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ABSTRACT

Epigenetic regulation of cell and tissue function re-
quires the coordinated action of transcription fac-
tors. However, their combinatorial activities dur-
ing regeneration remain largely unexplored. Here,
we discover an unexpected interaction between the
cytoprotective transcription factor NRF2 and p63-
a key player in epithelial morphogenesis. Chro-
matin immunoprecipitation combined with sequenc-
ing and reporter assays identifies enhancers and pro-
moters that are simultaneously activated by NRF2
and p63 in human keratinocytes. Modeling of p63
and NRF2 binding to nucleosomal DNA suggests
their chromatin-assisted interaction. Pharmacologi-
cal and genetic activation of NRF2 increases NRF2-
p63 binding to enhancers and promotes keratinocyte
proliferation, which involves the common NRF2-p63
target cyclin-dependent kinase 12. These results un-
ravel a collaborative function of NRF2 and p63 in the
control of epidermal renewal and suggest their com-
bined activation as a strategy to promote repair of
human skin and other stratified epithelia.

INTRODUCTION

The development and regeneration of epithelial tissues is
a highly organized process, which is at least in part regu-
lated at the level of transcription (1). DNA binding to reg-
ulatory elements (RE) and transcriptional activity of p63
family members are indispensable for the development and
continuous renewal of the epidermis and other stratified ep-
ithelia (2). The deltaNp63alpha isoform, called here p63 for
simplification, is abundant in the epidermis and supports an
undifferentiated, proliferative state during keratinocyte lin-
eage specification (3). The nuclear factor erythroid 2-related

factor 2 (NFE2L2; NRF2) is a ubiquitously expressed cy-
toprotective transcription factor (TF) with demonstrated
functions in wound repair and skin cancer (4). Under un-
challenged conditions, the NRF2 inhibitor protein KEAP1
retains NRF2 in the cytoplasm and also mediates its con-
tinuous proteasomal degradation. However, a small pool of
NRF2 escapes this mechanism, resulting in nuclear translo-
cation, dimerization with small Maf proteins and binding
to antioxidant response elements (ARESs) in promoters or
enhancers of target genes. Further activation of NRF2 oc-
curs through conformational changes of KEAP1, which are
mainly induced by the covalent coupling of electrophilic
molecules to this protein. These changes result in the weak-
ening of the NRF2-KEAPI interaction and stabilization
of NRF2. As a consequence, the NRF2 turnover is mod-
ified and newly synthesized NRF2 is stabilized and accu-
mulates in the nucleus, resulting in upregulation of NRF2
target gene expression (5).

While Nrf2 knockout mice do not have obvious epider-
mal abnormalities (6), loss of this gene in combination with
other genes relevant for the epidermal barrier is deleterious
(7). The overactivation of Nrf2 in a normal epidermis is,
however, also not desirable, since the expression of a con-
stitutively active Nrf2 (caNrf2) mutant in keratinocytes of
transgenic mice caused epidermal hyperplasia, hyperkerato-
sis and hair follicle cyst formation (8,9). Similar to the func-
tion of p63 in the differentiation of stratified epithelia, ac-
tivation of Nrf2 in the esophagus regulates progenitor cells
through yet unknown mechanisms (10,11). The loss of Nrf2
inhibited the mobilization of p63-positive stem cells in the
lung, a key event for the repair of this tissue and prevention
of fibrosis (12). These studies suggest that both Nrf2 and
p63 are important for epithelial cell proliferation and/or
differentiation, but a potential functional interaction of p63
and NRF2 has as yet not been demonstrated. Here, we use
available and new chromatin immunoprecipitation and se-
quencing data to test the combinatorial binding of human
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NRF2 and p63 at a genome-wide level to elements desig-
nated RE-AREs. We discover that p63 and NRF?2 interact
on the RE-AREs in enhancers and promoters of selected
genes in primary human keratinocytes and we unravel the
underlying molecular mechanism. The combined activity of
NRF2 and p63 is functionally relevant, since it promotes
keratinocyte proliferation and thus the regenerative poten-
tial of the skin.

MATERIALS AND METHODS
Mouse maintenance and experimentation

Mice were maintained under specific pathogen-free con-
ditions and obtained food and water ad libitum. Mouse
maintenance and experiments with mice were approved by
the local veterinary authorities (Kantonales Veterindramt
Ziirich, Switzerland). Mice expressing caNrf2 or dnNrf2 in
keratinocytes were previously described and used for ChIP
analyses of epidermal lysates (7,13).

Human skin samples

The human foreskin was obtained anonymously from con-
senting parents in the context of the University of Zurich
biobank project, approved by the local and cantonal Re-
search Ethics Committees.

2D cultures of human keratinocytes and 3D skin equivalents

Human primary keratinocytes were isolated from the fore-
skin of two healthy boys using dispase and expanded on
feeder layer fibroblasts. Early passage (2-3) cells were used
in all experiments. To generate 3D skin equivalents, ker-
atinocytes were seeded onto collagen scaffolds and allowed
to grow and differentiate for 7 days at the air-liquid inter-
face (14). The scaffolds with epidermal layer were collected,
fixed and sectioned. Undifferentiated keratinocytes of the
basal epidermal layer are cytokeratin 14 positive (K14),
do not express K10, and proliferate in sub-confluent sub-
merged 2D cultures in the presence of growth factors (GF)
(15,16).

CRISPR-Cas9-mediated knockout of KEAP1 in ker-
atinocytes and compound treatment

Primary human keratinocytes were transduced with the
lentiCRISPRv2 plasmid (Addgene), which includes an ex-
pression cassette for Cas9 and encodes two different sgR-
NAs targeting KEAPI as previously described (17,18).

The CDKI12 inhibitor THZ531 (MedChemExpress),
and the NRF2 activating compounds sulforaphane (SFN;
Sigma) and tert-butylhydroquinone (tBHQ; Sigma) were
added to primary human keratinocytes as described in the
figure legends.

miR in situ hybridization

Based on previous work on miR in situ hybridization anal-
ysis with fluorescently labeled LNA probes (19), we de-
veloped a modified miR-29 in situ hybridization protocol.
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Briefly, cryopreserved human foreskin biopsies were sec-
tioned (14 pm) and fixed with 4% paraformaldehyde (PFA).
miR-29a and scrambled sequences (19), synthesized and
Cy2-labeled by RiboTask, were hybridized at 63°C (miR-
29a) or 55°C (scrambled). Sections of the mouse hippocam-
pus, which expresses high levels of miR-29a, were used as
a positive control, whereas skin sections from miR29abl
knockout mice hybridized with the miR-29a probe, as
well as human skin sections hybridized with the scram-
bled probe, served as negative controls to find the optimal
temperature for hybridization and washing steps (data not
shown). In situ hybridization was followed by immunofluo-
rescence staining with antibodies against pNRF2 and p63
(see below).

siRNA transfection, RNA isolation, qQRT-PCR and miR ex-
pression analysis

siRNAs targeting deltaNp63a (referred here as p63) (5'-C
ACCCUUAUAGUCUAAGACUA) or NRF2 (5-GAG
AAAGAAUUGCCUGUAA) were used for transfection of
primary human keratinocytes using INTERFERin (Poly-
plus). Total RNA was isolated from keratinocytes using Tri-
zol reagent (Invitrogen/Thermo Fisher Scientific) and used
for cDNA synthesis with random hexamer primers for mea-
suring the primary transcript levels. TagMan miR-specific
assays (Ambion/Thermo Fisher Scientific) were used to
measure mature miR levels. qRT-PCR was performed with
SensiFast cDNA Synthesis Kit (Bioline) using the manufac-
turer’s protocol, followed by PCR using RPL27 as reference
gene and primers listed in Supplementary Table S1.

Chromatin immunoprecipitation (ChIP), re-ChIP and ChIP-
seq

ChIP experiments were performed using epidermis from
adult (8 weeks old) mice expressing calNrf2 in keratinocytes
(K5-CMVcaNrf2 mice) and control mice as described pre-
viously (13). The hairs on the back were shaved, fat from
the back and tail skin was removed, and the epidermis was
peeled off following dispase treatment and snap-frozen in
liquid nitrogen. For ChIP and re-ChIP from human ker-
atinocyte lysates, cells were first grown to confluency and
where indicated, treated with 5 uM SFN for 3 h. They
were scraped off in cold PBS containing protease, phos-
phatase, and deacetylase inhibitors and snap-frozen. For
re-ChIP, chromatin was eluted in NaHCO5-SDS buffer fol-
lowing the first IP, and the supernatant was collected from
at least two tubes containing the same antibody. Samples
were kept on ice and diluted 1:10 with pooling buffer (25
mM Tris pH 8, Triton-X100 (1% (v/v)), S mM EDTA,
150 mM NacCl, phosphatase inhibitors, HDAC inhibitors,
dH,0). The following antibodies were used for the second
IP: rabbit or sheep IgG (5 pl), total NRF2 (Santa Cruz;
C-20 ChIP-grade, 2.5 ul), p63 (Santa Cruz; H-129, 25 ul,
and 4A4 clone, Abcam), Histone 3 (H3) (Abcam, ChIP-
grade, 4 pl) and H3K4me?2 (Active Motif; ChIP-grade, 10
wl). H3K4me?2 as the first antibody and H3 as the second
antibody used in a parallel re-ChIP experiment served as a
positive control. ChIP-seq was performed in triplicates us-
ing lysates from primary human keratinocytes treated with
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5 wM SFN or vehicle for 3 h in the absence of growth fac-
tors and using an antibody against total NRF2 (Active Mo-
tif; ChIP-grade, 10 wl). 23.4/5.2 and 23.8 /7.9 million reads
were mapped to GRChg38 (Bowtie 2, default parameters)
from pulled NRF2/input and NRF2SFN/input samples,
respectively. Peak calling was done using MASC2 with de-
fault parameters and band width of 300 bp, where only the
peaks with P value < 0.05 were requested.

Luciferase reporter assays

RE-ARE sequences were cloned into pGL3 and pGL4 fire-
fly luciferase reporter vectors (Promega) and used for co-
transfection with a control reporter vector containing the
Renilla luciferase gene to normalize for transfection effi-
ciency (Promega). Plasmids coding for the Flag-tag only,
Flag-tagged wt deltaNp63alpha, R304Q, and L514F mu-
tants of deltaNp63alpha (20), CMV-caNrf2, HA-tagged wt
and dominant-negative Nrf2 (dnNrf2) were described pre-
viously (7,13). The Promega Dual Glo system was used to
measure Firefly and Renilla luciferase activities 24-48 h af-
ter transfection.

Immunofluorescence staining

Sections from cryo-preserved human foreskin or 3D hu-
man skin equivalents and freshly isolated primary hu-
man keratinocytes were used. Antibodies detecting nuclear
(active) phospho-NRF2 (S40) (Abcam, EP1809Y) or p63
(Abcam, clone 4A4) were applied overnight following 4%
PFA fixation of the specimens. K10 and K14 antibodies
were from DAKO, and the Ki-67 antibody (SolA15) was
from eBioscience (Thermo Fisher Scientific). Fluorescently
labeled secondary antibodies (Jackson ImmunoResearch)
were used. Nuclei were counterstained with DAPI. Cells
were counted using ImageJ (National Institutes of Health).
p63- and pNRF2-stained sections were analyzed by confo-
cal microscopy. Deconvolution of confocal images was per-
formed using Leica software.

Proximity ligation assay (PLA)

Proximity ligation assay (PLA) was performed by apply-
ing the pNRF2 and p63 antibodies as described for fluores-
cence microscopy, followed by ligation of probes specific for
each antibody using a PLA Kit (Sigma). The probe-specific
signal was detected by confocal microscopy and quantified
following deconvolution in Imaris (Oxford Instruments).

SDS-PAGE and Western blot analysis

Total cell lysates were separated by SDS-PAGE and an-
alyzed by western blotting using antibodies against p63
(Santa Cruz; H-129), NRF2 (Santa Cruz; C-20), K10
(DAKO) and B-actin (Sigma).

Genome-wide identification of RE-ARE enhancers

We generated hypothetical sequences of chromosomes with
randomly distributed RE-ARE pairs with the same num-
ber of RE and ARE motifs as in the real genome (Supple-
mentary File S1). Next, we used an R script (Supplementary

File S2) to pair REs with the nearest AREs to compute the
distances between RE and ARE motifs in the experimen-
tal (real) genome versus distances between randomly dis-
tributed RE and AREs (Supplementary Table S2). Using
the same random versus experimental (real) RE-AREs, we
calculated distances of RE-ARE pairs to the nearest TSS
genome-wide with an R script (Supplementary File S3). We
determined the RE-ARE-TSS distances in the genome us-
ing either hgl9 TSS or miRBase (mirbase.org) TSS posi-
tions and calculated the distance from each TSS to the clos-
est RE-ARE (Supplementary Table S3). In this way, we pro-
vided a standardized format for the information associated
with each RE-ARE pair, and computed the coordinates of
RE-ARE elements to functionally annotate each pair.

Gene annotations and gene ontology (GO) analysis

To identify RE-ARE pairs below H3K27ac and p63 peaks
in proliferation-competent and differentiated keratinocytes,
we used a Python script (Supplementary File S4). The peak
of H3K27ac was defined when an enrichment in mapped
reads from H3K27ac ChIPseq was found within 300 bp
from the center of the peak. A pair was considered to be
below a peak if the start and the end of each motif were
fully within the peak range. The extended output of this
script includes peaks containing only one motif. This was
used to assess all RE-ARE pairs, which are below a p63
peak (Supplementary Table S4). This subset was then com-
bined in R with RE-ARE-containing H3K27ac peaks to
calculate percentages of RE-AREs associated with p63-
H3K27ac peaks. Analysis for peaks containing at least
one RE-ARE pair was performed using GREAT (http://
bejerano.stanford.edu/great/public/html/). Each H3K27ac
peak containing a RE-ARE was associated with the closest
gene within 100 kb. When two RE-ARE pairs were below
one peak, the gene was assigned in duplicate. The result-
ing GO labels were sorted by the lowest binomial FDR val-
ues into two GO-groups: biological processes and cellular
components. Some categories were binned into summary-
categories with close FDR values and nearly identical func-
tion. In differentiating keratinocytes (DK), the following
categories were combined: cell death: cell death, death. We
used R to compare two sets of H3K27ac peaks containing
RE-ARE pairs in KP and DK. We obtained subsets of RE-
ARE-containing H3K27ac peaks unique and common for
KP or DK. The detailed gene list associated with a GO-label
can be found in Supplementary Tables S5-S9.

Analysis of functional categories using GREAT

The search for unique and common RE-ARE-containing
H3K27ac peaks for KP and DK was then performed as
described in the previous section. Summary categories in
unique DK are the following: small molecule metabolic
process: small molecule metabolic process, organophos-
phate metabolic process; cellular localization: cellular lo-
calization, macromolecular localization; catabolic process:
catabolic process, organic substance catabolic process; cell
death: cell death, death. For common peaks, the follow-
ing categories were combined: regulation of programmed
cell death: regulation of programmed cell death, regula-
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tion of apoptotic processes. The detailed gene list associ-
ated with a GO-label can be found in the Supplementary
Information (unique KP: Supplementary Table S7, unique
DK: Supplementary Table S8, common: Supplementary
Table S9). Sequences of RE-ARE pairs for MEME analy-
sis (http://meme-suite.org/tools/meme) were obtained using
a Python script (Supplementary File S5).

TF-DNA model generation

DNA-binding domains of p63 and the nucleosome core
particle, small Maf proteins (dimerization partners of Nrf2
(21), and Skn-1 (Caenorhabditis elegans ortholog of Nrf2)
were used to model the Nrf2—-p63 interactions on RE-ARE
sequences in PyMOL v1.3 software with Tcl-Tk GUI fea-
tures. The structures used are taken from NCBI PDB with
the following IDs: p63 DBD tetramer 3QYN, p63 DBD
monomer: 2RMN; Skn-1 DBD: ISKN-1; MafB DBD:
2WT7; spacer DNA 2L.8Q; nucleosome: SAVS. Images and
movies were generated directly in PyMOL.

Statistical analysis

Statistical analysis of the distributions of random and ex-
perimental RE-ARE pairs was done using a Kolmogorov—
Smirnov test in R v3.2.5. Statistical analysis for ChIP was
performed using paired Student’s ¢-test when samples fol-
lowed Gaussian distribution; otherwise, Mann—Whitney U
test was applied. The cell count and RNA expression were
analyzed by ANOVA and unpaired Student’s z-test where
applicable (GraphPad Software Inc). Luciferase assays were
analyzed in R.

RESULTS

p63-NRF2 regulatory elements are located in active en-
hancers of proliferation-competent cells

To determine a potential cross-talk of NRF2 and p63, we
used human keratinocytes as a model system and deter-
mined in a computational approach if both TFs may in-
fluence each other on the genome. TFs bind specific DNA
consensus sequences located in regulatory elements (REs)
of promoters and enhancers of a gene or a group of genes
(22,23). The NRF2 and p63 DNA-binding sequences (ARE
and RE, respectively) were [UPAC-coded based on the se-
quences identified by ChIP-seq analysis with NRF2 (24) or
p63 (25) (Supplementary Figure S1A). The locations of
p63 REs and NRF2 AREs were extracted from a genome-
wide analysis of human genome assembly GRCh37 using
a Python script (Supplementary File S1 and Supplemen-
tary Figure S1A). As a control for non-random RE-ARE
distance distribution, a total number of REs (90 798) and
AREs (725 362) discovered genome-wide were distributed
proportionally to the length of the chromosome as com-
pared to the length of the genome. When we estimated
the distance between all REs and AREs genome-wide, we
found a non-random spacer length enrichment within a
2000 bp window with the P value 2.2 x 10~'° (Supplemen-
tary Figure S1B) suggesting that REs and AREs may be
located close to each other, allowing p63 and NRF?2 to in-
teract. The minimal distance that allows p63-NRF2 binding
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to the RE-ARE without a steric hindrance is >7 bp regard-
less of the relative positions of p63 REs and NRF2 AREs
along the DNA (Supplementary Figure S1C). These results
predict that p63 and NRF2 interact genome-wide and in a
DNA-facilitated manner.

To correlate RE-ARE positions with known regulatory
DNA regions, we used published p63 and histone H3K27ac
ChIP-seq data obtained from primary human keratinocytes
at different stages of differentiation (15). Acetylated H3K27
residues mark promoters and enhancers in keratinocytes
(15,16) and thus can narrow down predicted RE-AREs to
active regulatory elements (Figure 1A). Comparison of co-
ordinates of the RE-ARE pairs to positions of H3K27ac
peaks in proliferation-competent (designated in the origi-
nal study as keratinocyte stem (KS) and precursors (KP)
(26)) revealed that KPs have more active, H3K27ac RE-
AREs (Figure 1B). Gene ontology (GO) analysis of the
genes with RE-ARE-containing enhancers revealed cate-
gories of genes relevant for tissue development and cell pro-
liferation in KPs, shifting to metabolic processes in differ-
entiated cells (DK, Figure 1C). Common pathways in KP
and DK possibly controlled by RE-ARE enhancers in ker-
atinocytes include regulation of cell death and response to
stress (Figure 1C) and are consistent with functional anno-
tation of all common enhancers found in KPs and DKs.
Taken together, these data predict a functional relevance of
RE-ARE:s in proliferation-competent keratinocytes.

p63 and NRF?2 interact in the nucleus of primary human ker-
atinocytes

To test if p63 and NRF2 physically interact in vivo, we
performed proximity ligation assays (PLA) in primary hu-
man keratinocytes using antibodies against total p63 and
S40-phosphorylated NRF2, which is considered as the ac-
tive, nuclear form (27). PLA revealed the interaction be-
tween p63 and H3K27ac (positive control) and also with
pNRF?2 (Figure 2A and B). Treatment with the NRF2 ac-
tivating compounds sulforaphane (SFN) (21) or tBHQ sig-
nificantly increased the number of PLA puncta (Figure 2C
and D), most likely due to stabilization of NRF2 and its ac-
cumulation in the nucleus. tBHQ also increased the num-
ber of nuclei with a PLA signal (Figure 2E). Both com-
pounds increased the intensity of pNRF2-p63 signals per
nucleus (Figure 2F). Importantly, this happened within a
short treatment period (3 h) and while cells continued to
proliferate (Supplementary Figure S2A), suggesting that
PNRF2-p63 interactions are initiated immediately upon
stabilization of NRF2 and that this process is compati-
ble with the proliferative potential of primary cells. Even
though we could only reliably detect the NRF2—p63 interac-
tions in SFN-treated, but not in untreated cells (Figure 2G),
we detected nuclei positive for both pNRF2 and p63 in a
2D differentiation model of primary keratinocytes (Supple-
mentary Figure S2B) and in a 3D organotypic skin model
(Figure 2H) (14,28). pNRF2 was detected in subconfluent,
proliferating cells and during differentiation, whereas p63
expression increased at the point of growth factor with-
drawal (Supplementary Figure S2B) (15). Co-localization
of p63 and pNRF2 was detected in the nuclei of basal
and lower suprabasal keratinocytes in the 3D human skin
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Figure 1. RE-AREs are present in active enhancers in human keratinocytes with proliferative potential. (A) NRF2-binding ARE and p63-binding RE
sequences (RE-AREs) were identified and quantified below H3K27ac peaks marking active enhancers in keratinocyte stem cells (KS), and in proliferation-
competent/undifferentiated (KP) and differentiated keratinocytes (DK). For the nomenclature see reference (16). (B) The number of RE-ARE enhancers
from the table in (A) is presented as percentage of all H3K27ac-positive enhancers. (C) H3K27ac peaks containing RE-ARE pairs in KP and DK. Obtained
subsets of RE-ARE-containing H3K27ac peaks were unique or common for KP or DK. GREAT analysis for unique and common RE-ARE-containing
H3K27ac peaks for KP and DK was then performed by associating each H3K27ac peak containing RE-ARE with the closest gene within 100 kb. The
resulting GO labels were sorted by the lowest binomial FDR values into GO-groups.
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Figure 2. p63 and activated NRF2 are in close proximity to each other in the nucleus. (A-G) PLA using p63, pNRF2 and control antibodies. When the
antibodies detect epitopes located in close proximity, the attached probes interact and produce a fluorescent signal (far-red, shown as white (A) or red
(C) dot). (A) Representative images showing PLA signals in primary human keratinocytes upon staining with antibodies against pNRF2 and p63 (middle
panel). Antibodies against H3K27ac and p63 were used as a positive control for PLA (left panel). Unspecific rabbit IgG was used as a negative control
in combination with mouse p63 IgG (IgGr-p63) (right panel); N = 3, approximately 50 nuclei were counted in five fields of view for each biological
replicate. The number of nuclei with PLA signal was divided by the total number of nuclei; scale bars: 50 um. (B) Average PLA signal per nucleus
calculated as total PLA puncta divided by the number of all nuclei in the field. At least 10 fields with 50-100 nuclei were quantified per treatment in
(B), (D), (E) and (F). (C) Representative images from PLA assays (red) in primary human keratinocytes treated with SFN (5 wM, 3 h) or tBHQ (25
1M, 3 h), counterstained with antibodies against keratin 14 (green) and with DAPI (blue), showing p63—pNRF?2 interactions; scale bar: 20 wm. (D) PLA
signal calculated as in (B). (E) Percentage of PLA-positive nuclei. (F) Average number of PLA signals in PLA-positive nuclei only. (G) Primary human
keratinocytes treated with DMSO or SEN, PLA signal calculated as in (B). (H) 3D cultures of primary human keratinocytes were air-lifted for 7 days,
allowing formation of differentiated layers. Cultures were fixed, sectioned and stained with antibodies detecting pNRF?2 (active nuclear NRF2 (green)),
and p63 (red). Nuclei were counterstained with DAPI (blue); scale bars: 100 pm (upper), 50 pm (middle) and 10 pm (lower panel). (I) Sections of human
foreskin were stained with antibodies against pNRF2 (green) and p63 (red). Nuclei were counterstained with DAPI (blue). Double-positive cells among
undifferentiated keratinocytes of the basal layer are indicated with single arrowheads. Early suprabasal keratinocytes expressing both NRF2 and p63
are indicated with double-arrowheads; scale bar: 100 pm. Bars indicate mean + SEM. ns: non-significant; **P < 0.01, ***P < 0.001, ****P < 0.0001
(Mann-Whitney U test).
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equivalents (Figure 2H) and in basal and lower suprabasal
layers in rete ridges of the human epidermis (Figure 21 and
Supplementary Figure S2C). Together, these results demon-
strate that p63 and NRF2 interact in the nuclei of human
keratinocytes during proliferation and early differentiation
and that NRF2-activating compounds promote this inter-
action.

Binding of p63 to the NRF2-occupied RE-ARE augments
transcriptional activation

To determine if NRF2 and p63 jointly regulate target genes,
we first checked if known direct targets of NRF2 in ker-
atinocytes (9,29) are also targets of p63 and contain a pre-
dicted RE-ARE. Indeed, the gene encoding the precursor
of microRNA (miR)-29a and miR-29bl is a direct and
functionally relevant NRF2 target in mouse and human
keratinocytes (13) and also a target of p53 (30), which
can bind to the same response elements as p63 (31). Im-
munostaining combined with in situ hybridization showed
that nuclear pNRF?2 correlates with the miR-29a signal in
suprabasal layers, and p63/miR29a-positive cells were also
present in this layer (Supplementary Figure S3A). This is
functionally relevant, since siRNA-mediated knockdown of
p63 significantly suppressed the levels of mature miR-29a
and of the primary transcript of the MIR29ABI gene-pri-
(miR29a/bl) (Supplementary Figure S3B and S3C). This
was even more pronounced upon simultaneous knockdown
of p63 and NRF2, indicating that the transcriptional acti-
vation of the MIR29ABI gene relies on their joint activity
(Supplementary Figure S3C).

Next, we analyzed the upstream and the downstream
sequence of the MIR29ABI gene. Enrichment of AREs
within ~200 bp regions bound by p63 and covered by
H3K27ac marks, a marker for active chromatin, has been
reported in primary human keratinocytes (15). We found
several new, and confirmed previously reported p53/p63
DNA-binding sites in promoter/enhancer regions of the
mouse Mir29abl and human MIR29ABI genes (13). Two
RE-ARE pairs were identified in the proximity of the hu-
man MIR29ABI gene (Figure 3A). The upstream RE-ARE
is part of an NRF2-bound enhancer 1 (Figure 3A; 13), and
p63 strongly bound to this RE-ARE (Figure 3B). The distal
downstream enhancer 2 (Figure 3A) had been detected by
two independent p63 ChIP-seq analyses (15,25). In a tan-
dem immunoprecipitation of the chromatin with p63 and
NREF?2 antibodies (re-ChIP), we found simultaneous bind-
ing of p63 and NRF2 to the proximal upstream RE-ARE
(Figure 3C). The binding to the proximal upstream RE-
ARE was further enhanced by SFN.

The close proximity of REs and AREs on miR-29 cod-
ing genes allowed us to model the interaction of p63 and
NRF2 on the MIR29A4ABI upstream RE-ARE in the con-
text of a nucleosome (Figure 3D). The structure of the C.
elegans ortholog of NRF2, Skn-1, was used instead of mam-
malian NRF2, because Skn-1 has a better-resolved struc-
ture and because the mammalian and C. elegans genes are
highly conserved. This model predicts an indirect, DNA-
mediated interaction of p63 and NRF2. A 96-bp spacer sep-
arating RE and ARE may be necessary to accommodate the
‘bulky’ p63 tetramer and a long protruding b-Zip domain of

the obligatory NRF2-binding partner, a small MAF protein
(Figure 3D).

Analysis of the murine Mir29abl gene identified a full
p63 RE within 42-bp distance from the Nrf2-bound ARE
(Figure 3E). Using ChIP of nuclear lysates from the epi-
dermis of transgenic mice expressing a constitutively active
Nrf2 mutant (caNrf2) (9), we detected binding of p63 to the
Mir29abl RE-ARE (Figure 3F). p63 binding was also de-
tected in mouse epidermis expressing a dominant-negative
Nrf2 mutant (dnNrf2), which abrogates the transcriptional
activity of wild-type Nrf2 by occupying the AREs (32). The
binding of p63 to the Mir29abl RE-ARE is therefore in-
dependent of the transcriptional activity of Nrf2. Re-ChIP
demonstrated a significant enrichment of the p63-Nrf2-
bound Mir29abl RE-ARE compared to a region void of
both RE and ARE (Figure 3G). These results demonstrate
simultaneous recruitment of p63 and Nrf2 to the Mir29abl
gene. Similar to the human RE-ARE, modeling of a 42 bp
spacer DNA between the mouse Mir29abl RE and ARE
on a nucleosome demonstrated a possibility of simultane-
ous binding of Nrf2 and p63 (Figure 3H). The high conser-
vation of the p63 and NRF2 interaction on the mouse and
human genes points to a strong functional relevance.

The DNA-binding and SAM domains of p63 and the trans-
activation domain of NRF2 are required for co-activation of
the RE-ARE

Since both NRF2 and p63 function as transcriptional ac-
tivators (33,34), we investigated if the activation of RE-
ARE:s requires their joint transcriptional activity. This was
tested in luciferase reporter assays using a fragment of the
murine Mir29abl gene containing the RE-ARE cloned into
an empty reporter vector (pGL3) or into a reporter vec-
tor with a minimal promoter, but lacking an enhancer el-
ement (pGL4). Overexpression of NRF2 alone activated
RE-AREs in both reporters (Figure 4A). The presence of
the minimal promoter resulted in a stronger enhancer-like
function of the RE-ARE and was required for activation
by p63 (Figure 4B). Simultaneous overexpression of NRF2
and p63 further enhanced activation of the Mir29abl RE-
ARE, and we detected a significant synergistic effect (Figure
4C). Similarly, overexpression of p63 and NRF2 resulted
in a synergistic activation of the human MIR29A4 Bl proxi-
mal RE-ARE, whereas the downstream RE-ARE was pre-
dominantly activated by p63 (Figure 4D). Overexpression
of NRF2 and p63 also lead to an increase in the endoge-
nous primary miR-29abl transcript (Supplementary Fig-
ure S3D). Next, we tested whether DNA binding and tran-
scriptional activity of p63 are required for the activation
of the RE-ARE-containing enhancer. The DNA-binding
mutant R304Q and sterile alpha motif (SAM)-domain mu-
tant L514F of p63 (35,36) failed to activate the RE-ARE
(Figure 4E) and abrogated the synergistic effect with NRF2
(Figure 4F). In addition, dnNRF2 abrogated the synergis-
tic NRF2-p63-mediated activation of the RE-ARE (Fig-
ure 4G). Therefore, the transcriptional activity of p63 and
NRF2 and the DNA-binding activity and SAM-domain
of p63 are necessary to co-activate RE-AREs. A mutation
in the NRF2-binding site of the RE-ARE (Figure 3E) de-
creased both p63-mediated activation and the synergistic
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effect of p63-NRF2 on the RE-ARE (Figure 4H), further
supporting a co-dependence of NRF2 and p63 in activation
of regulatory DNA elements.

Synergism in NRF2—-p63 transcriptional activity promotes
expression of genes involved in keratinocyte proliferation

To identify targets of NRF2 and p63 in the epider-
mis genome-wide, we performed NRF2 ChIP-seq using
lysates of primary human keratinocytes. While many of
the called 3875 NRF2 peaks did not contain a classical
ARE and remain to be characterized in the future, the
well-characterized ARE of the NADP(H) dehydrogenase
quinone 1 (NQOI) gene and also the MIR29A4B1 RE-AREs
showed NRF?2 binding, consistent with our previous results
(Supplementary Figure S4) (13). Treatment of the cells with
low concentrations of SFN induced a remarkable shift in
binding of NRF2 to the DNA within 3 h (Supplementary
Figure SSA).

When overlapped with H3K27ac- and p63-binding sites
detected in primary keratinocytes (16), NRF2 bound
mostly to enhancer regions, as expected. However, follow-
ing activation with SFN, the NRF2-binding sites that over-
lapped with H3K27ac and p63 peaks were surprisingly clus-
tered in promoter regions (Supplementary Figure S5B).

By applying stringent criteria (highest number of the
reads mapped to an annotated gene), we selected three can-
didate genes for a follow-up analysis. These genes encode
cyclin-dependent kinase 12 (CDK12), a cell cycle regulator
(37), BTB domain containing 10 (BTBD10), an activator
of AKT kinase (38), and Family With Sequence Similarity
200 Member B (FAM200B), a protein with predicted DNA-
binding function (GeneCards and UniProtKB: POCF97).
Unlike the ‘classical’ NRF2 targets NQOI and PRDXI
(encoding peroxiredoxin 1), the regulatory regions of the
three p63-NRF2 target genes contain a p63-bound en-
hancer within a relatively short distance from the TSS (0.5-
3.5kb; Figure 5A and Supplementary Figure S4B). The p63
peak in the NRF2-bound promoter region suggests an in-
teraction between the p63-bound enhancer and the NRF2-
bound promoter via chromatin looping.

The NRF2-p63 interaction is of likely functional rele-
vance, since expression of all three genes significantly in-
creased upon treatment with SFN (Supplementary Figure
S6A). Interestingly, the mRNA of CDK 12 increased signif-
icantly only briefly at 3 h of SFN treatment compared to a
more stable increase in NQOI and PRD X1 expression (Sup-
plementary Figure S6B). It is possible that SFN activates
a transient interaction between the p63-bound enhancer
and a NRF2-bound promoter, resulting in augmented tran-
scription of CDKI2. To test this possibility, we used ChIP-
gPCR with antibodies against p63 and polymerase II (POL
IT) on one of the enhancer—promoter pairs upstream of the
CDKI12 gene (Figure 5B). SFN treatment significantly in-
creased the binding of p63 to the enhancer and POL II bind-
ing to the promoter of the CDKI2 gene (Figure 5B), sup-
porting a function of p63 in co-activating an NRF2-bound
promoter.

The combined basal activity of p63 and NRF2 also
control CDKI2 expression, since simultaneous siRNA-
mediated knockdown of NRF2 and p63 caused a significant
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reduction in CDK12 expression, while this was not the case
in the single knockdown of either NRF2 or p63 (Supple-
mentary Figure S6C).

Activation of NRF2—p63 interactions promotes keratinocyte
proliferation

CDK12 has crucial functions in gene expression, prolifer-
ation and genome stability, and is a target for anti-cancer
therapy (37). We hypothesized that the activation of the
CDK12 enhancer is part of the joint NRF2-p63 function in
proliferation-competent keratinocytes suggested by our in
silico analysis (Figure 1). To test this possibility, we treated
cells with the CDK12 inhibitor THZ531 (39), and found
a significant reduction of keratinocyte proliferation as de-
termined by analysis of the number of cells positive for the
Ki67 proliferation marker (Supplementary Figure S6D and
S6E). This difference was mild in growth factor-treated cells,
but became statistically significant in the absence of growth
factors.

To test if the NRF2—p63 interaction promotes ker-
atinocyte proliferation via CDK 12, we treated the cells with
SFN and THZ531. In the absence of exogenous growth fac-
tors, addition of SFN promoted keratinocyte proliferation,
and this was abrogated in the presence of THZ531 (Figure
5C and D). Importantly, THZ531 reduced not only the to-
tal number of Ki67-positive cells, but also a subpopulation
simultaneously positive for pNRF2, p63 and Ki67 (Fig-
ure SE and F). This result strongly suggests that NRF2—
p63-activated transcription regulates proliferation at least
in part via CDK12.

In agreement with the enhanced NRF2—p63 interaction
detected in nuclei of keratinocytes by PLA (Figure 2C-G),
Ki67" and pNRF2"p63*Ki67* cells were significantly in-
creased by SFN in cells cultured in the absence of growth
factors (Figure 6A and B). As expected, withdrawal of
growth factors significantly suppressed proliferation, but
SFN treatment restored the number of proliferating ker-
atinocytes to the levels seen in the presence of growth fac-
tors (Figures 5D and 6A). As a consequence, almost all
pNRF2*p63* cells were also Ki67" (Figure 6B and C; Sup-
plementary Figure S7). These results suggest that pharma-
cological activation of NRF2 promotes its synergistic ac-
tivity with p63, resulting in restoration of the proliferative
capacity of keratinocytes.

Since SFN has NRF2-independent activities, we used
CRISPR /Cas9-mediated knockout (KO) of the NRF2 in-
hibitor KEAP1 to stabilize/activate NRF2 in primary hu-
man keratinocytes. KEAP1 KO indeed increased the per-
centage of pNRF2-positive cells in the nucleus and overall
NRF2 levels (Figure 6D and Supplementary Figure S6F).
Importantly, this was associated with a significant increase
in cell proliferation, even in the absence of growth factors
(Figure 6E), demonstrating that genetic activation of NRF2
mimics the effect of SFN.

The majority of KEAP1 KO pNRF2"p63* cells were also
positive for Ki67, and the number of pNRF2"p63*Ki67*
keratinocytes was significantly higher in KO compared
to WT cells (Figure 6F-H). The increase in proliferation
of KEAP1 KO pNRF2*p63* cells was significant only
in the presence of growth factors (Figure 6F); however,

2202 UoIe|\ 9z Uo 1sanb Aq L GE881.9/8Y/E/2/6Y/91o1ME/IBU/WOO"dNO"dlWapEedE//:SdRy WOy papeojumoq



3758 Nucleic Acids Research, 2021, Vol. 49, No. 7

A 21kb
. A . H3K27ac
: p63
A _ __ NRF2__|
L A - - . __ _ NRF2SFN
enhancer promoter
CDK12
B
0.25, p63 0151 POLII *
020 Il DMSO
g - *% o B SFN
3 0.15 3 o1
= 5
2 0.10 2
- £ 005
& 0.05 B
0.00 ==
enhancer promoter enhancer promoter
C E
+ GF -GF +GF + GF + THZ
- GF +SFN - GF +SFN+THZ -GF +SFN + THZ
D 601 * *x F 60+

N
(=]
"

2
o
o
©
=2
c
o
£
©
2
o
o
+
~
©
X
ES

<

L

Figure 5. Stabilization of NRF2 activates the CDKI2 promoter and promotes keratinocyte proliferation. (A) Binding of H3K27ac, p63, baseline NRF2
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(C-F) Human keratinocytes were treated with SFN or vehicle in the presence or absence of the CDK12 inhibitor THZ531 and stained for Ki67 (red),
counterstained with DAPI (blue) in (C) or for pNRF2 (red), p63 (green) and Ki67 (cyan) in (E). Note the increase in triple positive cells in the presence
of SFN and their reduction by THZ531. (D) Quantification of Ki67* cells among all cells in the field or (F) pNRF2*p63*Ki67* cells among Ki67" cells
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Figure 6. Enrichment of proliferating cells among pNRF2-p63 double-positive keratinocytes. (A—C) Human primary keratinocytes were cultured in the
absence of growth factors (-GF) and treated for 3 h with vehicle (DMSO) or SEN and immunostained with antibodies against Ki67, pNRF2 and p63. Cells
cultured in the presence of growth factors (+GF) were used as a control. (A) Percentage of Ki67" cells among all cells. (B) Percentage of triple-positive
cells among all pNRF2*p63* cells. (C) Representative images from +GF and -GF+SFN cells with high numbers of Ki67*pNRF2*p63* triple-positive
cells (appear almost white); scale bar: 50 pm; N = 4. (D-H) Human primary keratinocytes were transduced with lentiviruses allowing CRISPR /Cas9-
mediated KEAPI knockout using two different guide RNAs or control virus (n = 3). They were cultured for 3 h in the presence (+GF) or absence of growth
factors (-GF) and stained for p63, pNRF2 and Ki67. (D) Percentage of pNRF2" cells among all cells. (E) Percentage of Ki67* cells among all cells. (F)
Percentage of triple-positive cells among all pPNRF2*p63* cells. (G) Percentage of Ki67*pNRF2*p63* among all cells. (H) Representative images from the
wt control and KEAP1 gRNA lentivirus-transduced cells with Ki67*pNRF2"p63* triple-positive cells (appear almost white, pointed with arrowheads).
Cells were cultured in the presence (+GF) or absence (-GF) of growth factors. Ki67* cells are labeled red, pNRF2* cells far-red (appear magenta) and
p63* were green. Nuclei were counterstained with DAPI (blue); scale bar: 50 wm. (I) Primary human keratinocytes were cultured in 2D under exponential
growth conditions, transfected with scrambled (i), NRF2 (i), p63 (iii) or NRF2+p63 siRNAs (iv) and stained for Ki67. The percentage of Ki67" cells was
quantified. Bars indicate mean = SEM. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 (one-way ANOVA).
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Figure 7. Co-localization of NRF2 and p63 in the human epidermis. (A) Frozen sections from human skin were stained with Ki67 (red), pNRF2 (cyan)
and p63 (green) (left panel); and Ki67 (orange), pNRF2 (red) or p63 (green) (right panel). Ki67*pNRF2*p63* triple-positive cells appear light yellow on
the left panel and almost white on the right panel; scale bar: 50 wm. D: Dermis; E: Epidermis. Triple-positive keratinocytes of the basal layer are indicated
with single arrowheads and those in the lower suprabasal layer with double-arrowheads. (B) Scheme showing effects of SFN and genetic activation of

NRF?2 on p63-mediated expression of CDKI2 and miR29ab]1.

pNRF2*p63*Ki67* keratinocytes significantly increased in
total numbers in KEAP1 KO cells in the presence or absence
of growth factors (Figure 6G and H).

While these results demonstrate that NRF2 activation
promotes keratinocyte proliferation, knockdown of NRF2
alone and thus reduction of its basal activity had no effect
on proliferation in 2D and under exponential growth con-
ditions (Figure 6I). This is consistent with the normal ker-
atinocyte proliferation in Nrf2 knockout mice (6,40) and
may result from compensation by other Nrf transcription
factors. By contrast, siRNA-mediated reduction of p63 lev-
els resulted in a strong decrease in keratinocyte prolifera-
tion, and additional knockdown of Nrf2 did not further en-
hance this effect (Figure 61).

Finally, we determined the potential relevance of the
NRF2-p63 cross-talk for the regeneration of the human
epidermis. Interestingly, pNRF2"p63* cells that also ex-
pressed Ki67 were found in the basal epidermal layer of
foreskin (Figure 7A, left) or abdominal (Figure 7A, right)
human skin (single arrowheads), and even in the lower

suprabasal layers (Figure 7A, double arrowheads). This
finding suggests that the interaction of both transcription
factors may retain the proliferative capacity of keratinocytes
that have already entered the differentiation program.

Taken together, our results unravel an unexpected cross-
talk of NRF2 and p63 at the level of transcription, which
defines populations of proliferating cells in vivo and is medi-
ated by the preferential binding of NRF2 and p63 to the en-
hancers and promoters of their common target genes (Fig-
ure 7B).

DISCUSSION

We discovered a physical interaction of two key regulators
of epithelial function: p63 and NRF2. The in vivo relevance
of this finding is suggested by the co-localization of pNRF2
and p63 in the nuclei of keratinocytes within the lower lay-
ers of human epidermis. Importantly, both proteins were
co-expressed with Ki67 in a subset of basal and also
suprabasal keratinocytes. Together with our p63/NRF2
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gain-of-function studies performed in vitro, this finding sug-
gests that the combined activity of both transcription fac-
tors is important to maintain the proliferative capacity of
keratinocytes, including those that have already entered the
differentiation program. A positive effect of NRF2/p63 on
proliferation is further supported by the reduced expression
of CDKI2 upon combined knockdown of both genes. How-
ever, knockdown of NRF?2 in exponentially growing, non-
differentiated cells in 2D cultures did not further suppress
proliferation of keratinocytes with p63 knockdown and also
did not have an effect on proliferation of keratinocytes with
normal p63 levels. This is in contrast to previous stud-
ies, which showed that CRISPR /Cas9-mediated deletion of
NRF?2 reduced proliferation of human keratinocytes with
high stem cell potential (41). Therefore, NRF2 activity may
be particularly relevant for proliferation of stem cells. It is
also possible that only a complete loss of NRF2 affects pro-
liferation of human keratinocytes, and few molecules, which
remain after siRNA-mediated knockdown, may be suffi-
cient to maintain keratinocyte proliferation. Finally, NRF2
and its cross-talk with p63 could be particularly relevant for
proliferation of suprabasal cells, which are already commit-
ted to differentiation as suggested by its predominant ex-
pression in these layers.

In addition to its effect on proliferation, the p63/NRF2
cross-talk may also promote the early differentiation pro-
cess as suggested by the co-expression of both tran-
scription factors and their combined target MIR29ABI
in suprabasal, differentiated keratinocytes. Future studies
should therefore address the effect of p63/NRF2 targets on
the differentiation process.

In addition to its function in the normal epidermis, ac-
tivation of p63/NRF2 may also have a positive effect on
wound healing. Thus, genetic activation of Nrf2 in ker-
atinocytes strongly promoted the proliferation of different
stem cell populations during mouse wound healing (42),
and pharmacological activation of the Nrf2 pathway accel-
erated wound healing in healthy and diabetic mice. There-
fore, this approach may be beneficial for the treatment of
chronic wounds (43,44). Our results suggest that combined
activation of Nrf2 and p63 could be even more efficient, for
example, through maintenance of the proliferative capacity
of cells in the suprabasal layers of the wound epidermis.

Analysis of ChIP-Seq data performed in this study and
published in the literature identified individual and com-
mon targets of both transcription factors, which changed
upon chemical activation of NRF2 (45). Surprisingly, the
number of NRF2-bound sites was reduced upon SFN treat-
ment, suggesting that stabilization of NRF2 results in con-
centration of NRF2 binding to specific sites. Importantly,
the simple presence of an ARE does not define these sites,
indicating the requirement of other factors for the recruit-
ment of NRF2 to specific loci, which remain to be identified.

An enrichment of AREs within ~200 bp regions bound
by p63 and covered by H3K27ac marks (15) suggests a role
for p63 in the activation of NRF2-bound promoters. Con-
sistent with this hypothesis, ChIP-seq analysis found AREs
enriched within 100 bp distances from the center of p53-
bound REs (46). Due to the longer spacer lengths between
the RE and ARE motifs, we suggest that the type of inter-
action between NRF2 and p63 on RE-AREs is DNA-and
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nucleosome-mediated (47). We do not know if phosphoryla-
tion of NRF2 is required for its interaction with p63. There-
fore, it will be interesting to address this question using an
NRF2 variant with a point mutation in the S40 phosphory-
lation site.

NRF?2 and p63 possibly interact via short-distance chro-
matin looping to regulate expression of CDKI2. Interest-
ingly, CDK12 activity was shown to regulate the transcrip-
tion of certain NRF2 target genes, thereby controlling a
switch in gene expression from a metabolically active state
to a ‘stress-defense mode’ (48). Together with our data,
this finding suggests that CDK 12 provides a positive feed-
back for the activation of the NRF2 response. Our data
also demonstrate that CDK 12 activity in keratinocytes con-
tributes to the enhanced proliferation observed upon ac-
tivation of NRF2 and p63. The other common p63 and
NRF?2 targets that we identified in this study may further
contribute not only to the promotion of keratinocyte prolif-
eration, but also to aspects of differentiation, which should
be tested in future studies. Finally, it will be important to
identify compound combinations that activate both TFs for
potential therapeutic applications and to identify the rele-
vant downstream targets in different stratified epithelia.
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