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Abstract

The p53 family of transcription factors (p53, p63 and p73) regulate diverse organismal processes including tumor suppression, maintenance of
genome integrity and the development of skin and limbs. Crosstalk between transcription factors with highly similar DNA binding profiles, like
those in the p53 family, can dramatically alter gene regulation. While p53 is primarily associated with transcriptional activation, p63 mediates
both activation and repression. The specific mechanisms controlling p63-dependent gene regulatory activity are not well understood. Here, we
use massively parallel reporter assays (MPRA) to investigate how local DNA sequence context influences p63-dependent transcriptional activity.
Most regulatory elements with a p63 response element motif (p63RE) activate transcription, although binding of the p63 paralog, p53, drives
a substantial proportion of that activity. p63RE sequence content and co-enrichment with other known activating and repressing transcription
factors, including lineage-specific factors, correlates with differential p63RE-mediated activities. p63 isoforms dramatically alter transcriptional
behavior, primarily shifting inactive regulatory elements towards high p63-dependent activity. Our analysis provides novel insight into how local

sequence and cellular context influences p63-dependent behaviors and highlights the key, yet still understudied, role of transcription factor

paralogs and isoforms in controlling gene regulatory element activity.
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Introduction

Transcription factors (TFs) regulate gene expression networks
during development and are responsible for the maintenance
of cellular and organismal homeostasis. These activities re-
quire TF interactions with DNA, usually via conserved se-
quence motifs within cis-regulatory elements (CRE) like pro-
moters and enhancers (1). Sequence specific TF binding to
regulatory elements can affect gene expression in multiple,

Isoforms

context-dependent ways, including direct recruitment of co-
factors or RNA polymerase and through control of local
and long-distance chromatin structure. TF control of gene
expression is not a binary ‘on/off’ state, and represents a
range of dynamic interactions with DNA dictated by se-
quence, chromatin, and other locally bound TFs (2,3). Ul-
timately, understanding how DNA sequence and chromatin
context at CREs controls TF binding is critical for dissecting
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complex gene regulatory networks during development and in
disease.

The tight relationship between sequence-specific TF activ-
ity, CREs and gene expression is especially important for lin-
eage specification during development (4-6). The TF p63, a
member of the well-known p353 family, is a key regulator of
epithelial lineage specification and self-renewal (7-9). Exten-
sive work using p63 loss-of-function mouse models demon-
strates the essentiality of p63 for development of limbs, dig-
its, and craniofacial structures (10,11). These phenotypes are
consistent with those in humans, where p63 mutations cause
multiple disorders rooted in epithelial cell dysfunction, includ-
ing EEC (Ectrodactyly, Ectodermal Dysplasia and Cleft lip
or Cleft lip and palate), Limb-Mammary Syndrome, Rapp-
Hodgkin Syndrome (RMS) and ADULT syndrome (12-16).
These epithelial-associated activities underlie the importance
of p63 in multiple organ systems during development and in
post-development contexts (17-20). Organismal-level pheno-
types in mouse models and human disorders are consistent
with the indispensable role of p63 in the formation and main-
tenance of both the epidermis and epithelial-derived cells and
tissues.

Mutations within p63-bound CREs are also directly linked
to human developmental disorders, suggesting p63 regulation
of CREs is required for development (21-23). While multi-
ple human disorders are linked to mutations that reduce p63
function, p63 hyperactivity and gain-of-function contribute to
post-developmental disorders like cancer. Overexpression of
p63 drives tumorigenesis in squamous cell carcinomas (24—
26), while genetic rearrangements in TP63 lead to gain-of-
function activities of p63 fusion proteins important for lym-
phoma progression (25,27-29).

Like other TFs, p63 activity requires direct binding to spe-
cific DNA motifs within CREs (30-32). The TP63 gene en-
codes multiple transcript and protein isoforms (11,33-37),
with the two most prominent being TAp63« and ANp63«
generated from alternative promoter usage. TAp63« is an ob-
ligate transcriptional activator, and functions in preservation
of genetic integrity in germ cells, adult stem cell maintenance
and late-stage keratinocyte differentiation (33,38,39). On the
other hand, ANp63a’s activity is strongly context dependent
and has been shown to be both a transcriptional activator
and repressor (40). ANp63« is a pioneer factor which li-
censes epithelial-specific regulatory elements during develop-
ment (23,41-43) but can also bookmark chromatin structure
at already established active regions or control 3D interac-
tions to repress gene expression (41,44). ANp63«x can also lo-
cally recruit traditional co-activators, like SMAD proteins and
p300 (45-48), or co-repressors, like HDACs (49,50), to regu-
latory elements to variably control transcription (51). The spe-
cific temporal and spatial contexts where ANp63« performs
these various transcriptional roles, and how these differential
activities are regulated, remain unclear.

Gene regulatory elements contain multiple TF binding sites
in particular orientations that ‘code’ for specific transcrip-
tional outcomes. The combination of local sequence context
and TF occupancy at regulatory elements ultimately controls
gene expression networks and vast cell fate decisions (52—
54). We implement STARR-seq MPRA technology to address
whether sequence content and context of p63-bound gene
regulatory elements might explain differential p63 activities
like transcriptional activation or repression (55). We identi-
fied sequence features within and around p63 binding sites
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that influence p63-specific activities. p63-mediated repression
is most associated with local GC content and the presence
of nearby motifs for known transcriptional repressors. p63-
mediated activation is influenced by specific classes of p63 re-
sponse element (RE) DNA motifs that also permit binding by
p53. p63-bound CRE activity changes across different epithe-
lial cell contexts with this variation potentially regulated by
changes in p63 expression and flanking TF motifs. ANp63«x
occupancy is only weakly correlated to transcriptional output
unlike strong transactivators like p53. However in the context
of expression of a different isoform of p63, TAp63p, tran-
scriptional activation greatly increases, suggesting that iso-
form switching is a mechanism that controls the activity of
p63-bound regulatory elements.

Materials and methods

Cell culture

All human mammary epithelial cell lines MCF10A TP53+/+
and TP53~/~ (Sigma-Millipore clls1049) were cultured in 1:1
Dulbecco’s Modified Eagle’s Medium: Ham’s F-12 (Gibco,
#11330-032), supplemented with 5% Horse Serum, (Gibco,
#16050-122), 20 ng/mL epidermal growth factor (Peprotech,
#AF-100-15), 0.5 ug/mL hydrocortisone (Sigma, #H-0888),
100 ng/mL cholera toxin (Sigma, #C-8052), 10 pg/mL insulin
(Sigma, #I-1882) and 1% penicillin-streptomycin (Gibco,
#15240-062). MCF10A TP53~/~ cells were obtained from
Sigma-Millipore (clls1049). Human HNSCC cell line SCC25
(kind gift of C. Michael DiPersio, Albany Medical College)
were cultured in 1:1 Dulbecco’s Modified Eagle’s Medium:
Ham’s F-12, supplemented with 10% FBS (Corning, #35-016-
CV), 1% penicillin-streptomycin and 400 ng/ml hydrocorti-
sone. Human transformed keratinocyte cell line HaCaT and
HEK293FT cells were cultured in Dulbecco’s Modified Ea-
gle’s Medium 1X (Corning, #10-013-CV) and supplemented
with 10% FBS (Corning, #35-016-CV) and 1% penicillin-
streptomycin (Gibco, #15240-062). All cell lines were cul-
tured at 37°C and 5% CO,.

Lentiviral production

Lentiviral particles were packaged by transfecting 600 ng
psPAX2, 400 ng of pMD2.G and 1 pg of pCWS57.1 con-
taining either TAp63f or B-glucoronidase (GUS) control in
HEK293FT cells at a density of 600 000 per well (9.6 cm?).
pCWS57.1, psPAX2 and pMD2.G were a gift from Didier
Trono, Addgene plasmid #12 260; http://n2t.net/addgene:
12260; RRID:Addgene_12260. Lentiviral supernatants were
collected at 24 and 48 h and concentrated via spin dialysis.
Viral supernatants were added to MCF10A cells at 0.5 MOI
with 8 pg/ml polybrene for 24 hours and then replaced with
fresh media. Around 2 pg/ml of puromycin was added 48 h
after infection and cells were selected for 72 h.

Western blotting

Protein was isolated using custom made RIPA buffer (50 mM
Tris-HCI pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, 1 mM EDTA, 1% Triton x-100)
supplemented with protease inhibitor (Pierce, #78 442). Con-
centration of isolated protein was measured using a mi-
croBCA kit (Pierce, #23 227) and 25 pg was loaded on
a 4-12% Bis-Tris protein gel (Invitrogen, #NP0321BOX).
Protein size was determined using PageRuler™ Prestained
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Protein Ladder (Thermo Scientific, #26 616). Membranes
were blocked in 5% non-fat milk in TBS-T. Antibodies
used included rabbit anti-ANp63 antibody (Cell Signal-
ing, #£6Q30), mouse anti-p53 (BD Biosciences, #554 293),
mouse anti-TAp63 (BioLegend, #938 102), rabbit anti-p63
DBD (Abcam, #ab97865) and rabbit anti-GAPDH antibody
(Cell Signaling, #D16H11). Full, uncropped western blot im-
ages can be found in Supplementary Figure S7.

Plasmid construction

For isoform activity reporter assays, a p63-dependent regula-
tory sequence from SEN was synthesized as ultramers S1.1984
and SL1985 (IDT) with critical binding sites mutated in MUT
to disrupt p53 family binding (56). Ultramers were converted
to a dsDNA with a one cycle of annealing and extension PCR
using the reverse primer SL1986. Gibson assembly was used
to clone wild-type (WT) and MUT sequences into pGL4.24
(Promega, #E8421) vector in Kpnl and HindIll sites. For all
other reporter assays, regulatory sequences from the genome
used in the MPRA were ordered as GeneBlocks from IDT and
cloned into pGL4.24 vector cut with Kpnl and Ncol using
Gibson assembly.

p63 isoform TAp63p cDNA sequence was synthesized and
integrated into the pENTR vector between attL1 & attL2 re-
combination sites (Twist Bioscience). Doxycycline-inducible
TAp63B lentiviral plasmid was constructed by integrating
the TAp63p sequence into pCW57.1 vector via Gateway
cloning and LR Clonase enzyme (Invitrogen #11 791 020)
following manufacturer’s protocol. pCW57.1 was a gift
from David Root (Addgene plasmid #41 393; http://n2t.
net/addgene:41393; RRID:Addgene_41 393). pENTR™-GUS
control plasmid was provided as part of the LR Clonase II en-
zyme kit and integrated into the pCW57.1 vector as previously
stated.

Constitutive expression p63 isoform plasmids (ANp63«,
ANp63B, TAp63a and TAp63B) were generated by cutting
out cDNA sequences from pENTR vectors using Agel and
Bglll enzymes and cloning them into the Agel and BamHI re-
striction sites of a modified pcDNA3.1 (Agel) plasmid. Agel
restriction site was created using primers SL2061 + SL2062
and performing site-directed mutagenesis on pcDNA3.1 plas-
mid.

Information about all oligonucleotides and plasmids can be
found in Supplementary Table S6.

Reporter assays

For reporter assay displaying relative transcriptional activity
of p63 isoforms, HCT116 TP53~/~ cells were reverse trans-
fected with a reporter gene (pGL4.24 backbone) containing
either a WT or mutant p63 binding site from the SFN gene
and the corresponding p63 isoforms (pcDNA3.1 backbone)
at a total of 200 ng of DNA. An empty pcDNA3.1 vector was
used as a negative control for p63 isoform expression. For all
other reporter assays, MCF10A TP53~/~ cells were seeded at
a density of 8000 in a 96 well plate a day prior to transfection.
An empty pGL4.24 plasmid was used as a negative control.
p63RE-containing reporter gene constructs were cloned into
the pGL4.24 backbone. All reporter assays were performed in
biological triplicate and transfections were normalized using
nanoluciferase pNL1.1 vector (Promega, #N1001) and car-
ried out using Nano-Glo® Dual-Luciferase® Reporter Assay
System (Promega, #1620).

Massively parallel reporter assay design

Massively parallel reporter assay (MPRA) query regions were
selected from a recent meta-analysis of p63 ChIP-seq datasets
(57). Only p63 binding events observed in 8 or more inde-
pendent experiments and containing p63 response element
(p63RE) sequences (17 310 locations) were considered for
analysis due to DNA synthesis constraints. MPRA regions
were centered on the p63RE and were extended to a total
length of 119 or 120 bp based on the length of the p63RE.
Genomic coordinates corresponding to each p63 MPRA re-
gion were used to extract DNA sequence information from
the hg38 UCSC genome assembly using bedtools. Either
the entire MPRA sequence (full shuffle), the p63RE (shuf-
fle) or the regions flanking the p63RE (flank shuffle) were
randomly scrambled, while preserving GC content, to pro-
duce three variants. Position weight matrices for the p63RE
were generated using consensusMatrix (Biostrings R pack-
age) and visualized using seqLogo. A fourth variant (mu-
tant) was designed where consensus nucleotides found within
the p63RE at a frequency greater than 75% were substi-
tuted to preserve GC content. A schematic of all substitu-
tions can be found in Figure 1A. Adapter sequences were then
added to the 5 (§-TCCCTACACGACGCTCTTCCGATCT)
and 3’ (5-AGATCGGAAGAGCACACGTCTGAAC) end of
each MPRA sequence. Sequences for all MPRA regions can be
found in Supplementary Table S1. An oligo pool containing
all 86 550 reporter sequences was synthesized by GenScript
(Piscataway, NJ, USA).

Cloning oligo pool library

MPRA oligo plasmid pool was cloned as described with
the following adjustments (58). Plasmid backbone pGB118,
with added Illumina i5/i7 sequences flanking the cloning site,
was digested with Agel and Sall as described (59). pGB118
was based on hSTARR-seq_ORI vector, which was a gift
from Alexander Stark (Addgene plasmid #99 296; http://
n2t.net/addgene:99296; RRID:Addgene_99 296). The oligo
pool was amplified using Q5 polymerase and SL1947 and
SL1948 primers for 15 cycles. Amplicons were then cloned
into pGB118 using HiFi assembly (NEB, #M0492S) and HiFi
reactions were transformed into DHS « cells (NEB, #C2987H)
and grown in LB culture. Plasmid library was purified using
ZymoPURE Gigaprep kit (Zymo, #D4204).

Plasmid pool transfection, library preparation and
sequencing

Two biological replicates were performed for each cell type
and condition at approximately 50 million cells per replicate
and one biological replicate was performed for isoform (GUS,
TAp63B) overexpression assay. Around 10 pg of plasmid li-
brary were transfected per 5 million cells via lipofection (Poly-
plus, #101 000 046, #101 000 025). For TAp63p inducible
cell line and negative control (GUS) cell line, doxycycline was
added at 500 ng/ml at the same time as transfection. Cells
were harvested after 24 h and total RNA was extracted (Quick
RNA, Zymo, #R1055). Around 30 pg per replicate of poly-
adenylated mRNA was isolated using oligo d(T) beads (NEB,
#E7490L). Resulting mRNA was split into six separate reac-
tions and cDNA was synthesized using a gene-specific primer
SL1972 and MultiScribe Reverse Transcriptase (Invitrogen,
#4 311 235). Following cDNA synthesis, all cDNA samples
were pooled and one junction-PCR reaction was performed
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Figure 1. (A) STARR-seq MPRA design. A p63 RE binding motif was centered within each putative CRE with a total length of up to 120 nucleotides. See
‘Material and methods’ and Supplementary Table S1 for more information. Each WT element has a variant with p63RE mutation (mut or shuffle),
scrambled flanking region (flankShuffle) or fully scrambled variant (fullShuffle). All elements preserve total GC content. (B) Position Weight Matrix (PVWM)
of the canonical WT p63RE or a mutant generated in this study (mut). (C) Distribution of CREs used in this study based on distance to the nearest
RefSeq TSS. (D) Fraction of CREs found in intergenic or intragenic regions. (E) Distribution of CREs within ENCODE cCRE annotated functional
elements. (F) Fraction of CREs occurring within DNAse Hypersensitive (DHS) clusters, denoted as ‘open’. (G) Predicted regulatory status of CREs based
on chromHMM chromatin state modeling. (H) chromHMM-defined categorical chromatin states as an average across multiple cell lines and conditions,
and MCF10A specifically. (I) Heatmaps representing p63, H3K27ac, H3K4me2 and H3K4me3 enrichment in MCF10A cells at CRE locations used in this
study. (J) Activity of CRE variants in MCF10A cell line shown as a ratio of sequenced STARR-seq RNA reads to the original DNA library. P-values were
calculated using Kruskal-Wallis test followed by Dunn's post-hoc test and Bonferroni adjustment (**** P-value < 0.0001).
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with 16 cycles (oligonucleotides SL1973, SL1974) and i5 and
i7 primers from NEBNext Oligo Kit (#£E7600S) were used for
[llumina barcoding with between 5 and 9 cycles. MPRA plas-
mid DNA pools were amplified with i5 and i7 primers as a
control for oligo representation. All libraries were pooled and
sequenced as single-end, 100 bp on an [llumina NextSeq 2000
instrument at the University at Albany Center for Functional
Genomics.

MPRA library data analysis

FASTQ files for plasmid DNA and regulatory element RNA
libraries were mapped using exact pattern match using cus-
tom Python scripts. Read mapping statistics are shown in
Supplementary Figure S1 and Supplementary Table S2. Raw
read count table is available under Gene Expression Omnibus
accession number GSE266670. Regulatory elements that had
less than 2 counts per million (CPM) in the plasmid DNA li-
brary and less than 0.1 CPM in the ¢cDNA library were re-
moved. Additionally, for Supplementary Figures S1-S4 were
MCF10A and MCF10A TP537/~ cell lines were used, only
elements that had a match for every element variant (WT,
mut, shuffle, flankShuffle, fullShuffle) were kept (7 = 10 129).
Where MCF10A TPS3~/~, HaCaT and SCC2S5 (Figure 5 B-
E) or MCF10A TAp63p3 and GUS overexpression cell lines
were considered, regulatory elements that only had a WT and
mut matched variants were kept (7 = 9697 and n = 13 532,
respectively). All reads were normalized to the total num-
ber of reads per sample and expression values are repre-
sented as RNA/DNA ratio and averaged between the repli-
cates (where applicable). p63RE-dependent activity was de-
rived from the WT/mut ratio using normalized RNA/DNA
ratios and are represented as log, (WT/mut) values. Replicate
correlation using all data and filtered data are represented
in Supplementary Figures S2, S5. Normalized expression val-
ues and elements considered for each figure are listed in
Supplementary Table S3. Statistical tests were performed us-
ing Python packages (SciPy, scikit-posthocs, statannotations).

Data integration

MCF10A p63, p53, H3K27ac, H3K4me2 and H3K4me3
datasets were downloaded from Gene Expression Omnibus
accession GSE111009 (60). Raw data were mapped to the
GRCh38 reference assembly using hisat2 and biological repli-
cates were combined using the merge function of samtools
(61,62). Enrichment at MPRA regions was quantified and vi-
sualized using deepTools (63). p53 and p63 enrichment data
were quantified within 1bp bins across the entire p53/p63RE
motif location and heatmaps were generated using 10 bp bins
across a region spanning -/+ 1000 bp from the p53/p63RE
motif. Datasets used to integrate ENCODE ChromHMM,
candidate cis regulatory elements (cCRE), DNase Hypersen-
sitivity Clusters (DHS) and ReMap TF binding locations (64)
with MPRA genomic locations were obtained from reposito-
ries as specified in Supplementary Table S4. Intersections be-
tween p63 CRE regions and various datasets were performed
using either bedTools or BigBedtoBed (65,66). Motif enrich-
ment analyses were performed using HOMER using either
the whole hg38 genome or ‘unchanged’ regulatory elements
as background (67,68). GC and dinucleotide content analyses
were performed using custom nucleotide counting scripts in
Python. TF binding enrichment scores at p63-bound MPRA
regions were calculated using the GIGGLE approach (69).

RNA-seq datasets MCF10A DMSO (59) and SCC25 with
a control plasmid (Empty Vector) (70) were downloaded from
the Sequence Read Archive and the run numbers are indicated
in Supplementary Table S4. Sequencing reads were mapped
using kallisto using GRCh38 reference genome assembly and
the following parameters: -b 100 -t 30 -1 75/51 -s 10 in a
paired-end or single-end mode (71). Differential gene expres-
sion analysis was performed using DESeq2 (72).

Results

Examination of the transcriptional regulatory
potential of p63-bound elements

To explore how ANp63«, hereby referred to as p63, con-
trols epithelial gene regulatory networks, we measured tran-
scriptional activity of putative CRE bound by p63 using
a MPRA. We selected candidate CREs from a recent meta-
analysis examining p63 ChIP-seq binding across multiple hu-
man epithelial-derived cell lines (57) and cloned them into a
reporter system using the STARR-seq strategy (58,73) (Fig-
ure 1A). We selected candidate CREs where p63 binding was
observed in at least 8 independent ChIP-seq experiments, re-
sulting in 17 310 elements. Sequences were cloned from a
single-stranded oligo pool where the likely p63RE was placed
in the center of the oligo, flanked by up to 52 nucleotides
on either side of genomic context depending on the length of
the identified p63RE. To understand the specific role of p63
in transcriptional regulation by the selected CREs, we cre-
ated two variants predicted to disrupt p63 binding. We per-
formed conservative substitutions of nucleotides enriched at
any single position with greater than 80% frequency (p63RE
mut) (Figure 1B, Supplementary Table S1). We also per-
formed a random nucleotide shuffle of the predicted p63RE
located at the center of the CRE as a control for disrupted
p63 binding (p63RE shuffle). Finally, nucleotides flanking the
p63RE (p63RE flankShuffle) or the entire CRE (fullShuffle)
were shuffled, all while preserving GC content of the original
CRE sequence. The sequence of all variants can be found in
Supplementary Table S1.

We next examined the genomic and chromatin context of
these elements to better understand how these characteris-
tics might relate to their observed transcriptional output. Al-
though many p63 binding events are intragenic (Figure 1D),
less than 20% of those are within 5 kb of the transcriptional
start site (TSS). Most sites are localized over 5 kb from the
TSS suggesting potential function as distal regulatory elements
(Figure 1C). ENCODE cCRE classification suggests that most
of these p63-bound regions display distal enhancer-like sig-
natures characterized by accessible chromatin and stereotypi-
cal histone modifications such as enrichment of H3K27ac and
lack of H3K4me3 (Figure 1E) (74). The next largest group
overlaps the cCRE designation of ‘NA” which includes both
heterochromatin and ‘quiescent’ chromatin lacking known
chromatin-based features of regulatory DNA. On average,
80% of these p63-bound elements are found in open chro-
matin regions of basal epithelial cell types (Figure 1F) (75,76).
In contrast, most p63 binding sites are found in closed chro-
matin regions in all other cell types. We next examined the
distribution of chromatin features surrounding our MPRA
elements using chromHMM, which defines categorical chro-
matin states across multiple cell lines and conditions (Figure
1G) (77,78). In three p63-positive epithelial cell lines, includ-
ing the model mammary epithelial line MCF10A, we observe
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enhancer-like enrichment at greater than 45% of the MPRA
elements compared to an average of approximately 20% in
non-epithelial cell lines (Figure 1H). The epithelial specific
enhancer-like chromatin features for the surveyed MPRA el-
ements is consistent with epithelial lineage-restricted expres-
sion and pioneer factor activity of p63. We chose to use the
model basal mammary epithelial cell line MCF10A for subse-
quent studies, as significant prior datasets for p63 occupancy,
transcriptional regulation, and chromatin context are avail-
able. In line with summary statistics from ENCODE ¢CRE
and chromHMM, the majority of our MPRA regions bound
by p63 are enriched for H3K27ac and H3K4me2, but depleted
for H3K4me3 (Figure 11I), suggesting these elements have pri-
marily enhancer-like qualities in MCF10A.

We then assayed the activity of these p63-bound CRE to in-
vestigate sequence requirements for p63-dependent transcrip-
tion in MCF10A. Under basal conditions, these cells primar-
ily express the p63 isoform ANp63«, which is a context-
dependent transcriptional activator or repressor (40). We per-
formed two biological replicates by transfecting the STARR-
seq p63RE library into MCF10A, isolated total RNA and then
specifically amplified and deep sequenced the self-transcribed
CRE (58,73). Plasmid DNA pools were also sequenced as a
transfection control, and CRE-driven RNA expression was
quantified as a ratio of RNA:DNA. The distribution and me-
dian read depths for each MPRA sequence in the plasmid
DNA pool and in the cDNA pool sequence are shown in
Supplementary Figure S1. While 17 310 candidate p63-bound
CREs were originally selected for analysis, synthesis, cloning
and experimental dropout reduced the number of regions used
in downstream experiments and analysis to 10 129. We only
included regions where all five variants were found in the
DNA and RNA libraries at sufficient depth (Supplementary
Table S3, ‘Materials and methods’). Post-filtering for drop-
out and read depth, element CPM between biological repli-
cates of the DNA and RNA libraries were highly correlated
(PCC > 0.993, Supplementary Figure S2).

After first confirming the reproducibility and sequencing
depth of our MPRA, we examined the role of the p63RE in
mediating transcriptional activity. Mutation of either the en-
tire p63RE (RE shuffle) or of specific nucleotides predicted
to be critical for p63 binding (RE mut) substantially reduced
transcriptional activation (P < 1.00e-04) (Figure 1J). Simi-
lar reductions in activity were seen when the entire CRE was
shuffled, as expected by the loss of all native TF binding sites.
On the contrary, shuffling DNA sequence flanking the p63RE,
and thus disrupting binding of other TFs, did not dramati-
cally affect CRE-mediated transcription. These data suggest
p63-bound CREs are more dependent on the central p63RE
for transcriptional activation than other potential TF binding
sites in flanking genomic context, similar to previous obser-
vations of the central importance for the p53 family RE at
regulatory elements (79-81).

Influence of p63 and p53 occupancy on
cis-regulatory element activity

Multiple features, such as sequence, chromatin state and ge-
nomic context, define the activity of gene regulatory elements.
Activity of p63-bound elements does not correlate with dis-
tance to the nearest TSS (Supplementary Figure S3), however

these elements are enriched in enhancer-associated chromatin
modifications, like H3K27ac and H3K4me2, which correlate
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with p63 occupancy in MCF10A (Figure 1I). Given the im-
portance of the central p63RE on CRE activity (Figure 1]), we
further assessed how p63 binding and enrichment at these el-
ements influences transcriptional activity. We initially selected
p63-bound regions for study that were identified in a meta-
analysis of p63 ChIP-seq binding in between 8 and 20 inde-
pendent ChIP-seq studies from different epithelial cell types
but did not contain p63 binding data from MCF10A (57). We
therefore used MCF10A p63 ChIP-seq data from a prior study
to examine how iz vivo p63 enrichment was linked to CRE
activity (60). Increasing p63 enrichment in MCF10A cells cor-
responds with increased p63 occupancy across epithelial cell
types (Figure 2A). In general, more ubiquitous p63 occupancy
across cell types relates to p63 enrichment in MCF10A, al-
though significant variation exists across the range of bind-
ing events (Figure 2A). CREs are more active when p63 bind-
ing occupancy is more ubiquitous compared to sites where
p63 binding is restricted or cell-line dependent (Figure 2B).
On the contrary, MPRA activity is poorly correlated with p63
ChIP-seq enrichment in MCF10A cells (Figure 2C, Spearman
p = 0.124). These observations suggest that ubiquitous p63
binding, those events observed across many cell types, is more
closely linked with transcriptional output than p63 binding
enrichment as measured by ChIP-seq.

Many p63 binding sites are shared by its family member
p53, which is a near universal transactivator (81,82). Prior
p63 ChIP-seq meta-analyses identified distinct p63RE classes
that differ primarily in their ability to support binding of p53
(pS3RE + p63RE) or p63 only (unique p63RE) (57). There-
fore, we examined whether intrinsic differences in p63RE
motifs and overlapping binding with p53 might better re-
flect the observed transcriptional activity. CREs containing the
pS3RE + p63RE motif type were significantly more active than
those with a unique p63RE (Figure 2D), and saw a greater
drop in activity when the central motif was lost. Similar to
p63, p53 binding observations correlate with transcriptional
output (Figure 2B,E). Unlike our observations with p63, p53
binding strength from MCF10A cells is better correlated with
CRE activity (Figure 2F Spearman’s p = 0.412).

We next measured MPRA activity in MCF10A TPS537/~
cells (Figure 2G). After determining the sequencing read
depth and reproducibility across two biological replicates
(Supplementary Figures S1-S2, Supplementary Table S2),
we assessed the specific contributions of p53 versus p63
for MPRA activity. CRE activity is significantly reduced in
TPS537/~ relative to WT MCF10A cells (Figure 2H). However,
we also observe an additional significant reduction in activ-
ity when the central p63RE is mutated in TP537/~ conditions.
Notably, in aggregate, pS3RE + p63RE elements are more ac-
tive than unique p63 CREs even in the absence of p53 (Figure
21). These data suggest that although p53 drives a substan-
tial proportion of transcriptional activity for these CREs, p63
still functions as an activator at pS3RE + p63RE motifs even
in p53s absence. They also suggest that inherent sequence dif-
ferences may contribute to differential transcriptional output
of p63-bound CREs.

Intrinsic response element sequence differences
and GC content contribute to p63- and
p53-dependent transcriptional activity

Initial analysis suggests that p63 primarily functions as a
transcriptional activator, with mutations to the p63RE sig-
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Figure 2. Relationship between meta-analysis-based p63 binding observation score and p63 ChlP-seq enrichment in the MCF10A cell line (A) or WT
CRE activity from the STARR-seq assay (B). (C) Correlation between WT or mut CRE activity and p63 ChIP-seq enrichment in MCF10A cells (Spearman'’s
p=0.127, P = 2.26e-48 for WT comparison and p=-0.0, P = 0.98 for mut). (D) WT and mut CRE activity for Unique p63RE or p53RE + p63RE motif types
with number of each motif type assessed in the experiment indicated on the x-axis (****: P-value < 0.0001, Wilcoxon signed-rank test). (E) Relationship
between meta-analysis-based p53 observation score and p53 ChlIP-seq enrichment in MCF10A cell line. (F) Correlation between WT or mut activity and
p53 ChiIP-seq enrichment in MCF10A cells (Spearman’s p=0.405, P = 0.0 for WT comparison and p=-0.094, P = 4.4e-27 for mut). (G) Western blot
analysis of p53 and ANp63 expression in MCF10A and MCF10A TP53~/~ cells. GAPDH is used as a loading control. (H) p53RE + p63RE regulatory
element activity in WT or TP53~/~ MCF10A cell lines (****: Pvalue < 0.0001, Wilcoxon signed-rank test). (I) Differences in WT CRE activity between
p63RE motif types in MCF10A TP53~/~ cells (****: P-value < 0.0001, Mann-Whitney U test).

nificantly reducing transcriptional output (Figure 1]) despite
p63 enrichment being poorly correlated with transcriptional
activity (Figure 2C). CREs containing pS3RE + p63RE se-
quences are substantially more active than those containing
motifs supporting only p63 binding (Figure 2D) independent
of whether p53 or p63 is engaged (Figure 2I). The extent to
which variation in half-site sequence and other intrinsic DNA
information within a p53 family RE leads to differential bind-
ing kinetics and activities remains an open question in the field
(83,84).

pS3RE + p63RE motifs were originally subdivided into
five categories based on differences in occupancy and abun-
dance in p53/p63 ChIP-seq datasets: primary, secondary, ter-
tiary, quaternary, and quinary (Figure 3A) (57). Primary mo-
tifs are considered the canonical p53 family motif, containing
two canonical CWWG half-sites separated by a 6bp spacer
(85,86). CREs containing these elements support higher en-
richment of p63 (Figure 3B) and p53 (Figure 3C) and are more
active (Figure 3D) compared to the other classes. The activ-
ity of secondary, quaternary and quinary elements descend in
that order (Figure 3D), as do p63 and p353 occupancy (Figure

3B,C). CRE activity significantly decreases when nucleotides
critical for p53/p63 binding are mutated in both primary and
secondary motifs (Figure 3D). Because we selected CRE se-
quences based on p63 occupancy alone, our assays ultimately
did not contain any tertiary pS3RE + p63RE motifs. Likely
due to their limited number in this dataset, mutation of qua-
ternary (7 = 44) and quinary (z = 71) motifs lead to a small,
but not statistically significant, decrease in CRE activity (Fig-
ure 3D). Similar to p53, p63 activates both primary and sec-
ondary motif-containing elements, but without a strong pref-
erence for primary motifs (Figure 3E).

We next examined whether CRE activity might relate to
specific classes of the unique p63RE motifs (Figure 3F). The
primary and tertiary motifs resemble canonical p53 family
motifs, with two half sites separated by a 6bp spacer. Sec-
ondary, quaternary, and quinary motifs are characterized by
the presence of a single half-site coupled with an incomplete
second half-site. Septenary motifs, relatively lowly represented
in the test sequences, generally contain a single, weak half-
site. Septenary motifs were excluded from this analysis due to
low representation (n = 2). The relationship between unique
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p63RE motif type and CRE activity is more nuanced than for
those with pS3RE + p63RE motifs. p63 enrichment is high-
est at primary and quaternary elements (Figure 3G), but ter-
tiary elements drive the highest level of CRE expression (Fig-
ure 3H,I). Loss of the central element leads to statistically sig-
nificant loss in CRE activity for primary, secondary, tertiary,
and quaternary elements, with quinary and senary motifs driv-
ing the lowest expression and having the least dependence on
the central motif. These observations are similar in the pres-
ence and absence of p53 consistent with lack of p53 binding
at these sites (Figure 3I)

Increasing p63 ChIP-seq enrichment is not coupled to in-
creased activity (Figure 2C), and different p63RE classes con-
tribute to, but do not explain, differential CRE activity. We
sought to determine whether other local sequence features
might provide additional insight into p63-dependent CRE ac-
tivity. Previous studies demonstrate dinucleotide repeat motifs
(DRMs) are an indicator of regulatory sequence activity (87—
89). Dinucleotide content was generally similar within CRE
classes with the exception of increased GC and CG DRM
enrichment in unique p63RE and increased AT and TA en-
richment for pS3RE + p63RE (Figure 3]). Increased AT and
TA dinucleotide content in the pS3RE + p63RE likely reflects
the strong preference of p53 for these dinucleotides in half-
sites (Figure 3A,]). CG dinucleotide enrichment and subse-
quent methylation could potentially explain reduced activity
of unique p63RE compared to pS3RE + p63RE, but these ob-
servations require further study.

Differences in the distribution of dinucleotides led us to
ask whether overall GC content might vary between the two
p63RE motif classes, as increasing GC content is linked to in-
creased activity of regulatory elements (89,90). Unique p63RE
have higher overall GC content and these differences are pri-
marily in regions flanking the central p63RE (Figure 3K).
CREs containing pS3RE + p63RE motifs are more active de-
spite lower overall GC content relative to unique p63RE. We
observe a strong trend between increasing GC content and
increasing CRE activity for pS3RE + p63RE in the absence
of p53 (Figure 3E,M), which is not observed when p53 is
present (Figure 3D,M). For unique p63 motifs, CRE activity
(Figure 3H,]) closely matches trends in GC content in WT and
TP537/~ conditions (Figure 3L), perhaps suggesting increased
GC content between elements can overcome the absence of
a strong transactivator like p53. Taken together, these data
suggest that specific classes of p63REs lead to modest dif-
ferences in p63-dependent CRE transcriptional output. These
observations suggest that for elements regulated by p53, motif
type and p53 occupancy/affinity are important determinants
of high transactivation relative to other sequence-intrinsic fea-
tures, like GC content. On the contrary, these elements are
p63-dependent, but increased p63 enrichment and p63RE mo-
tif features do not directly result in higher transactivation.

Local sequence content and co-occurring
transcription factor motifs are associated with
differential p63-dependent activation and
repression

Our data suggest additional intrinsic DNA sequence charac-
teristics like GC content contribute to maximal activity of
p63-bound elements beyond those that directly affect recruit-
ment of p63. p53-bound elements are more active and DNA
motifs with higher occupancy lead to higher overall transcrip-

tional output. Our data suggest that loss of p63 binding via
mutation of the central p63RE leads to a marked decrease in
CRE-driven transcriptional activity. When viewed in aggre-
gate, these results suggest p63 predominantly activates tran-
scription. The ANp63w isoform of p63, which is the pre-
dominant isoform in basal epithelial cells like MCF10A, me-
diates both transcriptional activation and repression, along
with chromatin remodeling activities, when binding to reg-
ulatory sequences (40,43,44). We asked whether p63 and p53
transcriptional activation might mask other context depen-
dent activities like repression by examining CRE behavior
in the absence of p53 (MCF10A TP53~/~). We classified
p63-dependent CRE activity as ‘activating’ if mutation of the
p63RE led to lower activity relative to WT and ‘repressing’ if
lack of p63 binding led to more transcriptional output. Over-
all, we observe p63-dependent transcriptional activation at
nearly 30% (2857/10 129) of CREs and repression at only
8% (853/10 129) (Figure 4A). We confirmed the importance
of the central p63RE in transcriptional activation at four sites
using traditional reporter gene approaches. For each element,
mutation of the p63RE led to a sharp decrease in transcrip-
tional activation, consistent with the behavior observed using
the large-scale MPRA approach (Supplementary Figure S4).
Sequencing depth of the DNA pool for both p63RE-activated
and repressed elements was evenly distributed across the range
of values (Supplementary Figure S5B,F), suggesting our defi-
nition of p63RE-dependent activities likely reflects biological
behavior and not a sequencing artifact. Interestingly, the activ-
ity of most p63-bound elements is not affected when the cen-
tral p63RE is mutated, regardless of motif type (Figure 4A).
These data suggest that either p63 has non-transcriptional
roles that cannot be measured via STARR-seq-style reporter
assays or that these elements are strongly cell-type or context-
dependent.

Activities varied based on the type of p63RE motif found
within the CRE. Those containing a pS3RE + p63RE mo-
tif are almost twice as likely to require p63 for transcrip-
tional activation (Figure 4A). Primary pS3RE + p63RE motifs
more frequently lead to p63-dependent activation compared
to any other class whereas p63-mediated repression is gener-
ally similar across subclasses of p63REs (Figure 4B). Activa-
tion at unique p63RE sites is relatively similar across motif
types with the exception of those containing quaternary mo-
tifs (Figure 4C). Because they are found in only 635 total reg-
ulatory elements, we expect that quaternary motifs are un-
likely to broadly represent a general feature that underlies
p63-dependent transcriptional activation. GC content span-
ning the central p63RE is slightly reduced in p63-repressed
elements relative to those where p63 activates transcription
(Figure 4D). p63RE type and nucleotide content partially re-
flect differences between p63-mediated activation and repres-
sion, although these effects are relatively modest. Therefore,
our data suggest the p63RE motif is critical, but that vari-
ation in sequence content between elements is not a major
determinant in p63-dependent transcriptional activation and
repression.

CRE activity is controlled by the total complement of TFs
and co-factors interacting with the element (52,91). We asked
whether sequences, and therefore other DNA binding factors,
flanking the central p63RE motif might contribute to activa-
tion or repression of p63-bound CREs. As expected, mutation
of the central p63RE led to decreased activity at p63-activated
elements and an increase in activity at p63-repressed elements,
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Figure 4. Characterization of p63-dependent CRE transcriptional activity in MCF10A TP53~/~ cells. p63RE-dependent activity is defined by 1.5
fold-change (WT/mut) cutoff where Activating” is > 1.5, ‘Repressing’ is < 1.5 and the remaining are defined as ‘Unchanged". (A) Distribution of regulatory
element function in MCF10A TP53~/~ cells with each motif type. Distribution of regulatory element function in p53RE + p63RE (B) or p63 unique RE (C)
motif classes as defined in Figure 3A, F (D) Average GC content across regulatory element regions based on p63RE-dependent element activity group.
Shaded area represents a 95% confidence interval. (E) Aggregated regulatory element activity in MCF10A TP53~/~ in each p63RE-dependent activity
group (****: Pvalue < 0.0001, Wilcoxon signed-rank test). (F) Top 30 enriched motifs in ‘Activating’ or ‘Repressing’ regulatory element groups relative to
‘Unchanged’ regulatory element groups. Motif enrichment was performed using HOMER (67,68). Dot size represents the fraction of CREs containing the
specified motif. Color scale indicates Bonferroni-corrected inverted P-value. (G) Enrichment scores of different TFs from the ReMap 2022 meta-analysis
at p63RE-activated (X-axis) or p63RE-repressed (Y-axis) relative to p63RE unchanged background elements. Enrichment scores were calculated using the
Giggle genomic interval enrichment approach (69). (H) Reporter gene expression in MCF10A TP53~/~ cells mediated by the selected regulatory
elements used in the STARR-seq assay (120 nt). Regulatory element variants included p63RE, AP1 or TEAD motif mutants (****: P-value < 0.0001,
One-way ANOVA). Reporter construct schematic is shown at the top. pGL4.24 vector was used to measure minP promoter baseline activity.
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indicative of p63-dependent activity (Figure 4E). Shuffling se-
quences flanking the central p63RE led to partial loss of func-
tion for both pé63-activated and repressed elements. These
data suggest that DNA sequences outside of the central p63RE
contribute to p63-mediated activities, but the specific mecha-
nisms are not known. We then explored if particular TF mo-
tifs might be enriched in CREs where p63 activity was either
activating or repressing. We first compared TF motif enrich-
ment within MPRA elements relative to genomic background
(Supplementary Table S5). As expected, p53 family motifs are
the most enriched across all groups. AP-1 family motifs are
also enriched across all groups, consistent with the common
role for AP-1 at enhancers (75,92,93). In order to identify
motif differences between elements with differential activity,
we performed motif enrichment using p63-independent (un-
changed) (Supplementary Figure S6, Supplementary Table
S5) elements as the background control instead of the total
genome (Figure 4F). p53 family motifs are enriched in ac-
tivating elements, likely reflecting the observation that most
activating elements contain the primary sub-motif which is
most closely aligned with the canonical motif models used
in the HOMER motif finding algorithm (Supplementary
Table S5) (67,68). When using p63-independent elements as
background, AP-1 family motifs are specifically enriched at
p63RE-activating versus repressing elements, consistent with
AP-1’s role as a transcriptional activator (75,92,93). p63RE-
repressed elements lack enrichment of these canonical trans-
activator motifs, but are enriched for a series of known tran-
scriptional repressors like Snail, Slug, Zeb1 and Zeb2. All four
of these factors have established roles in transcriptional re-
pression during epithelial-to-mesenchymal transition (94-96).
Although motifs for known activators and repressors are en-
riched in flanking regions of p63-bound CREs with specific
activities, we cannot rule out that DNA shape or additional
p63RE-adjacent context might contribute to changes in p63
binding and activity as they do for p53 (84,97).

We next considered whether the enrichment of TF mo-
tifs at p63RE-dependent MPRA regions might mirror actual
TF occupancy. We therefore determined the enrichment of
1207 DNA or chromatin-binding factors from the ReMap TF
database at p63RE-activated, repressed or unchanged MPRA
regions using the GIGGLE approach (69). p63 family mem-
bers (p53, p63 and p73) were substantially more enriched at
p63RE-activated relative to p63RE-repressed elements, con-
sistent with our observations that p53 engagement leads to
higher overall transcriptional activity (Figure 4G). Interest-
ingly, JUN/AP1, TEAD1 and RELA/NFKB1 binding is dif-
ferentially enriched at p63RE-activating CREs (Figure 4G),
consistent with our differential motif enrichment (Figure 4F).
We next confirmed the importance of TEAD and JUN/AP1
binding sites by examining the effect of mutating these sites
in traditional reporter gene approaches. The loss of either the
TEAD or JUN/AP1 site in these elements strongly decreased
transcriptional activity, with JUN/AP1 having an effect on
transcription as pronounced as loss of the p63RE (Figure 4H).

Relatively few TF motifs were associated with p63RE-
mediated repression (Figure 4F), including known epithe-
lial regulators Snail/Slug and Zeb1/2. Analysis of binding
from ReMap similarly revealed relatively few TFs are specif-
ically enriched in these regions relative to other p63RE-
containing genomic elements. The only factor appreciably
enriched in p63RE-repressed elements is the Notch signal-
ing co-factor MAML1/mastermind (Figure 4G) despite a

"

lack of Notch signaling-related motifs in prior analyses (Fig-
ure 4F). ANp63 and Notch signaling have directly oppos-
ing roles in epithelial proliferation and cell fate (98,99), al-
though TAp63-isoforms work in concert with Notch during
late keratinocyte differentiation (100). Contrary to the enrich-
ment of their motifs, Zeb1/2 and Snail/Slug binding is not en-
riched at p63RE-repressed elements. We note that most avail-
able ChIP-seq studies were not performed in relevant epithe-
lial cell lines/tissues where p63 is expressed and that not ev-
ery TF with enriched motifs has been assayed for genomic oc-
cupancy. Further, attributing a single TF to a single potential
motif, highlighted by the overlap in p63 family TF binding,
remains a significant challenge. Thus while we cannot defini-
tively make conclusions on whether specific factors are in-
volved in differential p63-mediated activity, our analysis sug-
gests that p63 family members and AP-1, NFkB and TEAD
factors may play a functional role in the differential regula-
tion of p63RE-containing genomic elements.

Cell identity influences p63-bound cis-regulatory
element activity

Our data indicate that most p63-bound CREs are not de-
pendent on p63 for their transcriptional activity in MCF10A
STARR-seq assays (Figure 4A). p63 is a context-dependent
transcriptional activator and repressor whose activity is re-
stricted to epithelial cells. While broadly important as a reg-
ulator of lineage specification and self-renewal, p63 activity
varies across epithelial cell types. For example, p63 is ampli-
fied in many squamous cell carcinomas and is associated with
poor prognosis and pro-tumorigenic phenotypes (25,26,101).
We therefore asked whether p63 expression across different
epithelial contexts might lead to differential activity of p63-
bound CREs in our assay. HaCaT are a spontaneously immor-
talized keratinocyte line that can undergo squamous differen-
tiation in culture and preserve many of the features of normal
human keratinocytes (102). SCC235 are squamous cell carci-
noma of the tongue, a cancer type that is highly dependent on
p63 for proliferation (25,101,103,104). Importantly, both cell
lines have inactivating mutations in p53 that limit the analy-
sis to p63-dependent activities (105). HaCaT and SCC2S5 also
express higher levels of p63 than MCF10A cells (Figure SA)
(35), allowing us to ask whether increasing cellular p63 con-
centration might alter CRE activity.

We transduced the MPRA library into either HaCat or
SCC25 cell lines and measured transcriptional output as pre-
viously described. Each experiment was performed as a series
of biological duplicates, and we filtered results by sequencing
depth and assessed reproducibility as performed previously
for MCF10A and MCF10A TP53~/~ lines (Supplementary
Figures S1, S2). Due to differences in transfection efficiency
between cell types, we ultimately recovered 9 697 elements
with paired WT and mutant expression data across all repli-
cates of MCF10A TP537/~, HaCaT and SCC25 cell lines
(Supplementary Table S3). We asked whether variation in
cell type or p63 expression levels might alter the scope of
p63-dependent activation or repression. Overall, the percent-
age of p63RE- activated elements is similar, albeit slightly
lower, in HaCaT and SCC2S5 compared to MCF10A (Fig-
ure 5B). SCC25 cells have nearly 3-fold more p63-repressed
elements than the other cell lines (Figure 5B) although
we observe relatively few enriched TF motifs that might
contribute to this repression besides p53/p63/p73 motifs
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Figure 5. Cell type and context-dependent effect on p63-dependent CRE activity. (A) Western blot analysis of p63 expression in MCF10A TP53/-,
HaCaT and SCC25 cells. GAPDH is used as a loading control. (B) Distribution of p63-dependent CRE function in MCF10A TP53~/~, HaCat or SCC25 cells
(n =9 697). (C) Sankey diagram derived from (B) depicting changes in p63-dependent CRE function across three cell types. Numbers indicate CRE
counts in each group and cell line. (D-E) Dot plots highlighting TF motifs enriched in p63-activated CREs that are shared (D) between SCC25 and
MCF10A TP53~/~ cell lines or uniquely enriched in each (E). Dot size represents fold-change enrichment over background. Color scale indicates
log-transformed inverted P-value. (F) Gene expression analysis of selected TFs from MCF10A TP53~/~ and SCC25 cells (60,70). Differential gene
expression between the two cell types is represented by the fold-change and adjusted P-value as determined by DESeq2, and indicated in the legend.

(Supplementary Table S5). p63 expression is elevated in both
HaCaT and SCC25, so it is unlikely that the observed increase
in p63-dependent repression (Figure 5B) is solely linked to
protein levels (Figure SA). p63-dependent CRE activity varies
across these three epithelial cell contexts as most CREs have
varied activity across at least two cell lines (Figure 5C). Nearly
30% of CREs do not require the central p63RE for transcrip-
tional activity in any condition (Figure 5B,C), suggesting these

elements may function independent of p63. These results in-
dicate that the collective action of p63 and other TFs might
underlie the observed variability in gene regulatory element
activity.

Close to 40% (1015/2643) of p63-activated CREs are
shared between MCF10A and SCC25, leaving substantial
variability in p63-dependent activity between CREs in SCC25
(1 392) and MCF10A (1 628). We then extended our analy-
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sis to determine whether differential TF activity might lead
to this cell line-specific variability in p63-mediated tran-
scriptional activation. We again used the unchanged/p63-
independent elements as background to examine motif en-
richment in p63RE-activated elements. Complete motif en-
richment results for activating, repressing, and unchanged el-
ements in both MCF10A and SCC25 lines can be found in
Supplementary Table S5. AP-1, TEAD and NF-kB family mo-
tifs are enriched at p63-activated CREs in both MCF10A
and SCC2S5 (Figure 5D), consistent with our observations that
these factors are enriched for binding at these elements (Figure
4G) and in line with their reported roles in transcriptional acti-
vation at regulatory elements (92,93,106). A broader range of
motifs are enriched at p63RE-activated elements in MCF10A
cells compared to SCC25 (Figure SE). These enriched motifs
include all three canonical motifs for p53, p63 and p73, con-
sistent with our observation that p53 family motifs adhering
more closely to the general consensus (1° and 2°) are more
strongly activating in MCF10A (Figure 3D).

To link these analyses to potential biological regulation,
we analyzed previously published RNA-seq datasets from
MCF10A TPS3~/~ (59) and SCC25 cell lines (70) to de-
termine whether differential expression of the TFs might
correlate with the differentially enriched motifs (Figure SF).
MCF10A TP537/~ 24 factors associated with differentially
enriched motifs had statistically-significant differential ex-
pression between MCF10A TPS53~/~ and SCC25 cells (Figure
SF). Over half of the motifs enriched in MCF10A TP53~/~
had the corresponding TF more highly expressed in the same
cell line. Similarly, 50% of the motifs specifically enriched in
SCC25 had corresponding increases in TF expression linked
to those motifs (EGR2, NF-kB/p50, ELK4). The potential
for cross-talk between TF paralogs with highly similar DNA
binding preferences can be difficult to determine with respect
to regulatory element activity. ETS1, whose motif was en-
riched in SCC235, was more highly expressed in MCF10A cells.
The reverse is true for ETS2 which had higher expression
in SCC235, with the motif showing increased enrichment in
MCF10A. Similarly, although their motifs are both enriched
in MCF10A TPS3~/~, TEAD3 and TEAD#4 are differentially
expressed. Despite the well-studied difficulties in linking spe-
cific motifs and factors, our results suggest that one potential
mechanism driving variable activity of p63-bound regulatory
elements is cell type-dependent TF expression and activity. Ul-
timately, expression differences need to be further linked to
differential binding and activities at these elements, such as
differential recruitment of particular co-factors.

p63 isoforms differentially activate
p63RE-containing regulatory elements

Although specific elements shift between being activated or re-
pressed by p63 depending on epithelial cell context or avail-
ability of other cofactors, ultimately, p63 is still not required
for transcriptional activation by most p63-bound CREs (Fig-
ure 5B,C). p53 and p63 share highly overlapping DNA RE
motifs (31,57,85), and p53 binding leads to near universal
transcriptional activation due to the presence of a strong N-
terminal transactivation domain (TAD) (80,82). Basal epithe-
lial cells primarily express ANp63« (Figure SA) which can
both activate and repress transcription, but multiple N- and
C-terminal isoforms of p63 can be expressed in different cellu-
lar contexts (36). We therefore asked whether the p63-bound
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CRE activity might have p63 isoform-specific dependence.
TAp63 isoforms are expressed in late stages of keratinocyte
differentiation and are required for the response to genotoxic
damage in germ cells (107-110). TAp63« drives high levels
of transcriptional activation in a stimulus-dependent fashion
(110,111), whereas other C-terminal isoforms, like TAp63
are constitutively active (112). To measure the potential of p63
isoforms to activate transcription, we first transduced either
negative control plasmids, or plasmids expressing ANp63c,
ANp63B, TAp63a and TAp63p in HCT116 TPS53~/cell lines
with either a WT or a p63RE-mutant-driven reporter gene
construct (Figure 6A). We then measured transcriptional activ-
ity across three biological replicates. ANp63« activated tran-
scription of the WT construct the least, with TAp63f lead-
ing to nearly 300-fold more transcription (Figure 6B). The
ANp63p (~20-fold) and TAp63« (~5-fold) isoforms also
activated transcription significantly more than the predom-
inantly basal epithelial-associated ANp63« isoform (Figure
6B). These data suggest that different p63 isoforms have dra-
matically different abilities to activate transcription.

We therefore chose to measure CRE activity using our entire
p63RE-MPRA library in response to expression of TAp63f3
because of its high activity and in order to avoid potential
crosstalk with other cell stress pathways required to activate
TAp63c. We transfected the MPRA library into MCF10A
cells where either a control protein (GUS) or TAp63 was ex-
pressed under doxycycline-inducible control (Figure 6C). The
distribution of p63-bound CREs in control conditions that
are p63-activated, repressed or independent is highly similar
to our previous assays in MCF10A TP537/~ cell lines (Fig-
ure 6E vs. Figure 4A). TAp63f3 expression led to increased
overall CRE activity and importantly, this activity is depen-
dent on the central p63RE motif (Figure 6D). Nearly 70%
of CREs display p63RE-dependent transcriptional activation
when TAp63p is expressed, more than a 2-fold increase com-
pared to control conditions (Figure 6E). This is most observ-
able at CREs with unique p63RE which see a 3-fold shift to-
wards p63-dependent transcriptional activation and a near-
complete loss of repression in the presence of TAp63f. Taken
together, these results suggest that context-dependent p63 iso-
form expression alters the behavior and activity of p63RE-
containing CREs. Similar to our observations with p53, these
data also suggest that the TAp63f isoform primarily activates
transcription.

Discussion

The importance of p63 in regulating epithelial cell identity
is supported by extensive genetic and biochemical evidence.
p63 regulates epidermal development through its TF activity
and control of epithelial-specific transcription and chromatin
structure. These activities require p63 binding and context-
specific transcriptional regulation, but how DNA sequence at
regulatory elements affects p63 activity is an open question.
Here, we examine whether the sequence content and con-
text of p63 binding sites controls p63-dependent transcrip-
tional activity using MPRAs. We find that sequence content
of p63RE motifs influences p63 binding and transcriptional
activity, but that this relationship is complicated. The com-
plex relationship between sequence and function is partially
due to p63 roles as both a context-dependent transcriptional
activator and repressor.
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Figure 6. Effect of p63 isoforms on p63-dependent CRE activity. (A) Western blot analysis of p63 isoform expression in HCT116 TP53~/~ cells. (B)
p63RE-dependent reporter gene expression (SFN-derived BDS2,3, (56)) in response to four different transiently expressed p63 isoforms, and an empty
pcDNAS.1 vector as a negative control, in HCT116 TP53~/~ cells 24 h after transfection (****: Pvalue < 0.0001, Two-way ANOVA). (C) Western blot
showing Doxycycline-inducible TAp63 3 or GUS control expression in MCF10A cells. Cells were treated for 8 h with either 500 ng/ml Doxycycline (Dox)
or water as vehicle control. (D) WT and mut CRE activity (n = 13 532) in either control (GUS) or TAp63 3 induced cell line (****: P-value < 0.0001,
Wilcoxon signed-rank test). (E) Distribution of p63-dependent CRE activity in either GUS (control) or TAp63 3 overexpressing cell line.

ANp63-dependent repression is relatively rare compared to
activation, as has been suggested by studies combining p63
binding and global transcriptome analyses (57). Repression
can be mediated by C-terminal recruitment of known co-
repressors like histone deacetylases or through antagonism
of other TFs, like p53 (49,50,113). Our data suggest that
slight variation in p63RE motif sequence content, like varying
GC and dinucleotide content, might partially explain vary-
ing activation or repression, but this is likely only a minor
contributor. Motifs for known repressive TFs like Snail, Slug,
Zeb1 and Zeb2 are specifically enriched in p63-repressed ele-
ments (Figure 4F). Interestingly, these factors are known to be
key regulators of epithelial-to-mesenchymal transition (EMT)
(94), a process globally suppressed by p63 (101,114). While
they may antagonize each other globally, p63 and these EMT-
promoting factors may have cooperative roles in repression
of specific genes. Global, in vivo occupancy maps of these fac-
tors have not yet been performed in relevant cell types, leaving
open the question of how they act locally in the p63 pathway.
p63 switches between repressive and activating states dur-

ing development, starting by repressing non-epithelial lineage
genes before switching to activation during epithelial com-
mitment (41,115). p63 also locally represses some TFAP2C
binding sites important for early epidermal specification dur-
ing later stages of keratinocyte maturation (42). Repression
in these settings results from p63-dependent alteration of lo-
cal and long-distance chromatin structure or chromatin mod-
ification by HDACs which may not be directly measured us-
ing plasmid-based MPRA style assays. The full scope of p63-
mediated repression, and the extent of its regulation by DNA
sequence alone, might not be observable in a single terminally-
differentiated cell line using only MPRA tools. Our data indi-
cates that local p63RE-mediated repression is only partially
explained by sequence context, thus additional experiments
incorporating native chromatin contexts are needed to better
understand rules for p63-mediated repression.

The relationship between sequence identity and transcrip-
tional output for p63-bound elements is also complicated
by context-dependent activity of other TFs binding the same
p63RE motif. The strongest predictor of regulatory element-
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driven transcriptional output from our results is the presence
of p63RE motifs capable of binding the p63 paralog p53 (Fig-
ure 2D). These elements are highly active and dependent on
the central p53/p63RE, which was recently identified as the
strongest predictor of regulatory element-driven transcription
(81). The relative activity was preserved in the absence of
p33 suggesting that p63 can also drive high-level transcrip-
tional activation (Figures 2H,I, 4A). How, though, these mo-
tifs drive higher expression by p63 is still unclear. Motif iden-
tity is linked to higher enrichment and transcriptional out-
put by p53 (Figure 3C,D), but we did not observe any such
relationship for p63. Sites with higher p63 enrichment are
not neccessarily more active, as has been observed directly
for p53 (116). Rather, our data suggest that ubiquity of p63
binding across cell types better reflects increased transcrip-
tional activity (Figure 2B). Other features, like increasing local
H3K27ac (117,118) and TF motifs flanking p63REs, includ-
ing those for traditional transcriptional activators, contribute
to p63-dependent trans-activation (30,119,120). Craniofacial
development requires specific and combinatorial activity of
p63 and other TFs at an enhancer for IRF6 (21,121,122).
Our results on p63RE affinity and occupancy are consistent
with a model that enhancers often contain suboptimal bind-
ing sites and use motif grammar and syntax to drive ap-
propriate developmental and stimulus-dependent behaviors
(123-126).

pS3 is generally regarded as a universal activator of tran-
scription, whereas p63 either activates or represses in a
context-dependent manner (Figure 5B,C) (82). Our data pro-
vide insight into how sequence context, including various sub-
classes of the core p63RE motif and flanking TF motifs, can af-
fect these p63-dependent functions. The mechanisms control-
ling this switch between activities, including when p63 serves
as a pioneer or bookmarking factor (44,117), are not fully
understood. p63 is also a bona fide pioneer TF and controls
accessibility at epithelial-specific regulatory elements (23,41-
43,60,115,117,118). MPRAs are powerful tools to study tran-
scriptional activation and repression, but their design can
limit the range of TF activities that can be directly measured
(127,128). Most elements display p63 expression-dependent
chromatin accessibility in epithelial cell types (Figure 1F) but
do not rely on ANp63« for their observed transcriptional ac-
tivity (Figure 4A). Roles for p63 in enhancer:promoter inter-
actions, such as those observed during p63-dependent directed
keratinocyte differentiation (41,42,129), would be difficult to
measure in a non-genomic context. One other possibility to
be investigated in future studies is that many elements re-
quire p63 for in vivo chromatin accessibility but not for di-
rect transcriptional activation or repression. Complementary
approaches, like genome-scale MPRA and loci-specific genetic
dissection, are likely required to fully unravel the range of p63-
dependent activities at regulatory elements.

The seeming lack of p63-dependent transcriptional con-
trol at a substantial number of p63-bound regulatory ele-
ments led us to ask whether cell context might drive differ-
ential p63 activities. Enhancers are well-known to exhibit cell
type and context-dependent activities controlled by variable
expression of TFs and co-factors (4,130). p63 expression is
strongly lineage restricted during development and homeosta-
sis and varied p63 levels have been linked to human can-
cers (25,131-134). Elevated p63 expression is strongly linked
to pro-survival pathways in squamous cell carcinomas (SCC)
(24,26,103). These collective observations led us to investi-
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gate whether p63-dependent regulatory element behavior var-
ied across two additional epithelial cell contexts. SCC235, a
head and neck squamous cell carcinoma cell line, in partic-
ular showed varied activity of p63-dependent regulatory ele-
ments (Figure 5B,C). Although more elements displayed p63-
dependent repression than in MCF10A, these elements lacked
specific enrichment for TF motifs that might cooperate with
p63 to reduce transcriptional output (Supplementary Table
S5). In contrast, p63-dependent activation in SCC25 was cou-
pled with enrichment of different TF motifs than those asso-
ciated with activation in MCF10A (Figure SE). Additionally,
the TFs corresponding to these motifs frequently displayed
increased expression in the matching cell type (Figure SF),
suggesting that these factors could have a direct influence on
differential activity of p63-bound regulatory elements across
cell types. Regulatory elements with cell-specific activities ap-
pear to utilize different combinations of co-enriching motifs
alongside p63 (135), although the functional impact on cell
and tissue behaviors generally remains unexplored. The ex-
tent to which cancer-associated p63 amplification and other
TF availability drives differential p63-dependent activities at
gene regulatory elements, both during development and dis-
ease, requires more investigation. Real challenges remain in
linking motifs and TFs at regulatory elements to downstream
biological impact. Further investigations need to examine spe-
cific cases in relevant genomic contexts, such as using targeted
genome-editing and physiologically relevant tissues and sys-
tems. This also includes leveraging novel data from genome-
scale assays like those presented here, single-cell spatial tran-
scriptomics and machine-learning assisted technologies to de-
sign synthetic enhancers with defined cell type-specific activi-
ties (136).

TFs are commonly spliced to produce various isoforms
which often display differential activities (137,138). The role
of p63 at regulatory elements is further complicated by the
complexities of TF isoforms and paralogs. The constitutively
active TAp63p isoform activated transcription at most regula-
tory elements (Figure 6E) similar to near-universal activation
by p53 (80,81,139). TAp63« is critical in the germline and
in late keratinocyte differentiation and TAp63« has stimulus-
dependent activity unlike ANp63 isoforms (107-110). Gene
regulatory elements activated uniquely by TAp63 isoforms are
bound by both TA and ANp63 isoforms. The role of AN iso-
forms at these elements then may be to establish and book-
mark local chromatin structure for later TA isoform activ-
ity, as ANp63 can do for regulated cell lineage-specific p53
activity (60). The interplay between TF paralogs with over-
lapping DNA binding activity can drive variable gene regu-
latory element activity. This is certainly true for p63, as p53
and p73 share considerable tissue expression and binding site
overlap with p63 (36). Cooperation and competition between
pS53 and p63 has been well-documented and reviewed in lit-
erature (57,113). To our knowledge, our results are the first
MPRA-style assay examining p63 activity and the first anal-
ysis of p53 behavior in a p63-expressing epithelial cell line
using these approaches. Our data demonstrate that locations
capable of binding by both p53 and p63 are more active and
depend more on p53/p63 motifs for this activity (Figure 2D).
Conversely, sites unique to p63 are considerably less transcrip-
tionally active, partially due to slight differences in the central
p63RE (Figure 2D). While our assays were not designed to
measure competition between p53 and p63 for binding sites,
advances in single-molecule TF footprinting (140) and more
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sensitive reporter systems can be used to begin to unravel these
pressing questions.

The crosstalk between p63 and p73 is less well-studied, al-
though likely even more complex than interactions with p53.
While p53 has broad expression across cell types, p63 and
P73 co-expression is common across epithelia (36). p63 and
p73 also have highly overlapping DNA motifs based on in
vitro studies, but p73 ChIP-seq data across different cell and
tissue contexts is more limited. Our data point towards high
overlap between p63 and p73 binding at the regulatory ele-
ments we screened (Figure 4EG). p73, like p63, also has two
N-terminal isoforms (TA and AN) with differential transcrip-
tional activation potential and with varying biological roles
(37). Crosstalk between p63 and p73 is further complicated by
observations of mixed p63:p73 heterotetramers in vivo, sug-
gesting yet another mechanism influencing regulatory element
behavior (141). While this particular study does not directly
consider the influence of p73 on p63-dependent regulatory el-
ements, the extensive overlap between these TF paralogs in
binding site selection and cell-specific expression suggests the
pressing need for further study. Our results suggest that signif-
icant additional effort should be placed into identifying how
cell type, developmental stage or stimulus-dependent condi-
tions might lead to p63 isoform switching, paralog expression
and, ultimately, varied p63-dependent gene regulatory activ-
ity.

In conclusion, we present a near genome-scale analysis of
p63-dependent regulatory element activity. Our data are con-
sistent with varying roles of p63 in literature and suggest that
while sequence content is important, other local cofactors, iso-
form switching, paralog expression, and chromatin are critical
context-dependent regulators of p63-dependent CRE activity.
Unraveling the full scope of p63 activities will likely require
multiple complementary approaches including specific assays
focused on p63-dependent chromatin remodeling, native ap-
proaches for examining sequence content such as genome edit-
ing, and new computational tools like Al and deep learning.
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