day of DSS treatment cycles throughout 

the CAC procedure. All tamoxifen injections were 5 mg/ml in corn oil. Mice were sacrificed 

and colons removed, they were then cut longitudinally and a person blinded to the mouse 

genotypes counted tumors by magnifying glass. The colon was then either placed in 10% 

Formalin or embedded in Optimal Cutting Temperature compound (OCT) snap frozen for 

tissue histology. The tumors were excised and snap frozen in liquid nitrogen for further 

processing for RNA or protein.

Gut Permeability Assay—Age and gender matched mice were treated with 3.5% DSS 

for 3 days. On the third day mice were gavaged with 150 μl of 80 mg/ml 4 kDa FITC-

dextran (Sigma Aldrich) in PBS. Mice were sacrificed 4 hours later and blood was collected 
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by cardiac puncture. Serum fluorescence was quantified using a VictorX3 (Perkin-Elmer 

Life Sciences) at excitation 485 nm, emission 530 nm for 1 second.

Histology and Immunohistochemistry—Tissues were fixed with 10% formalin and 

placed into paraffin tissue blocks according to routine methods by AML laboratories, or 

tissue was embedded in optimum cutting temperature (OCT) and sectioned. Paraffin-

embedded were stained according to routine methods and antigen retrieval conducted in 

Citrate buffer. IHC antibodies included rat anti mouse Ki67 (Dako Cytometry), rabbit anti-

mouse Ki67 (Abcam), rabbit anti CD4 and CD11b (eBioscience). Light microscopy images 

were obtained using an Olympus BX41 microscope (Olympus Corp.) Immunofluorescence 

staining was conducted with frozen tissue embedded in OCT sectioned (10μm) and fixed in 

acetone:methanol for 10 minutes. Secondary antibody conjugated with either, Alexa-Fluor 

488 or 594 (Life Technologies) were used. Sections were mounted with VectaShield 

fluorescent Mounting Media (Vector Lab Inc.) containing DAPI to visualize nuclei. anti-

PLET1 (clone 1D4) was as described (Depreter et al 2008). Rabbit antibody to human 

PLET1 (C11orf34) was from Sigma-Aldrich Prestige Antibodes by Atlas Antibodies, 

Visualization of GFP was conducted in fresh tissue fixed overnight in 4% paraformaldehyde, 

de-hydrated in 20% sucrose then placed in OCT and flash frozen and sectioned. Staining for 

GFP was conducted on OCT-embedded tissue, fixed for 10 minutes in 2% PFA, and 

incubated for 2 hours at room temperature with Rabbit anti-GFP 8334 (Santa Cruz Biotech) 

TUNEL assay was performed on frozen sections using TUNEL staining kit (Roche). 

Immunofluorescence images were generated using a Leica DM2500 or EVOS Floid 

(Applied Biosystems) and fluorescent images were processed using the NIH ImageJ 

program. Formalin-fixed, paraffin-embedded colon cancer biopsy specimens were obtained 

from the Department of Pathology, CWRU. Immunofluorescence images were generated as 

indicated above. Following immunofluorescence microscopy, the same sections were 

washed in PBS for 4 times and subjected to H&E staining. Quantification of images were 

either performed with ImageJ to calculate positive signals per view or by manually counting 

number of positive cells in a crypt or an area equivalent of a crypt in case no discerning 

structure could be found.

Gene array profiling—A total of 200 ng RNA from whole colon tissue was used for 

target labeling, and the target preparation was done on a Biomek FXP (Beckman Coulter, 

Brea, CA) using a GeneChip HT 3′ IVT Express Kit (Affymetrix, Santa Clara, CA). 

Labeled cRNA were hybridized on an Affymetrix GeneChip HT-MG-430PM-96 

(Affymetrix). All array hybridization, washing, and scanning were performed on GeneTitan 

(Affymetrix), according to the manufacturer’s recommendations. Anti-log RMA data were 

used. P value was determined by two-tailed t-tests, p-value of <0.05 were considered 

significant. Volcano plots were generated by taking the –Log2 fold-ratio difference in 

expression value between WT and IL-17RC-deficient tissue and plotting on the x-axis and –

Log10 of p-value was plotted on the y-axis and the graphs were generated in Prism 5.0 

software (Graphpad). The biological replicates used for gene array profiling are as follows; 

Day 15, 4-WT and 4-KO; Tumor 5-WT and 6-KO.
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RNA isolation and quantitative PCR—For RNA isolation of colon tissue, freshly 

isolated colon tissue was snap-frozen in liquid nitrogen and stored at -80°C until processing. 

Colon tissue was isolated using miR-Vana RNA isolation Kit (Life Technologies, Ambion) 

according to the provided protocol. Colon tissue was homogenized in lysis/binding buffer 

provided in the kit. Superscript II Reverse Transcription Kit (Invitrogen) was used to make 

cDNA from 0.2 – 1 μg total RNA and rt-PCR performed on a Veriti 96-well ThermoCycler 

(Applied Biosystems). Quantitative RT-PCR was carried out using published primers as well 

as those deposited in PrimerBank (Harvard), oligos were generated by Invitrogen, and 

SYBR Green (Applied Biosystems) on a Step-One Plus Real-time PCR machine (Applied 

Biosystems). All gene expression data were normalized to ms-actin or hs-gapdh as controls. 

Unique primers used in this study, mPlet1 forward; tcatccgtgaaaatggaaca reverse; 

tggctgtagtcttggctgtg. mCd177 forward; gggtgactccaaaacaatcg reverse; ctaacatccaggccgatagc. 

mFut2 forward; acctccagcaacgaatagtga reverse; gccgatggaattgatcgtgaa. mPigr forward; 

ccggcacacccggaaatac reverse; tgcctgaatactccttggaga. hPLET1 forward; agctcagccttcaagccttt 

reverse; gtgtgctggtgagaaaagca.

Isolation and culture conditions of colonospheres—Colonosphere culture protocol 

was adapted from (15) . After the isolation cells were either re-suspended in media for 

sorting of GFP-positive cells, DMEM-F12, 1x N2 and B27 supplements (from Invitrogen/

Gibco), Pen/Strep, 10 μM HEPES, 10 μM Y27632 Rock inhibitor (Sigma Aldrich), or 

suspended in growth media which consisted of DMEM/F12, 1% BSA, 30 ng/ml Wnt3a 

(R&D systems) 500 ng/ml Rspo1(R&D systems), 50 ng/ml noggin (R&D systems), 20 

ng/ml EGF (Peprotech), 50 ng/ml HGF (R&D systems), + 10 μM Y27632 (Sigma) for the 

first two days. The cells were further embedded in growth factor reduced Matrigel (BD 

biosciences) and grown on 96– or 48– well plates, the media was refreshed every two days.

Flow cytometry analysis of intratumoral T cells—Tumors excised from mouse colon 

were cleaned in HBSS, cut into small pieces, and resuspended in HBSS supplemented with 

0.5 μM EDTA and 15 μg ml−1 dithiothreitol, followed by orbital shaking for 15 min twice at 

room temperature. Tumor tissues were then resuspended in complete RPMI supplemented 

with 400 μg ml−1 DNase and 1 mg ml−1 collagenase and shaken at 37 °C for additional 90 

min. Supernatant and tumor pieces were passed through a 70-μM cell strainer and washed. 

Cells were resuspended in a 33% Percoll gradient (GE healthcare, Piscataway, NJ) and 

centrifuged at room temperature for 20 min. Pellet was collected, washed, and used for PMA 

and ionomycin stimulation for 5 hours. Stimulated cells are treated with Golgi-Stop (BD 

biosciences) 2 hours prior to harvest. Harvested cells were washed and stained for CD4 

(eBioscience), IL-17 (eBioscience) and IL-22 (eBioscience). Analysis of flow cytometry 

data was performed using FlowJo by gating on the CD4+ population.

Statistical Analysis—Raw datasets were first tested for normality by the Kolmogorov-

Smirnov test. Data were then analyzed using unpaired t test or the Mann-Whitney rank-sum 

test where appropriate. Two-way analysis of variance (ANOVA) was conducted for grouped 

analyses. P-values less than or equal to 0.05 were considered statistically significant. All 

statistics and graphical analyses were conducted with Mac Prism 5.0 software (GraphPad).
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Results

IL-17RC-deficiency attenuates tumor development

While IL-17RA is viewed as a common receptor subunit for IL-17A family members, 

IL-17A, as a homodimer or a heterodimer with IL-17F, specifically binds to IL-17RA/

IL-17RC heterodimeric receptor. To investigate the role of IL-17A in colon tumorigenesis, 

we tested how deletion of IL-17RC affected colon cancer development and progression in 

CAC. In IL-17RC–/– mice, AOM/DSS-induced tumor numbers and sizes were significantly 

reduced (Fig. 1a, b). Interestingly, the immune cell infiltration into the tumor, including 

CD4+ T cells and CD11b+ myeloid cells, were similar between WT and IL-17RC–/– mice 

(Fig. 1c). Flow cytometry analysis indicated there were comparable numbers of IL-17A- and 

IL-22-producing CD4+ T cells in the tumors from WT and IL-17RC–/– mice (Supple. Fig. 

1a). Notably, compared to the tumors in the controls, IL-17RC–/– tumors exhibited reduced 

staining for the proliferative marker Ki67, although no differences in nuclear localization of 

β-catenin were detected (Fig. 1c). Consistent with reduced proliferation in the tumors, 

CYCLIN-D levels were markedly reduced in the IL-17RC–/– tumors (Fig. 1d). Activation of 

transcription factors NFkB and STAT3, were however comparable between the WT and 

IL-17RC–/– tumors (Fig. 1d). Together these results suggest that the reduced tumorigenesis 

is unlikely due to a decrease in inflammation in the IL-17RC-/- mice.

IL-17RC-deficiency impairs regenerative response following DSS-induced injury

Intriguingly, the IL-17RC–/– mice exhibited reduced survival compared to WT mice in spite 

of a decreased tumor burden (Fig. 1e), which led us to hypothesize that IL-17A plays a 

protective role in gut injury/inflammation. Indeed, the IL-17RC–/– mice lost significantly 

more weight after DSS treatment compared to WT (Fig. 2a). DSS treatment induces colonic 

inflammation that leads to tissue damage and upon its withdrawal tissue repair process 

predominates. Thus, IL-17RC–/– and control mice were treated with DSS for 5-days 

followed by 5 days of regular water to allow for the epithelium to recover. Notably, the 

IL-17RC–/– and control mice showed similar tissue injury at day 5 of DSS treatment (Fig. 

2b). On the other hand, whereas WT mice had replenished the DSS-injured epithelium with 

highly proliferative nascent crypts 5 days after DSS removal (termed d10), this tissue repair 

was markedly impaired in the IL-17RC–/–mice (Fig. 2b). In support of this, we detected less 

Ki67 staining in the colon of IL-17RC–/– mice on day 10 (5 days after DSS removal) 

compared to that of wild-type mice (Fig. 2b and c). We then checked the gut permeability in 

these mice on day 10 (5 days after DSS removal) using FITC-dextran assay. Consistently, we 

detected more FITC in the serum of IL-17RC–/– mice than that in littermate controls (Fig. 

2d), suggesting that DSS-treated IL-17RC–/– mice have a defective in tissue repair.

Several studies report that STAT3-activating cytokines, IL-6, IL-11 and IL-22 are critical 

mediators of the colon tissue repair response and colon tumorigenesis (16) (17) (18) (19). 

Nevertheless, expression of these cytokines in the colonic tissue of IL-17RC-deficient mice 

was comparable to that in WT controls (Fig. 2e), while IL-22 was even slightly increased at 

the protein level in the colonic tissue of IL-17RC-deficient mice (Supple. Fig. 1b). 

Furthermore, STAT3 and NFkB activation were similarly active within the IL-17RC–/– colon 

tissue compared to littermate controls (Fig. 2f). Thus, the impact of IL-17A on colonic tissue 
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repair and barrier integrity may not be due to defective production of STAT3 activating 

cytokines. On the other hand, it is intriguing that ERK1/2 and ERK5 activation were 

dramatically reduced in the IL-17RC-deficient colon tissue compared to littermate controls 

(Fig. 2f), suggesting a critical role of ERKs in IL-17A-dependent tissue repair in response to 

DSS-induced injury.

IL-17A novel target genes are highly induced in regenerating and tumor tissues

These data thus far suggest that the impact of IL-17A in colon tumorigenesis might be 

linked to its role in the tissue regeneration/repair process. Previous studies have suggested 

that genes involved in tissue repair may also contribute to the survival of pre-malignant cells 

during tumor growth (20). Thus, we sought to determine IL-17A-responsive genes that 

might link tissue repair and tumor development. We performed gene array analysis on 

colonic tissue during recovery-phase after DSS withdrawal (day 10) and tumor tissue 

(tumor) from IL-17RC–/– and WT mice. The impact of IL-17RC deficiency on the global 

gene expression profiles of the day 10 colon tissues and tumor tissues were determined (Fig. 

3a, b). Interestingly, several genes with possible functions at barrier surfaces were 

significantly reduced in the IL-17Rc–/– colon tissues and/or tumors, including Pigr, Fut2, 
Cd177 and Plet1 (Fig. 3a,b,c). These genes were further confirmed by quantitative RT-PCR 

(Fig. 3d,e).

Next, we sought to determine whether these genes (Plet1, Cd177, Fut2 and Pigr) are directly 

regulated by IL-17A in colon epithelial cells. Thus we isolated primary murine colon crypt 

cells, which is comprised of LGR5+ stem cells and differentiated cells, and embedded these 

cells into a 3-D matrix (matrigel) for colonosphere formation in the presence and absence of 

exogenous IL-17A (Fig. 3e). While Pigr is a known IL-17A target gene (21) (22), IL-17A 

also highly induced the expression of Plet1 and Cd177 in colonosphere culture (Fig. 3f). 

Although IL-17A-induced Fut2 expression was modest in the colonospheres, its high 

expression in the DSS-treated and tumor tissues was partially dependent on IL-17RC, 

suggesting that IL-17A may cooperate with other extrinsic factors to promote its expression 

in vivo. Notably, Plet1 was the most highly induced gene in vivo both in colonic tissue 

during recovery-phase after DSS withdrawal (day 10) and tumor tissue (tumor).

PLET1+LGR5+ mark a highly proliferative cell population expressing IL-17A-target genes

Previous studies have shown that intestinal stem cells (including the LGR5+ cells) are 

essential for tissue repair as well as tumorigenesis. We then sought to determine the cellular 

origin of PLET1-expression in relation to LGR5+ cells in response to DSS. We isolated 

colonic epithelial cells from naïve or DSS-treated Lgr5-eGFP-creERt2 mice, followed by 

FACS for PLET1 and LGR5 expression (Fig. 4a). DSS-induced PLET expression was 

primarily restricted to the LGR5+ cells, giving rise to two distinct cell populations, LGR5+ 

(G) and PLET1+/LGR5+ (G+P) (Fig. 4a). Interestingly, the PLET1–expressing cells 

exhibited higher expression levels of late S-phase cyclins, Cyclin A1 and Cyclin B (Fig. 4b). 

In addition, Plet1 expression co-localized with Ki67+ cells in DSS-treated colon tissue and 

tumor (Fig. 4c). These results suggest that PLET1+/LGR5+ (G+P) marked highly 

proliferative cells. Furthermore, other IL-17A-regulated genes, Fut2, Pigr and Cd177 were 

also increased in the G+P cells (Fig. 4b), implicating that PLET1+/LGR5+ (G+P) might be 
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an IL-17A-responsive cell population. Indeed LGR5-specific Act1-deficiency (abrogating 

IL-17A pathway) resulted in a substantial reduction of PLET1+/LGR5+ (G+P) cells 

compared to that from control mice in response to DSS (Fig. 4e), confirming that this DSS-

induced cell population was IL-17A-dependent. Consistently, the expression levels of the 

other IL-17A target genes were also ablated from the Act1F/–Lgr5cre cells (Fig. 4f). 

Moreover, the reduction of PLET1+/LGR5+ (G+P) cell population in Act1F/–Lgr5cre mice 
was accompanied by impaired tissue repair (Supple. Fig 2a and 2b) and attenuated 

AOM/DSS colon tumorigenesis (Supple. Fig 2c), implicating the functional importance of 

the PLET1+/LGR5+ cell population.

PLET1 promotes ERK1/2 activation, tissue repair and tumorigenesis

We then studied how IL-17A signaling leads to up-regulation of Plet1 expression. It is 

noteworthy that the activation of ERKs was dramatically reduced in the DSS-treated 

IL-17RC-deficient colon tissue compared to littermate controls (Fig. 2e). We recently 

reported that IL-17A induced ERK5 activation controls the keratinocyte proliferation in the 

inflammation associated skin cancer model. We hypothesized that the same pathway also 

operates in the colonic epithelial cells. ERK5 activation was indeed markedly increased in 

colon crypt cells following IL-17A stimulation (Fig. 5a). Furthermore, inhibitor of MEK5 

(BIX01289, the upstream MAP2K for ERK5), reduced the expression of PLET1 in DSS-

treated colon crypts (Fig. 5c), and increased the gut permeability (Fig. 5b), indicating that 

IL-17A-induced plet1 expression is ERK5-dependent during tissue repair process in the 

colon.

To investigate the functional importance of PLET1, we generated Plet1 knockout mice using 

CRISPR-Cas9 technology. We introduced a frameshift in the coding region of PLET1 to 

abolish the protein expression (Supple. Fig 3). We subjected the Plet1-/- and Plet1+/- 

littermate control mice to the same DSS treatment as described for figure2: mice were 

treated with DSS for 5-days followed by 5 days of regular water to allow for the epithelium 

to recover. Histologically, the Plet1-/- and Plet1+/- littermate control mice exhibited similar 

epithelial erosion, cell infiltration and edema on day 5 (d5) of DSS treatment (Fig. 5d). On 

the other hand, whereas Plet+/- mice had replenished the DSS-injured epithelium with 

highly proliferative nascent crypts 5 days after DSS removal (termed d10), this tissue repair 

was markedly impaired in the Plet1-/- mice (Fig. 5d). In addition, Plet1 deficiency also 

reduced the number of proliferating cells in the recovering epithelium 5 days after 

withdrawal of DSS (d10, Fig. 5d). Consistently, 5 days after withdrawal of DSS, Plet1-/- 

mice exhibited significantly increased gut permeability compared to the Plet1+/- littermate 

control (Fig. 5e). Bone marrow transfer experiment indicated that the protective role of Plet1 

was primarily contributed by the non-hematopoietic compartment (Supple. Fig. 4). 

Interestingly, while ERK5 activation was comparable between Plet1+/- and Plet1-/- colon 

tissue, p-ERK1/2 levels were reduced in the Plet1-/- colon tissue from day 10 (Fig. 5f), 

suggesting that Plet1-dependent ERK1/2 activation might play an important role during the 

tissue repair process. Plet1-/- and Plet1+/- littermate control mice were subjected to the 

AOM/DSS colon cancer model. PLET1 deficiency substantially reduced the tumor numbers 

(Fig 5g). The tumors from PLET1-deficient mice showed reduced Ki67 staining, suggestive 

of an attenuated tumor growth (Fig 5h).
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Discussion

In this study, we demonstrate that IL-17A signaling links colon tissue repair and tumor 

development. We found that PLET1, a progenitor cell marker involved in cell proliferation is 

highly induced in the Lgr5+ cells in response to IL-17A stimulation. PLET1 was highly 

enriched in regenerating and tumor tissue in an IL-17RC–dependent manner, and marks a 

population of highly proliferative cells enriched for IL-17A target genes. While ERK5-

dependent emergence of PLET1 correlated with p-ERK1/2 signaling and colonic barrier 

function, PLET1 deficiency impaired tissue repair and tumor development, respectively, in 

DSS-induced colitis and AOM/DSS colitis-associated cancer models. Our results suggest 

that a unique stem-cell IL-17A response, denoted in part by PLET1 expression, contributes 

to tissue repair and colon tumorigenesis.

Through gene-array analysis of the IL-17RC-deficient colon tissues and tumors, we 

identified several novel IL-17A-regulated genes including Pigr, Fut2, Cd177 and Plet1. We 

further confirmed these genes as being regulated by IL-17A in the colonosphere culture. 

Functionally, these genes have been demonstrated to be important for intestinal/colonic 

homeostasis. Pigr, a known IL-17A target gene, functions to facilitate transport of mucosal 

IgA via intracellular vesicles to the gastrointestinal lumen where it can be processed into 

soluble IgA. In humans Fut2 is critical for processing the H-blood group antigen, the 

precursor to ABO antigens, at mucosal sites. What is noteworthy is that a reported 20% of 

Caucasians, homozygous for Fut2 null alleles, do not express ABO antigens in saliva or 

mucus (23). Interestingly lack of ABO blood group antigens into body fluids has been 

associated with Crohn’s disease, development of oral candidiasis, recurrent urinary tract 

infection and infection with meningococcus to name a few (24). Additionally, Cd177 is a 

documented neutrophil antigen as well as a marker of human colonic epithelial cells and 

prognostic indicator in colon cancer (25). Moreover, Cd177 has been reported to interact 

with CD31 (PECAM) expressed on endothelial cells (26). Thus it is conceivable that 

IL-17A-dependent regulation of these genes promotes colonic homeostasis all of which may 

contribute to processes of tissue regeneration and colonic tumorigenesis.

Plet1 showed the highest induction in the wounded tissue and the tumor. It has been shown 

that Plet1 is up-regulated during wound healing in the skin and can directly influence 

migration of keratinocytes (27, 28). During homeostasis, PLET1 expression is restricted to a 

region within the hair follicle near the upper isthmus and sebaceous gland (29) . While this 

region contains other distinct progenitor cell populations, upon injury, only the PLET1 

expressing cells are drawn out of this niche. Furthermore, PLET1-emergence observed with 

epidermal Snail-overexpression in skin tumor progression, where PLET1+ cells exhibited 

elevated expression of cyclins, Foxm1 and other molecules implicated in G2/M cell cycle 

progression and cytokinesis (30) . Consistent with this report we found that PLET1 was 

associated with the Ki67 proliferation marker in DSS-treated colon tissue and tumors. 

Interestingly, cell surface staining of PLET1 revealed a unique cell population that is 

LGR5+/PLET1+–double positive. Furthermore, the double-positive cells expressed high 

levels of the identified IL-17A-dependent genes and cyclin mRNAs. Together these data are 

supportive of a plausible LGR5+ stem-cell intrinsic response to IL-17A signaling.
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We analyzed the colon tissue for IL-17A-dependent signaling pathways that are activated 

during the tissue repair following DSS-induced injury. Although STAT3 and NFkB have 

clearly been implicated in mucosal wound healing and tumorigenesis, we did not observe a 

substantial defect in the activation of these pathways in IL-17Rc–/– tissue. Notably, there was 

a marked impairment in the activation of ERK5 and ERK1/2. Inhibiting the activity of 

MEK5 (BIX02189), the upstream MAP2K for ERK5, resulted in increased FITC-signal in 

the serum as well as a significant reduction in PLET1 levels. Importantly, PLET1 deficiency 

indeed reduced DSS-induced ERK1/2 phosphorylation, compromised tissue repair and 

attenuated tumor development in AOM/DSS cancer model.

Like IL-17A, IL-22 has been demonstrated to promote wound healing in the colon 

epithelium by activating the STAT3 signaling. In support of this, IL-22-deficient mice are 

highly susceptible to DSS challenge. We found the protein level of IL-22 was slightly 

elevated in the colon tissue of DSS-treated IL-17RC-/- mice compared to that in WT mice 

(Supple. Figure.1b). Considering the protective role of IL-22 in colon tissue repair, the 

attenuated tissue repair in DSS-treated IL-17RC-/- mice is unlikely due to the expression of 

IL-22 in these mice. Notably, the IL-17A level in the IL-17RC-/- mice was significantly 

elevated in response to DSS treatment compared to the littermate control (Figure 2e). 

Together with the elevated IL-22 expression, the data collectively suggest a dysregulation of 

Th17/Th22 balance in the IL-17RC-/- mice. Given the critical role of Th17/Th22 in the 

colon, one might speculate that such desregulation of Th17/Th22 may affect the homeostasis 

of colon epithelium via mechanisms beyond IL-17A/IL-22. Future studies are required to 

investigate such possibility.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. IL-17RC mediates colon tumorigenesis in CAC model
(a, top) Schematic of CAC model (a) Tumor number (b) Tumor size distribution (a and b 

n=12 per group), (c) IHC images from WT and IL-17RC-deficient tumor tissue stained for 

the indicated markers. (d) Immunoblot analysis of colon tumor tissue from the indicated 

mice, each lane represents one mouse. (e) Percent survival of the indicated mice throughout 

the CAC model. Representative images and data are shown in (c). Quantification was 

performed on staining of 5 tumors from each group and in 3 views per sample. Error bars 

represent mean ± SEM scale bars =100μm, p values shown are * <0.05.
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Figure 2. IL-17RC-deficiency impacts colon epithelial integrity and wound healing response
(a) Weight loss during first 15 days of CAC (b) H&E or IHC staining for Ki67 in colon 

tissue from DSS-treated WT and IL-17RC-deficient mice. Mice were treated with DSS for 

5-days followed by 5 days of regular water to allow for the epithelium to recover. (c) 

Quantification of Ki67 staining. (d) Serum FITC signal from mice treated with 3.5% DSS 

for 5 days followed by DSS withdrawal for 5 days, and then gavaged with FITC-dextran. 

Data shown is from a representative experiment with n=4 mice per group. (e) RT-qPCR from 

colon tissue of mice from day 10 of the DSS treatment, n=4 mice per group. All gene 

expression values were normalized to β-actin. (f) Immunoblot analysis of DSS treated colon 

tissue from WT or IL-17RC-deficient (KO) mice. Each lane represents a single mouse. 

Quantification was performed on staining of 3 colon sections from each group and in 3 

views per sample. Experiments were reproduced 3 times, error bars represent mean ± SEM 

scale bars =100μm, p values shown are * <0.05, ** <0.01, *** <0.001.
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Figure 3. IL-17RC-dependent gene analysis during regeneration and in established tumors
Volcano plots from Affymetrix gene-array comparing (a) day 10 (3.5% DSS for 5 days 

followed by DSS withdrawal for 5 days) colon tissue (n=4 per group) and (b) tumor tissue 

(n=5-6 per group) mRNA between WT and IL-17RC-deficient mice. Expression data were 

averaged and p-values derived by fold-change in expression between IL-17RC-deficient and 

WT, dotted line represents a p-value of 0.05 as determined by unpaired two-tailed t-test. (c) 

Table of genes significantly reduced in the tumors of IL-17RC-deficient mice, and their 

known functions, * references as cited in the text. (d) Gene expression by RT-qPCR from 

untreated and DSS Day 10 treated colon tissue, n=5 mice per group or (e) RT-qPCR results 

from normal-adjacent (N) and tumor tissue (T), n=5-6 mice per group. (f, top) Schematic of 

colonosphere isolation and IL-17A treatment procedure. (f, bottom) Gene expression by RT-

qPCR from colonospheres generated from WT mice. Spheres were grown for one week and 

then treated with IL-17A (50 ng/ml) for 24 hours, shown are representative data from 3 

independent experiments, RT-qPCR data in d-f were normalized to β-actin. Data presented 

as mean ± SEM, p values shown are * <0.05, ** <0.01, ***<0.001.
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Figure 4. PLET1 is induced from colonic crypts during DSS treatment
(a) FACS analysis of colonic epithelial cells derived from DSS treated 

Lgr5EGFP-IRES-CreERT2 mice, n=3 mice combined for each treatment group. (b) Gene 

expression from FACS-sorted cell populations from day 3 of DSS treatment; G, LGR5-

eGFP-positive, GP, LGR5-eGFP/PLET1-positive, all RT-qPCR results are relative to Gapdh. 

(c) Immunofluorescence staining of PLET1 and Ki67 in colon tissue and tumors from AOM-

DSS treated mice. (d) Representative flow cytometry analysis of isolated colonic epithelial 

cells and quantification of FACS data from the indicated mice, n=3 mice combined for each 

group. (e) RT-qPCR from the indicated FACS sorted cell populations relative to Gapdh. Data 

are representative of 2 independent experiments are presented as mean ± SEM.
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Figure 5. PLET1 is an ERK5-target and promotes cell transformation and P-ERK1/2 signaling
(a) Lysates from colon crypts of WT mice untreated or stimulated with IL-17A (50 ng/ml) 

were analyzed by western blotting with the indicated antibodies. (b) Serum FITC-dextran 

from DSS treated mice injected with BIX02189 or vehicle control, shown are representative 

results from two independently performed experiments. (c) Western analysis of lysates from 

colon epithelial cells of mice treated with BIX01289 and DSS for 5 days followed by 5 days 

of DSS removal. Each lane is from one mouse. Band intensity normalized to β-ACTIN is 

indicated below the blots. (d-f) Plet1-/- (n=5) and Plet1+/- (n=6) littermate control mice 

were subjected to 3.5% DSS treatment for 5 days followed by 5 days of DSS withdrawal. On 

day 10 mice were subjected to gut permeability assay using FITC dextran (e). The mice 

were sacrificed and the colons were taken for H&E and Ki67 staining (d) or western blot 

analysis (f). (g) Plet1+/- (n=15) and Plet1-/- (n=10) mice were subjected to AOM-DSS 

regiment. Number of tumors per mouse and tumor size distribution were plotted. (h) 

Representative image of H&E and Ki67 staining of tumors from mice of indicated 

genotypes. Quantification is shown as bar graph to the right. Quantification of histology was 

performed on staining of 3 colon sections from each group and in 3 views per sample. All 

data presented are means ± SEM, p values shown are * <0.05.
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