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The Aryl Hydrocarbon Receptor Regulates
Epidermal Differentiation through Transient
Activation of TFAP2A

Jos P.H. Smits"’2'5, Jiegiong Qu3’5, Felicitas Pardow]'“’, Noa J.M. van den Brink”),
Diana Rodijk-OIthuisT, I[vonne M.}.J. van VIijmen—WiIlemsj, Simon J. van Heeringeng,
Patrick L.J.M. Zeeuwen', Joost Schalkwijk', Huiging Zhou”" and Ellen H. van den Bogaard'

The aryl hydrocarbon receptor (AHR) is an evolutionary conserved environmental sensor identified as an
indispensable regulator of epithelial homeostasis and barrier organ function. Molecular signaling cascade and
target genes upon AHR activation and their contribution to cell and tissue function are however not fully
understood. Multiomics analyses using human skin keratinocytes revealed that upon ligand activation, AHR
binds open chromatin to induce expression of transcription factors, for example, TFAP2A, as a swift response to
environmental stimuli. The terminal differentiation program, including upregulation of barrier genes, FLG and
keratins, was mediated by TFAP2A as a secondary response to AHR activation. The role of AHR—TFAP2A axis in
controlling keratinocyte terminal differentiation for proper barrier formation was further confirmed using
CRISPR/Cas9 in human epidermal equivalents. Overall, the study provides additional insights into the molec-
ular mechanism behind AHR-mediated barrier function and identifies potential targets for the treatment of skin

barrier diseases.
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INTRODUCTION

The skin, being an important barrier organ, plays a major role
in protecting and fostering the life it encloses. Within the
ever-renewing epidermis, keratinocytes are the predominant
cell type, accounting for 95% of epidermal cells (Freinkel and
Woodley, 2001). The continuous renewing of the epidermis is
highly dependent on the delicate balance between kerati-
nocyte proliferation and differentiation. During epidermal
development, basal stem cells give rise to daughter cells that
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undergo a coordinated program of cell cycle arrest, upward
migration, and terminal differentiation. Maintaining the
integrity of the epidermis is essential for skin homeostasis and
protection of the host against infections, allergens, UVR, and
other external threats through host defense and physical,
chemical, and immunological barrier mechanisms (Nestle
et al, 2009). As such, a compromised epidermal barrier is a
prominent feature of common inflammatory skin diseases,
such as atopic dermatitis and psoriasis (Angelova-Fischer
et al, 2011; Nomura et al, 2003). In healthy skin, epidermal
homeostasis is tightly controlled through a set of essential
transcription factors (TFs), for example, TP63, AP1, and the
aryl hydrocarbon receptor (AHR) (Candi et al, 2008; Eckert
et al, 2013; Esser et al, 2013).

AHR is a TF that is considered a sensor of environmental,
microbial, metabolic, and endogenous cues. Depending on
the specific activating ligand, AHR activation can cascade
into a response ranging from highly toxic to therapeutic
(Denison and Nagy, 2003; Esser et al, 2013; Rothhammer and
Quintana, 2019). AHR is involved in many biological pro-
cesses, from cellular proliferation and differentiation to im-
mune responses both innate and adaptive origin. Upon
activation, AHR translocates from the cytoplasm to the nu-
cleus, where it dimerizes with AHR nuclear transporter to
bind to its cognate DNA consensus sequence (5'-TNGCGTG-
3’) known as the xenobiotic response element and regulates
gene transcription (Esser et al, 2013; Yao and Denison, 1992).
Certain AHR-activating ligands are highly toxic, for example,
high-affinity environmental pollutant dioxins (eg, 2,3,7,8-
Tetrachlorodibenzo-p-dioxin  [TCDD]). TCDD has an
extremely long half-life (estimated at 7.1 years in humans),
resulting in prolonged and uncontrolled AHR activation
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(Pirkle et al, 1989; Ray and Swanson, 2004), whereas other
AHR ligands are rapidly degraded and considered of more
physiological importance, for example, 6-formylindolo(3,2-
blcarbazole, which is generated upon UVR of keratinocytes
(Fritsche et al, 2007; Rannug et al, 1995, 1987).

Over the years, we have gained a better understanding of
the effects of AHR activation on inflammatory skin conditions
since the discovery of AHR activation as the working mech-
anism of coal tar (CT) ointment that was used for psoriasis
and atopic dermatitis treatment (McLean and Irvine, 2013;
Smits et al, 2020; van den Bogaard Ellen et al, 2013). These
insights sparked the global interest in therapeutics that target
the AHR in skin diseases and beyond and led to the regis-
tration of Tapinarof, an AHR ligand, for psoriasis (Peppers
et al, 2019; Smith et al, 2017b). Phase 3 clinical trials in
atopic dermatitis are ongoing (NCT05032859). Other AHR
ligands with similar biological implications, including car-
boxamide and indazole derivatives, have also been studied
for their therapeutic anti-inflammatory and barrier-promoting
potential (Kaye et al, 2016; Nilsson et al, 1995; Rikken et al,
2023, 2022; Wegner et al, 2010).

At the molecular level, mainly 4 groups of genes are
known to be targeted by AHR in the skin: first, a battery of
xenobiotic metabolizing enzymes, including cytochrome
P450 monooxygenases (P450s), for example, CYPIAT
(Ramadoss and Perdew, 2005); second, genes involved in
keratinocytes differentiation (Loertscher et al, 2001), for
example, FLG and involucrin (IVL) gene IVL (Hidaka et al,
2017; Sutter et al, 2011; Tsuji et al, 2017; van den Bogaard
Ellen et al, 2013); third, genes related to host defense, for
example, the antimicrobial peptide families of S700 genes,
late cornified envelope genes, and PI3, among others (Smits
et al, 2020; Sutter et al, 2011); and finally, genes related to
immunity, for example, the inflammatory cytokines IL18, IL6,
CXCL5, CCL20, and IL10 (Hollingshead et al, 2008; Smith
et al, 2017a; Vogel et al, 2016). Hence, AHR activation is
found to increase epidermal differentiation and barrier for-
mation (Furue et al, 2015; Sutter et al, 2011; van den Bogaard
etal, 2015, 2013) and dampen skin inflammation (Di Meglio
et al, 2014). However, the sequence and dynamics of the
molecular events and other players involved through which
AHR mediates these effects are poorly understood.

In this study, we aim to characterize regulatory cascade upon
AHR activation in human keratinocytes. Through transcrip-
tomic and epigenomic analyses, we identified a hitherto un-
recognized AHR—TFAP2A axis that regulates epidermal
keratinocyte terminal differentiation and skin barrier formation.

RESULTS

AHR activation results in distinct early and late
transcriptional programs

To characterize the gene expression pattern upon AHR acti-
vation in human primary keratinocytes, we performed RNA
sequencing on keratinocytes either treated with TCDD or CT,
2 AHR model ligands, for short-term (2 hours) and longer-
exposure (24 hours) duration. Principle component analysis
showed transcriptome alterations in ligand-treated samples
already after 2 hours of treatment, indicating that ligand
exposure results in swift AHR activation and transcription
regulation (Figure 1a). The differences became increasingly
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apparent between 2 hours and 24 hours of ligand treatment,
indicated as the major change through principal component 1
axis (71% variance). Differences between TCDD- and CT-
treated samples were minor because they closely clustered
in the principle component analysis plot, indicating that
regulatory events downstream of AHR activation are similar in
both treatment conditions. CYPTAT and CYP1B]1, target genes
in canonical AHR signaling, showed consistent upregulation
upon both ligand treatments, more significantly after 24-hour
treatment (Figure 1b). Their gene expression was validated
with qPCR (Figure Tc). These observations indicate that TCDD
and CT treatment activate AHR signaling pathways through a
similar pool of genes within 24 hours, and we therefore
focused on the common mechanism shared between TCDD
and CT treatment in subsequent analyses, referred to as ligand
treatment in the remaining parts of this paper.

Next, we identified differentially expressed genes (DEGs)
(adjusted P < .05) between the control and at both 2 hours
and 24 hours of ligand treatment. In total, 8160 DEGs were
grouped into 8 hierarchical clusters according to the gene
expression dynamics at different time points after ligand
treatment (Figure 1d and Table 1 and Supplementary Data
S1). Clusters 1 and 2 show early downregulation upon
ligand treatment, with no apparent late effects or dampened
downregulation after 24 hours of treatment, respectively.
Cluster 3 and cluster 8 comprised the majority of DEGs, but
their gene expression was unrelated to AHR ligand treatment
and was mainly affected by the keratinocyte differentiation
itself. Genes from cluster 3 are mainly associated with gene
ontology (GO) term cell cycle, and genes from cluster 8 are
involved in translation. Importantly, genes in cluster 4
showed upregulated expression after 2-hour ligand treatment
and are involved in the processes of phosphorylation and
epithelium development, for example, NOTCH2, JUN,
TFAP2A, keratin 4 gene K4, and POU3FT. In contrast, genes
in cluster 5 showed late upregulated expression only after 24
hours of ligand treatment and mainly contribute to kerati-
nocyte differentiation, for example, FLG and IVL, and
oxidation—reduction process, for example, HYALT and
CYCS. Cluster 6 contains genes that are slightly upregulated
early after ligand treatment. These genes appear down-
regulated at 24 hours in control, probably owing to differ-
entiation, whereas ligand treatment at this time point
dampens the downregulation. Cluster 7 contains genes that
are downregulated 24 hours after treatment initiation. Inter-
estingly, there was no distinct cluster of genes that showed
continuous upregulation or downregulation 2 and 24 hours
after TCDD and CT treatment. This highlights the dynamics of
AHR signaling in primary cells rather than the reported
continuous signaling in (cancer) cell lines (Wang et al, 2020).

To dissect the molecular events upon AHR activation, we
continued to focus on clusters of early-responsive genes
(ERGs) (cluster 4) (Figure Te) (upregulation 2 hours after
ligand treatment) and late-responsive genes (LRGs) (cluster 5)
(Figure 1f) (upregulation 24 hours after ligand treatment). The
separation of ERGs and LRGs suggests a different regulatory
mechanism of AHR signaling between early and late re-
sponses. This observation led us to hypothesize that the early
and late responses are potentially linked through TFs in ERGs
that activate transcription of LRGs. Indeed, among the 8160
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Figure 1. AHR activation results in distinct early and late response. (a) PCA of RNA-seq data indicating that 24 h after TCDD or coal tar treatment, the response
is highly similar. (b) Genome browser screenshots of CYPTAT and CYP1B1 on RNA-seq tracks. (c) RT-qPCR validation of CYP1AT and CYP1B1. Data are shown
as mean + SEM, n = 5 technical replicates, 2-way ANOVA, ns P > .05, *P < .05, **P < .01, and ***P < .001. (d) Hierarchical clustering of differentially
expressed genes (P < .05). Z-score was calculated on the basis of log10 (FPKM + 0.01) of each gene. (e) GO annotation of ERGs, accompanied by a pie chart
showing the number and percentage of TFs within the (f) GO annotation of LRGs, accompanied by a pie chart showing the number and percentage of TFs within
the cluster. AHR, aryl hydrocarbon receptor; ERG, early-responsive gene; FPKM, fragments per kilobase of transcript per million mapped reads; GO, gene
ontology; h, hour; LRG, late-responsive gene; ns, sonsignificant; PC, principal component; PCA, principal component analysis; RNA-seq, RNA sequencing;

TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin; TF, transcription factor.

DEGs, 558 genes were classified as TFs, and 76 TFs of 791
genes (10%, hypergeometric P = .001) were found in ERGs,
for example, HES1, HES2, FOSL1, JUN, TFAP2A, and SOX4.
In contrast, LRGs did not show significant enrichment of TFs
(13 TFs in 633 genes, eg, GRHLT and ignal transducer and
activator of transcription 6 gene STAT6; hypergeometric P =
1.2) (Figure 1e and f and Supplementary Data S1). This clear
enrichment of TFs in ERGs in contrast to that in LRGs sup-
ports our hypothesis that the upregulated TFs among ERGs
regulated the expression of LRGs, including the expression of
epidermal differentiation genes.

AHR activation promotes dynamic alterations of the

enhancer landscape

To identify AHR-target genes, including TFs, we set out to first
map enhancers bound by AHR. Being a receptor of envi-
ronmental cues, AHR was expected to bind to chromatin in a
swift and transient manner, and therefore, we first performed
AHR-targeted chromatin immunoprecipitation (ChIP) fol-
lowed by gPCR to determine the binding time frame. At 30
minutes of ligand treatment, AHR-binding signals were
detected at the loci of the known AHR-target gene CYPTA2
(Figure 2a). Such fast binding of AHR was consistent with the
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Table 1. Hierarchical Clusters with Significantly DE Genes of Ligand-Treated Keratinocytes

Cluster  Gene Expression Dynamics upon AHR Ligand
Cluster Size Treatment Most Significant GO Term Example Genes
1 425 genes Early (downregulated) responsive, with no apparent late  GO:0070647 protein modification by small protein BBS2, KIF3A
effects conjugation or removal
2 355 genes Early (downregulated) responsive. Genes appear GO:0051301 cell division CDK1
downregulated in 24-hour control, whereas ligand
treatment dampens this downregulation
3 2207 genes Nonresponsive to treatment G0O:0007049 cell cycle E2F1
4 791 genes Early (upregulated) responsive (ERGs) GO:0060429 epithelium development NOTCH2, JUN, TFAP2A,
K4, POU3F1
5 633 genes Late (upregulated) responsive (LRGs) GO:0008544 epidermis development FLG, IVL
748 genes  Early (slightly upregulated) responsive. Genes appear GO:0007049 cell cycle HISTTHA4L, POLR2F
downregulated in 24-hour control, whereas ligand
treatment dampens this downregulation
7 1118 genes Late (downregulated) responsive genes GO0:0051252 regulation of RNA metabolic process ~ HKR1, FOXO3, TGFB2
8 1883 genes Nonresponsive to treatment GO:0002181 cytoplasmic translation RPL18

Abbreviations: AHR, aryl hydrocarbon receptor; DE, differentially expressed; ERG, early-responsive gene; GO, gene ontology; IVL, involucrin; K4, keratin 4;

LRG, late-responsive gene.

translocation of AHR from the cytoplasm to the nucleus as
shown by immunofluorescent staining after 30 minutes of
ligand treatment (Figure 2b). Notably, the AHR-binding sig-
nals decreased after 90 minutes of ligand treatment
(Figure 2a), confirming the transient character of AHR inter-
action with its target loci. The dynamic binding on the
genome by AHR in primary keratinocytes is consistent with
our observations on gene expression changes upon AHR
activation (Figure 1d).

Because we consistently observed similar gene expression
and AHR binding after both TCDD and CT treatments, we
continued our experiments with only TCDD stimulation to
model AHR activation. To identify AHR-responsive en-
hancers that are involved in gene activation, we performed
H3K27ac ChIP sequencing after TCDD treatment for 30 and
90 minutes. Clustering of enhancer regions based on
H3K27ac signals gave rise to 4 clusters consisting of 4604
enhancers (Figure 2c and Supplementary Data S2). Subse-
quently, motif analysis was performed to predict TFs that
potentially bind to these enhancers (Figure 2e and
Supplementary Data S2). Among the 4 clusters, only cluster 1
(shown as C1) containing a small number (186) of enhancer
regions showed decreased activity upon AHR activation by
TCDD at 30 minutes (Figure 2¢), and motif analysis did not
yield statistically enriched TF motifs (Supplementary Data
S2). Cluster 2 (C2) represents 945 enhancer regions that
showed a reasonable level of H3K27ac signals in the control
(0 minutes) and increased signals at 30 minutes of TCDD
treatment. The H3K27ac signals remained high after 90 mi-
nutes. Genes nearby these enhancers are mainly involved in
omega-hydroxylase P450 pathway shown by the GO analysis
(Figure 2d) and contain many known AHR targets, such as
CYP1AT and CYPTA2. TF motif analysis showed that the
AHR motif was the only highly enriched motif in C2, indi-
cating that this cluster of enhancers is likely directly bound by
AHR (Figure 2e and Supplementary Data S2). Cluster 3
contains 2470 enhancer regions maintaining high signals at
0 and 30 minutes, which decreased after 90 minutes of
TCDD treatment. Genes near these enhancers are mainly
involved in the regulation of Notch signaling pathway, for
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example, BMP7, HES1, JAGT, and immune system devel-
opment, for example, BCL6 and CD28 (Figure 2d). CHOP-,
ATF4-, AARE-, and CEBP-binding motifs from the activator
protein-1 motif family were enriched in cluster 3 enhancers
(Figure 2e and Supplementary Data S2). The last cluster,
cluster 4, consisted of 1003 enhancers showing higher ac-
tivity only after 90 minutes of TCDD treatment, with nearby
genes being predominantly involved in keratinocyte differ-
entiation, for example, FLG and HRNR. This cluster did
not contain significantly enriched TF-binding motifs
(Supplementary Data S2).

To confirm the motif analysis of C2 in which the AHR motif
was enriched, we performed AHR ChIP sequencing with
TCDD treatment and obtained 57 AHR-binding sites
(adjusted P = Te-4) (Supplementary Data S3). When exam-
ining H3K27ac signals at AHR-binding sites, we observed
persistent H3K27ac signals at both 30 and 90 minutes of
treatments (Figure 2f), fully consistent with C2 cluster
enhancer signals (Figure 2c), confirming this cluster of en-
hancers to be direct targets of AHR. Of note, the apparent
H3K27ac signals at most of the C2 enhancers in the control
without ligands indicate that AHR binds to open chromatin
regions. At the same time, AHR-binding signals peaked at 30
minutes and went down after 90 minutes of treatment
(Figure 2g), in line with the transient AHR binding observed
from ChIP followed by qPCR analysis of the CYP1A2 locus
(Figure 2a).

In summary, these data demonstrate a transient nature of
AHR-enhancer binding, leading to early activation of
enhancer targets (C2) and the late activation of enhancers
near epidermal differentiation genes (cluster 4). This distinct
activation scheme is consistent with the temporal-divided
expression pattern of ERGs and LRGs (Figure 1).

TFAP2A is direct target of AHR

To confirm our hypothesis that AHR-controlled TFs among
ERGs regulate keratinocyte differentiation program as the
secondary response to AHR activation and to identify such
candidate TFs, we integrated the RNA-sequencing, AHR
ChlIP-sequencing, and H3K27ac ChlIP-sequencing data. We
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set the criteria of such intermediate TFs to exhibit upregulated
gene expression upon AHR activation by ligands (cluster 4 in
Figure 1d) and denoted by a nearby AHR-bound active
enhancer as indicated by AHR and H3k27ac ChlP-
sequencing signals. On the basis of these criteria, we iden-
tified several TFs, including TFAP2A, HES2, and FOSL1
(Supplementary Figure S1). Because TFAP2A is known to play
a role in keratinocyte differentiation (Maytin et al, 1999;
Schorle et al, 1996), we decided to focus on dissecting
TFAP2A's interaction with AHR. TFAP2A is among ERGs and
has an intronic AHR-bound enhancer with a high H3K27
signal (Figure 3a). AHR binding at this locus was validated by
ChIP followed by qPCR (Figure 3b), establishing TFAP2A as a
likely direct AHR target.

<
<«

To functionally validate whether TFAP2A is a primary AHR
target, clonal homozygous AHR knockout (AAHR) keratino-
cytes were generated using CRISPR/Cas9 in the immortalized
N/TERT-2G keratinocyte cell line (Dickson et al, 2000). After
clonal expansion of the knockout pool, a full AAHR clonal
keratinocyte cell line was identified using PCR and subse-
quent Sanger sequencing. On both alleles, one nucleotide
was deleted, resulting in a frameshift after 76 amino acids
and an early stop codon that translates to a loss-of-function
truncated AHR protein. As expected, the expression of a
known AHR-target gene CYPTAT was significantly lower in
AAHR keratinocytes than in wild-type cells, and CYPTAT
expression in AAHR keratinocytes was only marginally
enhanced by TCDD treatment, in contrast to that in wild-type

annotation of enhancers in C2, C3, and C4. (e) Significantly enriched motifs found in C2 and C3 of dynamic enhancers shown in c. (f) Band plot showing the
quantification H3K27ac ChIP-sequencing signals at AHR-binding sites upon ligand treatment. (g) Band plot showing the quantification of AHR ChIP-sequencing
signals at AHR-binding sites upon ligand treatment. AHR, aryl hydrocarbon receptor; C2, cluster 2; C3, cluster 3; C4, cluster 4; ChIP, chromatin

immunoprecipitation; GO, gene ontology; min, minute; ns, sonsignificant.

Journal of Investigative Dermatology (2024), Volume 144



JPH Smits et al.
Epidermal Differentiation Controlled by AHR Activation

a 1.57==siControl b c v o
= siTFAP2A S oL
g > o & & S &
o y &£ Qv & o & o
2 € & & & & & &
& &L
kol L S & & 0° 9° 0°o°
z ey PP
£ <L« <L
t W e o TFAP2A —_— N
3 . — =
= 1 —— || = ()
2057 — e — 2 CtIN g8 — § 2 g
® B = | | e
— [
o B = B 0 =
g E S
00 ' =7 g o ®
d 4; B E -
skin development [ | 4i
epidermal cell differentiation = | ERG
E B [LrG
epidermis development ! == E I i
E = 3
keratinocyte differentiation 3 | =
keratinization I
T T 1 l
0 5 10 15 I
log10 p value — |

Figure 4. AHR—TFAP2A axis controls the epidermal differentiation program. (a) Validation of TFAP2A knockdown by RT-qPCR, normalized to reference gene
hARP. Data are shown as mean + SEM, n = 3 technical replicates, unpaired t-test; *P < .05. (b) Western blot validation of TFAP2A knockdown. Actin

was used as a loading control for the quantification of TFAP2A protein levels. (c) Heatmap of differentially expressed genes (P < .05), accompanied by ERG
(yellow) or LRG (orange) nomination. Z-score was calculated on the basis of log10 (FPKM + 0.01) of each gene. (d) GO annotation of genes in cluster 4 of the
heatmap. AHR, aryl hydrocarbon receptor; ERG, early-responsive gene; FPKM, fragments per kilobase of transcript per million mapped reads; GO, gene
ontology; LRG, late-responsive gene; N/A, not available; siControl, control-targeted small interfering RNA; siTFAP2A, TFAP2A-targeted small interfering RNA.

cells (Figure 3c). Importantly, AAHR keratinocytes showed a
loss of target gene expression, and TCDD treatment of AAHR
keratinocytes did not increase the TFAP2A expression level,
in contrast to the enhanced expression of AHR wild-type
keratinocytes (Figure 3d), which is in line with our notion
that TFAP2A is indeed an AHR direct target gene.

AHR—TFAP2A axis controls the epidermal differentiation
program

Next, we investigated the contribution of TFAP2A activation in
AHR-mediated keratinocyte differentiation. We knocked down
TFAP2A in monolayer primary keratinocyte cultures using
small interfering RNAs (siRNAs) (52% knockdown compared
with control-targeted siRNA) (Figure 4a and b)—treated
TFAP2A-knockdown keratinocytes with TCDD for 24 hours to
activate AHR signaling, performed RNA-sequencing analysis,
and detected 435 genes that were differentially expressed
between TCDD-treated control-targeted siRNA and TFAP2A-
targeted SiRNA (Supplementary Data S4). To identify
TFAP2A-mediated AHR signaling, we examined the effect of
TFAP2A knockdown on TCDD-induced gene expression and
compared them with that of the earlier identified panel of
AHR-responsive genes (Figure 1d) (all clusters, 3084 DEGs in
total; 1976 genes upregulated and 1108 genes down-
regulated). Among the 435 DEGs upon TFAP2A knockout, 214
were overlapping with the identified 3084 AHR-responsive
genes. The overlapping genes were clustered according to
their expression patterns (Figure 4c and Supplementary Data
S4). Clusters 1 and 2 (18 and 40 genes, respectively) contain
genes that are downregulated by TCDD and remain

downregulated (cluster 1) or become upregulated (cluster 2)
upon TCDD treatment in TFAP2A-knockdown condition.
Clusters 3 and 4 (57 and 99 genes, respectively) contain genes
that are upregulated by TCDD treatment and remain upregu-
lated in both conditions (cluster 3) or become downregulated
upon TCDD treatment in TFAP2A-knockdown condition
(cluster 4). Because cluster 4 genes were induced by TCDD,
and the induction was abolished by TFAP2A knockdown,
these genes were marked as TFAP2A-mediated AHR-response
genes. Cluster 4 was found to be enriched for LRGs (mean fold
enrichment of 20.8, hypergeometric P = 7.11e-47), including
IVL, several 5100 genes, and SPRR genes that are involved in
terminal differentiation of epidermal keratinocytes. In line with
this, functional annotation of the genes in cluster 4 resulted in
57 significantly enriched GO terms, such as epidermis
development and keratinocyte differentiation (Figure 4d).

To investigate whether TFAP2A directly regulates these
genes, we sought for the TFAP2A-binding motif near pro-
moter and enhancers of genes in cluster 4. We found that 64
of 99 genes have a TFAP2A-binding motif at their promoter
regions, whereas all 99 genes have TFAP2A motif at their
enhancer regions (Supplementary Data S5). These results
indicate that TFAP2A likely regulates these cluster 4 genes
directly and support the notion that AHR controls keratino-
cyte differentiation through the activation of TFAP2A.

Finally, the importance of the identified AHR—TFAP2A
axis in keratinocyte differentiation was investigated by
knocking out TFAP2A using CRISPR/Cas9 on immortalized
N/TERT-2G keratinocytes. Clonal homozygous TFAP2A-
knockout (ATFAP2A) N/TERT-2G  keratinocytes were
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generated, grown in monolayer cultures, and treated with
TCDD for up to 72 hours, similar to the conditions of the
previously described AHR-activated siRNA experiment. The
upregulation of the AHR-target gene CYPTAT by TCDD was
not altered in ATFAP2A keratinocytes, indicating that
CYP1AT is not regulated through TFAP2A (Figure 5a).
However, differentiation-related AHR-responsive genes, for
example, IVL, SPRRIA/B, SPRR2, and matrix metal-
loproteinase 1 gene MMP1, of which expression could be
induced by TCDD in wild-type keratinocytes, were not
upregulated in ATFAP2A keratinocytes (Figure 5b). The
expression patterns of these genes upon TCDD treatment
with TFAP2A depletion are consistent with those observed
from the TFAP2A-targeted siRNA experiment (cluster 4)
(Figure 5b) (compared with that from untreated condition,
only 72-hour time point shown). Importantly, already at
baseline, ATFAP2A keratinocytes showed significantly less
expression of these genes than wild-type N/TERT-2G kera-
tinocytes (Figure 5¢), indicating that loss of TFAP2A is not
adequately compensated. Consistently, low baseline
expression in ATFAP2A keratinocytes was observed for
many other epidermal differentiation genes detected by RT-
gPCR, for example, PRR9, DSG1, DSC1, ST00A8, TRPV3,
and TGM3 (Supplementary Figure S2a). Interestingly to
note, expression of AHR was not hampered in ATFAP2A
keratinocytes (Supplementary Figure S2b), implying that
TFAP2A is not part of a self-regulating AHR signaling feed-
back loop. In summary, these data demonstrate that TFAP2A
is an indispensable regulator in the molecular cascade of
AHR-mediated keratinocyte differentiation, although it is
unlikely that TFAP2A is involved in other AHR-mediated
biological processes, such as xenobiotic metabolism
where CYP1AT is a target.

ATFAP2A organotypic human epidermal equivalents
(HEEs) were generated to examine whether TFAP2A knockout
and accompanied loss of keratinocyte-differentiation gene
expression give rise to morphological changes and epidermal
barrier defects. Quantitative epidermal barrier properties
were analyzed by electrical impedance spectroscopy (EIS)
and transepidermal water loss (TEWL) (Figure 5d and
Supplementary Figure S2c [for complete EIS spectrumi).
ATFAP2A organotypic HEEs showed reduced electrical
impedance, indicating functional skin barrier defects of
ATFAP2A organotypic HEEs, which agrees with the altered
keratinocyte-differentiation gene expression. Of note, we
observed a statistically significant improvement in the EIS
values upon AHR activation by TCDD in ATFAP2A organo-
typic HEEs, which was corroborated by a nonsignificant trend
of reduction in TEWL. The loss of TFAP2A expression was
confirmed by immunochemistry staining (Figure 5e), which
coincided with altered epidermal morphology, for example, a
significantly thinner viable epidermis and stratum corneum
(Figure 5f) and stratum granulosum appearing to consist of
fewer layers. As expected, on the basis of the epidermal
morphology of the ATFAP2A organotypic HEEs, aberrant
protein expression of a panel of important terminal differ-
entiation proteins was detected, including IVL, FLG, HRNR,
and TGMT1 (Figure 5g). Treatment of ATFAP2A organotypic
HEEs with TCDD did alleviate some of the diminished pro-
tein expression, suggesting that loss of TFAP2A can partially
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be alleviated by AHR activation, presumably through other
AHR-induced ERGs (eg, OVOLT [Nair et al, 2006], fold
change = 2.29 [Supplementary Data S1]) that cooperate in
the terminal differentiation program.

DISCUSSION

In this study, we aimed to elucidate the signaling cascades
through which the AHR exerts transcriptional regulation of
terminal differentiation and skin barrier formation. We
combined transcriptomic and epigenomic analyses to char-
acterize the temporal gene regulatory events after AHR
activation using keratinocytes as a model system for barrier
epithelia. We identified that in a temporal distinct early
response, AHR directly regulates the expression of several
TFs known to be important for skin development and kera-
tinocyte differentiation, for example, TFAP2A (Maytin et al,
1999; Mazina et al, 2001; McDade et al, 2012). Studies on
human and animal models indicated that TFAP2A, together
with IRF6, GRHL3, and TP63, forms a core gene regulatory
network because loss of any of these genes results in similar
craniofacial, epidermal, and limb development defects
(Kousa and Schutte, 2016). We found that TFAP2A directly
enhances epidermal differentiation as a secondary response
to AHR activation and thereby contributes to skin barrier
integrity. Low-level activation of AHR by endogenous,
circulating, weak AHR agonists might drive the TFAP2A-
mediated keratinocyte differentiation in vivo. As such, these
findings further elucidate the molecular mechanisms of ac-
tion through which AHR induces its target effects.

Among the many biological roles that AHR has been asso-
ciated with in the skin, our study specifically unravels the
molecular mechanism behind AHR-mediated keratinocyte
differentiation. We identified distinct early and late responses
upon AHR activation where TFs activated during the early
response such as TFAP2A regulate keratinocyte-differentiation
genes in the late response. In addition, we demonstrate that
AHR activation leads to enhancer dynamics that distinguish
direct targets from secondary effects. The AHR:AHR nuclear
transporter—binding motif was significantly enriched in en-
hancers that were pre-established open chromatin regions with
visible H3K27ac signals already before the treatment started.
Thus, instead of establishing de novo enhancers, such as
pioneer TFs (eg, TP63) that orchestrate the cell type—specific
enhancer landscape (Kouwenhoven et al, 2015; Qu et al,
2018), AHR seems to exploit a prespecified landscape of tar-
gets. This enables a swift response toward external threats
through regulation of canonical pathways such as the cyto-
chrome P450 pathway and MAPK (Whitlock, 1999). Enhancers
that showed dynamic H3K27ac signals at later time points
were located near genes involved in keratinocyte differentia-
tion, of which activation represents secondary effects of AHR
activation. Interestingly, many of these genes are considered
antimicrobial peptides, consistent with our and others’
recent findings that AHR activation in keratinocytes induces
antimicrobial peptide expression (Smits et al, 2020; Uberoi
et al, 2021). It is important to note that AHR direct targets
that have AHR:AHR nuclear transporter motif—containing
enhancers nearby, for example, CYPTA1, are not all regu-
lated by TFs such as TFAP2A, indicating the specificity of AHR
action in different biological processes. In addition, immune
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Figure 5. AHR—TFAP2A axis in keratinocyte differentiation and function. (a) Monolayer N/TERT-2G and ATFAP2A were treated with TCDD for up to 72 h, and
AHR activation was validated by CYPTAT RT-qPCR. Data are shown as mean + SEM, n = 3 technical replicates, 2-way ANOVA. (b) RT-qPCR analysis of several
genes from cluster 4 (Figure 4c) displays AHR-dependent induction in the N/TERT-2G keratinocytes but not in ATFAP2A keratinocytes. Data are compared with
those of their respective untreated condition and shown as mean + SEM, n = 3 technical replicates, 2-way ANOVA. (c) In addition, RT-qPCR analysis shows a
significant reduction of basal gene expression in ATFAP2A keratinocytes regardless of AHR activation. TCDD treatment data (closed circles) are shown
superimposed on untreated data (open circles). Data are depicted as mean + SEM, n = 3 technical replicates. (d) Functional skin barrier analysis EIS and TEWL

www.jidonline.org

2021


http://www.jidonline.org

2022

JPH Smits et al.
Epidermal Differentiation Controlled by AHR Activation

system—related functions appear to be associated with both
pre-established and dynamic chromatin regions, suggesting
that different immune genes are either induced or repressed at
different time points upon AHR activation (Supplementary
Data S2). This intriguing complexity and in the temporal
cooperation between different immune pathways in response
to environmental threats is subject to future research and may
shed further light on the Janus-faced role of AHR (Haarmann-
Stemmann et al, 2015).

Unlike AHR-binding profiles in cancer cell lines that
contain thousands of AHR-binding sites (including TFAP2A)
(Lo and Matthews, 2012), our AHR ChIP sequencing in ker-
atinocytes yielded only 57 AHR-binding site, probably owing
to the transient binding nature of AHR upon ligand activation
in normal cells. The validation of several sites by ChIP RT-
gPCR strengthens our confidence that these are genuine
AHR-bound regions having biological relevance. The use of
cancer cell lines (eg, HaCaT keratinocytes) in this field of
research may thus overestimate the number of target genes
that are actually bound by AHR under physiological
conditions.

The similarity observed between TCDD and CT treatment
in vitro is striking, when considering that these are on
opposite sides of the health spectrum: TCDD is highly toxic,
whereas CT is used as a dermatological therapy for psoriasis
and atopic dermatitis (Forrester et al, 2014; Smits et al, 2020;
Sorg, 2014; Tang et al, 2008; van den Bogaard Ellen et al,
2013). Previous studies reported decreased TFAP2A expres-
sion in lesional psoriasis skin and identified TFAP2A as a core
TFs to regulate the psoriasis transcriptome (Racz et al, 2011;
Zolotarenko et al, 2016). Restoration of TFAP2A expression
in both conditions may therefore be part of the therapeutic
effect of CT. TCDD and CT both activated AHR similarly,
provoking an adjective transcriptional response in keratino-
cytes. However, it is important to realize that the short-term
effects of AHR activation in an experimental in vitro system
do not take into account the ligand metabolism, degradation
and elimination that would normally occur in vivo. TCDD’s
extreme long half-life (not being a substrate for xenobiotic
metabolism) and systemic exposure have devastating chronic
effects through sustained AHR activation (Panteleyev and
Bickers, 2006). In contrast, CT is a highly complex mixture
of many different chemicals that could counteract or
compensate for the agonistic effects and is given only local-
ized and periodically to patients with psoriasis and atopic
dermatitis. This raises an interesting question on the proposed
AHR ligand promiscuity at the molecular level (Denison et al,
2011). The dosage and half-life of AHR ligands and thus
strength and duration of AHR activation may determine the
biological effect. Whether AHR ligands are stable or rapidly

<

metabolized or whether secondary metabolites are involved
in activities independent of AHR signaling pathways requires
further investigation (Heath-Pagliuso et al, 1998). In this
study, timing seems to be of utmost importance, and time-
course global gene expression profiling in vivo is an essen-
tial next step to evaluate AHR activation and to dissect this
regulatory cascade in greater detail.

Over the years, evidence has grown that serum levels of
dietary-derived or microbiota-derived components can acti-
vate the AHR in several barrier organs in vivo. For example,
indole-3-carbinole can robustly activate the AHR in the in-
testine (Hammerschmidt-Kamper et al, 2017), whereas tryp-
tophan metabolites can regulate AHR activation in the skin
(eg, 6-formylindolo[3,2-b]lcarbazole [Wincent et al, 2009],
kynurenine [Opitz et al, 2011], and kynurenic acid [DiNatale
et al, 2010]). This implies that dietary intervention can be
helpful in controlling AHR activation and thus support
TFAP2A-mediated skin barrier integrity.

To conclude, our findings indicate that activation of AHR
triggers a regulatory cascade mediating keratinocyte differ-
entiation, and this cascade relies on TFs such as TFAP2A that
play an intermediate but indispensable role. Our identifica-
tion of the AHR—TFAP2A axis exemplifies how environ-
mental factors can dictate the terminal differentiation process
and unveil alternative routes and targets that may be hijacked
to foster barrier formation and repair in the skin (and pre-
sumably other barrier organs) without the need for AHR
activation per se.

MATERIALS AND METHODS

Cell culture and drug treatment

Human abdominal or breast skin was obtained from plastic surgery
procedures after written, informed consent and in line with the
principles and guidelines of the Declaration of Helsinki. Approval
for this study by medical ethical review board was not required
because only excess patient material was obtained after plastic
surgery procedures. Skin biopsies were taken, and human primary
keratinocytes were isolated as previously described (Tjabringa et al,
2008) and stored in liquid nitrogen until further use. Human primary
keratinocytes were cultured in Keratinocyte Basal Medium (Lonza,
number CC-4131) supplemented with 0.4% (vol/vol) bovine pitui-
tary extract, 0.5 pg/ml hydrocortisone, 5 pg/ml insulin, and 10 ng/ml
epidermal GF (Lonza, number CC-4131). Medium was refreshed
every other day until near confluency before treatment commence-
ment. DMSO was purchased from Merck (Darmstadt, Germany),
TCDD was purchased from Accustandard, and CT was purchased
from Fagron BV. Cells were treated with either DMSO (0.1% vol/vol),
CT (4 ug/ml), or TCDD (10 nM). Total RNA was collected for RNA-
sequencing and qPCR-based validation purposes. Chromatin was
harvested for ChIP-sequencing experiments. Lysates containing

“on HEEs and ATFAP2A organotypic HEEs display reduced electrical impedance and increased transepidermal water loss, indicating a reduced barrier
functionality. Barrier functionality is improved by TCDD treatment, as EIS increases and TEWL reduces. Data are shown as mean + SEM, n = 3 technical
replicates, T-way ANOVA. TEWL differences are not significant owing to variation in the untreated HEEs. Full EIS spectrum in Supplementary Figure S2c. (e)
H&E staining shows the diminished HEE thickness, stratum corneum thickness, and reduced stratum granulosum. Immunohistochemistry confirms the complete
loss of TFAP2A expression. (f) HEE and stratum corneum thickness measurements quantified and shown as mean + SEM, n = 3 technical replicates, 2-way
ANOVA. (g) Immunohistochemistry further indicates the reduction of IVL, FLG, HRNR, and TGM1 expression, whereas TCDD treatment marginally upregulates
the expression of IVL and FLG. Bar = 100 pm. *P < .05, **P < .01, ***P < .001, and ****P < .0001. AHR, aryl hydrocarbon receptor; EIS, electrical impedance
spectroscopy; h, hour; HEE, human epidermal equivalent; IVL, involucrin; MMP, matrix metalloproteinase; SC, stratum corneum; TCDD, 2,3,7,8-

tetrachlorodibenzo-p-dioxin; TEWL, transepidermal water loss.
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Gene Usage Forward (5'—3') Reverse (5'—3')

TFAP2A PCR ATGGCGTGAGGTAAGGAGTG GCTGGGCACTGTAGGTCAAT
AHR PCR TTCCACCAAACAATGGCTAA AGAAGCTCTTGGCTCTCAGG
CYP1A1 RT-gPCR CTGGAGACCTTCCGACACTCTT GTAAAAGCCTTTCAAACTTGTGTCTCT
CYP1B1 RT-gPCR TGGCTGCTCCTCCTCTTCAC CCACGACCTGATCCAATTCTG
TFAP2A RT-qPCR TCTCCGCCATCCCTATTAAC TGTACTTCGAGGTGGAGCTG

K2 RT-gPCR CGCCACCTACCGCAAACT GAAATGGTGCTGCTTGTCACA
TGM3 RT-gPCR GGAAGGACTCTGCCACAATGTC TGTCTGACTTCAGGTACTTCTCATACTG
hARP RT-gPCR CACCATTGAAATCCTGAGTGATGT TGACCAGCCCAAAGGAGAAG
CYP1A2 ChIP gPCR TCTCCAGGTGTCAGTTCAGG GAGGGCACAGGAGATAGAGG
TFAP2A ChIP gPCR TCCGGGTAAGTTCAACACAA AAGGGTCAGCAAGGTAAAGC
CHR11 ChIP gPCR TTGCATATAAAGGAAACTGAAATGCT TTACTGCCATGGGTCCGTATC
HES2 ChIP gPCR ACCTCGGGTAACAAGACACC AGTTTCACCTGGGGTTTTCA
FOSL1 ChIP gPCR CATGACTCAGCCACTTCCAC GTCTCACCGAATCGGAATTT

Abbreviations: AHR, aryl hydrocarbon receptor; ChIP, chromatin immunoprecipitation; K2, keratin 2.

proteins were harvested for western blotting purposes. No myco-
plasma contaminations were found during cell culture.

N/TERT-2G culture and HEE generation

Human N/TERT keratinocyte cell line N/TERT-2G, purchased from J.
Rheinwald laboratory (Harvard Medical School, Boston, MA), was
cultured in Epilife medium (MEPI500CA, Thermo Fisher Scientific),
complemented with human keratinocyte growth supplement
(S0015, Thermo Fisher Scientific) and 1% penicillin/streptomycin
(P4333, Sigma-Aldrich). HEEs were generated as previously
described (Smits et al, 2017), with minor adjustments. Briefly, inert
Nunc cell culture inserts (141002, Thermo Fisher Scientific) were
coated with rat tail collagen (100 pg/ml, BD Biosciences) at 4 °C for
1 hour. A total of 1.5 x 10° N/TERT-2G keratinocytes (either wild-
type, AAHR, or ATFAP2A keratinocytes) were seeded on the trans-
wells in 150 ul Epilife medium (Thermo Fisher Scientific) supple-
mented with 1% penicillin/streptomycin (Sigma-Aldrich) in a 24-
well format. After 48 hours, cultures were switched to a mixture of
CnT-PR-3D medium (CELLNTEC) and DMEM medium (60:40 [v/v])
without penicillin/streptomycin for 24 hours and then cultured at the
air—liquid interface for an additional 10 days. Culture medium was
refreshed every other day until harvesting on day 10 of the air-
exposed phase.

Transcriptional analysis by quantitative real-time PCR

Total RNA was isolated using the Favorprep total tissue RNA kit
(Favorgen Biotech), according to the manufacturer’s instructions.
cDNA was generated after DNase treatment and used for RT-gPCR
by use of the MyiQ Single-Colour Real-Time Detection System
(Bio-Rad Laboratories) for quantification with Sybr Green and
melting curve analysis. Primers (Table 2) were obtained from Bio-
legio or Merck. Target gene expression levels were normalized to the
expression of human acidic RPLPO. The relative expression levels of
all genes of interest were measured using the 2-AACT method (Livak
and Schmittgen, 2001).

RNA sequencing and analysis pipeline

RNA sequencing was performed as described previously
(Kouwenhoven et al, 2015) with the starting material of 500 ng total
RNA to obtain double-strand cDNA. After purification with the
MinElute Reaction Cleanup Kit (Qiagen, number 28206), 3 ng
double-strand cDNA was processed for library construction using

KAPA Hyper Prep Kit (Kapa Biosystems, number KK8504) accord-
ing to the standard instructions except that a 15-minute USER
enzyme (New England Biolab, number M5505L) incubation step
was added before library amplification. The prepared libraries were
quantified with the KAPA Library Quantification Kit (Kapa Bio-
systems, number KK4844) and then sequenced in a paired-ended
manner using the NextSeq 500 (Illumina) according to standard
[llumina instructions.

Sequencing reads were aligned to human genome assembly hg19
(National Center for Biotechnology Information, version 37) using
STAR 2.5.0 (Dobin et al, 2013) with default options. Briefly, STAR has
the option to generate in-house reference genome from the genome
fastq file. In this study, hg19 genome was used to generate the in-house
reference genome with the following command: STAR —runThreadN 8
—-runMode genomeGenerate —genomeDir directory/ —genomeFasta-
Files hg19.fa —sjdbGTFfile Homo_sapiens.GRCh37.75.gtf —sjdbO-
verhang 100. Then, STAR was run, and it automatically generated read
counts directly. For data visualization, wigToBigWig from the UCSC
genome browser tools was used to generate bigwig files and uploaded
to UCSC genome browser. Genes with the mean of DESeq2-
normalized counts (baseMean) > 10 were considered to be
expressed. Differential gene expression (adjusted P < .05) and prin-
cipal component analysis were performed with the R package DESeq2
using read counts per gene (Love et al, 2014). Hierarchical clustering
was performed on the basis of log10 (fragments per kilobase of tran-
script per million mapped reads +0.01). Functional annotation of
genes was performed with DAVID (Huang da et al, 2009). For the
experiments containing siRNAs, read counts were generated as
described earlier. Differential expression analysis was performed us-
ing R community—created R packages stringr (Wickham, 2019) and
dplyr (Wickham, 2020) and the DESeq2 package with normalization
on siRNA treatment (DESeq design = siRNA). Read counts from
control and TCDD-treated samples at the 24-hour stimulation time
point were reanalyzed in a separate DESeq2 differential expression
analysis (DESeq design = treatment). Significant DEGs overlapping
between both experiments (Benjamini—Hochberg adjusted P < .05)
(Benjamini and Hochberg, 1995) were visualized in a heatmap using
the ComplexHeatmap package (Gu et al, 2016). GO analysis of
interesting groups was performed using clusterProfiler (Yu etal, 2012).
Identification of TFs was performed as described before (Saeed et al,
2014).
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ChIP sequencing and analysis pipeline

Chromatin for ChIP was prepared as previously described
(Kouwenhoven et al, 2010; Qu et al, 2018). ChIP assays were per-
formed following a standard protocol (Novakovic et al, 2016) with
minor modifications. On average, 0.5 M keratinocytes were used in
each ChIP. For histone mark H3K27ac, 2x ChIP reactions were
pooled to prepare 1x ChlIP-sequencing sample; for AHR, 4x ChIP
reactions were pooled to prepare 1 ChIP-sequencing sample. Anti-
bodies against H3K27ac (Diagenode, C15410174) and AHR (Santa
Cruz Biotechnology, sc-5579) were used in each ChIP assay.
Resulted DNA fragments from 4 independent ChIP assays were pu-
rified and subjected to a ChIP followed by qPCR quality check.
Afterward, 5 ng DNA fragments were pooled and proceeded on with
library construction using KAPA Hyper Prep Kit (Kapa Biosystems,
number KK8504) according to the standard protocol. The prepared
libraries were then sequenced using the NextSeq 500 (lllumina)
according to standard Illumina protocols.

Sequencing reads were aligned to human genome assembly hg19
(National Center for Biotechnology Information, version 37) using
BWA (Li and Durbin, 2009). Mapped reads were filtered for quality,
and duplicates were removed for further analysis. In addition. The
bamCoverage script was used to generate and normalize bigwig files
with the FPKM (fragments of the transcript per kilobase per million
mapped reads) formula. The peak calling was performed with the
MACS2 (Zhang et al, 2008) against a reference input sample from
the same cell line with standard settings and a g-value of 0.05. Only
peaks with a P < 10e-5 were used for differential analysis with
MAnorm (Shao et al, 2012). Association of peaks to genes and
associated GO annotation were performed with GREAT (McLean
et al, 2010), with the single nearest gene within 1 Mb association
rule. P-values were computed with a hypergeometric distribution
with false discovery rate correction. k-means clustering and heat
map and band plot generation were carried out with a Python
package fluff (Georgiou and van Heeringen, 2016). HOMER (http://
homer.salk.edu/homer/motif/) was used for motif scan against cor-
responding background sequences. One thing that needs to be
mentioned is that we overlapped dynamic enhancers with published
DNAse I—hypersensitivity sites to narrow down regions for motif
scan.

Assay for Transposase-Accessible Chromatin using

sequencing and motif analysis

Assay for Transposase-Accessible Chromatin using sequencing
dataset (GSE123711) was downloaded and used for motif enrich-
ment analysis as described before (Qu et al, 2019). Briefly, Assay
for Transposase-Accessible Chromatin using sequencing peaks
within TSS-1 Kb to TSS4-0.5 Kb were defined as promoter regions,
whereas Assay for Transposase-Accessible Chromatin using
sequencing peaks TSS-1 Mb to TSS+1 Mb were defined as
enhancer regions. Differential motif analysis and TFAP2A motif
scan within promoter regions and enhancer regions were

Table 3. Sequences of the sgRNAs

separately performed using HOMER tool using default parameters
(http://homer.salk.edu/homer/motif/).

siRNA knockdown

Human primary keratinocytes were grown to 10—15% confluency
before 500 nM of Accell human SMARTpool gene targeting or
nontargeting siRNA (Dharmacon) was added for 48 hours. Culture
medium was subsequently refreshed and supplemented with siRNA
for another 48 hours. Keratinocyte were thereafter allowed to
differentiate for 24 hours in the presence of TCDD and were har-
vested for transcriptional analysis and western blotting as described
earlier. sSiRNA SMARTpools include Accell Human TFAP2A (7020)
SMARTpool (number E-006348-00), and Accell non-targeting Con-
trol Pool (number D-001910-10).

Single-guide RNA design, single-strand donor

oligonucleotide, and synthetic Cas9

Synthetic single-guide RNAs to knockout AHR and TFAP2A gene
and purified Edit-R Cas9 nuclease protein (number CAS11200) were
bought from Invitrogen and IDT Technologies, respectively. Table 3
provides the details on the single-guide RNAs used.

Electroporation of ribonucleoprotein complexes and

analysis of editing efficiency

N/TERT-2G keratinocytes were electroporated using the NEON
transfection system 10 pL kit (Thermo Fisher Scientific). N/TERT-2G
keratinocytes were detached from culture plastic and washed twice
with Dubellco PBS (without calcium and magnesium) as described
earlier. Meanwhile, per electroporation condition, synthetic single-
guide RNA (300 ng) and Cas9 (1.5 pg) were incubated with 5 pl
resuspension buffer R for 20 minutes before adding 1 x 10° N/TERT-
2G keratinocytes. After mixing the cell suspension, the cells were
electroporated using 1 pulse of 1700 V for a duration of 20 ms before
immediate seeding in a prewarmed 6-well plate. DNA was isolated
using the QIAamp DNA blood mini kit (51106, Qiagen) according to
the manufacturer’s instructions after a couple of days, and CRISPR/
Cas9-induced editing efficiency was analyzed by PCR and separa-
tion of amplicon on 2% agarose gel containing 1:10,000 GelRed
nucleic acid gel stain (41003, Biotium). Amplicons were purified by
MinElute Gel extraction kit (28606, Qiagen) using the manufac-
turer’s instructions and Sanger sequenced to assess editing efficiency.
Sanger-sequencing reads were analyzed using the Inference of
CRISPR edits webtool (ice.synthego.com, version 3, Synthego Cor-
poration). Table 4 provides details on the PCR primers used.

Generation of clonal AAHR and ATFAP2A N/TERT
keratinocytes

N/TERT-2G keratinocyte cell pools carrying AHR or TFAP2A
knockouts were diluted to seed 1 cell per well (~600 cells per 60 ml
of Epilife medium, 100 pl per well) into 6 x 96 well plates and
allowed to grow for 1 week before refreshing the medium. After
another week of culture, cells were passaged, as described earlier,
into 24-well plates, 6-well plates, T25 flasks, and T75 flasks

Target gene Name sgRNA Sequence (5'—3') PAM Site Manufacturer

AHR CRISPR980378_SGM AAGTCGGTCTCTATGCCGCT TGG Invitrogen TrueGuide Synthetic gRNA
TFAP2A CRISPR887200_SGM GGAGTAAGGATCTTGCGACT GGG Invitrogen TrueGuide Synthetic gRNA
TFAP2A CRISPR887208_SGM TGTAGTCCCTGCGAGGATCC AGG Invitrogen TrueGuide Synthetic gRNA

Abbreviations: AHR, aryl hydrocarbon receptor; sgRNA, single-guide RNA.
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gRNA Target CFD' Forward (5'—3') Reverse (5'—3')
CRISPR887200_SGM (TFAP2A) intergenic:CCDC141-SESTD1 0.53 GTACTGGGTCCTTCCCTTCA AAGAGTGGGGCAGACTTTGT
intergenic:RP11-20A20.2-AL157830.1 0.35 AAGTTAGCCTGGGCTTGTGT GAAGCATCAAGGTCAGTTGTG
exon:LTN1 0.32 ATCCATGTTCCCAGAGCTTC GCCCACGCTGATTAAAAGAT
intergenic:CHP2-PRKCB 0.31 AAAAACAGGGCTGAGAATGG TCATAGCTCACCGCTCAAAC
intergenic:AC092017.1-RCOR3 0.31 CACATCCCCAAAGACATGAG GCTGACATTTCTTGGCTTGA
CRISPR887208_SGM (TFAP2A) intergenic:ATP6V1G1P7-RPL7P45 0.75 TTCATCTACCTTTGCAGGTTGT TCCATAGCAGAGGGGAGACT
intron:METAP1D 0.38 GGTTAGGGCGTTGCCTATAA GACAGCCATACTGCTTGTTGA
intron:FAM160A1 0.31 TTTCCGTTTGTAGCAGTTGG GCATCCTCTCTCAGCACTCA
intergenic:RP11-91K8.2-SNORA33 0.29 TTCCACCTGCACACATTTTT TTTCATTTGACAGGCAGAGC
intergenic:GPRIN3-RP11-115D19.1 0.27 CTTCACCCAGTTTCCCCTAA ACGCAAACCAAGAATGATGA
CRISPR980378_SGM (AHR) intergenic:CTC-419K13.1-ENC1 0.29 GAGGCCACAAAACCATACAA GGACTTGGAGAAAGCCAGAG
intergenic:ACA64-SNX29 0.27 TGAAGGAAATGAACCAGTGC GCCACAGCCATTTGCTTAT
exon:AHRR/PDCD6 0.24 CACCTGACCCAGACCATCT CAGGACAGAAAGCTTGTCCA
intron:HECW2 0.21 GGGGGATGAAAAGCATTAAA TTCTCTGAGTGGTGCTCAGG
intron:AOX1 0.17 TACACCTGCCGACCAAATAA TCAATTCTCTGCCCATCAGA

Abbreviations: AHR, aryl hydrocarbon receptor; CFD, cutting frequency determination.
'CFD indicates the likeliness of off-target cleavage at this particular site, based on Doench et al (2016).

subsequently before freezing them. Cell clonality was assessed by
Sanger sequencing and analyzing genomic DNA at the targeted lo-
cus with the help of the Inference of CRISPR edits webtool (ice.
synthego.com, version 3, Synthego).

In silico search for potential off-target effects

CRISPOR (version 4.99) (Concordet and Haeussler, 2018) was used
to search for potential off-target effects dependent on the Strepto-
coccus pyogenes—derived Cas9 PAM site (5-NGG-3'), target
genome (homo sapiens GRCh38/hg38), and our specific guide RNA
selection. Using genomic DNA of the N/TERT-2G keratinocyte-
knockout clones, the top 5 off-target sites for all guide RNAs were
amplified by PCR and analyzed by Sanger sequencing to ensure that
no off-target mutations occurred. Supplementary Data S6 provides
the off-target analysis results, and Table 4 provides details on the
PCR primers used for off-target analysis.

Epidermal barrier measurements TEWL and EIS

Epidermal barrier capabilities of epidermal equivalent cultures were
studied by use of TEWL measurements and EIS. After habituation of
the cultures to room temperature, TEWL was measured using the
Aquaflux AF200 (Biox Systems) on day 10 of the air-exposed phase
of the HEE culture. TEWL was measured in triplicate in wild-type N/
TERT-2G keratinocyte and ATFAP2A keratinocyte HEEs. Significance
was assessed using T-way ANOVA with multiple comparisons
correction (Tukey). EIS was measured using the real-time impedance
detector Locsense Artemis (Locsense) with the SmartSense lid for
monitoring cells in conventional transwell plates with inserts.
Impedance (Q) measurements were performed on day 10 of the air-
exposed phase of the HEE culture after habituation of the HEE cul-
tures to room temperature. EIS was measured in triplo on wild-type
N/TERT-2G keratinocytes and ATFAP2A keratinocyte HEEs. After
calibration, continuous impedance () was measured using standard
settings, for example, sweeping frequency from 10 Hz to 100,000
Hz. Afterward, measured impedance was corrected with blank
impedance measurements per electrode and corrected for the size of
the culture insert (0.47 cm?), resulting in impedance per cm? values
(©Q/cm?). Significance was assessed using 1-way ANOVA with mul-
tiple comparisons correction (Tukey).

Morphological and immunohistochemical analysis of HEEs
HEEs were fixed in 4% formalin solution for 4 hours and subse-
quently embedded in paraffin. A total of 6 um sections were stained
with H&E (Sigma-Aldrich) or processed for immunohistochemical
analysis. Sections were blocked for 15 minutes with 5% normal goat
or horse serum in PBS and subsequently incubated with the specific
antibodies for 1 hour at room temperature. Next, a 30-minute in-
cubation step with biotinylated horse anti-mouse or goat anti-rabbit
(Vector Laboratories) was performed, followed by a 30-minute in-
cubation with avidin-biotin complex (Vector Laboratories). The
peroxidase activity of 3-Amino-9-ethylcarbazole was used to visu-
alize the protein expression, and the sections were mounted using
glycerol gelatin (Sigma-Aldrich). Table 5 provides details on the
antibodies used for immunofluorescence, western blot, and immu-
nohistochemistry. HEE and stratum corneum thickness were
measured using Zen 3.2 (Blue Edition).

Western blotting and immunofluorescence

Cell lysates of human primary keratinocytes were collected after
treatment using RIPA lysis buffer. Afterward, the lysates were soni-
cated (10 x 5 seconds on/off), and the samples were loaded onto
SDS-PAGE gel and transferred to polyvinylidene fluoride membranes
using the NuPAGE system (Life Technologies) and visualized using
SuperSignal West Femto Maximum Sensitivity Substrate (Thermo
Fisher Scientific, number 34095). For analysis of AHR translocation
to the nucleus, direct immunofluorescence labeling was performed
as described (van den Bogaard Ellen et al, 2013). Antibodies for
western blotting and immunofluorescence are listed in Table 5.

Statistics and reproducibility

Dataset statistics were analyzed using the GraphPad Prism software.
Differences under P < .05 were considered statistically significant.
P > .05 denotes no significant; *P < .05, **P < .01, ***P < .001,
and ****P < .0001. Gene expression analysis by RT-gPCR was
performed in biological duplicates (at least n = 3); data are shown as
mean £ SEM unless otherwise specified. Statistics was performed on
dCT values using 1-way ANOVA with multiple comparison correc-
tion (Tukey). Other statistical methods used are specified in the
Materials and Methods section.
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Table 5. Antibodies Used in IHC and WB

Purpose Antibody Manufacturer and Catalog Number Dilution
IF Rabbit anti-AHR Santa Cruz Biotechnology, SC-5579 1:200
IHC Mouse anti-CYP1A1 Santa Cruz Biotechnology, SC-25304 1:25
WB/IHC Mouse anti-TFAP2A Invitrogen, MA1-872 WB 1:300 IHC 1:50
WB Mouse anti-B-Actin, AC-15 Merck 1:100,000
IHC Mouse anti-FLG Leica Biosystems 1:100
IHC Rabbit anti-HRNR Sigma-Aldrich, HPA031469 1:500
IHC Mouse anti-IVL, Mon150 van Duijnhoven et al (1992) 1:20
IHC Rabbit anti-Ki67 Abcam, ab16667 1:50
IHC Horse anti-mouse, biotinylated Vector Laboratories, BA-200-1.5 1:200
IHC Goat anti-rabbit, biotinylated Vector Laboratories, BA-5000-1.5 1:200

Abbreviations: AHR, aryl hydrocarbon receptor; IF, immunofluorescence; IHC, immunohistochemistry; WB, western blot.
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Supplementary Figure S1. AHR targets HES2 and FOSL1 in the early response to AHR ligands. (a) Genome browser screenshots of the HES2 (left) and FOSL1
(right) coding region show RNA-seq, AHR ChIP-sequencing, and H3K27ac ChlIP-sequencing tracks upon treatment with coal tar and TCDD. Red arrow
indicates AHR-binding site within the HES2 and FOSLT loci. (b) AHR ChIP—RT-qPCR validation at the loci of HES2 (left) and FOSL1 (right) at different time point
after ligand treatment. Input normalized fold change is relative to both input DNA and negative control loci (chr11). Data are shown as mean & SEM, n = 2
technical replicates; **P < .01. AHR, aryl hydrocarbon receptor; ChIP, chromatin immunoprecipitation; h, hour; min, minute; RNA-seq, RNA sequencing;
TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin.
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Supplementary Figure S2. Epidermal
differentiation gene expression is
reduced in ATFAP2A keratinocytes.
(@) RT-gPCR analysis of monolayer
untreated N/TERT-2G and ATFAP2A
keratinocytes indicates that loss of
TFAP2A results in severe
downregulation of several epidermal
differentiation genes (n.d. denotes
nondetectable). Data are compared
with those of N/TERT-2G
keratinocytes and shown as mean +
SEM, n = 3 technical replicates, 1-
way ANOVA. (b) AHR expression is
not changed in monolayer ATFAP2A
keratinocytes as shown per RT-qPCR
analysis. Data are shown as mean +
SEM, n = 3 technical replicates, 1-
way ANOVA. (c) Full EIS spectrum of
HEEs and ATFAP2A organotypic HEEs
(from Figure 5d) showing reduced
electrical impedance of ATFAP2A
organotypic HEEs. Data are shown as
mean + SEM, n = 3 technical
replicates; *P < .05. EIS, electrical
impedance spectroscopy; HEE, human
epidermal equivalent.
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