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Abstract 

The aryl hydrocarbon receptor (AHR) is a ligand-dependent transcription factor activated by environmental toxicants like 
halogenated and polycyclic aromatic hydrocarbons, which then binds to DNA and regulates gene expression. AHR is implicated in 
numerous physiological processes, including liver and immune function, cell cycle control, oncogenesis, and metabolism. 
Traditionally, AHR binds a consensus DNA sequence (GCGTG), the xenobiotic response element (XRE), recruits coregulators, and 
modulates gene expression. Yet, recent evidence suggests AHR can also regulate gene expression via a non-consensus sequence 
(GGGA), termed the non-consensus XRE (NC-XRE). The prevalence and functional significance of NC-XRE motifs in the genome have 
remained unclear. Although chromatin immunoprecipitation (ChIP) and reporter studies hinted at AHR-NC-XRE interactions, direct 
evidence for transcriptional regulation in a native context was lacking. In this study, we analyzed AHR binding to NC-XRE sequences 
genome-wide in the mouse liver, integrating ChIP-seq and RNA-seq data to identify candidate AHR target genes containing NC-XRE 
motifs in their regulatory regions. We found NC-XRE motifs in 82% of AHR-bound DNA, significantly enriched compared with 
random regions, and present in promoters and enhancers of AHR targets. Functional genomics on the Serpine1 gene revealed that 
deleting NC-XRE motifs reduced TCDD-induced Serpine1 upregulation, demonstrating direct regulation. These findings provide the 
first direct evidence for AHR-mediated regulation via NC-XRE in a natural genomic context, advancing our understanding of AHR- 
bound DNA and its impact on gene expression and physiological relevance.
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The toxic effects of secondhand cigarette smoke, fossil fuels, and 
byproducts of industrial combustion are caused by halogenated 
and polycyclic aromatic hydrocarbons such as TCDD. 
Understanding the signaling pathways by which such compounds 
cause toxicity is crucial for predicting tolerable exposure levels and 
for reversing the effects of adverse exposure. Aromatic hydrocar
bons activate aryl hydrocarbon receptors (AHRs), a ligand- 
dependent transcription factor. Upon activation, AHR translocates 
to the nucleus, where it recruits protein coregulators and directly 
regulates gene expression (Denison et al. 2011). AHR forms a dimer 
with the aryl hydrocarbon receptor nuclear translocator protein 
(ARNT, also known as HIF1β) to regulate transcription (Reyes et al. 
1992; Hankinson 2005). The AHR–ARNT complex binds to a consen
sus DNA sequence (GCGTG) termed the xenobiotic response ele
ment (XRE) (Denison et al. 1988; Yao and Denison 1992).

Recent evidence complicates these findings. AHR may regu
late gene expression by binding to non-consensus XRE (NC-XRE) 
sequences. AHR was shown to physically interact with RelB, a 
member of the NF-κB family, and bind to a distinct RelB/AHR- 
responsive element (RelBAhRE) within the IL-8 promoter. 
Furthermore, TCDD induced a time-dependent recruitment of 
AHR to the RelBAhRE site (nucleotides GGGTGCAT) (Vogel et al. 

2007). A chromatin immunoprecipitation (ChIP) study found that 
approximately half of TCDD-AHR complexes in mouse liver were 
bound to DNA lacking a consensus XRE (Dere et al. 2011). 
Exploring the genome more closely, Huang and Elferink (2012)
identified a non-consensus DNA sequence to which AHR binds. 
ChIP, gel shift (electrophoretic mobility shift assay), and reporter 
assays support the hypothesis that AHR can bind to a non- 
consensus XRE DNA sequence characterized by the nucleotides 
GGGA (referred to as the NC-XRE motif) (Huang and Elferink 
2012; Wilson et al. 2013; Jackson et al. 2014; Joshi et al. 2015), 
though this has not been functionally tested in a natural genomic 
context. Here, we sought to analyze AHR binding to non- 
canonical DNA elements on a genome-wide scale and, in the 
case of a single target gene, directly test whether NC-XRE motifs 
are required for AHR-dependent target gene expression.

Results
Frequency and distribution of non-canonical 
AHR-binding motifs
To determine the genome-wide distribution of AHR binding to 
DNA following TCDD exposure, we analyzed published AHR 
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ChIP-seq data from livers of C57BL/6 male and female mice 
(28 days old) following 2-h exposure to 30 μg/kg TCDD (GEO 
accession numbers GSE97634, GSE97636) (Fader et al. 2017, 2019). 
These data were previously assayed for AHR binding to consen
sus XRE DNA (GCGTG) but was not interrogated for AHR binding 
to non-consensus DNA such as NC-XRE (GGGA) or RelBAhRE 
(GGGTGCAT). Given that the XRE, NC-XRE, and RelBAhRE motifs 
differ in length, which influences their frequency of occurrence 
across the genome (shorter motifs being more common), we 
assessed the likelihood of finding XRE, NC-XRE, or RelBAhRE 
motifs in AHR ChIP peaks versus in random genomic intervals 
matched in size and chromosome distribution to observed peaks. 
Both XRE and NC-XRE motifs were significantly enriched in AHR- 
bound regions, whereas RelBAhRE was not (Fig. 1A). These ran
dom regions were scanned with the same motif definitions as the 
observed peaks, ensuring that motif length-dependent differen
ces in background occurrence were directly incorporated into the 
enrichment test.

We also found consistent patterns of AHR-bound motif 
enrichment in the livers of male and female mice following 
TCDD exposure, based on AHR ChIP-seq data. In males, 29.74% 
of AHR peaks contained only NC-XRE motifs, compared with 
25.79% in females. Peaks containing only XRE motifs were 
slightly more frequent in females (11.75%) than in males (8.99%). 
The majority of peaks—51.72% in males and 53.96% in females— 
contained both XRE and NC-XRE motifs, indicating frequent co- 
occurrence. Despite these minor differences, the overall distribu
tion of motif combinations was remarkably similar between 
sexes. RelBAhRE motifs were rare in both groups, appearing in 
fewer than 1% of peaks (Fig. 1B and Fig. S1A). These findings indi
cate that AHR binding to canonical and non-canonical DNA 
motifs occurs at comparable frequencies in male and female 
mouse livers, supporting a robust and sex-independent pattern 
of AHR–DNA interactions in response to TCDD. They also high
light the substantial role of NC-XRE motifs in mediating AHR 
binding. Because of the low number of RelBAhRE in AHR peaks, 
we only focused on the XRE and NC-XRE motifs in the subse
quent studies.

We next examined how AHR-binding sites containing XRE and 
NC-XRE motifs are distributed across the genome. To do this, we 
analyzed AHR ChIP-seq peaks in adult mouse liver (GEO accession 
numbers GSE97634, GSE97636) and overlaid them with genomic 
regions annotated using a 10-state ChromHMM model (van der 
Velde et al. 2021). We generated this model using 8 histone modifi
cations profiled via publicly available ChIP-seq datasets (GEO acces
sion numbers: GSM1000140, GSM918718, GSM1000150, 
GSM1000151, GSM1000152, GSM1000153, GSM769014, GSM769015, 
GSM751035) (Mouse ENCODE Consortium et al. 2012; Tennant et al. 
2013). These included histone marks associated with active pro
moters (H3K4me3, H3K9ac), enhancers (H3K4me1, H3K27ac), gene 
bodies and active transcription (H3K36me3), polycomb-mediated 
repression (H3K27me3), and heterochromatin (H3K9me3) (Fig. S2E).

We found that AHR binding was enriched in active promoters 
(e.g. active TSS) and enhancers (Fig. 1C and D). Specifically, AHR 
peaks containing both XRE and NC-XRE motifs were predomi
nantly located in active transcription start sites (TSSs) and active 
enhancers. On the other hand, most NC-XRE-only peaks were 
found in the enhancer regions, including both active and poised 
enhancers. Active enhancers have high chromatin accessibility 
and confer strong enhancer activity, whereas poised enhancers 
are marked by intermediate levels of enhancer-associated his
tone modifications and are thought to be primed for activation. 
We also noticed that AHR binding was rare in repressive 

chromatin states, such as those enriched for H3K27me3 (poly
comb repression) or H3K9me3 (heterochromatin), as well as in 
the quiescent regions lacking significant histone modification 
signals. These patterns were consistent across male and female 
samples, supporting a sex-independent mechanism of AHR–DNA 
interaction (Fig. 1C and D). Notably, promoter- and enhancer- 
associated regions comprise only �5.3% of the mouse genome, 
whereas repressive and quiescent regions account for approxi
mately 84% (van der Velde et al. 2021). This highlights a strong 
preference of AHR for binding within the active regulatory ele
ments, consistent with its function as a transcription factor. 
Specifically, NC-XRE motifs may play a particularly important 
role in enhancer-associated AHR binding.

Repeated NC-XRE motifs associated with AHR 
ChIP peaks
We searched for NC-XRE motifs present near AHR-binding sites 
(ChIP peak) within 10 kb of a gene body. The 10 kb parameter 
allows us to include promoter and gene proximal regulatory DNA 
peaks, important because our analysis of ChIP-seq data sug
gested that AHR binds NC-XRE at enhancers (Fig. 1C and D). 
Among the differentially expressed genes in TCDD vs vehicle, 520 
had AHR-binding peaks at XRE, NC-XRE, or XRE þ NC-XRE motifs 
within 10 kb of a gene body. Twenty-eight of these genes had 
AHR-binding peaks at NC-XRE but not at XRE or XRE þ NC-XRE 
motifs (Table S1).

The preceding analysis is for any single instance of XRE or NC- 
XRE DNA sequence. However, for some transcription factors, 
repeated DNA-binding sites produce a more robust response 
(Klein-Hitpass et al. 1988). To explore the functional importance 
of repeated runs of XRE or NC-XRE motifs, we sought to examine 
the association between repeated runs of XRE or NC-XRE motifs 
and AHR target gene expression.

We defined tandem XRE and NC-XRE motifs based on 2 
parameters: The number of repeats and the maximum allowed 
spacer length (in base pairs) between adjacent motifs, as illus
trated in Fig. 2A. The number of repeats refers to the minimum 
number of XRE or NC-XRE motifs within a given region, whereas 
the spacer defines the maximum distance permitted between 
any 2 motifs in a repeat run. Using this framework, we analyzed 
AHR target genes for varying numbers of XRE or NC-XRE repeats 
and spacer lengths. Notably, the previously characterized AHR 
target gene Serpine1 (encodes the protein PAI1) contains 5 NC- 
XRE motifs within its putative promoter region. This observation 
aligns with previous findings that AHR upregulates Serpine1 via 
NC-XRE-mediated binding (Huang and Elferink 2012), prompting 
us to further investigate the regulatory significance of five-repeat 
NC-XRE clusters.

Figure 2B shows the number of AHR target genes with AHR 
peaks containing at least 5 NC-XRE motifs separated by up to 100 
basepairs (bp), compared with target genes found near AHR 
peaks with at least 5 XRE motifs. Notably, we observed a 9-fold 
increase in the number of AHR target genes linked to peaks with 
5 NC-XRE motifs separated by 50 bp or less, compared with those 
with 5 XRE motifs under the same spacing constraint. This subset 
includes Serpine1, a well-established AHR target regulated via 
NC-XRE motifs, as previously discussed (Fig. 2B).

Further analysis revealed that although 82% of all AHR peaks 
contain at least 1 NC-XRE motif, only 5.2% harbor a cluster of at 
least 5 NC-XRE motifs spaced by 50 bp or less (Fig. 2C, Fig. S2A). 
We next characterized the genomic distribution of these 5× NC- 
XRE clusters. Of the 426 identified clusters, over 71% were 
located at or near TSSs, indicating a strong promoter association. 
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An additional 27.8% were found in enhancer regions, with 21% in 
active enhancers and 6.8% in poised enhancers. These clusters 
were rarely found in repressed chromatin states (e.g. heterochro
matin, polycomb-repressed, or quiescent regions) or within gene 
bodies associated with transcriptional activity (transcription or 

weak transcription) (Fig. 2D, Fig. S2C and D). Similarly, clusters of 
5 XRE motifs were predominantly located in promoters and 
enhancers, with a small fraction (6.5%) found within gene bodies. 
We compared the binding strengths of different histone marks at 
AHR peaks containing 5× XRE or NC-XRE (50 bp spacer). NC-XREs 

Fig. 1. Enrichment and distribution of NC-XRE, XRE, and RelBAhRE motifs in AHR ChIP-seq Peaks. Following TCDD exposure, we analyzed mouse liver 
AHR ChIP-seq peaks from 5 male and 5 female mice for the presence of known AHR motifs: Canonical xenobiotic response element (XRE), non- 
canonical xenobiotic response element (NC-XRE), and RelB AHR response element (RelBAHRE). A) Likelihood of finding XRE, NC-XRE, or RelBAHRE 
motifs in AHR ChIP peaks versus in random genomic regions. The table shows the number of AHR ChIP peaks containing at least 1 XRE, NC-XRE, or 
RelBAHRE motif. Odds ratios and P-values derived from Fisher’s exact test indicate significant enrichment of XRE and NC-XRE motifs in AHR peaks. B) 
Proportion of AHR ChIP peaks containing XRE DNA sequence, NC-XRE, XRE þ NC-XRE, or none in male and female mice. NC-XRE motifs are more 
prevalent than XRE motifs in both sexes. C) Genomic distribution of AHR ChIP-seq peaks mapped to 10 chromatin states defined by ChromHMM using 8 
histone modification profiles. The highest percentages of AHR peaks containing XRE and NC-XRE motifs are found in promoter and enhancer regions. 
D) Enlarged view of panel C for detailed comparison of chromatin state distributions. This panel highlights the differences in the distribution of AHR 
peaks in various chromatin states. Overlapping XRE and NC-XRE motifs are slightly more prominent in promoters; NC-XREs without XREs are slightly 
more enriched in enhancers and poised enhancers; XREs without NC-XREs are more enriched at enhancers in genes and at gene bodies with active or 
weak transcription.
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are enriched at AHR-binding sites proximal to TSSs (H3K4me3, 
H3K27ac) and enhancers (H3K27ac) (Fig. 2E, Fig. S2E). Consistent 
with the broader genomic distribution of NC-XREs, 5× NC-XRE 
clusters were enriched in enhancer regions compared with 5× 
XRE clusters. This also suggests that NC-XREs may be more 
potent when they occur in tandem repeats.

Putative AHR-NC-XRE target genes and pathways
The preceding analysis examined the presence of NC-XRE motifs 
in all genomic regions where AHR was bound to DNA. However, 
transcription factors like AHR may bind DNA without necessarily 
affecting gene expression. Therefore, to characterize functional 
AHR-binding events, we sought to identify AHR ChIP-seq peaks 

Fig. 2. Analysis of NC-XRE repeats and their genomic context. A) We categorized NC-XRE DNA motifs based on the number of repeated NC-XRE motifs 
and the distance separating those motifs (spacers) from each other. For example, 5 motifs separated by 50 basepairs (bp) would indicate 5 NC-XRE 
motifs where each spacer is up to 50 bp long. B) Number of genes within 10 kb of AHR ChIP-seq peaks containing either 5 repeats of NC-XRE or XRE 
motifs separated by spacers ranging from 1 to 100 bp. The size of the circles represents the number of AHR target genes. Highlighted circles denote that 
there are 9-fold more AHR target genes associated with AHR ChIP peaks containing 5 NC-XRE motifs versus 5 XRE motifs separated by 50 bp or less. C) 
Frequency of repeated runs of NC-XRE motifs in AHR ChIP peaks. It shows the total number of AHR ChIP peaks containing different numbers of NC- 
XRE repeats (1 to 15) with a maximum of 50 bp spacer between any 2 motifs. D) Genomic distribution of AHR ChIP-seq peaks containing 5 XRE or NC- 
XRE motifs separated by 50 bp or less. These are mapped to 10 chromatin states defined by ChromHMM using 8 histone modification states. The 
highest percentages of AHR peaks containing XRE and NC-XRE motifs are found in promoter and enhancer regions. NC-XRE motifs are prevalent in 
enhancers and promoters compared with XRE motifs but are absent in gene bodies (transcription, weak transcription, enhancer in gene). E) Binding 
strength of indicated histone modifiers at AHR ChIP peaks containing 5 or more NC-XRE or XRE motifs separated by 50 bp or less. AHR-NC-XRE peaks 
are more associated with activating histone marks (H3K27ac, H3K9ac, H3K4me3, H3K4me1).
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associated with AHR target genes. For this, we integrated the 
AHR ChIP-seq data with published RNA-seq data from mouse 
liver (Nault et al. 2015, 2018; Fader et al. 2017). To maximize iden
tification of AHR target genes, we included RNA-seq data from 
mouse livers exposed to 30 µg/kg of TCDD, a potent AHR ligand, 
across multiple durations (2, 4, 8, 12, 24 hr) of exposure (Tables 1
and 2). We defined AHR target genes by differential expression in 
TCDD-treated mouse liver at 2 h vs DMSO, fold change ≥1.5, FDR 
< 5%. We focused our analysis on the 2-h timepoint because this 

is when direct AHR target gene regulation is most prominent 
before the onset of the secondary effects. As illustrated in Fig. 
S5C, gene set enrichment analysis (GSEA; discussed in detail 
later) of AHR-NC-XRE-regulated pathways shows a clear enrich
ment at 2 h of TCDD exposure, followed by a decline at later time 
points. This pattern is consistent with the biology of AHR signal
ing: TCDD rapidly induces AHR activity and upregulates its direct 
targets within 2 h, but by 4 h and beyond, negative feedback sup
presses direct AHR activity. This leads to reduced enrichment of 

Table 1. ChIP-Seq datasets analyzed in this study.

GEO series PMID GEO samples Target Sex Strain Tissue Age at assay Conditions

GSE97634 28213091 
31015483 

GSM2573805 
GSM2573806 
GSM2573807 
GSM2573808 
GSM2573809 

AHR Male C57BL/6 Liver Adult, 28 days Exposed to 30 μg/kg 
TCDD via oral 
gavage for 2 h, n¼ 5 
mice

GSE97636 26582802 GSM2574037 
GSM2574038 
GSM2574039 
GSM2574040 
GSM2574041 

AHR Female C57BL/6 Liver Adult, 28 days Exposed to 30 μg/kg 
TCDD via oral 
gavage for 2 h, n¼ 5 
mice

GSE31039 22889292 GSM1000140 H3K27ac Male C57BL/6 Liver Adult, 8 weeks No treatment
GSM1000150 H3K27me3 Male C57BL/6 Liver Adult, 8 weeks
GSM1000151 H3K36me3 Male C57BL/6 Liver Adult, 8 weeks
GSM1000152 H3K79me2 Male C57BL/6 Liver Adult, 8 weeks
GSM1000153 H3K9ac Male C57BL/6 Liver Adult, 8 weeks
GSM769014 H3K4me3 Male C57BL/6 Liver Adult, 8 weeks
GSM769015 H3K4me1 Male C57BL/6 Liver Adult, 8 weeks

GSE36027 22889292 GSM918718 Control Male C57BL/6 Liver Adult, 8 weeks No treatment
GSE30298 23238790 GSM751035 H3K9me3 N/A C57BL/6 Liver Adult, 8 to 10 weeks No treatment

Table 2. RNA-Seq datasets analyzed in this study.

GEO series PMID GEO samples Treatment  
duration (h)

Sex Strain Tissue Age at assay Conditions

GSE109863 29752288 GSM2971788 
GSM2971789 
GSM2971790 
GSM2971791 
GSM2971792 
GSM2971793 

2 Male C57BL/6 Liver Adult 
28 days 

On postnatal day 28,  
mice were orally gavaged with  
sesame oil vehicle or 30 μg/kg TCDD

GSM2971794 
GSM2971795 
GSM2971796 
GSM2971797 
GSM2971798 
GSM2971799 

4

GSM2971800 
GSM2971801 
GSM2971802 
GSM2971803 
GSM2971804 
GSM2971805 

8

GSM2971806 
GSM2971807 
GSM2971808 
GSM2971809 
GSM2971810 
GSM2971811 

12

GSM2971812 
GSM2971813 
GSM2971814 
GSM2971815 
GSM2971816 
GSM2971817 

24
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direct AHR target pathways and an increasing contribution of 
secondary or indirect effects, including pathways regulated by 
downstream AHR targets.

We examined whether AHR-dependent differential gene 
expression correlated with the number of NC-XRE motifs by plot
ting the fold changes of all upregulated AHR target genes after 2 
and 4 h of TCDD exposure against the number of NC-XREs within 
10 kb of each gene body, followed by linear regression analysis 
(Fig. 5A and B). No significant correlation was observed. Given 
that the known AHR-NC-XRE target Serpine1 harbors 5 repeated 
NC-XRE motifs in its putative promoter, we next focused on AHR 
ChIP-seq peaks containing at least 5 NC-XRE motifs spaced ≤50 
base pairs apart to identify additional putative AHR targets. 
Using this approach, we identified such NC-XRE clusters near 28 
AHR target genes, among which 22 genes were upregulated in 
response to TCDD exposure. These differentially upregulated 
genes with 5 or more NC-XRE motifs are shown in Fig. 3A. As vali
dation, Serpine1 was among these genes, consistent with prior 
findings that AHR upregulates Serpine1 via NC-XRE DNA (Huang 
and Elferink 2012). AHR binding was also detected at NC-XRE 
motifs near genes like Tiparp, another known AHR target gene 
induced by TCDD (Ma et al. 2001) and reported to suppress hep
atic gluconeogenesis (Diani-Moore et al. 2010). These findings 
suggest that NC-XRE motifs may contribute to the regulation of 
Tiparp expression, pointing to a potential novel mechanism 
underlying TCDD-induced hepatotoxicity.

To further explore the biological relevance of the 22 upregu
lated AHR target genes containing 5× NC-XRE motifs (50 bp 
spacers), we performed an over-representation analysis (ORA) to 
identify significantly related Gene Ontology (GO) biological proc
esses (FDR < 5%). This analysis revealed 14 pathways (Fig. 3B). 
However, many of these pathways are broad and involve large 
gene sets—e.g. the GO term “embryo development” includes over 
1,000 genes. To contextualize these findings, we conducted a 
GSEA using a global ranked list of genes based on differential 
expression in mouse liver following 2-h TCDD treatment com
pared with DMSO. This approach allowed us to assess whether 
the identified pathways were enriched across the entire tran
scriptome. Thirteen out of the 14 pathways identified in the ORA 
were also significantly enriched in the GSEA (FDR < 25%) 
(Fig. 3C).

The enriched pathways span a range of biological functions, 
including development, morphogenesis, oxygen response, and 
enzymatic activity—processes that align with known physiologi
cal roles of AHR. These findings reveal a compelling link between 
AHR-NC-XRE target gene expression and key biological path
ways, suggesting that AHR may regulate these biological proc
esses, at least in part, through NC-XRE-mediated transcriptional 
control.

Putative transcription factors regulated via 
NC-XRE motifs
Transcription factors bind regulatory DNA in a complex com
posed of multiple different transcription factors. For example, 
AHR is associated with the transcription factor estrogen receptor 
alpha at regulatory DNA (Klinge et al. 2000; Beischlag and Perdew 
2005; Madak-Erdogan and Katzenellenbogen 2012). Another tran
scription factor, ARNT, is a co-regulator of AHR (Reyes et al. 1992; 
Lo and Matthews 2012).

Previous studies have focused on transcription factor binding 
at XRE motifs. To identify transcription factors that might form a 
complex with AHR at NC-XRE motifs, we identified known tran
scription factor DNA-binding sites flanking NC-XRE motifs. We 

focused on AHR ChIP peaks containing at least 2 NC-XRE motifs 
within 25 bp of each other. This threshold was chosen to maxi
mize the detection of potential transcription factors adjacent to 
NC-XRE-bound AHR peaks. It includes all high-density 5× NC- 
XRE (50 bp spacer) clusters and captures additional AHR-NC- 
XRE-adjacent regions, making it more permissive for potential 
transcription factor screening. The top 12 most frequently occur
ring known transcription factor DNA-binding sites are shown in 
Fig. 4A.

As a complementary approach to identify transcription fac
tors that might form a complex with AHR at NC-XRE motifs, we 
took the 22 upregulated genes mentioned in Fig. 3A and asked 
whether any combination of these genes is known to be targets 
of additional transcription factors, besides AHR. We queried the 
CollecTRI database—a curated resource of transcriptional regu
lators and their experimentally validated targets, commonly 
used to infer regulon activity (M€uller-Dott et al. 2023). A regulon 
is defined as a group of genes regulated by a transcription factor 
through direct binding to specific regulatory DNA motifs. This 
analysis revealed 20 significantly overrepresented regulons (FDR 
< 5%), indicating that multiple transcription factors may form a 
transcription complex with AHR at NC-XRE DNA (Fig. 4B).

To further investigate potential transcription factors that 
might form a complex with AHR at NC-XRE motifs, we searched 
for transcription factors that physically bind to the same 
genomic regions as AHR. We focused on AHR ChIP-seq peaks 
containing 5 NC-XRE motifs spaced by 50 base pairs or less. Using 
the CistromeDB Toolkit, we calculated GIGGLE scores to identify 
ChIP-seq datasets from the Cistrome Data Browser that signifi
cantly overlap with AHR-NC-XRE peak regions (Fig. 4C and D, Fig. 
S4C) (Mei et al. 2017; Zheng et al. 2019). The GIGGLE score inte
grates statistical significance (via Fisher’s exact test) and enrich
ment (odds ratio) to determine how likely the observed overlap is 
beyond chance (Layer et al. 2018). A higher GIGGLE score between 
2 different ChIP-seq datasets (targeting different proteins for the 
pull-down) indicates a strong and statistically meaningful over
lap in their peak regions, suggesting that the 2 different proteins 
of interest tend to bind in similar genomic locations.

As expected, GIGGLE scores confirmed strong overlap between 
our AHR-NC-XRE ChIP peak set and existing AHR ChIP-seq data
sets, including those originally used to define the 5× NC-XRE 
peaks. This served as an internal control, validating the sensitiv
ity of our overlap analysis (Fig. 4C; Fig. S4B).

Beyond AHR itself, we identified 23 transcription factors with 
ChIP-seq peaks from mouse liver or from cultured mouse hepato
cytes that significantly overlapped with the 5× NC-XRE (50 bp 
spacer) AHR peaks (Fig. 4D). This suggests that these transcrip
tion factors may co-occupy NC-XRE-rich DNA regions alongside 
AHR. These included factors such as BMAL1 and CLOCK, which 
are central regulators of circadian rhythm, as well as SMAD3 and 
TGIF1, which mediate TGF-β signaling. This co-localization sug
gests that AHR may coordinate with multiple transcription fac
tors at NC-XRE-rich regions, potentially forming regulatory 
complexes that extend beyond canonical AHR–ARNT interac
tions. Interestingly, 5× NC-XRE motifs exhibited stronger giggle 
overlap with AHR ChIP-seq datasets than 5× XRE motifs. We 
interpret this not as evidence that AHR globally prefers NC-XREs, 
but rather as a consequence of the relatively high frequency of 
clustered NC-XREs at known AHR-binding sites in mouse liver. 
These findings reinforce the idea that NC-XRE clusters are 
enriched in regulatory DNA where AHR and its potential partners 
co-occupy, highlighting their functional importance.
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Additionally, we observed significant overlap with several 
transcription factors identified through ORA and motif enrich
ment analyses in ChIP-seq datasets derived from non-liver 
mouse tissues (Fig. S4C), pointing to broader regulatory 

interactions that may extend beyond liver-specific contexts. 
These 3 complementary approaches—motif enrichment (Fig. 4A), 
regulon analysis (Fig. 4B), and ChIP-seq co-localization via giggle 
(Fig. 4C and D)—provide independent lines of evidence that 

Fig. 3. Analysis of AHR target genes. A) Upregulated AHR target genes (fold change TCDD vs vehicle, 2-h exposure, mouse liver) containing AHR ChIP 
peaks with 5 or more NC-XRE motifs separated by 50 base pairs or less. AHR target genes are defined as differentially expressed genes (RNA-seq, fold 
difference in TCDD vs vehicle > 1.5×, FDR < 5%) containing AHR ChIP peaks within 10 kb of a gene body. B) Over-representation analysis (ORA) of Gene 
Ontology Biological Processes (GOBP) using the AHR target genes from panel A. Enriched pathways were ranked by their statistical significance (P- 
value) along with the number of hit genes and their names. For example, the embryo development GOBP pathway contains 8 upregulated genes 
(Atoh8, Notch1, Mafb, Lrp4, Maff, Hes1, Tsgz1, Sebox) that have 5 repeats of NC-XRE motifs with a maximum of 50 bp spacers between them. C) Gene 
Set Enrichment Analysis (GSEA) displaying normalized enrichment scores (NES) for mouse liver global RNA-seq (TCDD vs vehicle) ranked genes. Only 
the pathways identified in the ORA (panel B) are shown here. All except the “response to oxygen-containing compound” pathway are enriched in the 
TCDD-exposed mouse liver.
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converge on overlapping sets of transcription factors. This con
vergence increases confidence that the identified transcription 
factors (TFs) are potential partners of AHR at NC-XRE loci, rather 
than artifacts of any single analysis.

We found several motifs enriched in peaks containing both 
XRE and NC-XRE motifs. As expected, the ARNT motif was 
enriched in both, supporting the previously known association 
with XRE motifs and suggesting that the AHR–ARNT complex 
could be associated with NC-XRE motifs (Fig. 4A). However, 

ARNT was not enriched in our regulon ORA involving AHR peaks 
containing 5× NC-XRE motifs. This observation aligns with the 
findings of Huang and Elferink (2012), who originally observed 
AHR bound to the NC-XRE motif in the promoter region of 
Serpine1 but did not detect ARNT. This might indicate that AHR 
can function independently of ARNT at NC-XRE-binding sites.

AHR is known to function through activation complexes 
involving various coregulators, and our findings suggest that sev
eral transcription factors may co-occupy AHR-bound genomic 

Fig. 4. Putative transcription factors acting with AHR at NC-XRE DNA. A) Top 12 most frequently occurring known transcription factor motifs in the 50 
basepairs flanking repeated NC-XRE and XRE motifs (2 or more motifs within 25 basepairs of each other) in genomic regions where AHR binds. 
Highlighted motifs are enriched flanking NC-XRE but not XRE. Significance defined as P< 10−11. B) Over-representation analysis (ORA) using the 
CollecTRI comprehensive gene regulatory network to identify transcription factors known to upregulate AHR targets (described in Fig. 3A), where the 
AHR target genes are associated with 5 NC-XRE repeats separated by 50 bp or less. Top represented transcription factors ranked by their statistical 
significance (−log10 [P-value]). For example, FOXO4 has 2 hits (Serpine1, Igfbp1), indicating that the Serpine1 and Igfbp1 genes are (i) targets of the FOXO4 
transcription factor protein, (ii) are targets of AHR (RNAseq from TCDD in mouse liver), and (iii) contain 5 NC-XRE repeats with 50 bp spacers in AHR 
ChIP peaks within 10 kb of the gene body (ChIP-seq from TCDD in mouse liver). C, D) Giggle scores of AHR peaks with 5 or more XRE or NC-XRE repeats 
with up to 50 bp spacers compared with experimentally determined transcription factor peaks from mouse liver or liver cell ChIP-seq. Each point 
represents how strongly XRE or NC-XRE containing AHR-binding sites overlap with the known transcription factor binding sites. A higher giggle score 
indicates a higher likelihood of these transcription factors co-occupying the AHR peaks. For example, DNA sequence to which STAT5B binds is 
enriched in AHR ChIP peaks containing NC-XRE (5 or more repeats with 50 bp spacers). Positive control (C) shows high enrichment of AHR DNA binding 
motifs within AHR ChIP peaks.
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regions. Among these, BMAL1 (also known as ARNTL), a basic 
helix-loop-helix (bHLH) transcription factor like AHR, emerged as 
a particularly intriguing example. BMAL1 is well known for form
ing heterodimers with CLOCK to regulate circadian rhythm genes 
such as Period (Per1, Per2, Per3) and Cryptochrome (Cry1, Cry2) 
(Hogenesch et al. 1998; Takumi et al. 1998a, 1998b; Kume et al. 
1999). We observed co-occupancy of AHR ChIP-seq peaks con
taining 5× NC-XRE motifs with both BMAL1- and CLOCK-binding 
sites (Fig. 4D). We also saw that 2 BMAL1 target genes, Noct and 
Serpine1, are significantly overrepresented in the CollecTRI ORA 
analysis. These 2 target genes are also upregulated in the mouse 
liver following TCDD exposure (Figs 3A and 4B). Moreover, these 
AHR-5× NC-XRE peak regions also overlapped with ChIP-seq 
peaks for Per2, Cry1, and Cry2, suggesting that AHR may be 
involved in regulating components of the circadian clock. Our 
findings are consistent with a prior study demonstrating that 
activated AHR can interact with BMAL1 at E-box sequences and 
disrupt CLOCK-BMAL1-mediated transcription in cultured 
human hepatoma cells (Xu et al. 2010). Our data support and 
extend this work by showing genome-wide co-localization of 
AHR- and BMAL1-binding sites in the mouse liver following 
TCDD exposure and suggest that AHR–BMAL1 interactions and 
subsequent signaling may be mediated through binding at NC- 
XRE motifs.

Several transcription factor motifs were specifically enriched 
in the regions flanking NC-XREs, but not in regions flanking can
onical XREs. Among these, binding sites for TGIF1 and SMAD3 
were particularly prominent (Fig. 4A). Consistent with this, 

multiple targets of SMAD family transcription factors were upre
gulated following TCDD exposure in mouse liver (Figs 3A and 4A). 
Furthermore, both SMADs and TGIF1 non-liver ChIP-seq datasets 
showed significant overlap with AHR-NC-XRE peaks (Fig. S4C). 
These findings point to a potential crosstalk between AHR and 
other known signaling pathways, in this particular case, the TGF- 
β/SMAD signaling pathway at NC-XRE-enriched regulatory 
regions. Notably, such crosstalk has not been previously 
reported, highlighting its potential as a novel and meaningful 
observation. It suggests that AHR may integrate environmental 
signals with developmental and homeostatic pathways through 
non-canonical DNA-binding mechanisms, expanding the scope 
of AHR’s regulatory network.

Other transcription factors such as KLF6 have been reported 
to associate with AHR at NC-XREs to regulate Serpine1 expression 
(Wilson et al. 2013). Our findings are consistent with the idea 
that NC-XREs may provide a platform for diverse AHR–transcrip
tion factor interactions. For example, EP300, which is already 
known to interact with the AHR:ARNT complex (Kobayashi et al. 
1997), showed strong peak overlap with AHR at 5× NC-XRE sites. 
We also saw overlap with other known co-regulators like E2F and 
HNF4A (Marlowe et al. 2004; Cholico et al. 2022). Although these 
proteins were already linked to AHR, their potential binding to 
the NC-XRE-rich regions has not been studied. Even more inter
esting, we found transcription factors, which have not been pre
viously linked to AHR as a potential coregulator. These include 
factors involved in oncogenic signaling (e.g. MYC) and core tran
scriptional machinery (e.g. POLR2A, POLR2B). Their presence at 

Fig. 5. Mutations in NC-XRE DNA in Serpine1 promoter reduced TCDD-dependent expression of Serpine1. A) Schematic of mouse Serpine1 gene showing 
AHR ChIP peak �150 bp upstream of transcription start site, which contains 5× repeated NC-XRE (nucleotides in red) and no XRE sequences. Hepa 1 to 
6 cell clones containing deletions in the NC-XRE region (dashed lines) are shown below the wild-type sequence. B, C) Hepa 1 to 6 wild-type or mutant 
cells were exposed to 10 nM TCDD or vehicle for 2 h, followed by RNA extraction and qPCR for Serpine1 (A) or Cyp1a1 (B). Mutant cell lines with full or 
partial deletion of NC-XRE exhibit reduced increase in Serpine1 following TCDD exposure compared with wild-type cells. Mutant cells showed similar 
increase in Cyp1a1 following TCDD exposure as wild-type cells. Gene expression normalized to vehicle, 18S rRNA used as reference gene. One-way 
ANOVA with Tukey’s multiple comparisons test, �P<0.05, ��P< 0.01, ns, not significant (P>0.05).
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the AHR-NC-XRE sites suggests that AHR may regulate cell cycle 
and RNA production using a previously uncharacterized non- 
canonical pathway.

Testing NC-XRE function in a natural genomic 
context
Our bioinformatics analysis supports the hypothesis that AHR 
regulates target gene expression via NC-XRE DNA. To function
ally test this hypothesis at a specific AHR target gene, we focused 
on Serpine1. ChIP studies in mouse liver identified an AHR- 
binding site �150 bp upstream of the TSS, which contains a run 
of 5 NC-XRE motifs (Fig. 5A) (Huang and Elferink 2012). Indirect 
evidence suggests that AHR upregulates Serpine1 expression via 
NC-XRE motifs, but this has never been tested directly.

We cultured mouse Hepa 1 to 6 liver cells, used CRISPR-Cas9 
to delete the 5× NC-XRE motif in the Serpine1 promoter, gener
ated clonal mutant cell lines, and directly tested whether the 5× 
NC-XRE motif contributes to TCDD-dependent Serpine1 expres
sion. To control for heterogeneity in gene expression between 
wild-type cells (Giuliano et al. 2019; Westermann et al. 2022), we 
first derived a population of wild-type Hepa 1 to 6 cells from a 
single cell (see Materials and methods section). These clonal 
wild-type cells were used for all subsequent experiments. We 
transfected Hepa 1 to 6 cells with Cas9 protein together with a 
guide RNA targeting the NC-XRE sequence, picked single cells, 
and established multiple cell lines containing different deletion 
mutations in the target NC-XRE (Fig. 5A).

We exposed mutant and wild-type cells to TCDD or vehicle for 
2 h and assayed Serpine1 expression by RT-qPCR. In all clones, 
deletion of the NC-XRE reduced upregulation of Serpine1 in 
response to TCDD (Fig. 5B). To test whether AHR function was 
normal, we also examined expression of Cyp1a1, a prototypical 
AHR target gene thought to be regulated by XRE motifs. All cell 
lines exhibited increased Cyp1a1 expression following TCDD 
exposure, and there was no difference in mean Cyp1a1 expres
sion levels between wild-type and any mutant cell line (Fig. 5C). 
Our results suggest that AHR transcription factor function is nor
mal in NC-XRE mutant cell lines. We conclude that AHR upregu
lates Serpine1 via this NC-XRE sequence 150 bp upstream of the 
TSS.

Discussion
We performed a genome-wide assessment of NC-XRE motifs and 
found they are prevalent in regulatory regions associated with 
AHR target genes. We also provide functional evidence that NC- 
XRE motifs in the Serpine1 promoter are necessary for full upregu
lation of Serpine1 in response to TCDD. Although deletion of all 5 
NC-XRE motifs in the Serpine1 promoter reduced TCDD-induced 
Serpine1 expression by �50%, residual induction remained. This 
suggests that additional AHR-responsive elements, such as the 2 
canonical XREs located �1,000 bp upstream of the Serpine1 pro
moter, may also contribute to its regulation. Thus, NC-XREs and 
XREs likely act together to shape the overall transcriptional 
response of Serpine1 to TCDD. However, we have only a basic 
understanding of the physiologic relevance of AHR signaling at 
NC-XRE motifs. Only 2 target genes (Serpine1 and Cdkn1a) are 
known to be directly regulated by AHR at NC-XRE DNA, and these 
interactions were explored in only 1 cell type, hepatocytes, in 
adulthood (Huang and Elferink 2012; Jackson et al. 2014). The 
degree to which other AHR target genes are regulated by non- 
consensus DNA sequence, in additional tissues and cell types 
and at different stages of organismal development, is not known.

To address this, we performed integrative pathway and tran
scription factor analyses of AHR target genes associated with 5× 
NC-XRE clusters. We identified 22 genes upregulated by TCDD 
that are proximal to these clusters, and pathway enrichment 
analyses revealed significant associations with biological proc
esses such as development, morphogenesis, oxygen response, 
and enzymatic activity. These findings suggest that AHR may 
regulate a broader array of physiological processes through NC- 
XRE-mediated transcriptional control than previously appreci
ated.

ARNT is considered an obligate binding partner of AHR (Reyes 
et al. 1992), but these studies focused on AHR–ARNT interactions 
at XRE DNA. Whether ARNT binds AHR at NC-XRE DNA and 
whether NC-XRE-mediated transcriptional responses require 
ARNT has not been determined. To our knowledge, no studies 
have directly tested NC-XRE-dependent gene regulation in 
ARNT-deficient cell lines, and this remains an important ques
tion for future research. Studies suggest that under certain con
ditions, AHR can act independently of ARNT to upregulate gene 
expression. In mouse liver, AHR was bound to NC-XRE in the pro
moter of the Serpine1 gene following TCDD exposure, but no 
ARNT was detected (Huang and Elferink 2012). In a rat hepatoma 
cell line containing a Serpine1:luciferase reporter construct, 
TCDD increased luciferase levels, but knockdown of ARNT had 
no effect (Huang and Elferink 2012). Our analysis supports this 
observation. Although ARNT motifs were enriched in AHR peaks 
containing both XRE and NC-XRE motifs, ARNT did not show co- 
occupancy at AHR peaks containing 5× NC-XRE motifs. This 
raises the possibility that AHR may function independently of 
ARNT at NC-XRE sites, potentially through interactions with 
alternative co-regulators.

A limitation of the previous studies is that none considered 
ARNT2. ARNT2 shares significant sequence homology with ARNT 
and was shown to interact with AHR and XRE DNA in vitro 
(Hirose et al. 1996; Tanguay et al. 2000; Rowatt et al. 2003), but to 
our knowledge, there is an absence of evidence of whether 
ARNT2 interacts with AHR in vivo. DNA binding, coregulator 
recruitment, and target gene expression could be different 
between AHR-ARNT and AHR-ARNT2 transcriptional complexes. 
Given our findings that ARNT1 does not appear to co-occupy 
AHR-bound NC-XRE regions, it is plausible that ARNT2 may serve 
as an alternative co-regulator in these contexts. Notably, we 
were unable to assess ARNT2 co-localization at AHR-NC-XRE 
peaks due to the absence of publicly available ARNT2 ChIP-seq 
datasets. As such, the potential involvement of ARNT2 in AHR- 
NC-XRE-mediated transcription remains an open question that 
warrants further study. This raises the intriguing possibility that 
AHR may form distinct transcriptional complexes depending on 
the DNA motif it binds—partnering with ARNT1 at XREs and 
potentially with ARNT2 at NC-XREs. Such differential dimeriza
tion could influence target gene specificity, chromatin recruit
ment, and transcriptional outcomes, warranting deeper 
investigation into the role of ARNT2 in non-canonical AHR sig
naling. However, expression of Arnt2 in mice is largely restricted 
to neuronal tissues and the developing kidney, with little to no 
detectable expression in mouse liver (Keith et al. 2001; Aitola and 
Pelto-Huikko 2003). Consistent with this expression pattern, 
overexpression of Arnt2 in hepatic cells produces minimal TCDD 
responsiveness compared with Arnt (Dougherty and Pollenz 
2008). Together, this suggests that although Arnt2 could influ
ence AHR-NC-XRE-mediated transcription, it is unlikely to func
tion as an AHR-binding partner in the liver.
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Our integrative analysis uncovered a broader network of tran
scriptional regulators co-localizing at AHR-NC-XRE sites, includ
ing factors involved in circadian rhythm (e.g. Arntl/Bmal1, 
Clock), TGF-β/SMAD signaling (e.g. SMAD3, TGIF1), and onco
genic or epigenetic regulation (e.g. MYC, EP300, BCL6). These 
findings suggest that AHR may orchestrate complex transcrip
tional programs through non-canonical DNA binding, extending 
its influence into diverse biological pathways.

Limitations
The evidence for transcription factor co-occupancy at AHR- 
bound NC-XRE clusters is indirect. We compared AHR peaks 
from TCDD-treated liver with transcription factor peaks obtained 
from untreated liver or hepatocyte datasets, which do not pro
vide temporal or spatial resolution of binding events. It, there
fore, remains possible that nearby transcription factors occupy 
adjacent loci without functionally interacting with AHR. For 
example, a canonical E-box motif (CACGTG, recognized by 
CLOCK-BMAL1 and other bHLH factors) lies immediately 
upstream of the NC-XRE cluster in the Serpine1 promoter. Yet 
deletion of this sequence in clone 38 had no additional effect on 
TCDD-induced Serpine1 expression beyond NC-XRE deletion 
alone. This indicates that, at least for Serpine1, the E-box is dis
pensable for AHR-dependent regulation and that co-occupancy 
with CLOCK-BMAL1 is unlikely to explain the observed transcrip
tional response. These findings underscore that functional vali
dation at individual loci is essential. Direct demonstration of 
simultaneous AHR and co-factor binding will require future 
experiments such as sequential ChIP, proximity ligation assays, 
or single-molecule imaging.

The computational analyses performed here suggest many 
hypotheses, such as that AHR target genes may be regulated by 
NC-XRE DNA. However, the algorithms employed here make pre
dictions but lack experimental validation. We demonstrated that 
the repeated NC-XRE motifs in the promoter region of Serpine1 
regulate AHR-dependent Serpine1 expression in a mouse liver cell 
line. A recent study in human lung cancer cells showed upregula
tion of SERPINE1 by AHR agonists, suggesting SERPINE1 is also an 
AHR target in humans (Gorelik et al. 2025). Nevertheless, it 
remains unclear whether AHR regulates gene expression in 
humans via NC-XRE DNA motifs, as the human SERPINE1 pro
moter contains only 3 GGGA repeats separated by 50 bp spacers. 
However, we appreciate that DNA regulatory elements may be 
incompletely conserved between species. Showing that AHR 
binds NC-XRE DNA to regulate gene expression in any species is 
important foundational knowledge. Although the specific num
ber or configuration of NC-XRE sequence at a given promoter or 
enhancer may differ between strains of animals or between spe
cies, it is extremely unlikely that AHR regulates gene expression 
by binding to NC-XRE in mice but not in humans. Considering 
that AHR binds identical XRE DNA sequence in zebrafish, mice, 
and humans (Denison et al. 1988; Yao and Denison 1992; 
Tanguay et al. 1999; Andreasen et al. 2002), we argue that the 
same is likely true for NC-XRE.

Materials and methods
Re-analysis of published murine liver ChIP-Seq 
datasets
ChIP-Seq datasets of AHR in murine livers after 2 h of TCDD 
treatment in male (GSE97634) and female (GSE97636) mice were 
downloaded from NCBI Gene Expression Omnibus (GEO) (Table 1) 
(Nault et al. 2016; Fader et al. 2017, 2019). Data were trimmed 

using trim_galore (Krueger 2015), mapped to the mouse genome 
build UCSC mm10 using bowtie2 (Langmead and Salzberg 2012), 
and peaks were called using MACS2 using the provided controls 
(Zhang et al. 2008; Langmead and Salzberg 2012). Peaks were 
merged using bedtools into male, female, and male þ female 
merged datasets (Quinlan and Hall 2010). Each peak was 
searched for AHR motifs using an in-house script. To test the 
likelihood of finding AHR motifs anywhere in the genome, ran
dom DNA peaks were generated matching the chromosome and 
size distribution as previously described (Coarfa et al. 2020), then 
searched for AHR motifs using a custom Ruby code. We analyzed 
AHR ChIP-seq peaks by extracting the underlying genomic 
sequences and scanning them for both XRE and NC-XRE motifs. 
Motifs provided in IUPAC notation were converted into regular 
expressions, allowing systematic identification and annotation of 
motif occurrences within peak regions (doi.org/10.5281/zen
odo.17211132). For each motif of interest (XRE, NC-XRE, 
RelBAhRE), we compared the total number of motif-containing 
peaks in the observed dataset against the matched random set 
using a Fisher’s exact test. Because only 3 tests were performed, 
we did not perform multiple testing correction and reported raw 
Fisher’s exact test P-values with significance defined at P< 0.05. 
Venn diagrams of AHR motifs in the merged AHR peaks were 
derived using eulerr package (Larsson 2024) in R Studio (RStudio 
Team 2025), and pie charts were made using GraphPad Prism ver
sion 10.2.2, MacOS, GraphPad Software, Boston, MA, United 
States, www.graphpad.com.

To investigate the genomic distribution of AHR-binding sites, 
we used ChromHMM, a chromatin state annotation tool (Ernst 
and Kellis 2012). We utilized ChIP-Seq datasets for 8 histone 
modifications—H3K27ac, H3K27me3, H3K36me3, H3K79me2, 
H3K9ac, H3K4me3, H3K4me1, and H3K9me3—along with an 
input control, all derived from 8-week-old mouse liver tissue. 
These datasets were downloaded from the NCBI GEO (accession 
numbers: GSM1000140, GSM918718, GSM1000150, GSM1000151, 
GSM1000152, GSM1000153, GSM769014, GSM769015, GSM751035) 
(Table 1) (Nault et al. 2016; Fader et al. 2017, 2019). Raw reads 
were trimmed using trim_galore (Krueger 2015) and aligned to the 
UCSC mm10 mouse genome build using bowtie2 (Langmead and 
Salzberg 2012). The aligned reads were converted into binned sig
nal representations alongside genomic windows of signal abun
dance, which were then used to train a hidden Markov model to 
segment the genome into 10 chromatin states (Ernst and Kellis 
2017) using the ChromHMM tool (Ernst and Kellis 2012). We over
laid these chromatin states onto AHR peaks containing XRE and 
NC-XRE motifs, as shown in Figs 1C and D and 2D, using a cus
tom in-house script. Additionally, we used the same histone 
ChIP-Seq datasets to compute signal distributions across 
genomic regions (Fig. 2E) using the HOMER software (Heinz et al. 
2010). All figures were generated using GraphPad Prism version 
10.2.2.

Runs of AHR motifs, e.g. sequences of successive motifs within 
a maximum distance from each other, were determined using an 
in-house Python script and bedtools. Flanking sequences were 
determined using the bedtools software (Quinlan and Hall 2010). 
Enriched motifs within the flanking sequences were determined 
using the HOMER software (Heinz et al. 2010).

To identify transcription factors with potential co-binding at 
AHR-bound NC-XRE or XRE clusters, we performed giggle score 
analysis using the CistromeDB Toolkit (Mei et al. 2017; Zheng 
et al. 2019). As input, we used mouse liver AHR ChIP-seq peaks 
(GSE97634, GSE97636) containing either 5 canonical XRE motifs 
or 5 NC-XRE motifs with a maximum spacer of 50 base pairs. 
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Giggle calculates an integrated score that combines statistical 

significance (Fisher’s exact test P-value) and enrichment (odds 

ratio) to quantify whether 2 ChIP-seq peak sets overlap more 

than expected by chance (Layer et al. 2018).
The giggle score thus reflects both the strength and signifi

cance of overlap: Higher scores indicate stronger co-localization 

between 2 datasets, consistent with the possibility that the corre

sponding proteins bind the same genomic loci and may partici

pate in transcriptional complexes.
Although giggle automatically compares query peaks against 

all publicly available datasets in the Cistrome Data Browser, for 

interpretation, we filtered the results to include only ChIP-seq 

datasets derived from mouse liver tissue or hepatocyte-derived 

cell lines. This restriction ensured that the comparisons were 

performed in a biologically relevant context.
The giggle scores were visualized in Fig. 4C and D to illustrate 

overlap with AHR datasets (serving as an internal control) and 

with additional transcription factors that may act as potential 

AHR co-regulators.

Re-analysis of published murine liver AHR RNA- 
Seq datasets and integration with ChIP-seq 
datasets
Several RNA-seq datasets of mouse liver after treatment with 

TCDD at different doses and for multiple timepoints were down

loaded from NCBI GEO: GSE109863, GSE62902, and GSE87519 

(Nault et al. 2015, 2018; Fader et al. 2017) (Table 1). Data were 

trimmed using trim_galore (Krueger 2015), then mapped onto the 

mouse genome build UCSC mm10 using STAR (Dobin et al. 2013), 

and gene expression was quantified using feature_counts (Liao 

et al. 2014). Differentially expressed genes between TCDD and 

vehicle treatment were inferred using the EdgeR and RUVr R 

packages (Robinson et al. 2010; Risso et al. 2014), with signifi

cance achieved at a fold change exceeding 1.5× and FDR- 

adjusted P-value< 0.05. We used the ranked gene list to perform 

GSEA (Subramanian et al. 2005) using datasets from the mouse 

molecular signature database version 7.5.1 (Castanza et al. 2023). 

Genomic locations (represented as bed files) and gene signatures 

were integrated using bedtools (Quinlan and Hall 2010). To cap

ture both promoter and proximal enhancer effects, peaks were 

considered as associated with genes if the gene body was within 

10,000 bp of a peak. ORA was performed using a custom Python 

script, which applies the hypergeometric test used by MSigDB to 

assess enrichment of gene sets from the gene ontology biological 

process gene set version 7.5.1 (Castanza et al. 2023) and 

CollecTRI version 2 regulons (M€uller-Dott et al. 2023).

Cell culture
The mouse hepatoma cell line Hepa 1 to 6 was obtained from 

ATCC (Manassas, VA) (Darlington et al. 1980). Hepa 1 to 6 cells 

were cultured in 10 cm plates in Dulbecco’s Modified Eagle’s 

medium supplemented with 1% (v/v) Penicillin/Streptomycin 

and 10% (v/v) fetal bovine serum (FBS) in a humidified incubator 

(5% CO2, 37 �C). To derive wild-type clones for CRISPR mutagene

sis, Hepa 1 to 6 cells were separated using BD FACSAria II cell 

sorter (Cytometry and Cell Sorting Core, Baylor College of 

Medicine) and 1 cell per well was plated into a 96-well plate. Cells 

grew for 2 to 3 weeks until colonies were visible and selected for 

further expansion. Wild-type clone 12 was used for subsequent 

studies.

CRISPR mutagenesis of Hepa 1 to 6 cells
We used CHOPCHOP (Labun et al. 2019) to design guide RNAs target
ing the 5× NC-XRE motif region 150bp upstream of transcription 
start in the mouse Serpine1 gene (target sequence 
CAGCAAGTCACTGGGAGGGAGGG, PAM motif underlined). Synthetic 
single-guide RNA—modified with 20-O-methyl at the first 3 and last 
bases and 30-phosphorothioate bonds between the first 3 and last 2 
bases—and purified SpCas9-2NLS protein was purchased from 
Synthego (Redwood City, CA). We mixed guide RNA and Cas9 (1.3:1 
ratio) to form ribonucleoproteins according to Synthego’s recom
mended protocol. Guide RNA and Cas9 ribonucleoprotein complexes 
in serum-free medium were transfected into Hepa 1 to 6 WT clone 
12 cells (see above) using Lipofectamine CRISPRMAX Cas9 
Transfection reagent (Thermo Fisher Scientific, Waltham, MA) 
according to the manufacturer’s protocol; 100,000 Hepa-1 to 6 WT- 
12 cells in standard cell culture media (above, containing FBS and 
antibiotics) were mixed with the ribonucleoprotein-transfection solu
tion and split into 2 wells for genomic analysis and clonal expansion. 
Cells were incubated in a humidified incubator (5% CO2, 37 �C) for 
24h. We then changed the media and allowed the cells to incubate 
for another 3days before genotyping or deriving single-cell colonies 
for clonal expansion.

To derive mutant colonies from single cells, we separated and 
plated transfected WT-12 cells using BD FACSAria II cell sorter as 
above. Forty-eight single-cell clones were expanded and genotyped, 
focusing on mutant cell lines from clones 2, 9, 10, 21, and 38.

Genotyping cell lines
Genomic DNA was extracted from cells using phenol–chloroform 
extraction. Cells were lysed with DNA lysis buffer (10 mM Tris, 
200 mM NaCl, 5 mM EDTA, 1% SDS, 0.4 mg/ml proteinase K). Equal 
volume of phenol:choloroform:isoamyl alcohol was added for DNA 
extraction into the upper phase, followed by ethanol–sodium ace
tate precipitation of DNA. We used PCR to amplify the region flank
ing the NC-XRE motifs using primers 50-AAGCCAGG 
CCAACTTTTCCT and 50-CGGTCCTCCTTCACAAAGCT. PCR prod
ucts were Sanger sequenced to identify mutations. To identify 
mutations from mosaic cell populations, we used the ICE CRISPR 
Analysis Tool (Conant et al. 2022) to deconvolute Sanger sequencing 
results.

Mutant clones (all derived from WT clone 12), selected for fur
ther experiments, were clone 2 (54 bp deletion in NC-XRE region 
of Serpine1 promoter), clone 9 (32 bp deletion), clone 10 (8 bp 
deletion), clone 21 (28 bp deletion), and clone 38 (74 bp deletion). 
The deletions in each clone were further validated by next- 
generation sequencing. We used PCR to amplify a 450 bp region 
of DNA encompassing the NC-XRE. After PCR amplification, DNA 
was quantified by Qubit dsDNA HS fluorometric quantitation 
(ThermoFisher Q32851). Cytation 5 imaging reader (BioTek; Santa 
Clara, CA) was used to read the samples; 500 ng of each amplicon 
was sent for Amplicon E-Z Next Generation Sequencing 
(GENEWIZ from Azenta Life Sciences, South Plainfield, NJ), 
paired-end Illumina MiSeq 2X250 bp, 50,000 reads per sample. 
Each clone contained >99% of the expected mutation.

Quantitative reverse-transcription PCR
Hepa 1-6 cells (parental WT12 cells and WT12 mutant clonal cell 
lines 2, 9, 10, 21, and 38) at 70% to 80% confluency were treated 
with 10 nM TCDD (n¼ 6 per treatment group) or 0.1% DMSO 
(vehicle control, n¼ 6 per treatment group) for 2 h each. We 
selected 10 nM TCDD because this concentration has been shown 
to robustly activate AHR target genes while avoiding overt cyto
toxicity (Humphrey-Johnson et al. 2015). Cells were then lysed in 
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TRIzol followed by RNA extraction according to the man

ufacturer’s protocol using Direct-zol RNA Miniprep Kit, including 

the optional on-column DNase digestion (cat no. 11-331; Zymo 

Research, Irvine, CA). RNA concentration was measured using 

NanoDrop 2000 Spectrophotometer (Thermo Scientific, 

Waltham, MA). The purity of the RNA (A260/A280) was ≥2 with 

the yield of 60 ng/µl or higher; 1,000 ng of the RNA were converted 

into cDNA using iScript Reverse Transcription Supermix for RT- 

qPCR (Biorad, Hercules, CA; cat no 1708841) in a total 20 µl vol

ume and incubated for 5 min at 25 �C followed by incubation at 

46 �C for 20 min, at 95 �C for 1 min in C1000 Touch Thermal 

Cycler (Biorad, Hercules, CA).
To validate differential gene expression, we used real-time 

quantitative PCR (qPCR) by the PrimePCR Assay (Biorad, 

Hercules, CA) based on PCR amplification using the CFX Opus 96 

Real-Time PCR System (Biorad, Hercules, CA) via the 2−ΔΔCt 

method under default reaction conditions (95 �C for 2 min; 95 �C 

for 5 s; 60 �C for 30 s for 40 cycles). An aliquot of 4 µl of 1:10 dilu

tion of cDNA was mixed with 10 µL BIORAD SsoAdvanced 

Universal Probes Supermix (cat no. 1725280) and target gene- 

specific PrimePCR Assays (1 µl) and nuclease-free water up to a 

total volume of 20 µl (3 technical replicates were run for each 

sample). cDNA samples were also used for measurement of 

Gapdh levels for normalization. Ct values were calculated by the 

Bio-Rad instrument using the CFX Maestro Software version 2.3.
The following PrimePCR Assays were used. Note that BioRad 

does not provide specific primer/probe sequences. BioRad pro

vides the amplicon sequence with additional base pairs added to 

the beginning and/or end of the sequence (amplicon context 

sequence). This is in accordance with the minimum information 

for the publication of real-time qPCR experiments (MIQE) guide

lines (Bustin et al. 2011).
Serpine1, Mouse (qMmuCIP0037358)
Amplicon context sequence: CTGTCGGGTTGTGCCGAACC 

ACAAAGAGAAAGGATCGGTCTATAACCATCTCCG
TGGGGGCCATGCGGGCTGAGATGACAAAGGCTGTGGAGGAAG 

ACGCCACTGTG
CCGCTCTCGTTTACCTCGATCCTGACCTTTTGCAGTGCCTGTGCT
Gapdh, Mouse (qMmuCEP0039581):
TGGGAGTTGCTGTTGAAGTCGCAGGAGACAACCTGGTCCTCA 

GTGTAGCCCAAGATGCCCTTCAGTGGGCCCTCAGATGCCTGCTT 

CACCACCTTCTTGATGTCA
Cyp1a1, Mouse (qMmuCEP0041980):
CAGCCACCTAGATCATGCCTTCCATGTATGGACTTCCAGCCTT 

CGTGTCAGCCA
CAGAGCTGCTCCTGGCTGTCACCGTATTCTGCCTTGGATTCTG 

GGTGGTCAGAG
CCACAAGAACCTGGGTTCCCAAAGGCCTGAAGACTCC
The results shown were the average of 3 or more biologically 

independent experiments. The cumulative results were statisti

cally analyzed by using Prism version 10 (GraphPad Software, 

Boston, MA).
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