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Abstract
The aryl hydrocarbon receptor (AHR) is an environmental sensor that integrates microbial and dietary
cues to in�uence physiological processes within the intestinal microenvironment, protecting against
colitis and colitis-associated colorectal cancer development. Rapid tissue regeneration upon injury is
important for the reinstatement of barrier integrity and its dysregulation promotes malignant
transformation. Here we show that AHR is important for the termination of the regenerative response and
the reacquisition of mature epithelial cell identity post injury in vivo and in organoid cultures in vitro.
Using an integrative multi-omics approach in colon organoids, we show that AHR is required for timely
termination of the regenerative response through direct regulation of transcription factors involved in
epithelial cell differentiation as well as restriction of chromatin accessibility to regeneration-associated
Yap/Tead transcriptional targets. Safeguarding a regulated regenerative response places AHR at a pivotal
position in the delicate balance between controlled regeneration and malignant transformation.

*As a note, Kathleen Shah and Muralidhara Rao Maradana are joint �rst authors.

Introduction
The epithelium of the gastrointestinal tract has a remarkable ability for self-renewal, which results in
replenishment of epithelial cells from intestinal stem cells (ISC) every 3–4 days. Recent studies have
shown that even mature epithelial cells possess extensive plasticity which allows them to e�ciently
regenerate following intestinal injury [1–6]. Following DSS-induced damage in the colon, this process
involves dedifferentiation and reprogramming of committed epithelial cells back into a fetal-like state,
orchestrated by changes to the extracellular matrix (ECM) and activation of the mechano-sensing
transcriptional activators Yap and Taz [1]. Dysregulation of the pathways involved in tissue repair and
differentiation underlies in�ammatory disorders of the gastrointestinal tract and the susceptibility to
malignant transformation [2, 3].

The increase in in�ammatory disorders of the gastrointestinal tract over the last 50 years suggests that
environmental factors have a major role in triggering or exacerbating such diseases [7] but on the other
hand environmental factors also shape physiological processes in the gut. Our focus as a molecular
entry point for environmental factors is the aryl hydrocarbon receptor (AHR). AHR is a ligand activated
transcription factor that upon ligand binding translocates from the cytoplasm to the nucleus where it
dimerises with its co-factor ARNT to enable binding to DNA. Initially studied as the conduit for toxic
effects of man-made pollutants such as dioxin, it has become clear in the last 10 years that AHR
responds to endogenous ligands derived from dietary and microbiota metabolites and affects numerous
physiological processes in the body [8]. De�ciency in AHR or alterations in the AHR pathway are
associated with increased in�ammatory responses particularly in the gut environment [9] and AHR
de�cient mice are highly susceptible to gut infections [10] or epithelial damage in�icted by dextran
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sulfate sodium (DSS), a mouse colitis model [11, 12]. So far, most of the studies on AHR functions in the
gut have focussed on immune cell types, where it is involved in the maintenance of innate lymphoid cells
(ILC3) or intraepithelial lymphocytes [13–15] as well as in expression of the cytokine IL-22 which plays an
important role in barrier defence [10, 16–18]. However, using mice with epithelial-speci�c AHR deletion,
we have previously shown that AHR also plays a cell intrinsic role in intestinal epithelial cells (IEC).
Absence of AHR in IEC dysregulates intestinal stem cell differentiation and impacts transcriptional
activation of Znrf3 and Rnf43 which are negative regulators of the Wnt pathway, causing exaggerated
activation of Wnt signalling in intestinal stem cells in a DSS/AOM colon cancer model [19].

In the present study, we investigated AHR dependent events following acute injury to the epithelial barrier
and show that AHR is a key determinant for the resolution of the regenerative response. Tissue damage
caused by dextran sulphate sodium (DSS) colitis model leads to transient reprogramming of the
intestinal epithelium to a ‘fetal-like’ state, characterised by the expression of stem cells antigen-1 (Sca-1),
in a YAP1- dependent manner in mice. We provide evidence for AHR involvement in the resolution of this
program in an epithelial-intrinsic manner using Vil-cre AHR�/� mice. Loss of AHR caused failure to
terminate the regeneration program with persistent Sca-1 expression and impaired reacquisition of a
mature epithelial cell identity. In order to decipher the mechanisms underlying AHR mediated effects in
epithelial regeneration, we generated colon organoid cultures which recapitulate aspects of epithelial
injury and regeneration [20, 21]. Integration of RNAseq, ChiPseq and ATACseq datasets comparing
wildtype and AHR de�cient organoids were used to gain insight into regeneration and differentiation
pathways affected by loss of AHR. We show that AHR is required to restrict chromatin accessibility to
regeneration-associated genes such as Yap1/Tead and associated factors. Furthermore, AHR functions
as transcriptional repressor for proto-oncogenes such as Sox9 and Myc, thereby terminating the repair
response and allowing the switch to differentiation. Conversely, AHR acted as transcriptional activator for
key factors in the speci�cation of intestinal epithelial cell fate, such as Cdx2, facilitating the e�cient and
timely differentiation of cells post regeneration. Without AHR, this process was defective, leading to a
prolonged regenerative program at the expense of differentiation, a scenario that may underlie the
increased risk of colorectal cancer initiation in AHR de�cient mice [19, 22].

Thus, AHR is a key factor driving the re-establishment of intestinal identity upon exit from the
regenerative program. Physiological AHR activation by endogenous ligands such as dietary or microbiota
metabolites safeguards e�cient barrier reconstitution following injury, emphasising that important
regenerative processes in the gut are in�uenced by environmental signals that are to some extent under
our control.

Results
Loss of AHR delays termination of the regenerative response following acute colonic injury

To clarify the role of AHR in epithelial cell maintenance under steady-state conditions, we compared the
number of mature epithelial subsets and proliferating cells between Vil-cre AHR�/� mice and their wildtype
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littermate controls. Epithelial-intrinsic loss of AHR at steady state did not impact the differentiation of
colonic epithelial subsets, nor result in hyperproliferation (Supplemental Fig.S1), suggesting that AHR
regulation of this process is dispensable, at least under the steady state conditions within our animal
facility. The protective roles of AHR in epithelial barrier function have largely been demonstrated in the
context of barrier perturbation by infection or following injury with DSS [10, 12, 16, 19, 22], indicating that
AHR may have a prominent role in the reacquisition of colonic epithelial homeostasis post-injury; a
process whose dysregulation could render epithelial cells susceptible to malignant transformation [2, 3].
To investigate the epithelial-intrinsic role for AHR during tissue regeneration, we characterized the
response of Vil-cre AHR�/� and littermate-controls to an acute model of colonic epithelial injury (2% DSS)
for 5 days. 

 

Expression of the regenerative marker Sca-1 was evident in injured epithelial cells as early as day 4 post-
DSS administration (Fig.1A) in line with previous reports [1]. Furthermore, epithelial cells within these
regenerative foci exhibited marked tissue hyperplasia, alterations to crypt morphology and mucosal
thickening characteristic of an epithelial wound repair response (Fig.1B). This was accompanied by a
loss of differentiated cells such as mucus secreting goblet cells (Fig. 1C). In both WT and Vil-cre
AHR�/� mice, peak epithelial Sca-1 expression was observed at day 12 post-DSS administration, with
epithelial cells in Vil-cre AHR�/� having signi�cantly higher Sca-1 expression compared to WT littermates
(Fig.1D). By day 21, regenerative foci were resolved in WT control mice but persisted in Vil-cre AHR�/�

mice even at D30 post-injury. This was accompanied by the persistent reduction of markers expressed by
mature epithelial cells such as Muc2 and Krt20 (Fig.1E), indicating that an epithelial-intrinsic loss in AHR
activity results in an impaired termination of the regenerative response. 

 

Transcriptional pro�le of AHR de�cient colon organoids recapitulates defective termination of the
regenerative response 

Intestinal organoid formation mimics the regenerative response in vivo, and similarly requires transient
Yap1 activation [21]. To gain a deeper understanding of epithelial defects resulting from AHR loss of
function, we compared transcriptome pro�les of wildtype and AHR-de�cient colon organoids grown under
regenerative (WENR, Wnt3a supplementation) or differentiating conditions (d4 ENR, 4 days post-Wnt3a
withdrawal (Supplemental Fig. 2A). 

 

In both conditions, AHR KO organoids showed a pronounced alteration in their transcriptional pro�le in
comparison to WT organoids. The number of differentially expressed genes (DEGs) were signi�cantly
higher in the d4 ENR conditions ( 2055, ¯ 1967 DEGs) than WENR conditions (  622, ¯ 295 DEGs). Notably,
50-60% of DEGs identi�ed in the WENR condition remained altered in the d4 ENR condition with many of
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these genes involved in processes such as cell migration/adhesion and metabolism (Supplemental
Fig.S2B). Hallmark gene set enrichment analysis (GSEA) of DEGs identi�ed in AHR KO vs WT organoid
grown under WENR conditions showed a modest enrichment for pathways involved in wound repair and
epithelial mesenchymal transition (EMT), coagulation or STAT-signalling (Fig. 2A). In contrast d4
ENR AHR KO organoids  showed pronounced changes in several pathways (Fig. 2B). Pathways known to
be enriched in mature colonic epithelium such as fatty-acid metabolism, peroxisome function, bile acid
metabolism were negatively enriched in AHR KO epithelial cells, whereas pathways associated with
stemness and injury/regeneration such as those involving Myc and E2F signalling (proliferation
processes), unfolded protein response (ER stress) and epithelial-mesenchymal transition (EMT) were
positively enriched (Fig. 2B). These �ndings highlight AHR involvement in the resolution of the
regenerative program and acquisition of mature epithelial identity.

 

In order to identify regulatory networks in�uenced by AHR signalling that could account for these
changes, we used the IPA Ingenuity software to pinpoint upstream transcriptional regulators predicted to
be activated or inhibited in AHR KO organoids in either WENR or d4 ENR conditions. In WENR AHR KO
organoids, genes regulated by tumor-suppressor p53 and b-catenin were found to be moderately enriched
(positive z-score) (Fig. 2C; Supplemental table 1). In d4 ENR conditions, Yap1, along with other proto-
oncogenes genes such as Myc, b-catenin and Foxm1, were predicted to be activated upstream of genes
upregulated in AHR KO compared to WT organoids (Fig. 2C). In contrast, downregulated genes were
identi�ed as targets of key TFs involved in intestinal epithelial differentiation such as
Cdx2, Hnf1a and Hnf4a (negative z-score) (Fig. 2C; Supplemental table 2). Yap1 is required for colonic
epithelial regeneration both in vivo and in vitro, and its activation results in the transient acquisition of a
“fetal-like” transcriptional signature which resolves upon exit from the regenerative program. Through
comparison of  our d4 ENR data to published datasets generated from fetal-spheroids or mature adult
organoids [23] we found that the gene signature in d4 ENR AHR KO organoids bore more similarity to a
fetal-spheroid signature (Fig. 2D) whereas the WT organoids exhibited a signature more similar to mature
adult organoids (Fig. 2E) further illustrating the failure of AHR KO organoids to terminate the regenerative
program.

 

Yap/fetal-like regenerative signature is retained in d4 ENR AHR KO organoids 

AHR KO organoids grown in d4 ENR conditions also showed enrichment for a conserved Yap1 signature,
expressing higher levels of canonical Yap1 transcriptional targets such as Ctgf and Cyr61 alongside other
fetal-like markers associated with colonic epithelial regeneration compared to WT organoids (Fig.3A, B).
This corresponded with higher surface expression of Sca-1 compared to WT organoids (Supplemental
Fig.S2C). WNT signaling is required for the initiation of the Yap-dependent regenerative program [1, 24,
25]. In line with the role of AHR in restricting Wnt function, AHR KO organoids also showed
increased expression of some canonical WNT targets such as, Lgr5 and Ascl2 and Wnt/Yap1 target Sox9
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(Fig.3C). To determine whether the expression of Yap1 target genes can be reversed by AHR-signaling, we
stimulated WT and AHR KO organoids with the high a�nity ligand FICZ under WENR conditions. FICZ-
stimulation under regenerative conditions caused the downregulation of Sca-1 (Fig. 3D) and Yap1 targets
in an AHR-dependent manner (Fig. 3E). Extracellular matrix (ECM) components are key factors that
regulate the wound repair process [1]. Yap1 functions as a mechano-sensor, and upon tissue damage
increased deposition of Collagen I within the wound bed and consequently ECM-stiffness, leads to Yap
activation in a Wnt and FAK/Src dependent manner. To test whether AHR KO organoids are more sensitive
to mechano-activation, we grew cells in a matrix enriched for collagen I (60% collagen+ 40% Matrigel).
 WT and AHR KO organoids grown in d4 ENR conditions responded to mechanical stress by upregulation
of Yap targets (i.e. Ctgf) at the expense of differentiation markers (i.e. Slc26a3) (Fig.3F). Notably, WT
organoids grown in 60% collagen expressed these genes at levels similar to AHR KO organoids grown in
0% collagen which may indicate altered mechano-sensing in the absence of AHR. These changes were
reversible in WT organoids upon activation of AHR-signaling with AHR agonist FICZ. Thus, loss of AHR
signaling impaired termination of the regenerative state, characterized by sustained expression of YAP
targets in differentiating conditions and that Yap1-mediated transcriptional regulation can be reversed
upon activation of AHR signaling.

 

Loss of AHR causes prolonged chromatin accessibility to YAP/TEAD targets 

AHR activation following FICZ-stimulation resulted in the downregulation of canonical Yap1 targets,
suggesting a direct role for AHR in antagonizing Yap/Tead-dependent transcriptional activity. However,
our RNA-seq analysis of AHR KO organoids in both WENR and d4 ENR state did not reveal changes in the
expression of known regulators of Yap1 transcriptional activity, and total Yap1 protein levels were largely
comparable with WT levels at d4 ENR (data not shown). Given that global re-wiring of transcriptional
networks during intestinal organoid differentiation is preceded and accompanied by mass remodelling of
the epigenome [26], we questioned whether AHR might antagonize Yap/Tead-mediated transcriptional
activity through regulating chromatin accessibility to target genes. To address this, we compared ATAC-
seq datasets generated from WT and AHR KO organoids grown in either WENR or d4 ENR conditions and
characterized global changes in chromatin accessibility as cells transitioned from a regenerative to a
differentiated state. We found that the epigenetic landscape of organoids grown in WENR conditions was
comprised of largely open chromatin, whereas that accessibility declined under differentiating, d4 ENR
conditions [27] (Supplemental Fig.S3A). Differentially accessible regions between AHR KO and WT
organoids grown in d4 ENR conditions ( 1829, ¯415; Fig.4A) or WENR conditions ( 453, ¯723; Supplemental
Fig.S3C) were primarily located in intronic and intergenic regions, suggesting that AHR may in�uence
chromatin accessibility at distal enhancers (Supplemental Fig.S3B). Next, we integrated the d4 ENR
ATAC-seq data (AHR KO vs. WT) with RNA-seq data generated from d4 ENR organoids (AHR KO vs. WT)
to evaluate whether changes in accessibility correspond with the altered transcriptional pro�le of AHR KO
organoids. Out of differentially accessible genes identi�ed in AHR KO organoids, 22.48% corresponded
with transcriptional changes observed in the RNA-seq data (Fig 4B; Supplemental table 3). Gene ontology
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analysis of targets identi�ed to overlap between both datasets pinpointed pathways affected by loss of
AHR function, corresponding with changes in chromatin accessibility in d4 ENR organoids (Fig 4B).
Genes annotated to differentially accessible peaks overlapping with d4 ENR RNA-seq data were involved
in pathways associated with cell motility, migration and tissue morphogenesis – pathways that are
highly regulated by Yap/Tead transcription factor (TF) activity [28-30]. Indeed, we found that several
Yap/Tead targets such as (e.g. Ctgf, Cyr61, Amotl2) and fetal-like genes (e.g. Clu, Tacstd2, Ly6a/Sca-1)
fell into this category of overlapping genes, with signi�cantly increased accessibility in differentiating
AHR KO organoids (Fig.4C). This corresponded with the higher expression of these genes in d4 ENR
conditions in comparison to WT controls (Fig.3B). In contrast, genes involved with cellular differentiation
such as Slc26a3, Muc2, ChgA did not exhibit differences in chromatin accessibility compared to WT
controls (Supplemental Fig.S3D).  Thus, AHR may antagonize Yap1 transcriptional activity by restricting
accessibility of its co-activator Tead to target genes.

 

To test this hypothesis, we used TOBIAS, a transcription factor (TF) footprinting tool [31] to predict
differential TF occupancy on the genome of AHR KO vs WT organoids as they transitioned from WENR to
d4 ENR conditions. In both WT and AHR KO organoids, the differential binding score/transcriptional
footprint for Ap-1 and Tead, which drive chromatin opening and Yap1-mediated transcription, was notably
decreased, whereas pro-differentiation TFs Hnf4a and Rxra, had an increased transcriptional footprint in
d4 ENR organoids (Supplemental Fig.S4A; Supplemental table 4). While both WT and AHR KO organoids
seemed to initially share predicted differential binding of TFs during WENR to d4 ENR transition, d4 ENR
AHR KO organoids retained a higher differential binding score and footprint for Tead factors compared to
d4 ENR WT controls (Fig.4D-F; Supplemental table 4). Differentially accessible sites in AHR KO organoids
also exhibited higher scores for Ets-like family of TFs upon differentiation which was not evident in WT
organoids (Fig.4D). As multiple TFs can bind similar motifs, we clustered TF motifs based on their
archetype group [32], highlighting that many of the identi�ed factors with an increased differential
binding score in d4 ENR AHR KO organoids belong to the Tead and Ets-like family of TFs (Fig.4E-F).

 

In the WENR state, Cdx2 was predicted to have decreased binding in AHR KO organoids, whereas Ap-1
family transcription factors were predicted to have increased binding in WT organoids (Supplemental
Fig.S4B, Supplemental Table 4). Collectively, these �ndings suggest that while both genotypes undergo
similar trajectories during the differentiation process, loss of AHR perturbs the overall chromatin
landscape, in�uencing the binding of key TFs that dictate the balance between regenerative and pro-
differentiation programs.

 

AHR KO organoids show impaired differentiation
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AHR has been shown to promote differentiation in a variety of cell types [33, 34] and our data indicate
that loss of AHR in epithelial cells prolongs the regenerative program at the expense of differentiation
(Fig.2A-E). To assess whether AHR targets speci�c epithelial cell subtypes or in�uences the differentiation
program in general, we compared our d4 ENR transcriptomic datasets with a published dataset generated
from single cell transcriptomic analysis of epithelial cells across the small intestine [35]. The DEGs from
d4 ENR AHR KO organoids positively correlated with the transcriptional signature of intestinal stem and
progenitor cells, and were negatively enriched for mature epithelial subsets, particularly enterocytes
(Fig.5A). For example, AHR KO organoids expressed considerably lower levels of maturation markers
typical for colonocytes (e.g. Slc26a3, Car4, Alpi), goblet cells (e.g. Clca3b, Muc2) and enteroendocrine
cells (e.g. ChgA) (Fig. 5B, C). Gene ontology analysis (GO Biological process) also revealed that many
downregulated genes in d4 AHR KO organoids are involved in key functions of mature intestinal cells
such as absorption and digestion (Fig.5D, E). Intestinal organoids undergo signi�cant metabolic rewiring
as they transition from WENR state to differentiating ENR conditions, characterized by increasing
metabolic reliance on oxidative phosphorylation at the expense of glycolysis [36]. To get an additional
insight into how AHR regulates the differentiation process, metabolic features of stem cell and
differentiating colonic organoids were assessed. WT organoids underwent a metabolic shift indicated by
an increasing OXPHOS/Glycolysis ratio (Fig. 5F) and a concomitant decrease in the glycolytic
index following the initiation of the differentiation process. In contrast, AHR KO organoids
showed sustained preference for glycolysis for its energy demands (Fig.5F) and impaired ability to
undergo a switch to increased OXPHOS reliance under differentiating conditions. This �nding is
complementary to the decreased enrichment of d4 ENR AHR KO organoids for genes associated with
oxidative phosphorylation (Fig.2B).

 

AHR directly regulates key factors involved in the regulation of the regenerative response

AHR functions as a ligand-dependent transcription factor in mammalian cells, and we hypothesized that
AHR may regulate the exit from the regenerative state and drive differentiation through transcriptional
regulation of key factors involved in this process. To address this, we conducted CHIP-seq analysis of
FICZ treated WT and AHR KO organoids to identify ligand-dependent AHR-speci�c targets under WENR
conditions. Through this analysis, we identi�ed 121695 peaks bound by AHR annotated to 18416 unique
gene targets (Supplemental table 5). To focus on targets most likely to have a biologically relevant
outcome in our system, we restricted our analysis to binding sites in epigenetically accessible regions of
the genome that would identify AHR targets primed for activation or repression in the WENR state. We
therefore overlapped our ATAC seq dataset from WT organoids grown under WENR conditions with our
CHIP-seq data. Our analysis identi�ed 3662 targets annotated to 2785 unique genes, with AHR binding
occurring in regulatory elements within intragenic (43.8%) and intergenic (42.1%) regions similar to what
has been described in other AHR-CHIP datasets (Supplemental Fig.S5A; Supplemental table 5) [37, 38].
HOMER motif analysis of these AHR-bound regions revealed the Ahr:Arnt motif as the most enriched,
followed by the Ap-1 motif (Supplemental Fig.S5B).  Next, we integrated this dataset with transcriptomic
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data generated from RNA-sequencing of WT and AHR KO organoids stimulated with FICZ (4-hours post-
stimulation; WENR) to further re�ne our analysis to AHR-dependent targets with a transcriptional
outcome. We found that 13.52% of AHR targets overlap with approximately 21.42% of differentially
upregulated and 19.63% of downregulated genes (Fig 6A, Supplemental Table 6). Collectively we labelled
AHR targets identi�ed from the integration of these datasets as “active” AHR targets. Gene ontology
analysis revealed enrichment for several pathways involved in epithelial differentiation and
tissue/structural morphogenesis in genes activated upon AHR activation, whereas genes involved in the
regulation of cell migration and biological adhesion processes were downregulated (Fig. 6B). Notably, we
identi�ed Cdx2, a key transcription factor involved in intestinal epithelial differentiation and speci�cation,
as an active AHR target, alongside other transcription factors known to amplify and/or crosstalk with
Cdx2 in the intestine such as Cdx1, Hnf1a [39-41] and Rxra [20] (Fig. 5C; Supplemental Table 4).
Conversely, Sox9 (a Wnt and Yap1-target gene) and some canonical targets of Yap/Tead such as Cyr61
and IL33 which have known roles in stem cell maintenance, cell migration and tumor invasiveness - were
repressed by AHR (Fig. 6C). AHR bound to an annotated enhancer element downstream of the Cdx2 gene
(OREG1865271; PAZAR) involved in positive regulation of Cdx2 (Fig. 6D, F). In contrast, AHR bound to the
Sox9 promoter and repressed its expression (Fig. 6E, F). Cdx2/Hnf1a and Sox9 were predicted to be
functionally inhibited and activated, respectively, in the IPA upstream regulator analysis (Figure 2B;
Supplemental table 2) and our integrated CHIP-seq analysis validated these factors as key transcriptional
targets of AHR. Thus, in addition to restricting chromatin accessibility to Yap/Tead targets, AHR
orchestrates the termination of the regenerative state through direct transcriptional regulation of genes
involved in intestinal epithelial differentiation, and repression of genes involved in stem cell and wound-
repair associated programs.

 

AHR is required for the reacquisition of intestinal identity by optimal induction of Cdx2 

Cdx2 is required for differentiation towards mature epithelial cell fates – especially enterocytes and Muc2
expressing goblet cells [40, 42-44]. Epithelial-speci�c deletion of Cdx2 results in the anteriorization of the
intestine, causing the expression of gastric-like genes [45]. Given that Cdx2 is positively regulated by AHR
(Fig.6D, Fig.2C), along with TFs such as Hnf1a and Rxra which synergize with Cdx2 to drive intestinal
epithelial differentiation, we assessed whether loss of AHR corresponds with changes due to Cdx2
de�ciency by comparing the transcriptional signature of d4 ENR AHR KO and Cdx2 KO organoids. We
observed a strong positive correlation between both datasets, with the majority of genes up or
downregulated in Cdx2 KO organoids corresponding with changes observed in the transcriptional
signature of AHR KO organoids (Fig. 7A). In addition, the transcriptional signature of AHR KO organoids
was negatively enriched for the expression of genes characteristic for the small intestine and
traverse/proximal colon where functions such as absorption and generation of mucins for barrier
protection occur [46]. Instead, AHR KO organoids exhibited positive enrichment for genes expressed in
anterior regions of the GI tract such as oesophagus and stomach and for the sigmoid colon which
represent regions with decreased Cdx2 activity (Fig. 7B) [47]. Furthermore, we observed increased
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expression of gastric genes and decreased expression of intestinal genes (Fig. 7C) in d4 ENR AHR KO
organoids compared with WT controls. Expression of Cdx2 and Sox9 are inversely correlated during
organ speci�cation and colorectal cancer and Sox9 is a known repressor of Cdx2 in the intestine [42, 48,
49] . In line with this, regenerative foci retained in Vil-cre AHR�/� at d30 post-DSS exhibited decreased
Cdx2 staining and increased Sox9 staining (Fig.7D, E). Collectively, these data demonstrate signi�cant
parallels between AHR KO and Cdx2 KO phenotypes and provide evidence for AHR as a key factor driving
the re-establishment of intestinal identity.

Discussion
In this study we provided evidence for an important role of the environmental sensor AHR in coordinating
processes involved in tissue repair and differentiation. Using an integrated multi-omics approach in colon
organoids, we reveal a requirement for AHR in the appropriate termination of the regenerative response
via antagonizing Yap/Tead-mediated transcriptional regulation of target genes in favour of a pro-
differentiation program through its regulation of master intestinal factor Cdx2. We found that AHR
functions as a transcriptional activator of pro-differentiation factors (e.g. Cdx2, Hnf1a, Rxra) and
repressor of pro-stemness factors (e.g. Sox9, Myc).

An association between AHR and Cdx2 was previously described by us in the context of embryogenesis,
where activation of AHR in embryonic stem cells resulted in the early induction of Cdx2 under
differentiating conditions [33], but whether AHR could regulate Cdx2 under physiological conditions
remained unknown. In this study, we established Cdx2 as a direct AHR transcriptional target in colonic
epithelial cells. The strong correlation between the transcriptional signature of AHR KO and Cdx2 KO
organoids provided further support for the requirement of AHR in the optimal induction of Cdx2 and
consequently the reestablishment of mature intestinal epithelial identity post-regeneration. Sox9 was also
a factor of interest as the antagonism between AHR and Yap/Wnt signaling converges on its regulation,
and it is involved in the maintenance of stem-cell and EMT promoting transcriptional networks.
Furthermore, a bi-directional relationship between Sox9 and Cdx2 has been demonstrated in the context
of malignancy, with Sox9 highly expressed in metaplastic regions that have lost Cdx2 expression,
illustrating that Cdx2 restricts Sox9 activity [42]. Conversely, Sox9 can also repress Cdx2 expression [49].
Therefore, it is possible that sustained Sox9 activity may further contribute to the reduction of Cdx2-
driven intestinal epithelial speci�cation/differentiation we see in AHR de�cient epithelium.

Previous studies have provided evidence for AHR-signaling in the repression of the canonical Wnt-
signaling (via β-catenin) [19, 22, 50] and Foxm1 signaling [51], but whether AHR antagonizes other pro-
regenerative/oncogenic pathways is still a subject of active research. AHR-mutants have increased
susceptibility to colorectal cancer development [19, 22] and our work provides further mechanistic insight
into the cancer protective functions of AHR in colonic epithelial cells by demonstrating a key role for AHR
in restricting Yap1-mediated transcriptional activity. Dysregulated Yap-signaling is associated with
tumorigenesis in various tissues [24, 30, 52–54].
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WENR organoids, which resemble injury-induced “fetal-like” stem cells exhibit increased chromatin
accessibility, with open regions that are highly enriched for Ap-1 and Tead motifs. While the transient
reprogramming of cells to this reverted state has the important function of increasing the stem-cell pool
to drive rapid regeneration, its perpetuation may lead to an increased likelihood for oncogenic
transformation if it occurs in the presence of mutagens. This is particularly relevant for barrier sites such
as the intestine which is chronically exposed to external factors and is injury-prone [2, 3, 55]. It is
noteworthy that while the loss of AHR function under homeostatic conditions did not have overt
implications on epithelial turnover or differentiation under steady-state conditions, we cannot rule out pre-
existing vulnerabilities in the chromatin that could make AHR-de�cient cells more susceptible to injury-
induced repair processes. This context-dependent function is reminiscent of Yap1 activity, which is
likewise found to be largely dispensable under homeostatic conditions but is required for the initiation
and propagation of the regenerative response [1, 24, 56, 57]. We propose that AHR may increase the
threshold for oncogenic transformation by limiting Yap1-mediated transcriptional activity.

The more open chromatin con�guration of AHR KO epithelial cells during differentiation could re�ect the
increased representation of Ap-1 which is involved in regulating chromatin dynamics [58]. Indeed, AHR
activation can restrict Ap-1 activity in a cell -type dependent manner [59–61]. Furthermore, we found that
Ap-1 is the second most common motif in AHR-bound regions identi�ed in the ChIP analysis, suggesting
an antagonistic interplay between Ap-1 and AHR in regenerating cells. There is increased footprinting of
Ap-1 complex members in AHR KO organoids – most notably in the WENR state which may re�ect the
higher sensitivity of AHR KO organoids to Ap-1-mediated opening of chromatin. Ap-1 associates with Yap
to promote the expression of motility genes, and Sox9 in the expression of ECM-associated genes [30, 54,
58, 62–64]. Ap-1 binding sites are also commonly associated with the binding of Ets-like TFs which may
explain the differential increased binding score of this family of factors in differentiating AHR KO
organoids. Thus, loss of AHR resulting in dysregulated Ap-1 activity might contribute to the persistence of
Yap/Tead activity and facilitate the activity of Ets-like transcription factors.

The gene ontology analysis of our integrated genomics also suggests a role for AHR in the regulation of
pathways involved in motility/ migration and biological adhesion in colonic epithelial cells both at a
transcriptional and epigenetic level. The persistence of Yap/Tead and Sox9 in d4 ENR AHR KO organoids
may largely account for these transcription signatures, as they actively promote pro-metastatic programs
through regulation of cellular adhesion and motility pathways which are enriched for genes that encode
various ECM-components and factors that in�uence the actin cytoskeleton. Our �ndings are in line with
previous studies demonstrating that reduced AHR leads to increased cell invasiveness in certain cancers
[65, 66]. Furthermore, AHR activation has also been shown to protect against tissue �brosis (Yan J et al,
2019 Gastroenterology [67, 68]. However, opposing �ndings have been reported by other studies which
have shown that AHR can promote tumor invasiveness, but these �ndings are reported in the context of
AHR activation by TCDD which could have adverse outcomes [69]. The transient nature of AHR activation
under physiological conditions by dietary and microbiota-derived ligands highlights the importance of
controlled AHR activity. Indeed, chronic activation can also lead to ligand-depletion through excessive
activation of negative feedback pathway which leads to a quasi-AHR de�cient state [10, 70].
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Collectively, our work provides mechanistic insight into AHR-mediated functions in the context of colonic
tissue regeneration, which when dysregulated, could lead to CRC initiation and progression. AHR is an
environmental sensor that integrates microbial and dietary-cues to in�uence physiological/cellular
processes within the intestinal microenvironment and beyond. The growing link between environmental
factors such as dietary intake, pollutants and microbial dysbiosis in colorectal cancer etiology, places
AHR at a pivotal position in in�uencing the delicate balance between controlled regeneration and
malignant transformation.

Materials And Methods
Mice

VillinCreAhr�/� (AhR tm1c generated from AhR tm1a ES cells from KOMP)  and their wildtype littermate
controls (all on a C57BL/6 background) were bred and maintained in individually ventilated cages at the
Francis Crick Institute, under speci�ed pathogen free (SPF) conditions according to the protocols
approved by the UK Home O�ce and the Ethics committee of the Francis Crick Institute. Littermates of
the same sex were randomly assigned to experimental groups.

 

DSS colitis

For induction of DSS colitis, mice were treated with 2% DSS solution in drinking water for 5 days followed
by normal water. To track cell proliferation within the crypt compartment, mice were injected (i.p.) with
200mg of EdU for 2h prior to harvesting of tissues. 

 

Histology and immunostaining

Colonic tissues were �xed in 4% Paraformaldehyde (PFA) for 3 hours (for OCT embedded samples) or 24
hours (for para�n embedded samples) at 4C. For frozen sections, samples were incubated in 25%
sucrose O/N after �xation, prior to embedding in OCT. OCT sections were used for the SCA-1 (1:200,
clone: e13-161.7 Biolegend), CDX2 (1:300, clone: EPR2764Y Abcam) and SOX9 (1:200, clone: AB5535
Millipore) IF staining. For IHC/IF staining on para�n embedded samples, sections were depara�nised
and rehydrated using standard methods. Citrate buffer pH6 was used for antigen retrieval and tissues
were stained with primary antibodies overnight after incubation with blocking solution for 2h, and EdU
staining with the Click-IT EdU kit (Thermo�sher) following manufacturer’s instructions. Secondary
antibodies and DAPI (1:2000) were incubated for 2h at room temperature. Fluorescent images were
acquired using a laser scanning confocal microscope (LSM710 Zeiss Upright). For quanti�cations of
SCA1 MFI, regenerating foci were identi�ed by SCA1 positivity in epithelial cells and several images were
acquired from the mid-distal region of the colon. In samples with no epithelial staining (steady-state

https://www.sciencedirect.com/topics/medicine-and-dentistry/c57bl-6
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conditions and WT samples post-regeneration), images of crypts were also acquired from the same
regions. Images were obtained from biological replicates across 2-4 independent experiments and the
average MFI (after subtraction of background MFI) per image and sample was plotted. All images were
analysed using ImageJ version 2.1.0/1.53c. 

 

Primary culture of mouse colon organoids in Matrigel or Collagen type I

Colonic crypts were isolated from the whole colon of WT and VilCreAhr�/� mice (n=3-4, biological
replicates) in a PBS solution containing 5mM EDTA. The tissue was incubated for 30-45 mins in a 37oC
shaking incubator (200RPM), followed by washing and manual shaking in cold D-PBS to isolate crypts.
To generate organoids, isolated crypts were embedded in Matrigel (BME, R&D system; 70% Matrigel
mixed with 30% WENR media) and resulting organoids were maintained in either WENR medium or
switched to ENR only medium for 4 days to induce differentiation. As previously described (Metidji A et al,
2018), the basic culture medium (ENR) contained advanced DMEM/F12 supplemented with
penicillin/streptomycin, 10mM HEPES, 2mM Glutamax, B27 (all from Life Technologies) and 1mM N-
acetylcysteine (Sigma) supplemented with murine recombinant EGF (life technologies), R-spondin1-CM
(20% v/v) (20% �nal volume) and Noggin-CM (20% v/v). The ‘WENR’ medium was generated by using
ENR as a base medium with 50% WNT3a-conditioned medium supplemented with SB202190 (10μM,
Sigma), ALK5 inhibitor A83-01 (500cnM, Tocris Bioscience) and nicotinamide (10 mM, Sigma). For the
experiments involving use of organoids grown in Collagen Type I (Cultrex 3-D matrix Rat Collagen I
5mg/ml, RND systems), passaged organoids were embedded a Collagen matrix diluted in Matrigel to a
�nal concentration of 3mg/ml (60% Collagen I; 40% Matrigel).

 

Flow cytometry

For �ow cytometric analysis or cell-sorting for ATAC-seq, single-cell suspensions were generated by
resuspending organoids in TrypLE (Gibco) supplemented with DNAse-I followed by gentle dissociation by
pipetting, and incubation in a 37C water bath for a total of 15 mins. Cells were stained with �xable
live/dead staining (Thermo�sher) for 20-30 mins on ice. For surface staining, cell suspensions were
incubated with anti-SCA1 (1:200) for 30 mins on ice. Cells were acquired with a BD Fortessa Cytometer
and analysis was performed with FlowJo (Tree Star) software. Colon organoids single-cell sorted for
ATAC-seq, were sorted on a FACS Fusion Aria II. 

 

Seahorse XF metabolic analysis

Seahorse Bioscience XFe96 Analyzer was used to measure extracellular acidi�cation rates (ECAR) in
mpH (milli pH) per min and oxygen consumption rates (OCR) in pmol O2 per min. One day prior to the
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assay, organoids were re-seeded in 5µL Matrigel-domes containing 15-20 intact organoids and covered
with 200 µL of either WENR or ENR medium as indicated in XF96 cell culture microplates (Seahorse
Bioscience). 1h prior to the assay, the growth medium was discarded and replaced by Seahorse Assay
medium and the plate was incubated for 60 min at 37 °C. For the mitochondrial stress test, culture
medium was replaced by Seahorse XF Base medium (Seahorse Bioscience) supplemented with 20 mM
glucose (Sigma-Aldrich), 2 mM L-glutamine (Sigma-Aldrich), 5 mM pyruvate (Sigma-Aldrich) and 0.56 μl
NaOH (1 M). Mito Stress Test inhibitor stock solutions were prepared according to the kit manual,
adjusted to appropriate concentrations, and pipetted into the ports of the Sensor Cartridge (Port A: 20 µL
of 10 µM Oligomycin; Port B: 22 µL of 5 µM FCCP; Port C: 25 µL of 2.5 µM Rotenone/ Antimycin A). After
Seahorse measurement, the cell numbers in the wells were determined for normalization using the
CyQuant NF Cell Quanti�cation kit. The obtained values were imported into the Wave Software and the
normalized OCR- and ECAR-values were considered for analysis of the dataset.

 

RNA extraction and qRT-PCR

Total RNA was isolated from organoids using TRIreagent®, and cDNA was synthesized using the high-
capacity cDNA reverse transcription kit according to manufacturer’s instructions. Around 100-300ng of
total RNA was obtained from in vitro cultures. qpcR was performed with QuantStudio 6 Flex Real-time
PCR System (Life technologies) using TAQMAN reagents and primers. CT values were normalized
to Hprt using the DCT method.

 

 

 

Sequencing data associated with this paper has been submitted to NCBI's GEO repository under the
accession number GSE179482

 

Method descriptions for RNA sequencing, pathway analysis, ATAC sequencing and analyis and
Chromatin immunoprecipitation (ChIP) and sequencing are listed in Supplementary Methods.
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Figure 1

Loss of AHR delays termination of the regenerative response following acute colonic injury (A)
Representative images showing Sca-1 (green) expression and proliferative (EdU+, red) cells in
regenerative foci. Regenerative foci are identi�ed as regions with epithelial Sca-1+ expression and
signi�cant crypt dysplasia as well as proliferating cells (EdU; 2h post-i.p injection). (B) Measurement of
mucosal and submucosal thickness and (D) Sca-1 MFI at d0, d12 and d30 post-DSS treatment. Shown
are the mean distances or mean MFI ±SD (n=3-7 animals; p<0.05*, p<0.01**, p<0.001***), respectively. (C)
Goblet cells identi�ed by PAS/AB staining over a 30-day period following challenge with 2% DSS. (E)
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Representative images showing expression of differentiation markers Muc2 (goblet cell, green) and Krt20
(pan-differentiation marker, red) in epithelial cells within regenerative foci in the colon of Vil-cre Ahr�/�
mice and WT littermate controls at d30 post-DSS challenge.

Figure 2

Transcriptional pro�le of AHR de�cient colon organoids recapitulates defective termination of the
regenerative response (A) Normalized enrichment scores (NES) from GSEA; MsigDB Hallmark datasets of



Page 23/31

genes signi�cantly upregulated or downregulated (FDR <0.05) in AHR KO vs WT colon organoids grown
in regenerative (WENR) and (B) differentiating conditions (C) Heatmap for activation z-score of known
transcriptional regulators predicted to be upstream of differentially expressed genes in either WENR or d4
ENR AHR KO vs WT organoids (full list in supplementary tables; predicted factors with a p-value of
<0.0001 are shown) D) Enrichment plot for transcriptional signature of d4 ENR AHR KO organoids
compared to gene set upregulated in adult organoids (NES: -2.05, FDR q-value: 0.00), and (E) fetal
spheroids (NES: 6.23, FDR q-value: 0.00) respectively.
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Figure 3

Yap/fetal-like regenerative signature is retained in d4 ENR AHR KO organoids (A) Enrichment plot for
transcriptional signature of d4 ENR AHR KO organoids compared to the Cordenonsi Yap1 conserved
signature dataset (GSEA C6: Oncogenic datasets - NES: 2.95, FDR q-value: 0.00) (B) Heatmap of select
Yap1 targets and fetal-like genes differentially expressed in d4 ENR AHR KO organoids; expression of
YAP1 target Ctgf, Cyr61 and Ankrd1 validated by qPCR. (C) Expression of Lgr5, Ascl2 and Sox9 by qPCR.
(D) Representative �ow cytometry plots (left panel) and percentage of cells (right panel) expressing high
levels of surface Sca-1 (E) qPCR expression of Yap targets in WT and AHR KO organoids in WENR
conditions after 24h and 4h of FICZ-stimulation, respectively. (F) qPCR expression of Ctgf and colonocyte
differentiation marker Slc26a3 in organoids grown in matrigel containing either 0% or 60% Collagen I.
Cells were stimulated with either DMSO (vehicle) or FICZ and expression was assessed 24h post-
treatment. Organoids used for experiments were generated from n=3-4 mice per genotype. Data is
representative of at least 3 independent experiments (p<0.05*, p<0.01**, p<0.001*** based on student t-
test).
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Figure 4

Loss of AHR causes prolonged chromatin accessibility to Yap/Tead targets (A) Deeptools heatmap
showing accessibility data of differentially expressed peaks identi�ed in d4 ENR AHR KO vs WT
organoids across samples (FDR< 0.05) (B) GO gene ontology (biological process) was conducted on
genes that overlap between differentially accessible targets identi�ed by ATAC-seq and differentially
upregulated or downregulated genes in AHR KO vs WT organoids grown in D4 ENR conditions as
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determined by RNA-seq (FDR <0.05) (C) IgV images of accessibility peaks (open regions) of known
Yap/Tead targets (Ctgf, Cyr61, Amotl2) and fetal-like genes (Clu, Tacstd2, Ly6a) in d4 ENR WT and AHR
KO organoids (D) Pairwise comparison of TF activity between differentiated AHR KO and WT organoids
(d4 ENR). The volcano plots show the differential binding activity against the –log10 (p value) of all
investigated TF motifs represented by a dot. Only the top 5% (both by fold-change, -log10 p-value) of TF
motifs identi�ed are highlighted in red. TFs belonging to Tead and Ets-1 like family of factors are bolded.
(E) Motif sequences of some identi�ed TFs belonging to Tead (Tead 3, Tead4, Tead1) and Ets-1 family ( )
are shown, and the dotted line highlights the similarity in the binding sequence of these factors (F) Top
5% of identi�ed motifs were aligned to each other and matched to an archetypal consensus motif. The
color represents the fold-change (Red to grey – highest to lowest) in differential binding score between d4
AHR KO vs WT organoids.
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Figure 5

AHR KO organoids show impaired differentiation (A) Enrichment plot for transcriptional signature of d4
ENR AHR KO organoids compared to transcriptional signatures from intestinal epithelial cell subtypes. (B)
Heatmap showing expression of select genes for mature epithelial subsets in either WT or AHR KO cells
grown in d4 ENR conditions (C) qPCR expression data of mature epithelial markers for colonocytes
(Slc26a3, Alpi, Car4), goblet cells (Clca3b, Muc2) or enteroendocrine cells (Chga) in d4 ENR WT or AHR
KO cells. Data is representative of at least 3 independent experiment (statistical analysis - p<0.05*,
p<0.01**, p<0.001*** as determined by student-t test) D) GO gene ontology analysis for transcriptional
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signature associated with mature epithelial function such as digestion (NES: -3.93, FDR q-value: 0.00)
and E) absorption (NES: -2.21, FDR q-value: 0.00). F) Metabolic analysis by Seahorse of AHR KO
organoids compared with WT controls for basal OxPHOS vs glycolysis (left panel) and glycolytic index
(right panel) and assessed at either 0h (WENR conditions), 48h (d2 ENR) and 96h (d4 ENR) post-Wnt
removal. Data represents 2-3 pooled experiments. Unpaired t tests was performed between each
timepoint vs WENR condition (p<0.05*, p<0.01**, p<0.001*** - N.S. not signi�cant).

Figure 6
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AHR transcriptionally regulates key factors involved in the regulation and termination of the regenerative
response. (A) Overlap between identi�ed AHR ChIP targets in open chromatin regions with genes up or
downregulated in response to FICZ from RNA-sequenced WT organoids (4h-post FICZ treatment). (B)
Functional annotation of activated (red) or repressed (blue) AHR targets using GO ontology analysis (GO
biological process) (C) Selection of active AHR targets with their associated functions. Targets that were
also identi�ed by the IPA upstream regulator analysis in d4 ENR AHR KO organoids are in bold (see Fig.
2C). D) IgV graphs showing sites of AHR binding in an enhancer element of Cdx2 and and E) AHR binding
to the Sox9 promoter. (F) FPKM expression data for Cdx2 and Sox9 from RNA-seq data of FICZ-treated
organoids.
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Figure 7

AHR is required for the reacquisition of intestinal identity by optimal induction of Cdx2 (A) Gene set
enrichment plots of AHR KO organoids relative to genes either upregulated (NES: 6.3, FDR q-value: 0.00)
or downregulated (NES: -6.62, FDR q-value: 0.00) in Cdx2 KO intestinal organoid dataset (B) Gene set
enrichment of d4 ENR AHR KO vs WT organoids relative to conserved GI-region speci�c signatures
compiled from GiTEX database (C) Heatmap for expression of canonical genes expressed in either
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intestine or gastric tissues, in d4 ENR WT and AHR KO organoids. Immuno�uorescence imaging of Cdx2
(E) and Sox9 (F) in colon of WT and Vil-cre AHR�/� mice d30 post DSS treatment.
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