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Abstract

The mutational genetic landscape of colorectal cancer has been extensively characterized, 

however, the ability of “cooperation response genes” to modulate the function of cancer “driver” 

genes remains largely unknown. In this study, we investigate the role of aryl hydrocarbon receptor 

(AhR), a ligand activated transcription factor, in modulating oncogenic cues in the colon. We show 

that intestinal epithelial cell targeted AhR knockout (KO) promotes the expansion and clonogenic 

capacity of colonic stem/progenitor cells harboring ApcS580/+; KrasG12D/+ mutations by 

upregulating Wnt signaling. The loss of AhR in the gut epithelium increased cell proliferation, 

reduced mouse survival rate, and promoted cecum and colon tumorigenesis in mice. 

Mechanistically, the antagonism of Wnt signaling induced by Lgr5 haploinsufficiency attenuated 

the effects of AhR KO on cecum and colon tumorigenesis.
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Introduction

Colorectal cancer (CRC) is the second leading cause of cancer deaths, in men and women 

combined, affecting 6% of the U.S. population. A hallmark of this disease is the progressive 
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accumulation of chromosomal and microsatellite instability, and CpG island methylator 

phenotype, leading to transformation of normal epithelial cells to adenocarcinoma. 

Approximately, 75% of CRC cases occur sporadically and only 5–10% result from 

hereditary genetic mutations (1). Generally, in CRC, genetic alterations involve the 

inactivation of tumor suppressor genes and DNA mismatch repair genes, and/or activation of 

oncogenes. It is estimated that 2–8 driver gene mutations are required to promote CRC 

development (2,3), even though the median number of nonsynonymous mutations in 

sporadic CRC is 66 mutations per tumor (4), in which Adenomatous polyposis coli (Apc) 

serves as an initiating event, accompanied by mutations of other common genes, such as 

Kirsten RAS (Kras), Sma- and Mad-related protein 4 (SMAD4) and TP53.

Apc is a tumor suppressor gene encoding a 312 kDa protein that plays an important role in 

regulating the Wnt signaling pathway, cell migration and adhesion, transcriptional 

activation, apoptosis and DNA repair (5,6). The multiple functions of Apc are achieved by 

binding to various protein partners, including β-catenin, Axin, CtBP, Asefs, IQGAP1, EB1 

and microtubes (7). The most highly characterized consequence of Apc inactivation in CRC 

is aberrant activation of the Wnt signaling pathway. In the absence of Wnt ligands, the 

primary Wnt signaling effector β-catenin is sequestered and targeted for proteasomal 

degradation in the cytosol by a multiprotein destruction complex, which contains the 

scaffold components Axin, Apc, GSK3β and CK1α/ϵ kinases. Inactivation of Apc by 

mutations, deletions, and loss of heterozygocity, leads to an accumulation of β-catenin in the 

nucleus. Nuclear β-catenin then interacts with Tcf4 (transcription factor) to mediate the 

transcription of target genes, such as c-myc, cyclin D1, Ascl2 and EphB (8,9). In human 

CRC, Apc point mutations occur primarily in a mutation cluster region (MCR, codons 

1286–1513), generating premature stop codons or frameshift mutations, resulting in the 

deletion of the C-terminal region of the Apc protein. Approximately 80% of sporadic CRC 

individuals harbor at least one inactivating Apc mutation (10), which serves as one of the 

earliest events driving normal-to-adenoma transition. Kras is another commonly mutated 

driver gene involved in the progression of benign tumors (adenomas) or hyperplastic 

aberrant crypt focus (ACF). Mutations of this gene occur in approximately 30 to 50% of 

CRC cases (11). Mutant Kras is also associated with poor prognosis and CRC metastasis 

(11,12).

With respect to CRC driver genes, the contribution of cooperation response genes, capable 

of modifying the initiation and/or progression of cancer remains largely unknown. From this 

perspective, the aryl hydrocarbon receptor (AhR) is increasingly recognized as an important 

regulator of CRC (13–16). AhR is a ligand activated bHLH transcription factor, capable of 

promiscuously recognizing small molecules ranging from environmental pollutants as well 

as dietary and gut microbiota derived tryptophan metabolites, thus acting as an 

environmental sensor that integrates exogenous environmental stimuli and host response. In 

the absence of dietary and/or microbial ligands, AhR remains bound to several chaperon 

proteins in the cytoplasm including heat shock proteins 90, p23 and immunophilin related 

protein XAP2. Upon ligand binding, cytosolic AhR translocates to the nucleus and forms a 

heterodimer with the AhR nuclear translocator (ARNT) protein, which then interacts with 

AhR response elements (AREs) with the core sequence 5’-TNGCGTG-3’ or 5’-

CACGCNA-3’ on the promoters of AhR target genes (17). Our lab and others have 
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previously demonstrated that AhR KO promotes colitis-associated colon cancer (14,16). 

However, the effect of AhR deletion targeted to the epithelium in a genetically susceptible 

colon tumorigenesis model has not been investigated to date. Therefore, we generated 

inducible and colon epithelial cell targeted ApcS580/+; KrasG12D/+ with or without AhR. In 

the context of mutant Apc and Kras, via activation of Wnt signaling to promote colon 

tumorigenesis, we identified a novel inhibitory role for the AhR and our results support 

targeting the AhR as a promising strategy for CRC chemoprevention and/or treatment.

Methods

Mice

Animals were housed under conventional conditions, adhering to the guidelines approved by 

the Institutional Animal Care and Use Committee at Texas A&M University. Lgr5-EGFP-

IRES-CreERT2, CDX2P-CreERT2, AhRf/f, KrasLSL G12D/+, and ApcS580/+ mouse strains have 

all been previously described. Specifically, Lgr5-EGFP-IRES-CreERT2 mice express EGFP 

and CreERT2 in crypt base columnar cells in the intestine under control of the Lgr5 promoter 

(18). CDX2P-CreERT2 mice express CreERT2 throughout the entire intestinal epithelium 

under the control of the CDX2 promoter (19,20). AhRf/f mice carry loxP sites bordering 

exon 2 of the AhR gene, with recombination resulting in generation of a premature stop 

codon at codon 29 (21). KrasLSL G12D/+ mice carry a latent point mutant Kras allele and Cre 

mediated recombination results in the expression of constitutively active KRas (22). In 

addition, ApcS580/+ mice carry loxP sites bordering exon 14 of the Apc gene, thus 

recombination results in an inactivating frame shift mutation at codon 580 (23). Mice were 

intraperitoneally injected with 2.5 mg of tamoxifen (Sigma, T5648) dissolved in corn oil (25 

mg/ml) once a day for four consecutive days. Mice were maintained on an AIN-76A semi-

purified diet (Research Diets, D12450B), fed ad libitum and housed on a 12 h light-dark 

cycle. For all experiments, littermate controls were cohoused with the knockout mice, unless 

specifically indicated.

For genotyping analyses, DNA was extracted from tails using DNeasy Blood and Tissue Kit 

(Qiagen, 69506). PCR was subsequently performed using the following primer sets: AhR 

(5’-CAGTGGGAATAAGGCAAGAGTGA-3’ and 5’- 

GGTACAAGTGCACATGCCTGC-3’), CDX2P-Cre (5’- 

GGACTTGAGCAGCTAGCTGTGCAACTT-3’ and 5’-

TGTCTCGTGCCTGGAATGACCTT-3’), Lgr5-EGFP (5’-

CACTGCATTCTAGTTGTGG-3’ and 5’- CGGTGCCCGCAGCGAG-3’), Kras-G12D (5’-

TGTCTTTCCCCAGCACAGT-3’, 5’-CTGCATAGTACGCTATACCCTGT-3’, and 5’-

GCAGGTCGAGGGACCTAATA-3’), and Apc (5’- 

GTTCTGTATCATGGAAAGATAGGTGGTC-3’ and 5’-

CACTCAAAACGCTTTTGAGGGTTGATTC-3’).

Colonic crypt and single cell isolation and cell sorting

Colonic crypt and single cell isolation were performed as previously described (16). Briefly, 

colons were isolated, washed with cold PBS without calcium and magnesium (PBS−/−), 

everted on a disposable blunt end needle (Instech Laboratories), and incubated in 15 mM 
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EDTA in PBS−/− at 37°C for 35 min. Subsequently, following transfer to chilled PBS−/−, 

crypts were mechanically separated from the connective tissue by rigorous vortexing. Crypt 

suspensions were then dissociated to individual cells with 0.25% Trypsin-EDTA containing 

200 U/ml DNase. Cell suspensions were subsequently filtered through a 40-μm mesh and 

GFP-expressing cells were collected. GFP positive cells were collected using a MoFlo 

Astrios Cell Sorter (Beckman Coulter) or Bio-Rad S3e Cell Sorter. Dead cells were 

excluded by staining with propidium iodide or 7-AAD. Sorted cells were collected in RNA 

lysis buffer (for RNA isolation) or crypt culture medium (for culturing).

Organoid cultures

Organoid culture from isolated cells was performed as previously described (16). Briefly, 

ISCs (GFFhigh), progenitor cells (GFPlow) or bulk colonocytes were centrifuged for 3 min at 

500xg, resuspended in the appropriate volume of crypt culture medium (100–250 cells μl−1), 

then seeded (500 cells for ISC or progenitor cells, 1500 cells for bulk colonocytes) onto 30 

μl Matrigel containing 1 μM Jagged-1 (Ana-Spec) in a flat bottom 24-well plate. Following 

Matrigel polymerization, cells were overlaid with 300 μl of crypt culture medium containing 

Advanced DMEM/F12 (Gibco) supplemented with 2 mM glutamax, penicillin/streptomycin, 

and 10 mM HEPES (ADF+), 50 ng ml−1 EGF (Life Technologies), 100 ng ml−1 Noggin 

(Peprotech), 10% R-spondin conditioned medium, 1 μM N-acetyl-l-cysteine (Sigma), 1X N2 

(Life Technologies), 1X B27 (Life Technologies) and 50% Wnt conditioned medium as 

described previously (24) supplemented with 10 μM Y-27632 (Sigma Y0503), 1 μM 

Jagged-1 and 2.5 μM CHIR99021 (Stemgent, 04–0004). Y-27632, Jagged-1 and CHIR99021 

were withdrawn from crypt culture medium 2 d after plating. In select experiments, colonic 

organoids were cultured in 50% WRN conditioned medium generated from L-WRN cells 

(ATCC, CRL-3276) and 10% FBS (WRN medium)(25). To measure organoid viability, 

CellTiter-Blue reagent (Promega) was used according to manufacturer’s instructions. For 

AhR-related treatments, DMSO or TCDD (10 nM) were added to cultures for 3 d. 

Fluorescence was measured on a CLARIOstar microplate reader. Cell cycle analysis of 

organoids was performed as previously described (16).

Gene recombination characterization

For assessment of AhR recombination in vitro, mouse organoids derived from sorted colonic 

stem cells were incubated with 10 nM TCDD for 1 d. Taqman assays were performed to 

examine the expression of AhR exon 2, and Cyp1a1 induction, a downstream biomarker of 

activated AhR. Recombination of ApcS580 and KrasLSL G12D was determined genetically by 

modifying a previously described multiplex PCR assay (26–28). PCR was performed using 

Hot-Start-Taq Blue Mastermix (Denville Scientific, CB4040–8) according to the 

manufacturer’s instructions for 35 cycles using the Apc and Kras primer sets: Apc (5’-

GTTCTGTATCATGGAAAGATAGGTGGTC-3′, 5’-

CACTCAAAACGCTTTTGAGGGTTGATTC −3′, and 5’-

GAGTACGGGGTCTCTGTCTCAGTGAA-3’), and Kras (5’- 

GTCTTTCCCCAGCACAGTGC-3’, 5’- GCAGCGTTACCTCTATCGTA-3’, and 5’- 

AGCTAGCCACCATGGCTTGAGTAAGTCTGCA-3′).
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Secondary murine organoid assay

For secondary organoid assays, organoids were pretreated with DMSO or 10 nM TCDD for 

2 d and then were dissociated for 8 min in 0.25% Trypsin-EDTA at 37°C. Cell suspensions 

were filtered through a 20-μm mesh, centrifuged for 3 min at 500xg, and resuspended in 

cold ADF+ medium. Live cell density was assessed and 2500 live cells were seeded into 30 

μl Matrigel in a flat bottom 24-well plate. Following Matrigel polymerization, cells were 

overlaid with 300 μl of crypt culture medium supplemented with 10 μM Y-27632, 1 μM 

Jagged-1 and 2.5 μM CHIR99021. Y-27632, Jagged-1 and CHIR99021 were withdrawn 

from crypt culture medium 2 d after plating. The crypt media was changed every 2 d. 

Organoids were quantified on day 5 of culture, unless otherwise specified.

Organoid conditioned media transfer experiments

HACKG colonic organoids were incubated with crypt culture medium (WREN) containing 

ADF+, EGF, LDN, R-Spondin, N2, B27, N-acetyl-l-cysteine, and Wnt conditioned medium 

or crypt culture medium without Wnt3a, R-Spondin1 and EGF (N) for 1 d at 37°C. The 

concentration of each component is annotated above. Supernatants were then transferred to 

culture passaged ACKG organoids. Fresh N medium was also used as a control. Organoids 

were imaged on day 4 of culture.

Tumor study

At 8 to 12 wks of age, male and female mice were administrated 100 mg/kg tamoxifen daily 

for 4 consecutive days. Mice were terminated 20 wk post last tamoxifen injection. Mice 

appearing severely moribund or with a body weight decreased by 20% relative to the highest 

body weight recorded during study were terminated. EdU was injected 2 h prior to 

termination to examine cell proliferation. On the day of euthanasia, the cecum and colon 

were harvested, colon lesions were measured, mapped, excised, routinely processed and 

paraffin embedded. Hematoxylin and eosin (H&E) stained sections were examined using 

light microscopy by a board-certified veterinary pathologist in a blinded manner. 

Histological lesions were categorized by predominant change. Specifically, early lesions 

exhibited mucosal hyperplasia. Mid-stage lesions included foci of adenomatous hyperplasia. 

Late stage lesions had progressed to adenocarcinoma of the colonic epithelium with invasion 

into the submucosa. Neoplastic cells were embedded in a proliferative fibrovascular stroma 

(see Supplemental Figure 3 for details). Tumor volume was calculated as length × width.

RNA isolation and quantitative real-time PCR

RNA isolation and integrity assessment was performed as previously described (16). Briefly, 

sorted cells or organoids were isolated using the Quick-RNA MicroPrep Kit (Zymo, R1050) 

and further processed using a DNA removal kit (DNA Free, Ambion, AM1906). RNA 

integrity was assessed on a Bioanalyzer 2100 (Agilent Technologies), quantified by 

Nanodrop and stored at −80°C. Real-time PCR was performed on a QuantStudio 3 System 

(Applied Biosystems) using TaqMan Universal PCR Master Mix (Applied Biosystems). 

Specific primer/probe mix for each gene was obtained from Applied Biosystems: AhR 

(Mm00478930_m1), Lgr5 (Mm00438890_m1), Cyp1a1 (Mm00487218_m1), Axin2 
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(Mm00443610_m1), FoxM1(Mm00514924_m1), Ccnd1 (Mm00432359_m1), and GAPDH 

(Mm99999915_g1).

Immunohistochemistry

In order to assess cell proliferation in the colon, mice were intraperitoneally injected with 

EdU 2 h prior to termination as previously described (29). Colonic cell proliferation was 

measured using the Click-IT EdU kit (Life Technologies, C10340). Antigen retrieval was 

performed by sub-boiling in 10 mmol/L sodium citrate (pH 6.0) for 20 min. Antibodies used 

were: mouse polyclonal antibody to β-catenin (BD, 610153) followed by Alexa-568 donkey 

anti-mouse secondary antibody (Life Technologies, A-10037), rabbit monoclonal antibody 

to non-phosphorylated β-catenin (Cell Signaling Technology, 8814S) followed by Alexa-555 

donkey anti-rabbit secondary antibody (Life Technologies, A31572), FITC conjugated 

mouse anti-E-catenin (BD, 612130). Prolong Gold antifade with DAPI (Life Technologies, 

P36935) was used to coverslip the slides. Images of colonic crypts were captured on a Leica 

DMi8 TCS SPE spectral confocal microscope. Images were processed using ImageJ 

software (ImageJ 1.51n version). For enumeration of immunohistochemical staining, 

approximately 40 crypts were assessed from at least three animals per treatment.

Western blotting

Cell lysates from organoids or colon tumor tissues were subjected to standard SDS-PAGE 

and Western blotting procedures using primary antibodies against β-catenin (1:2000, BD 

610154), non-phospho β-catenin (1:2000, 8814S, Cell Signaling Technology), pERK1/2 

(1:1000, 4370S, Cell Signaling Technology), ERK1/2 (1:1000, 9107S, Cell Signaling 

Technology), pAKT (1:1000, 4056S, Cell Signaling Technology), and AKT (1:1000, 2920S, 

Cell Signaling Technology). Secondary anti-mouse or rabbit conjugated to horseradish 

peroxidase or secondary StarBright Blue 700 goat anti-mouse IgG (Bio-Rad, #12004159) 

were used to detect primary antibodies. Signal was imaged with the Bio-Rad Chemidoc 

System and protein bands quantified using Image Lab 6.0 (Bio-Rad).

RNAseq analysis

Libraries for RNA sequencing were made using 250 ng of total RNA with the QuantSeq 3’ 

mRNA-Seq Library Prep Kit FWD for Illumina kit from Lexogen (Vienna, Austria) 

following manufacturer’s instructions. The molarity of each library was determined using 

the NEBNext Library Quant Kit for Illumina (NEB, Ipswich, MA) and the DNA High 

Sensitivity kit (Agilent, Santa Clara, CA). The libraries were then pooled in an equimolar 

fashion and sequenced on the NextSeq 500 for 75 bases, single end procedure. 

Demultiplexed reads from the sequencing runs were then mapped to the mouse genome 

(version GRCm38.94) using STAR (version 2.6.0) with default settings. The mapped reads 

were counted using HTSeq-count. Among 54,392 genes, we first filtered the genes that had 

a count of more than three for both groups in order to assess differential expression (DE). 

Subsequently, edgeR (software R package) was used to normalize the data and identify the 

DE genes. Data normalization was performed using the upper-quartile method to adjust for 

sequencing depth variation between samples. To determine the enrichment of intestinal stem 

cell signatures, or SANSOM APC Targets gene sets, unbiased gene set enrichment analysis 

was performed using Gene Set Enrichment Analysis (GSEA v3.0; http://
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www.broadinstitute.org/gsea) and normalized enrichment scores (NES) with FDRs were 

generated.

Data availability

The RNAseq data from this publication have been deposited in NCBI Sequence Read 

Archive with accession number PRJNA682633.

Statistics

Two-tailed Student’s t-tests were used for comparisons between two groups, unless 

otherwise specified. One-way ANOVA with Tukey’s multiple comparisons test were used 

for comparisons of more than 2 groups. Log-rank (Mantel-Cox) test was used for 

comparison of survival curves. All data are presented as mean ± SEM (standard error) and 

all analyses were conducted using Prism 8 statistical software (GraphPad Software, Inc.).

Results

Loss of AhR perturbs the functionality of colonic stem and progenitor cells.

In a previous study, we showed that AhR signaling regulates normal colonic stem and 

progenitor cell homeostasis (16), however, it remains to be determined if the effect is 

phenocopied in colonic stem and progenitor cells harboring ApcS580/+ and KrasG12D/+ 

mutations. To elucidate the role of AhR on a genetically induced CRC genetic background, 

we generated compound mutant mice carrying one floxed Apc allele (ApcS580, abbreviated 

as A) and a floxed, latently oncogenic allele of Kras (KrasLSL-G12D/+, abbreviated as K), 

with/without two alleles of AhR (AhRf/f, abbreviated as H). By crossing with CDX2P-

CreERT2 (abbreviated as C) mice and upon injection of tamoxifen, the entire distal ileum, 

cecum and colonic epithelium becomes tumorigenic (26). We found that additional AhR 

deletion promoted organoid forming efficiency and growth of unsorted (bulk) colonocytes 

from ACK mice 3 weeks post tamoxifen injection (Figure 1A–C). Since crypt stem cells are 

the cells-of-origin of intestinal cancer (30), we further characterized the effect of AhR KO 

on the colonic stem and progenitor cell populations with AK mutations. For this purpose, 

Lgr5-GFP-IRES-CreERT2 (abbreviated as G) reporter mice were crossed with our compound 

mutant mice. Flow cytometry was used to sort colonic stem cells (defined as GFPhi) and 

progenitor cells (defined as GFPlow) based on GFP fluorescence intensity. Consistent with 

the results from unsorted bulk colonocytes, AhR KO promoted enhanced stemness, as 

measured by organoid forming efficiency and organoid size of both sorted AK colonic stem 

and progenitor cells (Figure 1D–I). We also validated the genetic mutations from organoids 

derived from sorted colonic stem or progenitor cells from compound mutant mice 

(Supplemental Figure 1).

AhR signaling modulates the percentage of colonic stem cells.

Since deletion of AhR enhanced the clonogenic capacity of organoids derived from Apc and 

Kras mutant mice, we hypothesized that the increased clonogenic capacity of unsorted 

colonocytes could be explained by an alteration in the percentage of colonic stem cells. 

qPCR analysis of colonic stem cell marker genes revealed that AhR KO increased the 

expression of Lgr5, Ascl2 and Axin2, and AhR activation by TCDD (a high affinity AhR 
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ligand) decreased the expression of Lgr5 and Ascl2 (Figure 2A). In addition, consistent with 

our previous findings(16), the expression of FoxM1, a pivotal regulator of cell proliferation, 

was decreased upon ligand activation of the AhR (Figure 2B), and AhR KO increased 

FoxM1 and CCND1 expression, compared with AhR activation (Figure 2B&C). In addition, 

we consistently observed that AhR KO organoids expressed an enhanced GFP signal (Figure 

2D), indicating that AhR KO promoted the percentage of colonic stem cells, since GFP 

serves as a proxy biomarker of colonic stem cells. To further confirm this finding, secondary 

organoid forming efficiency, a proxy for measuring the percentage of colonic stem cells, was 

determined. We found that TCDD pretreatment decreased secondary organoid forming 

efficiency in the ACK, but not in the HACK group, compared to DMSO pretreatment 

(Figure 2E&F). In contrast, AhR KO promoted secondary organoid formation. In addition, 

TCDD pretreatment had no effect on organoid size in either ACK or HACK group (Figure 

2G), suggesting that the AhR activation effect was reversible. Moreover, RNAseq was 

performed using ACKG and HACKG organoids with or without TCDD treatment. Gene Set 

Enrichment Analysis (GSEA) revealed that an intestinal stem cell signature was enriched in 

DMSO treatment compared with TCDD treatment in ACKG organoids, and AhR KO group 

(HACKG) vs ACKG organoids (Figure 2H), suggesting that AhR signaling modulated the 

percentage of colonic stem cells. Immunohistochemical analysis of the colonic stem cell 

marker, GFP, revealed that AhR KO promoted the number of colonic stem cells per crypt 

(Figure 2I). Collectively, AhR activation by TCDD decreased the percentage of AK colonic 

stem cells, while AhR KO had the opposite effect.

AhR deficiency potentiates Wnt signaling.

Since Apc is a member of the core destruction complex of Wnt/β-catenin signaling, and 

oncogenic KrasG12D is constitutively activated, we assessed whether AK organoids could 

grow independently of exogenous Wnt3a, R-spondin 1 and EGF (WRE). By simply 

removing one or more of these niche factors, it is possible to determine whether intestinal 

epithelial cells and their growth dynamics are dependent on essential microenvironmental 

signals (31). Interestingly, wild type (WT, normal mouse with no Apc or Kras mutations) 

and ACKG organoids were not viable without WRE supplementation, while HACKG 

organoids exhibited normal growth independent of WRE (Figure 3A). We hypothesized that 

HACKG organoids may condition the media by producing soluble WRE growth factors in 

order to sustain their viability. To this end, we performed a conditioned culture medium 

transfer experiment. Although ACKG organoids exhibited normal growth in whole medium 

(designated as WREN), neither fresh medium without WRE (designated as N, noggin) nor N 

supernatant medium derived from HACKG organoids were capable of maintaining ACKG 

organoids, ruling out the contribution of an autocrine effect in HACKG organoids (Figure 

3B). Next, we assessed β-catenin, pERK1/2 and pAKT levels in organoids with and without 

WRE for 2 d, when ACKG and HACKG organoids exhibited a normal morphology. 

Consistent with the impact of AhR deletion on organoid growth, withdrawal of WRE 

decreased non-phosphorylated β-catenin (active β-catenin) and pERK1/2 levels in the 

ACKG group, while HACKG organoids were still able to maintain the activation status of β-

catenin even though pERK1/2 was significantly decreased (Figure 3C&D). The pAKT levels 

were not affected by withdrawal of WRE either in ACKG or HACKG organoids, and AhR 

KO significantly increased pAKT levels, but not total AKT (Figure 3C&D). Withdrawal of 
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WRE had no effect on total β-catenin or total ERK1/2 in HACKG organoids (Figure 3E&F). 

In addition, GSEA analysis of Wnt target genes confirmed that AhR activation suppressed 

Wnt signaling while AhR KO upregulated Wnt signaling in organoids with ApcS580/+; 

KrasG12D/+ mutations (Figure 3G). These data indicate that AhR loss potentiates Wnt 

signaling to enable AK organoids to grow independently of stem cell niche-derived factors.

AhR deletion promotes cell proliferation in vivo.

Since AhR KO potentiated Wnt signaling in organoids, we sought to determine whether 

AhR KO could directly modulate cell proliferation in vivo. For this purpose, our compound 

mutant mice were sacrificed 3 weeks after tamoxifen administration (Figure 4A). Strikingly, 

HACKG mice developed longer colonic crypts (Figure 4B&C). In addition, cell proliferation 

(marked by EdU+ cells), total and non-phosphorylated β-catenin levels were elevated 

following the deletion of AhR (Figure 4D–F, Supplemental Figure 2). To further determine 

how AhR status affected cell cycle phases, ACKG and HACKG organoids were cultured in 

WREN medium, and pulsed with EdU 1 h prior to harvest. Flow cytometric cell cycle 

analysis revealed that AhR KO significantly reduced the percentage of cells in G1 phase and 

increased the percentage of cells in S and G2/M phases (Figure 4G–H). These data confirm 

that AhR KO upregulated Wnt signaling to promote cell proliferation in vivo.

AhR KO promotes colon tumorigenesis in compound mutant Apc and Kras mice.

Considering that AhR KO dysregulated colonic stem cells and promoted Wnt signaling and 

cell proliferation, we assessed whether AhR modulated colon tumorigenesis in compound 

mutant Apc and Kras mice. For this purpose, mice were terminated 20 wks after tamoxifen 

administration (Figure 5A). HACK mice had significantly lower survival rates, compared to 

ACK mice (Figure 5B). In addition, increased spleen weight was observed in HACK mice 

(Supplemental Figure 3A), consistent with enhanced tumor-associated inflammation. 

Similarly, mouse colon length was elongated in compound mutant mice, compared with WT 

mice and AhR KO further increased colon length (Supplemental Figure 3B), consistent with 

the increased rates of cell proliferation. Since genetic mutations were targeted to the cecum 

and colon (CDX2P-CreERT2), we monitored tumor development at these sites. AhR KO 

enhanced the development of cecum tumors, and significantly increased cecum weights 

(Figure 5C&D). Pathology analysis of cecal tumors indicated that AhR KO preferentially 

increased the number of mid-stage cecum tumors and the proportion of tumors in mid-stage 

(Supplemental Figure 3C–E). Next, we measured the development of colon tumors. The 

number of colonic tumors exhibited an obvious location-based distribution, with the 

preponderance of larger tumors occurring in the proximal colon (Figure 5E&F). Specifically, 

AhR deletion robustly increased the number of tumors in the distal colon, with a tendency to 

increase tumor volume (Figure 5G&H). Several mice (5/14 in ACK, and 10/17 in HACK) 

developed very severe tumors in the proximal colon, and it was not feasible to accurately 

quantify the number of tumors in all of these mice. Instead, we quantified the percentage of 

involved surface area in the proximal colon occupied by tumors. AhR KO significantly 

increased the percentage of proximal colon occupied by tumors (Figure 5I). Pathological 

analysis of colon tumors indicated that AhR KO preferentially increased the number of mid-

stage colon tumors and had no effect on the proportion of tumors in each stage 

(Supplemental Figure 3F&G). Moreover, crypt length in the tumor uninvolved colon was 
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significantly longer in HACK mice, compared with ACK mice at 20 wks post tamoxifen 

(Figure 5J&K).

Analysis of β-catenin in tumor bearing mice revealed that non-phosphorylated β-catenin 

levels were significantly increased in colonic uninvolved regions in HACK mice compared 

with ACK mice (Figure 6A&B). AhR deletion promoted cell proliferation in uninvolved 

crypts 20 wks post tamoxifen injection, while the total β-catenin level remained unchanged 

(Supplemental Figure 4A–C). Moreover, non-phosphorylated β-catenin levels were also 

increased in tumors from HACK mice, even though total β-catenin levels were unchanged 

(Figure 6C&D, Supplemental Figure 4D&E). In particular, the number of tumor cells with 

nuclear β-catenin was much higher in HACK mice compared with ACK mice (Figure 6C 

and Supplemental Figure 4D). However, total β-catenin and cell proliferation were not 

altered in tumors upon comparison between ACK and HACK mice (Supplemental Figure 

4F). Interestingly, colonic cell proliferation (number of EdU+ cells) was not correlated with 

total β-catenin levels (Supplemental Figure 4G). We also analyzed the expression of β-

catenin and ERK1/2 proteins in proximal colon tumors and observed that non-

phosphorylated β-catenin levels were significantly higher in the HACK group while total β-

catenin, pERK1/2 or total ERK1/2 remained unaltered (Figure 6E–G). In addition, the 

growth of organoids derived from HACK proximal tumors was enhanced relative to ACK 

tumor organoids (Figure 6H). Interestingly, tumor derived organoids grown in medium 

without WRE supplementation lost the wildtype Apc allele possibly via loss of 

heterozygosity, although Kras was not affected (Supplemental Figure 4H&I). Collectively, 

our findings indicate that AhR KO upregulated Wnt signaling to promote colon 

tumorigenesis in a genetic colon tumor model.

Lgr5 haploinsufficiency attenuates AhR KO mediated colon tumorigenesis.

Next, we tested whether upregulated Wnt signaling is required to promote colon 

tumorigenesis following AhR KO. Lgr5, a leucine-rich repeat-containing G-protein coupled 

receptor for R-spondins, potentiates Wnt/β-catenin signaling upon R-spondin binding (32). 

The use of Lgr5-EGFP-IRES-CreERT2 reporter mice enabled us to trace intestinal stem cells. 

However, in this model one allele of endogenous Lgr5 is disrupted by introducing the 

knockin of eGFP, which potentially results in Lgr5 haploinsufficiency, affecting Wnt 

signaling. Therefore, we compared colonic Lgr5 expression in WT and Lgr5-EGFP reporter 

mice as well as tumorigenic ACK and ACKG mice and found that Lgr5-EGFP knockin 

significantly decreased the expression of Lgr5 in both comparisons (Figure 7A and 

Supplemental Figure 5A). The expression of other Wnt downstream targets, Ascl2 and 

Axin2, was also significantly decreased in ACKG compared with ACK mice (Figure 7A). 

Consistently, β-catenin levels were significantly decreased in colonic crypts from ACKG 

compared with ACK mice and abrogated the AhR KO changes in cell proliferation (Figure 

7B&C). Therefore, Lgr5-GFP knockin selectively downregulated Wnt/β-catenin signaling in 

the colon.

We also assessed the effect of Lgr5-haploinsufficiency in ACKG and HACKG mice carrying 

ApcS580/+; KrasG12D/+ mutations on cecal and colon tumorigenesis. Of note, we found that 

the knock-in of the Lgr5-GFP reporter remarkably reduced colon tumorigenesis in both 
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ACKG and HACKG mice and abrogated the AhR KO mediated phenotype with respect to 

mouse survival rate and cecum or colon tumor growth (Figure 7D–K). In addition, there was 

no significant difference in terms of spleen weight and colon length between ACKG and 

HACKG mice (Supplemental Figure 5B&C). Similarly, assessment of cecum and/or colon 

tumors indicated that dampened Wnt/β-catenin signaling abrogated the development of mid-

stage cecum and colon tumor growth mediated by AhR KO, even though the proportion of 

mid-stage cecum tumors was increased in HACKG mice, but not in colon tumors 

(Supplementary Figure 5D–G). However, decreased Wnt/β-catenin signaling did not affect 

crypt length, and elongated crypt length was still observed in HACKG mice (Figure 7L&M), 

which was consistent with the results from the 3 wk study (Figure 4C). IHC analysis for β-

catenin and cell proliferation in the colon was also performed. We found that total and non-

phosphorylated β-catenin level was comparable between uninvolved crypt regions in ACKG 

and HACKG mice, while AhR KO enhanced non-phosphorylated but not total β-catenin 

levels in colon tumors (Supplemental Figure 6A–I). Moreover, AhR KO increased cell 

proliferation in uninvolved crypt regions but had no effect on colon tumor mass 

(Supplemental Figure 6G&J). Collectively, these findings show that attenuated Wnt/ β-

catenin signaling, due to knockin of the Lgr5-GFP reporter allele, significantly reduced β-

catenin stability, and suppressed AhR KO mediated colon tumorigenesis, while having no 

effect on cell proliferation.

Discussion

To date, the modulatory role of AhR signaling on intestinal tumorigenesis is based on 

carcinogen-induced or colitis-associated colon tumor models (14,15,33,34). However, the 

ability of AhR to modulate oncogenic cues in genetically driven colon tumor models has not 

been well studied to date (13,35). In this study, we provide evidence that the tissue-specific 

loss of AhR signaling promotes Lgr5+ colonic stem and/or progenitor cell self-renewal, 

endows features of stemness (i.e., organoid forming capacity, cell proliferation), and 

enhances cecum and colon tumorigenesis by potentiating Wnt signaling in mice expressing 

intestinally targeted ApcS580/+ and KrasG12D/+ mutations. This is noteworthy, because Apc 

and Kras are the two commonly mutated genes associated with the initiation and early 

progression of human colorectal cancer. Suppression of Wnt signaling by targeting one 

allele of Lgr5 attenuated AhR KO mediated cecal and colon tumorigenesis.

Kawajiri et al reported that the global deletion of AhR could cooperatively promote cecal 

and small intestinal carcinogenesis in ApcMin/+ mice, due to upregulated Wnt signaling (13). 

They noted that AhR acted as a ligand-dependent E3 ubiquitin ligase of β-catenin, and AhR 

activation by diverse ligands such as 3MC, β-naphthoflavone (βNF) or IAA enhance the 

ubiquitylation and proteasomal degradation of β-catenin, thus downregulating Wnt signaling 

and suppressing intestinal tumorigenesis (13). In addition, as a parallel pathway of Wnt 

signaling regulation, AhR was shown to bind to the promoter of Znrf3 and increase Znrf3 

expression (34), which is a negative regulator of the Wnt Frizzled receptor. However, 

previously, our lab and another group did not find any observable difference in terms of β-

catenin expression and its downstream targets between WT and AhR KO colonocytes both 

in vivo and ex vivo in normal mice with no cancer (14,16). In contrast, in the genetically 

susceptible colon tumor model (ApcS580/+; KrasG12D/+), increased β-catenin levels were 
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observed in AhR KO (HACK) compared with ACK mice. This unexpected outcome 

suggests that the regulation of β-catenin by AhR is context dependent, i.e., normal versus 

malignant transformation conditions. The other possibility is that β-catenin is not a direct 

target of AhR. This is consistent with a recent study using human colon cancer cell lines, 

where AhR activation failed to recruit CUL4B or β-catenin to form the complex required for 

subsequent β-catenin degradation, consistent with the lack of an effect on Tcf4/β-catenin 

mediated transcriptional activity (36). In addition, following tissue specific AhR KO, we did 

not observe obvious β-catenin accumulation in the nucleus in normal crypts in the absence 

of colon cancer (16). It is likely that the AhR affects other signaling pathways that can 

crosstalk with Wnt signaling in the context of tumorigenesis. Therefore, the association 

between AhR and β-catenin warrants further experimentation.

Another important observation in our study is that Lgr5-GFP reporter mice significantly 

attenuated AhR KO mediated colon tumorigenesis, due to the haploinsufficiency of Lgr5 in 

the Lgr5-GFP reporter background. Lgr5 is an orphan G-protein coupled receptor and 

constitutes the receptor for R-spondin (37). Upon R-spondin binding, Lgr5 interacts and 

forms a supercomplex with Rnf43/Znrf3, which antagonizes Wnt signaling by targeting 

Frizzled receptors for degradation and subsequent co-internalization (38). The Lgr5 

expression level was decreased by ~60–70% in Lgr5-GFP knockin mice, compared with 

control mice. Interestingly, Lgr5 haploinsufficiency did not result in any difference in crypt 

morphology or cell proliferation, but significantly reduced β-catenin levels and colon 

tumorigenesis. This observation is consistent with the “just right” theory of Wnt signaling in 

driving malignant transformation, in which an optimal level of Wnt signaling is required for 

colon tumorigenesis (39). Extensive studies have shown that mutant Apc and Kras 

synergistically potentiate Wnt signaling in the intestine (40–43), which is consistent with our 

studies that ApcS580/+ alone was not enough to induce colon tumorigenesis (data not shown). 

In addition, it is possible that other cell signaling Lgr5-dependent functions may be involved 

in the reduced of cecum/colon tumorigenesis in HACKG mice.

We present evidence demonstrating that intestinal targeted ablation of AhR signaling in 

colonic epithelial cells further stabilized and increased β-catenin levels, thus enhancing 

tumor burden in mice carrying compound ApcS580/+; KrasG12D/+ mutations. Considering the 

relatively low tumor burden and the importance of Wnt signaling in tumor development, it is 

likely that the Wnt signaling levels were just above the threshold required for tumorigenesis 

in ApcS580/+; KrasG12D/+ mice, and a further increase in Wnt signaling by AhR deletion 

could therefore functionally promote cecal and colon tumorigenesis. Interestingly, the 

majority of tumors in ApcS580/+; KrasG12D/+ mice with or without AhR were early or mid-

stage, and very few underwent metastasis, which was consistent with a recent study (44), 

indicating that further transformation of tumors requires additional mutational hits, such as 

p53 and SMAD4 (45). Interestingly, LOH of wildtype Apc was detected in most large 

proximal colon tumors (diameter >5mm), which is consistent with a previous study (40). We 

also examined cecal tumor development in our mouse model. It has been previously reported 

that the Wnt signaling level is lowest in the cecum, compared with small intestine and colon, 

and Wnt signaling strength for polyp initiation is relatively low in the cecum (39). Thus, 

when Wnt signaling becomes a limiting factor to initiate adenoma growth, it should have the 

greatest impact on tumor burden in the cecum, which is exactly what we observed. 
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Consistent with this finding, we propose that Lgr5 haploinsufficiency titrates Wnt signaling 

below the threshold required for tumor growth. Hence, dampened Wnt signaling due to Lgr5 

haploinsufficiency significantly decreased tumorigenesis in the cecum and colon and 

attenuated the effect of AhR KO.

Loss of AhR has been shown to promote cell proliferation both at basal homeostasis, 

following mucosal wounding and during carcinogen-induced tumor initiation (16). We 

recently demonstrated that the upregulation of FoxM1 signaling was at least partly 

responsible for the accelerated cell proliferation at basal and DSS-induced injury states, 

while Wnt signaling was not altered by AhR signaling under steady conditions (16). 

However, upregulated Wnt signaling and FoxM1 signaling could co-modulate cell 

proliferation following AhR deletion during the tumor initiation state. This suggests that 

under different cellular contexts, AhR signaling may differentially impact networks driving 

cell proliferation.

Currently no loss-of-function related AhR mutations or causal effects of AhR SNPs alone 

have been linked to CRC risk. Instead, recent studies suggest that AhR ligand availability 

and its expression level contribute to its signaling strength and duration. The expression of 

AhR is upregulated in CRC, compared with normal tissue based on The Cancer Genome 

Atlas (TCGA) database (https://xenabrowser.net/). However, reduced CYP1A1 and CYP1B1 

expression levels were detected in colon cancer, compared with normal tissue, implying that 

AhR signaling is impaired in CRC patients. In addition, depletion of AhR ligand availability 

promoted carcinogen induced or colitis-associated colon tumorigenesis in mice (15). It is 

also increasingly appreciated that gut dysbiosis plays an important role in the pathogenesis 

of colorectal cancer (46). However, it remains to be determined whether gut dysbiosis 

impairs the production of AhR ligands, and thus AhR activation in CRC individuals. 

Interestingly, impaired production of AhR ligands has been observed in patients with 

inflammatory bowel diseases (47–49), which are a risk factor for promoting CRC 

progression. Thus, it is possible that the increased AhR expression associated with colonic 

tumors represents a compensatory response to the diminished availability of AhR ligands. In 

future studies, it will be interesting to determine whether restoration of AhR ligand 

producing microbiota or dietary intervention can attenuate CRC incidence and progression.

In summary, emerging studies have shown that AhR signaling plays a protective role in 

carcinogen-induced colon cancer, colitis-associated colon tumorigenesis and ApcMin/+ 

mouse models. Our findings broaden and redefine the phenotypic features of colonic 

epithelial cell specific AhR deletion in mice carrying ApcS580/+ and KrasG12D/+ mutations, 

which are commonly mutated in humans during early phase adenoma development. Findings 

from the current study suggest that AhR signaling plays an important role in intestinal 

tumorigenesis, and therefore could be a promising therapeutic target for colon cancer 

prevention and/or treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Implications:

Our findings reveal that AhR signaling plays a protective role in genetically induced 

colon tumorigenesis at least by suppressing Wnt signaling and provides rationale for the 

AhR as a therapeutic target for cancer prevention and treatment.
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Figure 1. 
AhR KO promotes organoid growth harboring mutant Apc and Kras. (A) Representative 

brightfield images of organoids generated from individual bulk colonocytes isolated from 3 

wk post tamoxifen treated ACK (ApcS580/+; KrasG12D/+; CDX2P-CreERT2) and HACK mice 

(AhRf/f; ApcS580/+; KrasG12D/+; CDX2P-CreERT2). Scale bar, 200 μm. (B-C) Quantification 

of organoid number and size at day 5 after plating, n=8 biological replicates per group from 

two mice, 2 independent experiments. (D) Representative brightfield images of organoids 

generated from sorted GFPhi stem cells isolated from 3 wk post tamoxifen treated ACKG 

(ApcS580/+; KrasG12D/+; CDX2P-CreERT2; Lgr5-GFP- CreERT2) and HACKG mice (AhRf/f; 

ApcS580/+; KrasG12D/+; CDX2P-CreERT2; Lgr5-GFP- CreERT2). Scale bar, 200 μm. (E-F) 

Quantification of organoid forming efficiency and size at day 5 after plating, n=4 or 8 

biological replicates per group from one or two mice, 3 independent experiments. (G) 

Representative brightfield images of organoids generated from sorted GFPlow progenitor 

cells isolated from tamoxifen treated ACKG and HACKG mice. Scale bar, 200 μm. (H-I) 

Quantification of organoid forming efficiency and size at day 5 after plating, n=4 or 8 

biological replicates per group from one or two mice, 3 independent experiments. *p<0.05, 

**p<0.01, ****p<0.0001.
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Figure 2. 
Deletion of AhR promotes colonic stem cell expansion. (A) mRNA expression of mouse 

colonic stem cell markers Lgr5 and Axin2 following exposure to 10 nM TCDD (AhR 

agonist) or DMSO (control) in organoids, n=4–6 mice per group. (B-C) mRNA expression 

of FoxM1 and CCND1 in organoids, n=5–6 mice per group. (D) Representative images of 

GFP+ organoids from sorted GFPhi stem cells. Scale bar, 50 μm. (E) Secondary organoid 

growth from ACK and HACK organoids pre-treated with DMSO or 10 nM TCDD. Scale 

bar, 200 μm. (F-G) Quantification of secondary organoid number and size at day 5 after 

plating, n=5 or 8 biological replicates per group from two mice. (H) Gene set enrichment 

plots of INTESTINAL STEM CELL between DMSO and TCDD treatment for 1 d in ACKG 

organoids or between WT (ACKG) and KO (HACKG) following TCDD treatment for 1 d, 

n=5 mice per group, n=5 mice per group. (I) Representative immunohistochemistry and box 

plots of GFP+ stem cells per crypt from 3 wk post tamoxifen treated ACKG and HACKG 
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mice, n=79–94 GFP+ crypts from 5 mice per group. Scale 50 μm. *p<0.05, **p<0.01, 

****p<0.0001.
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Figure 3. 
AhR deletion potentiates Wnt signaling. (A) Representative brightfield images of organoids 

with indicated genotypes grown for 4 d in medium without Wnt3a, R-spondin1, and EGF 

(N). Scale bar, 200 μm. (B) Representative brightfield images of ACKG organoids grown for 

4 d in the indicated media. Scale bar, 200 μm. (C-D) Immunoblot analysis for non-

phosphorylated (active) β-catenin, pERK1/2, pAKT, and AKT protein in organoids derived 

from 3 wk post tamoxifen treated mice, n=3–7 mice per group. (E-F) Immunoblot analysis 

for total β-catenin and ERK1/2 protein in organoids derived from 3 wk post tamoxifen 

treated mice, n=3–7 mice per group. (G) Gene set enrichment plots of 

SANSOM_APC_TARGETS between DMSO and TCDD treatment for 1 d in ACKG 

organoids or between WT (ACKG) and KO (HACKG) following TCDD treatment for 1 d, 

n=5 mice per group. *p<0.05, **p<0.01, ****p<0.0001.
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Figure 4. 
Effect of AhR deficiency on mouse colonic crypt-related phenotypes. (A) Schematic 

regimen for the 3 wk study period examining cell proliferation. (B) H&E staining of 

representative colon sections from ACKG and HACKG mice. Scale bar, 50 μm. (C) 

Quantification of colon crypt length in ACKG and HACKG mice, n=4 mice per group. (D) 

Representative images of total β-catenin and cell proliferation marked by EdU+ in the distal 

colon of ACKG and HACKG mice. Blue, DAPI; Green, E-cadherin; Red, β-catenin; and 

Gray, EdU. Scale bar, 50 μm. (E) Quantification of EdU+ cells per crypt and (F) mean 

fluorescence intensity (MFI) of β-catenin per crypt, n=4 mice per group. (G-H) Cell cycle 

analysis comparing ACKG and HACKG organoids, n=3 mice per group. *p<0.05, **p<0.01, 

****p<0.0001.
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Figure 5. 
AhR KO promotes colorectal tumor growth in ApcS580/+; KrasG2D/+; CDX2P-CreERT2 

(ACK) mice. (A) Schematic regimen for the induction of colon tumorigenesis in a 

genetically susceptible mouse model. At 8~10 wk of age, inducible ACK (n=16) and HACK 

(n=23) mice were administrated tamoxifen for 4 consecutive days to induce gene mutations. 

Mice were terminated 20 wk after the final tamoxifen injection. (B) Kaplan-Meier survival 

plot indicating percentage survival over a 20 wk period, WT (no mutations, n=29), ACK 

(n=16), and HACK (n=23). (C-D) Cecum tumor growth in ACK versus HACK mice, n=9–

14 mice per group. Scale bar, 4 mm. (E) Representative colons from ACK and HACK mice 

20 wk post final tamoxifen injection. (F) H&E staining of representative Swiss roll colon 

sections. Scale bar, 3 mm. (G) Quantification of the number of tumors and (H) tumor size in 
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the distal colon, n=14–17 mice per group. (I) Quantification of tumor coverage in the 

proximal colon, n=14–17 mice per group. (J) H&E staining of representative colon 

uninvolved tissue sections. Scale bar, 50 μm. (K) Quantification of crypt length in the colon, 

n=4 mice per group. *p<0.05, **p<0.01, ****p<0.0001.
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Figure 6. 
Loss of AhR upregulates Wnt signaling in ACK mice. (A) Representative 

immunohistochemistry of non-phosphorylated (active) β-catenin in tumor uninvolved 

tissues. Scale 50 μm. (B) Quantification of MFI of non-phosphorylated β-catenin in lower 

crypt regions, n=128–180 crypts from 4–6 mice per group. (C) Representative 

immunohistochemistry of non-phosphorylated (active) β-catenin in colonic tumor tissues. 

Scale 50 μm. (D) Quantification of MFI of non-phosphorylated β-catenin per field, n=24–45 

fields from 3–5 mice per group. (E-F) Representative immunoblots for non-phosphorylated 

β-catenin (active β-catenin) and total β-catenin in proximal colon tumors from n=9–10 mice. 

(G) Representative immunoblots for ERK1/2 in proximal colon tumors from n=9–10 mice. 
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(H) Representative brightfield images of organoids generated from proximal colon tumors. 

Scale bar, 200 μm. *p<0.05, **p<0.01, ****p<0.0001.
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Figure 7. 
Lgr5 haploinsufficiency attenuates Wnt signaling and colon tumorigenesis in AhR KO mice. 

(A) mRNA expression of Wnt target genes, Lgr5, Ascl2 and Axin2 in organoids. Lgr5-GFP 

knock-in generates Lgr5 haploinsufficiency, n=4 from 2 mice per group. (B-C) Lgr5-GFP 

knock-in reduces total β-catenin levels but has no effect on cell proliferation in colonic 

crypts. Blue, DAPI; Red, β-catenin; and Gray, EdU. Scale bar, 50 μm. (D) Kaplan-Meier 

plot of percentage survival over a 20 wk period. At 8~10 wk of age, inducible ACKG (n=10) 

and HACKG (n=15) mice were administrated tamoxifen for 4 consecutive days to induce 

gene mutations. Mice were terminated 20 wk after the final tamoxifen injection. (E) Cecum 

tumor growth from ACKG and HACKG mice, n=4 or 11 mice per group. Scale bar, 3 mm. 

(F) Representative colon images from ACKG and HACKG mice 20 wk after the final 
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tamoxifen injection. (G) H&E staining of representative entire colon sections. Scale bar, 3 

mm. (H) Quantification of the number of tumors and (I) tumor size in the distal colon, n=8–

12 mice per group. (J-K) Quantification of tumor growth in the proximal colon, n=8–12 

mice per group. (L) H&E staining of representative colon uninvolved tissue sections. Scale 

bar, 50 μm. (M) Quantification of crypt length in colon, n=4 mice per group. *p<0.05, 

**p<0.01, ****p<0.0001; n.s, not significant.
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