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Abstract

Background & Aims: We previously reported that colon epithelial cell silencing of Smad4 
increased epithelial expression of inflammatory genes, including the chemokine CCL20, and 

increased susceptibility to colitis-associated cancer. Here, we examine the role of the chemokine/

receptor pair CCL20/CCR6 in mediating colitis-associated colon carcinogenesis induced by 

SMAD4 loss.

Methods: In silico analysis of SMAD4, CCL20, and CCR6 mRNA expression was performed 

on published transcriptomic data from human ulcerative colitis (UC), and colon and rectal 

cancer samples. Immunohistochemistry for CCL20 and CCR6 was performed on human tissue 

microarrays (TMAs) comprising human UC-associated cancer specimens, Mice with conditional, 

epithelial-specific Smad4 loss with and without germline deletion of the Ccr6 gene were subjected 

to colitis and followed for up to 3 months. Tumors were quantified histologically, and immune cell 

populations were analyzed by flow cytometry and immunostaining.

Results: In human UC-associated cancers, loss of epithelial SMAD4 was associated with 

increased CCL20 expression and CCR6+ cells. SMAD4 loss in mouse colon epithelium led to 

enlarged gut-associated lymphoid tissues and recruitment of immune cells to the mouse colon 

epithelium and stroma, particularly Treg, Th17, and dendritic cells. Loss of CCR6 abrogated these 

immune responses and significantly reduced the incidence of colitis-associated tumors observed 

with loss of SMAD4 alone.

Conclusions: Regulation of mucosal inflammation is central to SMAD4 tumor suppressor 

function in the colon. A key downstream node in this regulation is suppression of epithelial 

CCL20 signaling to CCR6 in immune cells. Loss of SMAD4 in the colon epithelium increases 

CCL20 expression and chemoattraction of CCR6+ immune cells, contributing to greater 

susceptibility to colon cancer.

Graphical Abstract

Lay Summary

The SMAD4 tumor suppressor gene regulates communication between colon cells and 

surrounding immune cells. In the setting of colitis, SMAD4 loss leads to increased immune cells 

and promote tumor development.
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Introduction

Chronic inflammation is a predisposing factor for many cancers, including colorectal cancer 

(CRC), which is the third most common cancer worldwide 1, 2. Inflammatory bowel disease 

(IBD) patients exemplify this relationship, as they demonstrate a markedly elevated risk of 

developing CRC, often early in life 3.

Transforming growth factor β (TGFβ) family signaling functions in a critical tumor 

suppressor role, particularly within the alimentary tract. In the canonical pathway, TGFβ 
signaling is dependent on SMAD4 as the pathway’s common mediator 4. Previous work 

from our lab demonstrated that TGFβ signaling via SMAD4 blocks or represses the 

effects of pro-inflammatory cytokines in colonic epithelium 5. Additionally, we found 

that conditional knockout of the Smad4 gene in murine intestinal epithelial cells led 

to a striking increase in epithelial inflammatory signaling, stromal leukocyte infiltration, 

and profoundly increased susceptibility to colitis-associated cancer (CAC) development 

compared to SMAD4+ control mice 5.

We previously identified that expression of C-C motif chemokine ligand 20 (CCL20) is 

markedly increased in colon epithelial cells in vivo and in vitro after loss of SMAD4 or 

inhibition of TGFβ receptors 5. CCL20 acts via its sole receptor, C-C motif chemokine 

receptor 6 (CCR6), and is expressed on multiple immune cell subtypes including Th17 cells, 

Tregs, B cells, multiple dendritic cell (DC) subsets, and others 6, 7. In humans, CCL20 

is upregulated in both ulcerative colitis and Crohn’s disease, and is elevated in sporadic 

colorectal adenomas and in CRC, suggesting that it may influence cancer susceptibility 8–10.

Here we demonstrate that SMAD4 mRNA expression is negatively correlated with CCL20 
and CCR6 mRNA expression in human IBD specimens, loss of SMAD4 expression is 

associated with increased CCL20 expression and CCR6+ cells in human ulcerative colitis-

associated colon cancer specimens, and ulcerative colitis-associated cancers with SMAD4 

loss have increased immune cell infiltration. Furthermore, we found that conditional colon 

epithelial cell Smad4 gene loss in mice leads to increased expression of inflammation-

related genes within the colonic sub-epithelial stromal tissues, including Ccr6, and an 

increase in gut-associated lymphoid tissue (GALT) area that accompanies the increase in 

colonocyte expression of Ccl20. Following dextran sodium sulfate (DSS) -induced colitis, 

specific immune populations were increased by SMAD4 loss, including stromal Tregs and 

stromal and epithelial-associated CD4+ IL17a+ T cells (Th17) and DC subtypes. Notably, 

these cells are all known to be regulated by CCR6 activity and loss of Ccr6 abrogated 

much of the phenotype that was induced by epithelial Smad4 loss alone. Furthermore, we 

demonstrate that CAC development due to epithelial SMAD4 loss is dependent on an intact 

CCL20/CCR6 axis.
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Materials and Methods

In silico Analysis of Microarray Data and The Cancer Genome Atlas (TCGA)

Gene expression in IBD patients and healthy controls was analyzed from published 

transcriptomic data generated from endoscopic biopsy samples and analyzed by Microarray 

(GSE75214) 11 as we have previously published 12. To determine the relationship 

between SMAD4, CCL20, and CCR6 expression in sporadic colon cancer specimens, 

rectal cancer specimens, and healthy representative controls, the TCGA database (https://

www.cancer.gov/tcga) was analyzed utilizing the Firehose web browser from the Broad 

Institute (https://gdac.broadinstitute.org/).

Immunohistochemical staining and Multiplex Immunofluorescent (mxIF) of Human Tissues

Tissue microarrays (TMAs) were created from 34 ulcerative colitis-associated cancer 

(UCAC) specimens, 18 UC-associated dysplasia specimens, 34 UC specimens uninvolved 

with cancer, and 5 healthy control specimens (HCc). For quantification of CCR6+ cells 

within the stroma, CCR6+ cell counts were normalized to total stromal area. GALTs 

were excluded from the total stromal area as they primarily consist of immune cells and 

many samples did not have GALTs. For evaluation of CCL20 expression, a collaborating 

pathologist (MKW) scored the samples for staining intensity and percentage of epithelium 

involved with CCL20 staining blinded to SMAD4 status. If multiple cores existed for 

a particular sample, the mean cell count, staining intensity, or percent positivity was 

used. SMAD4 expression was determined by immunohistochemistry (rabbit anti-SMAD 

ab40759 Abcam; Waltham, MA). SMAD4 negative samples were defined as those with no 

SMAD4 expression in the nucleus or cytoplasm, while samples with SMAD4 detected in the 

cytoplasm but not the nucleus were classified as cytoplasm positive. Samples with SMAD4 

detected in both the nucleus and cytoplasm were labeled as nuclear positive.

For MxIF, another TMA was previously created from de-identified UCACs and SMAD4 

status was previously determined by immunohistochemistry 5. Sequential staining 

(Supplementary Table S1), single-cell segmentation, and cell quantification was performed 

by the Vanderbilt University Medical Center (VUMC) Digital Histology Shared Resource.

Mouse Model

Animal work was performed with approval from the Vanderbilt University Institutional 

Animal Care and Use Committee and followed ARRIVE guidelines. We previously 

published that tamoxifen-treated Lrig1CreERTSmad4fl/fl (termed Smad4∆Lrig1) mice have 

greater than 90% loss of SMAD4 in their colon epithelium, thus creating tissue-specific 

inducible loss of Smad4 5. SMAD4-expressing control mice (Smad4fl/fl mice with no Cre 

alleles) treated with tamoxifen are referred to as SMAD4+ or control mice.

For animal experiments involving mice with or without Ccr6 expression, mice with 

Lrig1CreERT2 and Smad4fl/fl alleles were bred with mice from Jackson Laboratory (Bar 

Harbor, ME) that have GFP knocked into the Ccr6 coding region such that cells transcribing 

from the Ccr6 promoter can be tracked by GFP protein expression in heterozygous 

Ccr6GFP/+ mice and in Ccr6GFP/GFP null mice 13.
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Experimental colitis was induced using 2% DSS (MP Biomedicals, Santa Ana, CA) in 

drinking water for 5 days, followed by 5 days of recovery, in 3 consecutive cycles. Controls 

were sibling littermates and cage mates. After tamoxifen treatment, bedding was mixed 

among cages within an experiment once per week.

RNA-Sequencing

For bulk RNAseq, three Smad4∆Lrig1 and three SMAD4+ control mice were dissected 

one month after administration of tamoxifen. Colons were stripped of crypts as published 
5. Stroma was scraped from underlying muscle for RNA extraction and RNAseq was 

performed by the Vanderbilt Technologies for Advanced Genomics (VANTAGE) core 

facility. The data files are publicly available on the National Institute of Health Gene 

Expression Omnibus database (GSE189667) 14, 15. Additional detail is provided in 

Supplementary Methods.

RNAScope ® In Situ Hybridization

In situ hybridization by RNAscope® technique was performed according to the 

manufacturer’s instructions on 5μm thick sections from five Smad4∆Lrig1 and five SMAD4+ 

control mice [Advanced Cell Diagnostics (ACD), Newark, CA, USA]. To quantify 

differential Ccl20 expression, specific colorimetric dots corresponding with mRNA copies 

were counted in each positive cell. To quantify cells expressing Ccr6, the number of positive 

cells were counted among the distalmost 100 crypts.

Mouse Histology and Immunostaining

Mouse tissues were processed as described 16. For analysis of GALTs, three 5μm 

sections were cut and examined per mouse, each 1000μm apart. Sections were stained 

by hematoxylin and eosin (H&E) and examined for frequency and cross-sectional GALT 

area. For immunohistochemical or immunofluorescent (IF) analyses of cell types associated 

with the epithelium, cells were counted in or immediately adjacent to the distal-most 

100 crypts, respectively. For quantification of cell types within GALTs, cell counts were 

normalized to GALT cross-sectional area for the distalmost five GALTs. For evaluation of 

tumor development and inflammation, a collaborating expert pathologist (MKW), who was 

blinded to mouse genotype, examined six sections per mouse that were each 200μm apart for 

presence and number of invasive tumors as well as histologic scoring of colitis as previously 

described 17.

Flow Cytometry

Five SMAD4+ Ccr6GFP/+, six SMAD4+ Ccr6GFP/GFP, five Smad4∆Lrig1Ccr6GFP/+, and 

four Smad4∆Lrig1Ccr6 GFP/GFP mice were given three rounds of DSS in drinking water 

as described above. One month after conclusion of DSS treatment, the mice were 

euthanized, and single cells were isolated from colon epithelium and stroma 5, 18. Single 

cell suspensions from both the epithelium and stroma were aliquoted for staining in two 

parallel panels as displayed in Supplementary Figure 1A (BioLegend, San Diego, CA). 

Since fluorescence from GFP produced from the Ccr6 promoter could not be detected 

directly, we used an anti-GFP antibody to detect cells that express the Ccr6 promoter, even 
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in Ccr6GFP/GFP mice that do not produce CCR6 protein (Supplementary Figure 1B). Data 

were collected on a 5-laser BD Biosciences LSRII Flow Cytometer (San Jose, CA) in the 

VUMC Flow Cytometry Shared Resource Core.

Statistics

In silico analysis of gene expression data in human biopsy samples were compared using 

the non-parametric Kruskal-Wallis test with post hoc Welch’s t test (IBD specimens), 

non-parametric Mann-Whitney test (TCGA specimens), or non-parametric Spearman’s 

correlation (IBD and TCGA specimens), as appropriate. Mann-Whitney U test was used 

to compare GALT area, immunostaining cell quantities, colitis inflammation scores, mean 

number of tumors between groups in vivo following DSS treatment in mice, human TMA 

CCR6+ cell quantification, CCL20 scoring, and human CAC mxIF immunophenotyping. 

Fisher’s Exact test was used to compare the SMAD4 status of the human TMA samples, 

and the proportion of animals in each group that developed tumors following DSS treatment. 

Flow cytometry results were analyzed by multiple 2-tailed T test with Holm-Sidak multiple 

test correction. Statistical analyses were performed using GraphPad Prism 9 Software (San 

Diego, CA). Throughout the manuscript, statistical significance is designated as: ns (p ≥ 

.05), * (P < .05), and ** (P < .001).

Study Approval

All animal work was performed after approval by the Vanderbilt Institutional Animal Care 

and Use Committee. Acquired human tissue was de-identified and used with approval from 

the Vanderbilt Institutional Review Board.

Results

SMAD4 expression is negatively correlated with CCL20 and CCR6 expression in human 
IBD

Our prior work demonstrated that loss of SMAD4 in colon epithelial cells was associated 

with significant upregulation of multiple inflammation-related genes, including Ccl20 5. 

Additionally, we demonstrated that SMAD4 expression was significantly decreased in active 

ulcerative colitis (UCa) and active Crohn’s Disease (CDa) specimens compared to healthy 

colon (HC) biopsy specimens analyzed by DNA Microarray (GSE75214) 11, 12. Analysis 

of the same database revealed that CCL20 expression was significantly increased in UCa 

compared to UCi (inactive ulcerative colitis; P = .002), and that UCa, UCi, and CDa 

specimens demonstrated higher CCL20 expression compared to HC (Supplementary Figure 

2A). A similar analysis demonstrated that CCR6 expression was significantly increased in 

UCa samples compared to UCi samples (P < .001), and that UCa tissue, but not UCi or 

CDa, contained higher expression of CCR6 compared to HC (Supplementary Figure 2A). 

Furthermore, a significant inverse correlation exists between SMAD4 and CCL20 expression 

(r = −0.30, P = .001) as well as SMAD4 and CCR6 expression (r = −0.17, P=0.03) in human 

IBD specimens (Supplementary Figure 2B).

We have previously shown that SMAD4 expression is significantly decreased in colon 

cancer (CC) specimens relative to healthy colon (HCc) specimens by analysis of the TCGA 
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COAD colorectal cancer database 12. Analysis of the same database revealed that CCL20 
was significantly increased in CC compared to HCc specimens, and there was a significant 

negative correlation between SMAD4 and CCL20 expression in these tissues (r2 = −0.24, P 
< .001; Supplementary Figure 2C). We observed a similar relationship in rectal cancer (RC) 

by TCGA analysis (r2 = −0.299, P=.001; Supplementary Figure 2D). Thus, the relationship 

that we previously observed between Smad4 and Ccl20 expression in mouse colons is 

reflected in human IBD and sporadic CRC.

To determine the relationship of SMAD4, CCL20, and CCR6 with IBD and UCAC, 

we performed IHC on human TMAs. We found that UCACs exhibited significantly 

more CCR6+ stromal cells, greater CCL20 staining intensity, and a higher percentage of 

epithelium with CCL20 expression as compared to UC-dysplasia specimens, UC samples, 

and healthy control (Figure 1A, Supplementary Figure 3A-D). Immunohistochemical 

examination of SMAD4 revealed that UCACs (32.4%) were more likely to lack SMAD4 as 

compared to UC-dysplasia (5.6%), UC (0%), or healthy colon control (0%) (Supplementary 

Figure 3E; P < .001). Furthermore, UCAC samples with no detectable epithelial SMAD4 

expression had significantly more stromal CCR6+ cells (P= .03; P=.008), higher CCL20 

intensity scores (P=.02; P=.04), and higher proportion of CCL20+ epithelial cells (P=.001; P 
<.001) than SMAD4 cytoplasm positive and nuclear positive samples (Figure 1B-D).

To investigate whether loss of SMAD4 and associated increase in CCL20 expression and 

CCR6+ cells is associated with an altered immune cell infiltration in colitis-associated 

cancers, we performed multiplexed immunofluorescence (mxIF) on a tissue microarray 

containing three tissue cores from three SMAD4- and seven cores from four SMAD4+ 

human UCAC specimens. We found that SMAD4- UCACs exhibited an increase in overall 

T cell infiltration (particularly CD4+ T cells), as well as CD11b+ monocytes, CD68+ 

macrophages, and CD20+ B cells normalized to total tissue area when compared to 

SMAD4+ human UCACs (Figure 2A-B, Supplementary Figure 4). Examining specific 

tissue compartments, we found that the stroma surrounding, but not in contact with 

the epithelium, in SMAD4- UCACs exhibited a greater number of CD11b+ monocytes, 

CD68+ macrophages, and CD20+ B cells compared to SMAD4+ tumors coincident with 

significantly increased epithelium-associated CD3+ and CD4+ T cells (Figure 2C-D). These 

observations suggest that loss of epithelial cell SMAD4 alters key immune regulators both 

in close association to epithelium, as well as throughout the tumor microenvironment. In 

consideration of these findings in human UCACs, we further explored the effect of colon 

epithelial cell Smad4 loss in the mouse colon and in the setting of colitis in mice.

Intestinal Epithelial Smad4 loss results in increased expression of inflammatory signaling 
genes in mouse colonic stroma, including Ccr6

To examine how increased epithelial inflammatory signaling in the setting of Smad4 loss 

impacts stromal composition under homeostatic conditions, we performed bulk RNAseq 

on the isolated sub-epithelial stroma from three Smad4∆Lrig1 (lacking epithelial Smad4 
expression) and three SMAD4+ control mice. 95 genes were upregulated at least 2.5-fold 

(≥1.32 Log2 Fold Change) with a false discovery rate of <0.05 (Supplementary Figure 5A, 

Supplementary Table 2). Of those 95 genes, 51 are known to be expressed in immune 
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cells or have immune-related functions (Supplementary Table 3). Ingenuity pathway analysis 

demonstrated that the top 15 most significantly altered signaling pathways are immune-

related, including pathways related to Th1/Th2 signaling, B cell development, leukocyte 

extravasation, and DC maturation, among others (Supplementary Figure 5B). ImmuCC 

analysis of the RNA-seq data predicted a relative increase in B cells and CD4+ T cells 

and a simultaneous relative decrease in CD8+ T cells and monocytes in the colonic stroma 

of Smad4∆Lrig1 mice relative to SMAD4+ controls (Supplementary Figure 5C). Among 

the upregulated stromal genes detected were chemokine receptors, including Ccr7, Cxcr4, 
Cxcr5, and Ccr6, the latter of which encodes the CCL20 receptor, CCR6 (Supplementary 

Tables 2-3). RNAScope In situ hybridization confirmed that Smad4∆Lrig1 mice exhibited 

significantly more Ccr6+ stromal cells relative to SMAD4+ mice (265.2 vs 94.8 cells /100 

crypts, P <.001; Supplementary Figure 5D). These findings, together with our prior findings 

that loss of epithelial SMAD4 increases CCL20 expression5, suggest that Smad4 loss in 

colon epithelial cells results in a pro-inflammatory stromal response involving the CCL20/

CCR6 signaling axis.

Smad4 loss results in altered GALT phenotype, which is dependent on an intact CCL20/
CCR6 axis

GALTs have a critical role in mucosal immunity, serving as major sites of T and B cell 

recruitment and activation, antigen sampling, and induction of local immune responses 19. 

CCL20 is produced by follicle-associated epithelial (FAE) cells that cover the dome of 

GALTs where it is thought to contribute to recruitment of CCR6+ leukocytes, particularly 

B cells, T cells, and DCs, to GALTs 20, 21. RNAScope In situ hybridization demonstrated 

that Smad4∆Lrig1 mice exhibited significantly increased Ccl20 expression in the follicle-

associated epithelial cells immediately adjacent to GALTs compared to SMAD4+ mice (35.3 

vs 12.2 mRNA copies/positive cell, P <.001; Supplementary Figure 6A). To determine if 

the increased Ccl20 expression occurring with loss of colon epithelial Smad4 is associated 

with alterations in GALT morphology, we examined the colons of five Smad4∆Lrig1 and 

five SMAD4+ control mice for frequency and size of GALTs under homeostatic conditions. 

While Smad4∆Lrig1 mice did not exhibit significantly more GALTs per colon than SMAD4+ 

control mice (17.2 vs 14.7, P =.35), GALTs in Smad4∆Lrig1 mice were significantly larger 

than GALTs in SMAD4+ control mice (6.13×104 μm2 vs 4.80 ×104 μm2, P = .005; Figure 

3A).

To determine if the altered GALT morphology persisted with inflammation and was 

dependent on CCR6 expression, the same analysis was performed in four SMAD4+ Ccr6 
GFP/+, six SMAD4+ Ccr6GFP/GFP, eight Smad4∆Lrig1 Ccr6GFP/+, and eleven Smad4∆Lrig1 

Ccr6 GFP/GFP mice 3 months after completion of DSS-induced colitis, which is when 

Smad4∆Lrig1 typically develop CACs5. This analysis once again demonstrated that there 

were no significant differences in the average number of GALTs observed across mice 

from all four genotypes (P = .95; Figure 3B). However, loss of Ccr6 decreased GALT size 

irrespective of Smad4 status, with SMAD4+ Ccr6GFP/+ mice having significantly larger 

GALTs than SMAD4+ Ccr6GFP/GFP mice (5.2 ×104 μm2 vs 3.7 ×104 μm2, P = .02) and 

Smad4∆Lrig1 Ccr6GFP/+ mice having larger GALTs than Smad4∆Lrig1 Ccr6 GFP/GFP mice (7.3 

×104 μm2 vs 4.4 ×104 μm2, P < .001; Figure 3B, Supplementary Figure 6B). These findings 
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are consistent with previous reports that CCR6 serves a critical role in GALT development 

and immune cell trafficking in the mouse colon 6, 22. On the other hand, loss of Smad4 
increased GALT size when Ccr6 was expressed, with Smad4∆Lrig1 Ccr6GFP/+ mice having 

larger GALTs than SMAD4+ Ccr6 GFP/+ mice (7.3 ×104 μm2 vs 5.2 ×104 μm2, P = .007; 

Figure 3B) and this gain was blocked by loss of Ccr6. DSS treatment alone appeared to have 

little effect on GALT size when comparing SMAD4+ Ccr6+/+ mice without DSS treatment 

and SMAD4+ Ccr6GFP/+ mice treated with DSS (4.80 ×104 μm2 vs. 5.2 ×104 μm2; P = 

.07), assuming there is no effect of loss of one copy of Ccr6. However, differences were 

seen in DSS response when SMAD4 was lost from epithelium. Smad4∆Lrig1 Ccr6GFP/+ mice 

demonstrated larger GALTs after induction of colitis compared to Smad4∆Lrig1Ccr6+/+ mice 

under homeostatic conditions (7.3×104 μm2 vs 6.13×104 μm2; P = .04). While comparison of 

mice with or without DSS treatment is complicated by the loss of one allele of Ccr6 under 

DSS conditions and by the cohorts generated at different times, they are consistent with our 

data that SMAD4 modulates immune responses.

IF staining for GFP as a marker of Ccr6 promoter activity revealed that an expansion of 

the CCR6+ cell population contributed to the larger GALT size in the context of SMAD4 

loss. GALTs in Smad4∆Lrig1 Ccr6GFP/+ mice consisted of a significantly higher proportion 

of GFP+ cells compared to SMAD4+Ccr6GFP/+ mice (72.9% vs 50.9%, P < .001; Figure 

3C) and this increase was offset by additional loss of Ccr6 in Smad4∆Lrig1 Ccr6GFP/GFP 

mice (72.9% vs 35.8%, P < .001). Thus, loss of epithelial SMAD4 expression leads to 

larger GALTs with increased proportions of CCR6+ immune cells that is dependent on Ccr6 
expression. To understand whether SMAD4 signaling alters the distribution or quantity of 

different immune cell types within the GALTs, IF staining was performed on tissue sections 

from five Smad4∆Lrig1Ccr6GFP/+ and five SMAD4+ Ccr6GFP/+ mice under homeostatic 

conditions to localize B cells, T cells, and DCs. SMAD4 loss resulted in an increase in the 

number of B220+ cells (40.5% vs 29.5%, P = .002; Supplementary Figure 7A). The absolute 

numbers of CD3+ T cells and CD11c+ DCs were significantly increased in GALTs of 

Smad4∆Lrig1Ccr6GFP/+mice compared to SMAD4+ Ccr6GFP/+ mice (Supplementary Figure 

7B-C). However, the proportion of these cell types within GALTs was unchanged (data 

not shown). B cell, T cell, and DC distributions were not altered within the GALTs. B 

cells remained localized to the germinal center of GALTs, while T cells were spread 

throughout the GALT periphery, and DCs were localized to the subepithelial dome of 

GALTs, regardless of CCR6 expression status (Supplementary Figure 7A-C).

Smad4 loss increases immune cell infiltration in mouse colonic stroma, particularly T cell 
subsets and CD11c+ DCs, that is abrogated by additional loss of Ccr6

To understand how epithelial Smad4 loss impacts recruitment of specific immune cell 

types and to what degree these changes depend on functional CCL20/CCR6 signaling, we 

analyzed mice with and without epithelial SMAD4 and with or without CCR6 one month 

after DSS treatment to avoid indirect effects of tumorigenesis that occurs 2–3 months 

post-DSS. We used flow cytometry to quantify relative changes in leukocyte populations, 

distinguishing epithelial-associated immune cells from those in the sub-epithelial stroma. 

Colitis was induced by administration of three rounds of DSS in five SMAD4+ Ccr6GFP/+, 

six SMAD4+ Ccr6GFP/GFP, five Smad4∆Lrig1 Ccr6GFP/+, and four Smad4∆Lrig1 Ccr6GFP/GFP 
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mice. Parallel myeloid and lymphoid flow cytometry staining panels were used to 

characterize the compositions of each compartment one month after the end of DSS 

treatment to determine changes in immune cell recruitment that may contribute to CAC 

formation.

Within the colonic stroma, loss of Ccr6 alone had little effect on the immune populations 

examined. However, a number of changes in immune cell composition were observed with 

epithelial cell loss of Smad4. Smad4∆Lrig1 Ccr6GFP/+ mice demonstrated a greater than 

two-fold increase in proportion of CD45+ immune cells in the colonic stromal tissues when 

compared to SMAD4+ Ccr6GFP/+ mice (41.4% vs 19.6%, P <.001) and this increase was 

abrogated by loss of Ccr6 (Smad4∆Lri1 Ccr6GFP/+ mice 41.4% vs. Smad4∆Lrig1Ccr6GFP/GFP 

mice 15.6%%, P <.001; Figure 4A-B). After normalizing to the CD45+ population, loss 

of Smad4 alone resulted in increased CD3+ T cells. Among CD3+ T cells, the proportion 

of CD4+ T cells, CD4+ FoxP3+ Tregs, and CD4+ IL-17a+ cells were increased in the 

context of Smad4 loss, but these increases were dependent upon Ccr6 expression (Figure 

4C-E). Smad4∆Lrig1Ccr6GFP/+ mice also had a significantly increased stromal CD11c+ 

population (Figure 4A, F). Further gating demonstrated that 60% of these cells were CD11b- 

and 52% were CX3CR1+, both of which were significantly increased in Smad4∆Lrig1 

Ccr6GFP/+ mice as compared to SMAD4+ mice and these increases were also dependent 

upon Ccr6 expression (Figure 4G). The expansion of these cell types in the absence of 

Smad4 expression was likely due to recruitment of CCR6+ cells. Increases in CCR6+ cells 

marked by GFP+ staining within the CD45+, CD3+, CD4+, FoxP3+, IL-17a+, and CD11c+ 

populations mirrored the observed increases in these cell subtypes in Smad4∆Lrig1Ccr6GFP/+ 

mice (Supplementary Figure 8A). Additionally, the overwhelming majority of CCR6+ 

cells identified by GFP+ staining via flow cytometry in Smad4∆Lrig1Ccr6GFP/+ mice were 

immune cells (Supplementary Figure 8B).

To summarize the above findings, loss of epithelial SMAD4 expression leads to increased 

leukocyte recruitment to the colonic stroma, including CD4+ T cells, Tregs, Th17 cells, 

CD11c+ CD11b- DCs, and CD11c+ CX3CR1+ DCs (Supplementary Table 4). Notably, 

these changes are dependent on CCR6 expression, indicating that an intact CCL20/CCR6 

axis is necessary to induce the stromal pro-inflammatory response observed due to epithelial 

SMAD4 loss.

Ccr6 mediates Smad4-dependent recruitment of mouse colon epithelial-associated Th17 
and CD11c+ DCs

Flow cytometric analysis was also performed on epithelial-associated cells. As in the sub-

epithelial stroma, there was little effect on most of the examined populations in response 

to Ccr6 loss alone. Smad4∆Lrig1 Ccr6GFP/+ mice demonstrated a significant increase in 

CD45+ cells within the colon epithelium fraction relative to SMAD4+ Ccr6GFP/+ mice 

(20.1% vs 9.6%, P < .001) and this increase was dependent upon Ccr6 expression 

(Smad4∆Lrig1 Ccr6GFP/+ mice 20.1% vs. Smad4∆Lrig1 Ccr6GFP/GFP mice 10.5%; P <.001; 

Figure 5A-B). While there were no observed differences in total epithelial-associated CD3+ 

cells, CD4+ cells, or CD4+ FoxP3+ Tregs among the four genotypes, the epithelium 

of Smad4∆Lrig1Ccr6GFP/+ mice exhibited significantly more CD4+ IL-17a+ cells than 
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SMAD4+ Ccr6GFP/+ mice (6.4% vs 1.4%; P <.001) and loss of Ccr6 abrogated this effect 

(Smad4∆Lrig1 Ccr6GFP/+ mice 6.4% vs. Smad4∆Lrig1 Ccr6GFP/GFP mice 1.2%; P <.001; 

Figure 5A,C-E). Thus, loss of epithelial SMAD4 expression in the colon results in a 

shift in CD3+ T cell composition towards increased Th17 cells. Interestingly, Ccr6 null 

mice demonstrated an expansion of colon epithelial-associated CD8+ T cells regardless of 

SMAD4 status, thus indicating a critical role for CCR6 in limiting CD8+ T cell trafficking to 

the intestinal epithelium (Figure 5D).

Among the myeloid cell populations, epithelial-associated CD11c+ DCs were increased in 

Smad4∆Lrig1 Ccr6GFP/+ mice relative to SMAD4+ Ccr6GFP/+ (21.9% vs 13.6%, P = .03), 

including a significant increase in the CD11c+ CX3CR1+ DC subset and these increases 

were also abrogated by loss of Ccr6 (Figure 5A, F-G). The DC population observed 

within the epithelium differed from the stroma in that the majority of DCs associated 

with the epithelium were CD11c+ CD11b+, whereas the sub-epithelial stroma contained 

primarily CD11c+ CD11b- DCs. Further gating for GFP expression among these cell types 

demonstrated a concomitant increase in GFP+ cells among the increased Th17 and dendritic 

cell populations (Supplementary Figure 9A). Similar to stroma, the increase in CCR6+ cells 

seen with colon epithelial cell SMAD4 loss were overwhelmingly CD45+ (Supplementary 

Figure 9B).

In summary, loss of colon epithelial cell SMAD4 leads to increased recruitment of specific 

immune cell subsets within the epithelium, particularly Th17 cells and DCs including 

CD11c+ CD11b+ and CD11c+ CX3CR1+ DC subtypes that is dependent on CCR6 activity 

(Supplementary Table 4). Ccr6 loss led to an increase in CD8+ IELs regardless of SMAD4 

expression status as previously published 13, 23.

CAC susceptibility due to SMAD4 loss is dependent on the CCL20/CCR6 axis

We previously published that loss of epithelial SMAD4 in the colon significantly 

predisposes mice to CAC within three months of DSS-induced chronic inflammation, and 

that these tumors are morphologically similar to human UCACs 5. To determine if this 

cancer susceptibility phenotype also depends on an intact CCL20/CCR6 axis, we induced 

chronic colitis in two SMAD4+ Ccr6GFP/+, six SMAD4+ Ccr6GFP/GFP, eight Smad4∆Lrig1 

Ccr6GFP/+, and 11 Smad4∆Lrig1 Ccr6GFP/GFP mice with 3 cycles of DSS. Three months after 

completion of DSS treatment, 100% (8 of 8) of Smad4∆Lrig1 Ccr6GFP/+ mice developed 

adenocarcinomas of the colon with invasion deep into the submucosa, consistent with prior 

observations from our group (Figure 6A)5. In contrast, only 18.2% (2 of 11) Smad4∆Lrig1 

Ccr6GFP/GFP mice developed these invasive cancers, one of which was characterized as 

a single invasive crypt. There were no differences in tumor formation between sexes as 

previously shown (Supplementary Table 5) 5. Thus, loss of CCR6 expression is associated 

with a significant decrease in susceptibility to CAC development in Smad4 null mice (100.0 

vs 18.2%, P < .001) Loss of Ccr6 expression was similarly associated with fewer invasive 

tumors per colon (Figure 6B). The range of invasive adenocarcinomas for Smad4∆Lrig1 

Ccr6GFP/+ mice was 1 – 3 tumors compared to 0 – 2 invasive adenocarcinomas per colon 

in Smad4∆Lrig1Ccr6GFP/GFP mice. We did note a single invasive crypt on a single section of 

one SMAD4+ Ccr6GFP/GFP mouse, consistent with previous observations that DSS-induced 
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colitis can occasionally induce tumorigenesis in mice without loss of SMAD4 but at longer 

time points (Figure 6C) 24.

Tissue sections from the same mice were subjected to histologic grading of colitis. Among 

the Smad4∆Lrig1 mice, there was no significant difference between Ccr6 expressing and Ccr6 
null mice in terms of weight loss during DSS or overall inflammation score at the time of 

tumor scoring (data not shown). However, in SMAD4+ control mice, Ccr6 expression was 

associated with a higher percentage of crypts involved with colitis (2 vs 1.17, P = .03) and 

deeper crypt damage (2 vs 1.67, P = .004) compared to Ccr6 null mice. Loss of Smad4 also 

decreased the severity of colitis; SMAD4+ Ccr6GFP/+ mice had higher average crypt damage 

scores than Smad4∆Lrig1 Ccr6GFP/+ mice (2 vs 0.5, P <.001) and a similar relationship was 

observed between SMAD4+ Ccr6GFP/GFP and Smad4∆Lrig1 Ccr6GFP/GFP mice (1.67 vs 0.46, 

P = .002; Supplementary Table 6).

Thus, loss of Smad4 reduced histologic evidence of the severity of ongoing colitis yet 

contributed to the development of invasive tumors at a higher rate and frequency. These 

findings indicate that the development of CAC in Smad4∆Lrig1 Ccr6GFP/+mice is not solely 

dependent on the severity of colitis alone, but rather on the unique response to colitis seen 

with epithelial SMAD4 loss.

Altered immune cell landscape in the setting of SMAD4 loss persists with tumorigenesis

The above data suggest that loss of epithelial SMAD4 promotes a unique immune 

microenvironment within one month of induction of chronic colitis and leads to a profound 

susceptibility to CAC development by three months, both of which are dependent on CCR6 

expression. To determine if the observed immune cell changes are transient or persist 

through tumorigenesis, we performed IHC of specific immune cell subtypes in SMAD4+ 

Ccr6GFP/+, SMAD4+ Ccr6GFP/GFP, Smad4∆Lrig1 Ccr6GFP/+, and Smad4∆Lrig1 Ccr6GFP/GFP 

mice 3 months after completion of DSS treatment. Overall, the unique immunophenotype 

observed in Smad4∆Lrig1 Ccr6GFP/+ mice one month after DSS completion persisted at three 

months after DSS completion in regions adjacent to tumors. CD3+ cells were increased 

throughout the GALTs with loss of Smad4 only when Ccr6 was expressed. Within the 

epithelium, a similar number of CD3+ T cells were observed with or without loss of 

Smad4 or Ccr6 (Supplementary Figure 10A). Examination of CD8+ IELs by IHC at three 

months corroborated our flow cytometry results that Ccr6 loss leads to increased CD8+ IELs 

regardless of SMAD4 status (Supplementary Figure 10B).

FoxP3+ Tregs were noted to be localized to GALTs or adjacent to epithelium, without 

significant distribution through the rest of the stroma (Figure 7A). Within the GALTs, 

FoxP3+ Tregs were markedly increased in Smad4∆Lrig1 Ccr6GFP/+ mice but not in 

Smad4∆Lrig1 Ccr6GFP/GFP mice (Figure 7A). Similar to mice at one month after DSS 

treatment, there was no observable difference in epithelial-associated Tregs (Figure 7B). 

IL17+ cells were notably increased in the GALTs and epithelium following Smad4∆Lrig1 

loss but only in the presence of Ccr6 expression. (Supplementary Figure 11A-B). 

The distribution of CD11c+ DCs was similar among mice from all four genotypes 

(Supplementary Figure 12). Together, our findings indicate that epithelial SMAD4 loss 

induces immunophenotypic changes that persist from after DSS treatment when no tumors 
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are detectable through 3 months after DSS when invasive cancers are prevalent in all of the 

Smad4∆Lrig1 Ccr6GFP/+mice. Both the immune cell changes and tumorigenesis are blocked 

by loss of Ccr6, linking the immune phenotype to tumorigenesis.

Discussion

Multiple defects in the TGFβ signaling pathway, including receptor mutations and mutations 

in SMAD genes, most frequently SMAD4, have been previously implicated in multiple 

gastrointestinal pathologies including human IBD and CRC 4, 25, 26. Previous attention has 

primarily focused on the roles of TGFβ in maintenance of epithelial homeostasis including 

regulation of cell growth, cell cycle, differentiation, and apoptosis, all of which likely factor 

into the tumor suppressor effects of TGFβ family signaling 27, 28. Our data support a novel 

tumor suppressor function of the canonical TGFβ signaling pathway via modulation of 

inflammatory responses in the epithelium. It is already well appreciated that the TGFβ 
signaling pathway plays an important immunosuppressive role through its direct actions 

on immune cells, including inhibition of Th1 helper cell, cytotoxic T cell, and NK cell 

responses, and simultaneous promotion of Treg differentiation and function.29, 30 Here, we 

add another level of homeostatic immune regulation by TGFβ signaling via direct effects 

on epithelium, downregulating epithelial inflammatory genes, particularly Ccl20, to suppress 

specific mucosal inflammatory responses and inflammation-associated carcinogenesis.

Several studies have implicated defective epithelial TGFβ signaling or the CCL20/CCR6 

axis in IBD and CRC development 31, 32. However, we have identified for the first time 

a significant inverse correlation between levels of SMAD4 and both CCL20 and CCR6 
mRNAs in human IBD. As expected for its tumor suppressor role, loss of epithelial SMAD4 

is more common in UCACs than UC-dysplasia, UC, or healthy colon controls and loss of 

epithelial SMAD4 in these tumors results in increased epithelial CCL20 protein expression 

and stromal CCR6+ cells compared to SMAD4+ tumors. Consistent with UCAC results, 

CCL20 expression is also inversely correlated with SMAD4 expression in sporadic colon 

and rectal cancer. By utilizing our conditional, tissue-specific Smad4 knockout model, we 

have been able to link the epithelial function of SMAD4 to regulation of CCL20/CCR6 

signaling, suggesting a mechanism underlying inflammation and tumorigenesis downstream 

of decreased or lost TGFβ /SMAD4 signaling in human patients along the IBD to CAC 

spectrum. Given these findings, it is intriguing to speculate about a role for CCL20/CCR6 

pathway in patients with germline mutations or deletions of SMAD4, such as in juvenile 

polyposis syndrome, but further research is needed 33.

Concurrent with increased chemokine/cytokine expression in Smad4 null mouse colon 

epithelium is an increase in pro-inflammatory signaling within the underlying stroma. Many 

of the upregulated genes in the stroma have known roles in the innate and adaptive immune 

responses, including those involved with mucosal immune trafficking and GALT structure 

and function. Additionally, we observed evidence of increased GALT size in Smad4∆Lrig1 

mice. CCL20 signaling to CCR6 is known to regulate immune cell trafficking to mucosa-

associated lymphoid structures such as GALTs 34. Consistent with this concept, not only did 

GALT size increase with increased CCL20 expression after loss of epithelial SMAD4 loss, 

but this increase in GALT size was abrogated in mice without Ccr6 expression. Increased 
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Ccl20 expression, Ccr6 expression, and GALT size, and upregulation of genes that function 

in pathogen recognition (Tlr9, Pyhin2, Fcrla, Ly86) support a role for the SMAD4-mediated 

regulation of CCL20 in modulating mucosal immune responses through GALT activity.

Herein we demonstrated that much of the inflammatory response to Smad4 loss in the 

epithelium can be abrogated by loss of Ccr6, which is normally expressed on many of the 

immune cells that are increased with epithelial SMAD4 loss. The reduction in tumor burden 

in response to Ccr6 deletion in Smad4∆Lrig1 mice suggests the CCL20/CCR6 axis is one of 

the most critical inflammatory pathways downstream of TGFβ signaling in the development 

of CAC. Our findings are consistent with previous findings that loss of Ccr6 expression 

protects against APC mutant-driven and azoxymethane (AOM)/DSS-driven tumorigenesis in 

mice 35. While restoring expression of tumor suppressor genes remains clinically intractable, 

targeting downstream pathways such as CCL20/CCR6 may be one approach for more 

selective clinically-targeted therapies.

Our findings additionally provide insight into immune cell subtypes downstream of 

SMAD4 loss that could be targeted for improved therapies for prevention of or treatment 

of CACs. Our results suggest that targeted therapy against CCR6 may be effective in 

preventing CAC in ulcerative colitis patients. There may also be efficacy in targeting 

specific cell types that respond to CCR6 activation. In particular, we observed an increase 

in stromal Tregs, Th17 cells, and DCs as well as epithelial-associated Th17 cells and 

DCs in Smad4∆Lrig1 mice (summarized in Supplementary Table 4). Tregs are involved in 

suppressing immune responses, particularly against commensal bacteria in the gut. However, 

the immunomodulatory role of Tregs may hinder tumor immunosurveillance and thereby 

contribute to tumor formation 36. Several studies have shown that Tregs are more abundant 

in inflamed IBD colon mucosa and in colon tumors compared to non-inflamed or healthy 

colon samples in humans 37, 38 . We observed increased Tregs in the stroma of Smad4∆Lrig1 

mice after induction of inflammation at the time of CAC formation and before tumors 

developed, suggesting a potential role of Tregs in CAC tumorigenesis.

In the present study, we also observed an increased number of Th17cells in both the stromal 

and epithelial compartments of Smad4∆Lrig1 mice. While the role of Th17 cells in tumor 

immunity remains poorly understood, immunoneutralization of IL-17 has been shown to 

inhibit colitis and CAC formation in an enterotoxigenic colitis mouse model 39. Thus, 

two CCR6+ immune cells, Th17 cells and FoxP3+ Tregs, are candidate effector cell types 

which may play a causative role in colitis-associated tumorigenesis due to SMAD4 loss 

and CCL20 secretion. Additionally, we also observed increased CD11c+ CX3CR1+ cells in 

the epithelial and stromal compartment of Smad4∆Lrig1 mice with intact CCR6 expression. 

CD11c+ CX3CR1+ cells have previously been observed in the mucosa of IBD patients and 

are known to produce both IL-1 and IFNβ , which are required for Th17 cell differentiation 

and Treg expansion, respectively 40, 41. Future studies will define which of these CCR6+ cell 

types are critical to tumorigenesis and whether they could be targeted clinically in the setting 

of colitis.

The stroma and epithelium of Smad4∆Lrig1 Ccr6GFP/+ mice demonstrated several differences 

in immune cell infiltration that highlight known interactions between immune cell types 
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that may promote tumorigenesis. Within GALTs, DCs activate and stimulate T cell 

differentiation and migration 42, 43, which can result in induction of specific T cell 

populations and subsequent migration toward colonic epithelium. Thus, loss of epithelial 

SMAD4 and subsequent increase in CCL20/CCR6 signaling affects not only GALT-specific 

cells, but also the lymphocytes that then migrate out of the GALTs into surrounding stroma 

and/or to the epithelium. Our data suggest that the CCL20/CCR6 axis mediates activation 

and migration of Treg, Th17, and CD8+ T cells with Treg cells migrating into surrounding 

stroma, and Th17 and CD8+ T cells migrating both to epithelium and throughout the 

stroma. Several studies have implicated IL-17a in tumor growth and progression due 

its contributions to wound healing, regeneration, and barrier function44–46. Thus, direct 

interaction of Th17 cells with epithelium seen within SMAD4 deficiency in both humans 

and mice may contribute to cancer progression. Future experiments will determine how 

these specific immune cell types promote tumorigenesis in the setting of colitis and SMAD4 

loss.

In summary, we have identified a specific chemokine pathway, epithelial CCL20 signaling 

to CCR6 on immune cells, that is normally inhibited by TGFβ family canonical signaling 

under homeostatic conditions but is activated by epithelial loss of SMAD4 in the colon 

and is essential for the development of CAC in conditional Smad4 knockout mice. We 

have also identified the specific inflammatory cells that respond to that chemokine axis 

and correlate with carcinogenesis. Future research will identify how specific immune cell 

functional alterations in the context of epithelial loss of SMAD4 expression contribute to 

colon epithelial cell transformation and cancer progression and whether these represent 

potential opportunities in the prevention or treatment of colorectal cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CCR6 c-c motif chemokine receptor 6

GALT gut-associated lymphoid tissue

DSS dextran sodium sulfate

TMA tissue microarray

UCAC ulcerative colitis-associated cancer

IHC immunohistochemistry

IF immunofluorescent

UCa active ulcerative colitis

CDa active Crohn’s disease

HC healthy colon

UCi inactive ulcerative colitis

TCGA the cancer genome atlas

CC colon cancer

HCc healthy colon control

RC rectal cancer

MxIF multiplex immunofluorescence
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What You Need to Know

Background and Context:

SMAD4 serves an important tumor suppressor function in the colon by regulating the 

immune response to inflammation, and loss of colon epithelial SMAD4 is associated with 

colitis-associated tumor formation.

New Findings:

SMAD4 loss in mice is associated with recruitment of specific immune cells to the colon 

and leads to tumors only in the presence of intact CCL20/CCR6 signaling.

Limitations:

Future studies will define how CCR6+ immune cells recruited by increased CCL20 

signaling in the context of SMAD4 loss cell promote tumorigenesis in the setting of 

colitis.

Impact:

While targeting loss of function such as SMAD4 loss remains clinically intractable, 

identification of downstream pathways upregulated by that loss may provide targets for 

better therapeutic interventions.
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Figure 1. Lack of colon epithelial SMAD4 expression is associated with increased epithelial 
CCL20 expression and CCR6+ cells.
(A) Representative IHC images of human UCACs (n=34), UC-dysplasia (n=18), UC 

(n=34), and healthy colon control (n=5) samples for the indicated markers (brown; scale 

bars: 100μm). (B-D) Quantification according to SMAD4 status indicated on X axis. (B) 
Quantification of stromal CCR6+ cells/mm2, (C) epithelial CCL20 staining score, and (D) 
CCL20 epithelial percent positivity (data points represent mean per sample if multiple cores 

exist; Mann-Whitney U test; *P < .05, ** P < .001).
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Figure 2. SMAD4 loss is associated with increased immune cell recruitment in human ulcerative 
colitis-associated cancer specimens.
(A) MxIF of human UCACs (SMAD4+ n=4, SMAD4- n=3) stained for indicated markers 

(CD3 = yellow, CD11b = blue, CD68 = red, DAPI = gray; scale bars: 100μm). (B) 
Quantification of immune cell types relative to total tissue area. (C) Quantification of 

stromal and (D) epithelial-associated immune cells relative to their respective tissue area 

(data points represent mean per tumor sample if multiple cores exist; Mann-Whitney U test; 

*P < .05, ** P < .001).

Hanna et al. Page 21

Gastroenterology. Author manuscript; available in PMC 2023 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Smad4 loss results in increased GALT area only when Ccr6 is expressed.
(A) Quantification of GALT number and cross-sectional area from 5 Smad4ΔLrig1 and 5 

SMAD4+ control mice under homeostatic conditions, (B) and in 4 SMAD4+ Ccr6GFP/+, 6 

SMAD4+ Ccr6GFP/GFP, 8 Smad4∆Lrig1 Ccr6GFP/+, and 11 Smad4∆Lrig1 Ccr6GFP/GFP mice, 

3 months after completion of DSS-induced colitis. (C) Immunofluorescent staining and 

quantification for GFP (red) in GALTs from indicated genotypes (Data points represent 

mean quantification per mouse; DAPI: blue, scale bars: 100μm; Mann-Whitney U test; *P < 

.05, ** P < .001).
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Figure 4. Loss of epithelial Smad4 results in increased sub-epithelial immune cells in mouse colon 
in a CCR6-dependent manner.
Colonic stroma from 5 SMAD4+ Ccr6GFP/+, 6 SMAD4+ Ccr6GFP/GFP, 5 Smad4∆Lrig1 

Ccr6GFP/+, and 4 Smad4∆Lrig1 Ccr6GFP/GFP mice was analyzed by flow cytometry 1 

month after completion of DSS-induced colitis. (A) Representative flow cytometry scatter 

plots showing surface staining of colon stromal CD3+ or CD11c+ in CD45+ cells in a 

Smad4ΔLrig1 Ccr6 GFP/+ mouse and a Smad4ΔLrig1 Ccr6 GFP/GFP mouse. Numbers in plot 

indicate percentage of cells in each gate. (B) Proportion of live stromal cells that were 

CD45+. (C) Proportion of CD45+ cells that were CD3+. (D) Proportion of CD3+ cells 

stained for CD8, CD4, (E) CD4 FoxP3, or CD4 IL17a. (F) Proportion of CD45+ cells that 

were CD11c+. (G) Proportion of CD11c+ cell stained for CD11b or CX3CR1 (Welch’s t 
test; *P < .05, ** P < .001).
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Figure 5. Loss of epithelial Smad4 results in increased colon epithelial-associated immune cells in 
a CCR6-dependent manner.
Cells isolated from colonic epithelium of 5 SMAD4+ Ccr6GFP/+, 6 SMAD4+ Ccr6GFP/GFP, 

5 Smad4∆Lrig1 Ccr6GFP/+, and 4 Smad4∆Lrig1 Ccr6GFP/GFP mice were analyzed by flow 

cytometry 1 month after completion of DSS-induced colitis. (A) Representative flow 

cytometry scatter plots showing surface staining for epithelial-associated CD3+ or CD11c+ 

in CD45+ cells of a Smad4ΔLrig1 Ccr6 GFP/+ mouse and a Smad4ΔLrig1 Ccr6 GFP/GFP mouse. 

Numbers in plot indicate percentage of cells in each gate. (B) Proportion of live stromal cells 

that were CD45+. (C) Proportion of CD45+ cells that were CD3+. (D) Proportion of CD3+ 

cells stained for CD8, CD4, (E) CD4 FoxP3, or CD4 IL17a. (F) Proportion of CD45+ cells 

that were CD11c+. (G) Proportion of CD11c+ cell stained for CD11b or CX3CR1 (Welch’s 

t test; *P < .05, ** P < .001).
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Figure 6: Loss of Ccr6 prevents tumorigenesis after DSS-induced colitis.
2 SMAD4+ Ccr6GFP/+, 6 SMAD4+ Ccr6GFP/GFP, 8 Smad4∆Lrig1 Ccr6GFP/+, and 11 

Smad4∆Lrig1 Ccr6GFP/GFP mice were analyzed for invasive tumors 3 months after the last 

cycle of DSS. (A) Number of mice that developed CAC s in each group (Fisher’s exact test). 

(B) Number of invasive tumors noted per mouse in each genotype (Mann-Whitney U test). 

(C) Representative images of invasive adenocarcinoma of the distal colon of a Smad4∆Lrig1 

Ccr6GFP/+ mouse as well as the single invasive crypt seen in a Smad4∆Lrig1 Ccr6GFP/EGFP 

and a Smad4+ Ccr6GFP/GFP mouse (MM: muscularis mucosa; SIC: single invasive crypt; 

CAC: colitis associated cancer; Scale bars: 100μm; *P < .05, ** P < .001).
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Figure 7. Loss of epithelial Smad4 resulted in significantly increased FoxP3+ cells in GALTs only 
in the presence of CCR6.
Staining for FoxP3 (brown) in representative samples for (A) GALTs or (B) crypt-associated 

regions comparing 4 SMAD4+ Ccr6GFP/+, 6 SMAD4+ Ccr6GFP/GFP, 8 Smad4∆Lrig1 

Ccr6GFP/+, and 11 Smad4∆Lrig1 Ccr6GFP/GFP mice. (scale bars: 100μm; graphs represent 

quantification of staining; data points represent mean quantification per mouse Mann-

Whitney U test; *P < .05).
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