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Transcriptional activation by p53 provides powerful, organ-
ism-wide tumor suppression. We hypothesized that the local
chromatin environment, including differential enhancer activi-
ties, contributes to various p53-dependent transcriptional
activities in different cell types during stress-induced signaling.
In this work, using ChIP-sequencing, immunoblotting, quanti-
tative PCR, and computational analyses across various mamma-
lian cell lines, we demonstrate that the p53-induced transcrip-
tome varies by cell type, reflects cell type—specific activities, and
is considerably broader than previously anticipated. We found
that these molecular events are strongly influenced by p53’s
engagement with differentially active cell type—specific enhanc-
ers and promoters. We also observed that p53 activity depends
on the p53 family member tumor protein p63 in epithelial cell
types. Notably, we demonstrate that p63 is required for epithe-
lial enhancer identity, including enhancers used by p53 during
stress-dependent signaling. Loss of p63, but not p53, caused
site-specific depletion of enhancer-associated chromatin modi-
fications, suggesting that p63 functions as an enhancer mainte-
nance factor in epithelial cells. Additionally, a subset of epithe-
lial-specific enhancers depends on the activity of p63 providing
adirect link between lineage determination and enhancer struc-
ture. These results suggest that a broad, cell-intrinsic mecha-
nism controls p53-dependent cellular stress response through
differential regulation of cis-regulatory elements.

The p53 family of transcription factors regulates highly-di-
verse cellular functions, including tumor suppression and con-
trol of cell specification and identity (1). p53 is a master tumor
suppressor that protects organismal fidelity after exposure to
cellular stress-like DNA damage. This activity depends on p53’s
ability to activate transcription of a canonical network of genes
involved in DNA damage repair, cell cycle arrest, apoptosis, and
senescence (2). Many of these canonical transcriptional path-
ways are individually dispensable for tumor suppression, sug-
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gesting p53 regulates a redundant and not yet fully character-
ized transcriptional network (3, 4).

Genetic inactivation of the p53 tumor suppressor is highly-
recurrent across cancer types. p53 mutations, while frequent,
vary depending on the tumor type with additional genetic and
epigenetic mechanisms proposed to inactivate the p53 pathway
in the presence of WT p53 (5-7). p63 and p73, p53 family mem-
bers, function similarly to p53 in stress response, although their
precise roles in tumor suppression are unresolved (8 —10). p63
and p73 are primarily lineage-restricted to epithelial cell types
where each serves critical and nonoverlapping roles in cell iden-
tity and self-renewal (1, 11). Mutations in TA- and AN-p63
isoforms of p63 are causative for a number of epithelial-associ-
ated human developmental disorders independent of p53 activ-
ity, and mutations in p63 target genes underlie similar pheno-
types (12, 13). A significant and still outstanding question
involves dissection of specific roles and functional interplay
between p53 family members during development, in the reg-
ulation of cellular homeostasis, and in the etiology of disease.

The similarity between DNA-binding motifs originally sug-
gested that competition for binding sites might play a central
role in the regulation of p53 family member activity (14-16).
Indeed, previous studies implicate the AN-p63 isoforms, lack-
ing a canonical transactivation domain, as direct repressors
of the p53-induced transcriptome through a binding site—
competitive mechanism (17-19). Multiple p63-dependent
mechanisms repressing p53 activity have been identified,
including control of H2AZ deposition and HDAC? recruitment
(20-23). Increased p63 activity is thought to drive certain epi-
thelial-derived cancers, particularly squamous cell carcinomas,
with both p53-dependent and -independent mechanisms (24).
As the majority of cancers are derived from epithelial tissues,
the mechanisms of p53 family— dependent tumor suppression
in those tissues are of special interest (7).

Fate choice after p53 activation, be it apoptosis, temporary/
permanent cell cycle arrest, or continued proliferation, is vari-
able across cell types suggesting that p53-dependent transcrip-
tion is also cell type—dependent (2). A bevy of sensitive
methodological approaches has been used to identify p53-bind-
ing sites and gene targets across transformed and primary cell

2 The abbreviations used are: HDAC, histone deacetylase; DHS, DNase-hyper-
sensitive site; ANOVA, analysis of variance; gRT-PCR, quantitative RT-PCR;
MEF, mouse embryonic fibroblast; CEBPB, CCAAT enhancer-binding pro-
tein B; TSS, transcription start site; ChIP-seq, ChIP-sequencing; SkFib, fore-
skin fibroblast; EMT, epithelial-to-mesenchymal transition; GAPDH, glyc-
eraldehyde-3-phosphate dehydrogenase; QC, quality control.
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lines in an effort to explain these terminal cell fate choices and
p53-dependent tumor suppression. A recent set of meta-anal-
yses has suggested that p53 binding to the genome is invariant
(25), proposing that p53 acts independently to drive gene
expression of a core tumor suppressor network across all cell
types due to the low enrichment of other transcription factor
motifs at p53-bound enhancers and the reported pioneer factor
activity of p53 (3, 25, 26). Conversely, a series of recent p53
ChIP-seq experiments observed cell type—specific p53 binding
and gene targets (27, 28). Because of the high importance of
these conflicting observations and the mutual exclusivity of the
models, additional experimental evidence and models are
required to unravel these disparate p53 regulatory mechanisms.
We previously proposed that the local chromatin environ-
ment, including variable chromatin accessibility and enhancer
activity, contributes to novel p53 activities across cell types
(29). To address this question, we performed genomewide tran-
scriptome, epigenome, and p53 cistrome profiling in primary
foreskin fibroblasts (SkFib) and mammary basal epithelial
(MCF10A) cell lines, two cell types with varying enhancer activ-
ity at p53-binding sites (29). Our results directly implicate dif-
ferential cis-regulatory element activity as a mediator of the p53
network, with both differential promoter and enhancer activity
contributing to p53-dependent gene expression variability.
Furthermore, we have identified the p53 family member p63 as
one factor that drives the epithelial-specific p53 transcriptome
through an enhancer maintenance activity. We further propose
that p63 serves as a pioneer factor for a set of epithelial-specific
enhancers. Thus, these data support a mechanism whereby
cooperating transcription factors control cell type—dependent
cis-regulatory networks that regulate p53 activity.

Results

p53-dependent activation of conserved and cell type-specific
transcription

Gene activation downstream of p53 stabilization has been
extensively studied, but whether p53 transcriptionally activates
the same genes across all cell types is still unresolved. Previous
work suggested that p53-dependent transcriptional activity
might vary between epithelial cells and fibroblasts due to differ-
ences in predicted enhancer activity between the two cell types
(29). We chose two widely used model cell lines (MCF10A
mammary epithelial cells and dermal foreskin fibroblasts) to
address this unresolved question. The two cell types differ in
developmental origin, with dermal fibroblasts and mammary
epithelial cells arising from mesoderm and ectoderm, respec-
tively. Importantly, both cell types are nontumorigenic in
mouse models, suggesting they represent a nontransformed
state.

We performed three biological replicates of poly(A)-en-
riched, strand-specific RNA-seq in both cell lines after p53 acti-
vation in response to a 6-h treatment with 5 uM Nutlin-3A.
Nutlin-3A is a highly-specific MDM?2 antagonist that leads to
p53 stabilization without activation of p53-independent DNA
damage pathways that can confound analysis (30). Raw data
were aligned using STAR, and differentially expressed genes
were called using DESeq2. Use of a stringent cutoff (2-fold
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increase in expression after Nutlin-3A treatment, g value
<0.05) revealed different patterns of gene expression for
MCF10A versus SKFib (Fig. 1A). Genes up-regulated in both cell
lines are significantly associated with the core p53 response and
programmed cell death (Fig. 1B and Table S1), as expected.
MCF10A displayed a larger group of Nutlin-3A—induced tar-
gets enriched in gene ontology groups related to establishment
of the epithelial barrier and p53-dependent processes like pro-
grammed cell death and homeostasis (Fig. 1, A and B). SkFib
showed a markedly smaller, albeit specific, p53-activated tran-
scriptome (Fig. 1A4). These genes are associated with other cell
stress-related pathways, including those associated with the
hypoxia response and catabolic processes. Allowing for any
change in expression while maintaining a corrected p value of
less than 0.05 yielded an increased number of commonly and
differentially regulated genes, but the trend that p53-dependent
gene targets are more abundant in MCF10A cells remained
consistent across analytic methods (Fig. S1A).

Orthogonal validation by qRT-PCR confirmed a stringent
cell-type specificity for the tested set of genes identified by
RNA-seq (Fig. 1, C—E). Up-regulation of canonical p53 targets
like BTG2 and CDKNIA are indeed similar across cell types
(Fig. 1C). Many of the cell type—specific targets were unde-
tected or detected at extremely low levels in the opposing cell
type (Fig. 1, D and E). The majority of the MCF10A-specific
targets represent novel p53-dependent genes not previously
identified in a large-scale meta-analysis of human p53 gene tar-
gets (32). Over 20% of newly identified SkFib-specific targets
have not been observed previously (Fig. 1F and Tables S2 and
S3). These initial analyses reveal that the p53-activated tran-
scriptome varies between nontransformed cell types and may
reflect tailored, cell type—dependent responses after cellular
stress. To confirm the p53-dependent nature of these Nutlin-
3A-induced genes, p53 mRNA and protein expression were
depleted using shRNA in both MCF10A and SkFib (Fig. 1, G
and H, and J and K). Knockdown of p53 in SkFib (Fig. 1, G and
H) led to sharp reduction in both basal and Nutlin-3A—induced
expression of the SkFib-specific genes, GDNF and TRIMS5S (Fig.
11). Depletion of p53 in MCF10A (Fig. 1, J and K) caused a loss
of Nutlin-3A—induced RIC3 and IL1B expression relative to a
nontargeting control shRNA (Fig. 1L). Taken together, our
RNA-seq analysis and p53-depletion experiments indicate dif-
ferential activation of p53-dependent targets across nontrans-
formed cell lines.

Differential genomic binding of p53 between mesenchymal
and epithelial cell types

The most straightforward potential mechanism driving our
observation of cell type—dependent transcriptional activation
by p53 involves differential binding of p53 to regulatory regions
controlling those genes. Recent analyses reached opposing con-
clusions with regard to the cell type—dependence of p53
engagement with the genome (3, 25, 27, 28). We therefore
assessed whether differences in p53 engagement with the
genome in our model cell lines might explain our observations
of cell type— dependent transcriptomes. Two biological repli-
cates of p53 ChIP-seq were performed in either DMSO or
Nutlin-3A—-treated MCF10A and SkFib. Regions of significant
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Figure 1. A, Venn diagram indicating differentially up-regulated genes (Nutlin-3A/DMSO, fold-change =2, adjusted p < 0.05) in MCF10A or SkFib cells. B, gene
ontology analysis of differentially expressed genes from MCF10A and SkFib cells showing up-regulated genes for the top three significant biological processes.
B-D, qRT-PCR validation of two representative common (C), MCF10A-specific (D), and SkFib-specific (E) Nutlin-3A-induced targets. Target gene expression is
normalized to GAPDH (relative expression: Rel. Exp.), and data represent technical replicates from three independent biological replicates. Error bars represent
S.E. with p values calculated by Student’s t test, ****, p < 0.0001. F, intersection between SkFib (top) or MCF10A (bottom) p53 targets identified in this work
compared with the meta-analysis of p53 targets identified in at least three independent experiments (32). G, immunoblotting for p53 expression at 6 h of DMSO
(D) or Nutlin-3A (N) treatment in SkFib cells stably expressing shRNA against p53 (p53sh) or a nontargeting control shRNA (scr). H, qRT-PCR analysis of p53
expression at 6 h of DMSO (D) or Nutlin-3A (N) treatment in SkFib cells stably expressing shRNA against p53 or a nontargeting control shRNA. p53 expression
is normalized to GAPDH expression (relative expression). Error bars represent S.E.; **** p < 0.0001, and ***, p < 0.001, calculated by Student's t test. |, qRT-PCR
analysis of SkFib-specific gene targets, GDNF and TRIMS55, in SkFib cells stably expressing an shRNA to p53 or a nontargeting control shRNA. Gene expression
is normalized to GAPDH expression. Error bars represent S.E.; ****, p < 0.0001; ***, p < 0.001; and **, p < 0.01, calculated by Student’s t test. J, immunoblotting
for p53 expression at 6 h of DMSO or Nutlin-3A treatment in response to p53 knockdown in MCF10A cells stably expressing shRNA against p53 or a nontar-
geting control shRNA. K, qRT-PCR analysis of p53 expression at 6 h of DMSO or Nutlin-3A treatment in response to p53 knockdown in MCF10A cells stably
expressing shRNA against p53 or a nontargeting control shRNA. p53 RNA expression is normalized to GAPDH expression. Error bars represent S.E.; ****, p <
0.0001, calculated by Student's t test. L, qRT-PCR analysis of MCF10A-specific Nutlin-3A-induced genes, RIC3 and IL1B, in MCF10A cells stably expressing an
shRNA to p53 (p53 sh) or a nontargeting control shRNA. Expression is normalized to GAPDH expression. Error bars represent S.E.; ****, p < 0.0001, calculated by
Student's t test.

p53 enrichment relative to input (peaks) were called using
MACS2 (33). Only peaks identified in both replicates were con-
sidered for further analysis (see under “Experimental proce-
dures”). Consistent with the cell type-dependence of our gene
expression observations, our ChIP-seq approach revealed a
highly-enriched set of MCF10A-specific p53-binding sites and
a smaller number of SkFib-specific sites (Fig. 24). A highly-
similar set of differential p53-binding events was also observed
using the DiffBind statistical framework (Fig. S1B), suggesting
the differential binding is unlikely to be an artifact of any one
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peak calling or replication strategy. Taken together, our peak
calling approaches indicate differential genome engagement of
p53 in MCF10A versus SkFib.

At commonly bound sites, basal and Nutlin-3A—induced p53
enrichment is higher in MCF10A relative to SkFib (Fig. 2B).
Despite higher overall occupancy in MCF10A, SkFib show
higher relative fold-change in p53 enrichment between DMSO
and Nutlin-3A treatment (Fig. 2B). Relatedly, absolute p53
occupancy differences do not correlate with the ability to acti-
vate common gene targets as Nutlin-3A induced gene fold-
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Figure 2. A, Venn diagram depicting overlap between significantly-enriched (p < 0.01, MACS version 2) Nutlin-3A-induced p53 peaks in MCF10A or SkFib. B,
boxplots depicting enrichment of p53 (input-normalized, log2) at common p53-binding sites found in both MCF10A (blue, left) and SkFib (green, right). C,
fold-change ratio of Nutlin-3A/DMSO of common input-subtracted p53 enrichment for MCF10A or SkFib. D and E, boxplot analysis of the input-subtracted p53
enrichment for MCF10A (blue, left) or SkFib (green, right) for MCF10A-specific (D) or SkFib-specific p53-binding sites (right) (E) in response to DMSO (D) or
Nutlin-3A (N) treatment. F-H, Chip-qPCR validation of the common (F), skin fibroblast-specific (G), and MCF10A-specific (H) p53 target CDKN1A/p21 at
p53-binding and -nonbinding sites. Genome browser view of replicate ChIP-seq data for MCF10A (blue) and SkFib (green) with the location of qPCR primers for
p53-binding site and negative region are shown above the qPCR data. gPCR data represent three biological replicates in MCF10A and SkFib cells with either
control (scr, nontargeting) or p53-targeting shRNA after 6 h of Nutlin-3A or DMSO treatment. Statistical analysis was performed by using one-way ANOVA; ****,

p < 0.0001; *** p < 0.001; and **, p < 0.01.

changes are higher in SkFib compared with MCF10A (Fig. 2C).
Cell type—specific binding events displayed lower absolute p53
occupancy than at common sites, suggesting that common sites
might represent more stable or higher affinity p53-binding sites
(Fig. 2, B, D and E). This observation is in line with previous
observations in transformed cancer cell lines and suggests a
core set of p53-binding events is well-conserved across cell
types (3, 25, 27).

We then wanted to validate our observations of differential
p53 binding using standard ChIP-qPCR methods. p53 binding
at the CDKN1A promoter in both MCFI0A and SkFib
increased in response to Nutlin-3A treatment and was sensitive
to depletion of p53 by shRNA (Fig. 2F). ChIP signal at the
CDKN1A promoter was more highly enriched relative to a
region ~4 kb upstream of the binding event, confirming the
specificity of p53 binding. Examination of p53 binding at two
genomic locations in SkFib and MCF10A confirmed our ChIP-
seq studies. p53 binding was enriched at the BDNF locus in
SkFib and was sensitive to p53 depletion, whereas the signal
observed in MCF10A was at a background level and not
affected by either Nutlin-3A treatment or p53 knockdown (Fig.
2G). Similar cell-type specificity was observed for an MCF10A-
specific p53-binding event (Fig. 2H). Taken together, these data
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provide evidence that the p53-dependent transcriptome is cell
type—specific and that p53 engagement with the genome is vari-
able across cell types.

Promoter and enhancer chromatin states correlate with
differential p53 binding and transcriptional activity

We next wanted to identify potential mechanisms driving
cell-type specificity within the p53-dependent transcriptome
and cistrome. Previous analyses of p53 genomic occupancy sug-
gested that gene proximal binding of p53 correlates with
changes in gene activation (3, 32) but that many p53-dependent
gene targets are likely regulated by more distal p53-binding
events. MCF10A-specific genes are more likely to have a p53-
binding event near their TSS compared with p53 peaks in SkFib
(Fig. S1C). Conversely, SkFib-specific genes are not associated
with either a higher number of SkFib-specific p53-binding
events or more proximal p53-binding events than in MCF10A
(Fig. S1C). These observations suggest that although cell type—
specific p53 binding correlates with an increase in p53 gene
targets in MCF10A, differential p53 binding alone is insuffi-
cient to explain differential gene expression. We and others
previously proposed that differential regulatory region activity
may control p53-dependent gene expression (29, 34), and
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Figure 3. A, representative UCSC Genome Browser track view of GDNF locus,
a fibroblast-specific p53 target, in response to DMSO (D) or Nutlin-3A (N)
treatment. p53-bound, putative enhancers (H3K27ac+, H3K4me2+, and
H3K4me3—) illustrated by a dashed box for GDNF and TRIM55, and the puta-
tive GDNF promoter (H3K27ac/H3K4me2/H3K4me3+) is represented by a
solid box. MCF10A-N-1 is biological replicate of MCF10A-N-2, and SkFib-N-1 is
a biological replicate of SkFib-N-2. The y axis is scaled to the maximum inten-
sity between MCF10A or SkFib for each feature. B, representative UCSC
Genome Browser track view at the RIC3 locus, illustrating p53 binding to an
MCF10A-specific enhancer signature (H3K27ac/H3K4me2+ and H3K4me3—)
in response to Nutlin-3A treatment (dashed box). MCF10A-N-1 is a biological
replicate of MCF10A-N-2, and SkFib-N-1 is a biological replicate of SkFib-N-2.
The y axis is scaled to the maximum intensity between MCF10A or SkFib for
each feature.

enhancers and promoters have a well-known and strong cell
type-dependence (35, 36). Therefore, we performed ChIP-seq
experiments for canonical promoter (H3K4me3) and enhanc-
er-associated (H3K4me2 and H3K27ac) histone modifications
to determine whether differentially active promoters or
enhancers might explain the observed cell-type specificity of
the p53 transcriptome and cistrome. Experiments were per-
formed under both DMSO and Nutlin-3A—treated conditions
to observe any p53-associated changes in local chromatin mod-
ification state.

We first examined the genomic context surrounding GDNF,
a SkFib-specific p53-dependent target gene (Fig. 1I). We
observed a proximal p53-binding event 8.5 kb from the GDNF
transcriptional start site (Fig. 3A, dashed box) in both SkFib and
MCF10A. This binding site is enriched for H3K27ac but devoid
of H3K4me3, suggesting this region might be active as an
enhancer in both cell types. The GDNF promoter is strongly
enriched for the canonical promoter-associated histone modi-
fication H3K4me3 as well H3K4me2 and H3K27ac in SkFib
(solid box, Fig. 3A). These modifications are either substantially
diminished or absent from the GDNF promoter in MCF10A.
These observations suggest that differential promoter activity
may be one mechanism by which cell types permit activation of
particular p53 target genes without changes in p53 genomic
occupancy.

We next investigated putative mechanisms driving our
observation of epithelial-specific p53 target gene activation.
p53 binds to more genomic locations and is found closer to cell
type—specific, regulated genes in MCF10A relative to SkFib
(Fig. 2A and Fig. S1C), suggesting that these binding events
might explain the expansion of p53-dependent genes in
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MCF10A cells. Examination of the MCF10A-specific target
RIC3 revealed MCF10A-specific binding of p53 to a putative
intragenic enhancer (Fig. 3B, dashed box). This putative
enhancer region, characterized by enrichment of H3K4me2
and H3K27ac and depletion of H3K4me3, appeared specific to
MCF10A. Globally, MCF10A-specific p53 binding occurred
within regions that are strongly enriched for this chromatin
modification—based signature of transcriptional enhancers
(Fig. 4, A—C and E). These MCF10A-specific p53-binding sites
show little evidence of p53 occupancy and lack enrichment of
H3K27ac and H3K4me2 in SkFib (Fig. 4, A and E). The lack of
enhancer-associated chromatin modifications is not a general
feature of SkFib, as common p53-binding events show similar
enrichment of H3K27ac and H3Kme2 in both SkFib and
MCF10A, and SkFib-specific p53 sites are enriched for
H3K27ac relative to MCF10A (Fig. 4, D and F, and Fig. S1D).
These data suggest that differential enrichment of enhancer-
associated chromatin modifications correlates with cell type—
specific p53 binding but that multiple mechanisms, like differ-
ential promoter activity, may also regulate cell type—specific
p53 gene targets.

AN-p63-a co-occupies the majority of MCF10A-specific
p53-binding sites

Our data point toward differential enhancer accessibility
and/or activity as a potential driver of differential p53 binding
and activity across cell types. Enhancer specification, acti-
vity, and histone modifications are generally thought to be reg-
ulated by the combined effort of both common and lineage-de-
pendent transcription factors (36). Multiple recent reports sug-
gest that p53 activity at cis-regulatory elements is independent
of any accessory transcription factors, primarily due to low
enrichment/specificity of other DNA motifs (25, 26, 34). We
sought to examine what factors, if any, might regulate accessi-
bility and chromatin modification patterns observed at differ-
entially enriched or regulated p53-binding sites. We compared
transcription factor motif enrichment at MCF10A-specific
putative enhancers (defined as H3K27ac+/H3K4me2+/
H3K4me3— regions) compared with SkFib-specific enhancers
using HOMER. We observed no enrichment of any specific
transcription factor motifs in SkFib-specific enhancers relative
to MCF10A (Fig. 54 and Table S4). Conversely, MCF10A-spe-
cific enhancers are enriched in motifs for p53 family members,
including both p53 and p63 (Fig. 5A and Table S4). These motif
enrichment data are consistent with results from the FANTOM
consortium showing that enhancers within other epithelial cell
types are enriched for p53 family transcription factor motifs
(37). As the p53 family shares a common, but not identical,
response element motif, we asked whether p53 or other family
members might regulate MCF10A-specific p53-binding events,
enhancer-associated chromatin modifications, and p53-depen-
dent gene expression.

Basal epithelial cells like MCF10A are known to specifically
express p63 and are dependent on p63 activity for self-renewal
and epidermal commitment in vivo (38). p63 also bookmarks
enhancers during epidermal differentiation (39) and regulates
chromatin accessibility through interactions with chromatin
modifiers (40 —44). As p53 is expressed in all cell types and p73
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Figure 4. A, p53 ChlIP-seq enrichment from either MCF10A (blue) or SkFib (green) at MCF10A-specific p53-binding sites. (—/+ 2000 bp from the p53 motif; —2
indicates 2000 bp downstream from the motif; 0 indicates the center of the p53 DNA motif, and +2 indicates 2000 bp upstream of the motif.) Two biological
replicates for each dataset are shown. H3K4me2 (B) and H3K27ac (C) enrichment in DMSO or Nutlin-3A-treated MCF10A or SkFib within a 4000-bp window
(—/+ 2000 bp from the p53 motif; 2 indicates 2000 bp downstream from the motif, 0 indicates the motif center, and +2 indicates 2000 bp upstream from the
motif). D-F, percentage of intersecting H3K27ac peaks (input-normalized, MACS version 2, p < 0.01) with p53 peaks (input-normalized, MACS version 2, p <
0.01) that are common to MCF10A and SkFib (D), MCF10A-specific (E), or SkFib-specific (F) in response to DMSO (D) or Nutlin-3A (N) treatment. Adjacent
boxplots depict H3K27ac enrichment over a 500-bp window from the p53-binding site.

is most abundant in ciliated cell types (45, 46), we focused on
p63 as a potential mediator of our observations of a unique
p53-dependent transcriptome in MCF10A. We confirmed the
expression of p63 mRNA and the absence of p73 using RT-
qPCR (Fig. 5B). Two N-terminal p63 isoforms (T A and AN) can
be produced from alternative promoters and have nonoverlap-
ping roles (9). The TA isoform encodes a longer protein con-
taining a transcriptional activation domain, whereas the AN
isoform lacks a canonical activation domain. TA—p63 activates
expression of a number of p53 target genes upon DNA damage
and is involved in the late stages of squamous epithelial cell
differentiation (47). AN-p63 was originally thought to be inhib-
itory, as it lacks an activation domain, but it is now understood
to act in both a gene-activating and -repressing manner
through cofactor recruitment (18). We found that the AN-p63
mRNA isoform, and not TA-p63, is expressed in MCF10A (Fig.
5C). Western blot analysis using N-terminal isoform-specific
antibodies further confirmed expression of AN-p63 and unde-
tectable levels of the TA isoform (Fig. 5, D and E). The p63
mRNA can also be alternatively spliced to produce multiple
C-terminal variants. We used a p63a-specific antibody that tar-
gets a unique region of the longest C-terminal variant; thus, our
analysis is restricted to characterization of the AN-p63-« iso-
form (hereby referred to as p63 for clarity).

SASBMB

We then asked whether p63 might be involved in p53-depen-
dent gene activation in MCF10A by performing genomewide
ChIP-seq of p63 in MCF10A following DMSO or Nutlin-3A
treatment. Examination of IL1B and RNASE7, MCF10A-spe-
cific p53 targets, revealed p63 binding to distinct enhancer
regions co-occupied by p53 in an MCF10A-specific manner
(Fig. 5, F and G). These p53/p63-binding sites have strong
enhancer-associated enrichment of H3K27ac and H3K4me2
that is absent in SkFib. Globally, p63 binds to significantly more
genomic loci than does p53 (Fig. 5H), and nearly 60% of epithe-
lial-specific p53-binding events overlap regions of p63 binding
(Fig. 5H). p53 and p63 enrichment at shared binding sites is
highly similar (Fig. 5I). Regions occupied by both p53 and p63
are more likely to be enriched with enhancer-associated chro-
matin modifications (H3K27ac and H3K4me2) than locations
bound by only p53 (Fig. 5J), suggesting p63 binding might
increase enhancer activity. Consistent with this, sites bound by
only p63 are more likely than even the p53/p63 co-occupied
sites to be putative enhancer regions based on their chromatin
modification enrichment patterns (Fig. 5/). More p63-binding
events occur within 10 kb of the TSS of Nutlin-3A-induced
MCF10A genes relative to all other genes, providing additional
evidence that that p63 might co-regulate these specific target
genes (Fig. 5K). These data provide evidence that p63 occupies
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p53-bound, putative enhancers in MCF10A basal epithelial
cells.

Co-regulation of p53-dependent MCF10A target genes by p63

To test whether p63 regulates p53 activity, we created
MCF10A cells stably-expressing shRNA targeting the DNA-
binding domain common to all potential p63 isoforms. p63

expression was reduced at the RNA level compared with con-
trol nontargeting (scr) shRNA (Fig. 64), and it was nearly
absent at the protein level (Fig. 6B). Knockdown of p53 surpris-
ingly led to an increase in p63 mRNA expression, with a similar
reciprocal regulation observed for increased p53 expression in
p63 knockdown experiments (Fig. 6A). We then performed
RNA-seq analysis of MCF10A cells expressing nontargeting
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Figure 6. A, gRT-PCR analysis of p53 and p63 in response to p63 knockdown in MCF10A cells stably expressing shRNA to p63 or a nontargeting control shRNA
(scr) after 6 h of DMSO (D) or Nutlin-3A (N) treatment. Target gene expression is normalized to GAPDH for qRT-PCR analysis. Statistical analysis was performed
by using one-way ANOVA; **** p < 0.0001, and ***, p < 0.001. B, immunoblotting for p53, p63, and GAPDH in MCF10A cells stably expressing shRNA to p53,
p63, or a nontargeting control shRNA after 6 h of DMSO or Nutlin-3A treatment. Thisimmunoblotimage is an uncropped version of Fig. 1J. C, RNA-seq analysis
of MCF10A-specific, Nutlin-3A-induced genes in MCF10A cells expressing shRNA targeting either a nontargeting control, p53, or p63. Data are graphed as
fold-change (Nutlin-3A/DMSO, log2, median in black). Statistical analysis was performed by using one-way ANOVA. **** p < 0.0001; ***, p < 0.001;and *, p <
0.05.D, gRT-PCR analysis of MCF10A-specific Nutlin-3A-induced genes, RIC3, IL1A, and IL1B. Expression is normalized to GAPDH expression. Error bars represent
S.E,; **** p < 0.0001, and **, p < 0.01, calculated by Student'’s t test. E, percent of p53, p63, and p53/p63 co-bound sites relative to the three classes of
p63-regulated p53 gene targets (p63-dependent, p63-independent, and p63-inhibited) in binned distance regions (under 25 kb and over 25 kb). Statistics
represent x° test using the distance of each binding site class to nonregulated genes.

(scr), p53, or p63 shRNA to determine their relative contribu-
tions to p53-dependent and MCF10A-specific target genes.
Loss of p53 expression strongly inhibited expression of the pre-
viously identified Nutlin-3A—induced MCF10A-specific genes,

consistent with this set of genes representing p53 dependent
targets (Fig. 6C). Globally, Nutlin-3A—induced target gene acti-
vation is inhibited by p63 knockdown relative to nontargeting
controls, suggesting p63 activity is required for a set of

Figure 5. A, Homer-derived transcription factor motif enrichment found in MCF10A-specific (top) or SkFib-specific (bottom) enhancers (H3K4me2+/
H3K27ac+/H3K4me3—). Full list of transcription factor enrichment and facet-specific enhancers are found in Table S4. B, qRT-PCR analysis of p53, p63, or p73
of cell lysates from MCF10A, SkFib, HUVEC, and HaCaT cells at 6 h after DMSO (D) or Nutlin-3A (N) treatment. Expressions detected by qRT-PCR are normalized
to GAPDH expression. HaCaT cells were used as positive control for p63 and p73 expression. Statistical analysis was performed by using one-way ANOVA; ****,
p <0.0001.C, gRT-PCR analysis of TA-p63 and AN-p63 of cell lysates from MCF10A, SkFib, and HCT116-TA-p63 cells. Transiently transfected HCT116 cells with
TA-p63 were used as a positive control for TA-p63 expression. Statistical analysis was performed by using one-way ANOVA; ****, p < 0.0001. D, immunoblot-
ting for p63, TA-p63, and AN-p63 of cell lysates from HCT116, HCT116-TAp63, and HCT116-ANp63 transiently transfected cells to confirm antibody specificity
for different isoforms. £, immunoblotting for p63, TA-p63, or AN-p63 in cell lysates from MCF10A cells. HCT116 cell lysate is used as negative control. F,
representative UCSC Genome Browser track view of the IL1B locus, illustrating three MCF10A-specific putative enhancers bound by p53 and p63 in response
to Nutlin-3A treatment (H3K27ac+, H3K4me2+, H3K4me3 —; dashed box). The y axis is scaled to the maximum intensity for each data set. MCF10A-D-1 is a
biological replicate of MCF10A-D-2; MCF10A-N-1 is a biological replicate of MCF10A-N-2; and SkFib-N-1 is a biological replicate of SkFib-N-2. G, representative
UCSC Genome Browser track view of the RNASE7 locus, illustrating a MCF10A-specific putative enhancer bound by p53 and p63 in response to DMSO (D) or
Nutlin-3A (N) treatment (H3K27Ac+, H3K4me2+, H3K4me3 —; dashed box). The y axis is scaled to the maximum intensity for each data set. MCF10A-D-1 is a
biological replicate of MCF10A-D-2; MCF10A-N-1 is a biological replicate of MCF10A-N-2; and SkFib-N-1 is a biological replicate of SkFib-N-2. H, Venn diagram
representation of overlapping p53 and p63 ChIP-seq peaks (input-normalized, p53/p63 motif-positive, MACS version 2,p < 0.01) in MCF10A when treated with
Nutlin-3A./, heatmap plots of p53 and p63 enrichment at shared binding sites in replicate MCF10A cells within a 2000-bp window (—/+ 1000 bp from the peak
center) in response to Nutlin-3A treatment. J, percentage of intersecting H3K27ac/H3K4me2+ peaks (input-normalized, MACS version 2, p < 0.01) with p53
only, p63 only, or p53/p63 peaks observed in MCF10A cells (input-normalized, MACS version 2, p < 0.01). K, percentage of p63-binding sites observed in
MCF10A cells at varying distances to the nearest TSS of all RefSeq genes (white) or Nutlin-3A-induced genes (red).
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MCF10A p53 targets (Fig. 6C). Overall, 40% of p53 target genes
are sensitive to knockdown of p63 (Fig. S1E). The remainder of
the genes are either unaffected (47%) or have more robust p53-
dependent transactivation after p63 depletion (12%), suggest-
ing that p63 represses a subset of p53 target genes.

Our data suggest that p63 can co-activate or repress a set of
p53-dependent genes in epithelial cell types. We confirmed
these RNA-seq results by qRT-PCR on a panel of epithelial
target genes after p53 or p63 knockdown. RIC3, previously
demonstrated to be a p53-dependent gene (Fig. 1L), is de-re-
pressed in the absence of p63, suggesting p63 might partially
repress this target gene (Fig. 6D). Conversely, both ILIA and
IL1B are dependent on p53 and p63 for full transactivation,
with IL1B showing a strong dependence on p63 for basal
expression (Fig. 6D). Overall, knockdown of p63 also led to
basal gene expression changes for p53 targets and non-p53-de-
pendent genes related to cell cycle and cell adhesion/extracel-
lular matrix (Table S5), as has previously been described in p63
perturbation experiments (48). In total, these results suggest
that p63 functions as both a co-activator and repressor of p53-
dependent transcription in MCF10A, but how these opposing
mechanisms lead to differential p53 activity requires further
inquiry.

Given that p63 appears to have both positive and negative
roles in p53-dependent gene expression, we sought additional
insight into the roles of p53- and p63-bound genomic elements
with respect to p63-activated or -repressed genes. We binned
p53-bound, p63-bound, and p53/p63 co-bound sites into
groups of either less than or greater than 25 kb from the TSS of
p53-dependent genes. These genes fell into three categories
based on their behavior after p63 knockdown: p63-dependent,
p63-independent, or p63-repressed. Genes requiring both p53
and p63 for full Nutlin-3A-mediated expression are more likely
to have a p53/p63 co-bound site within 25 kb of its TSS than the
genomewide average (p < 0.0001, x” test, Fig. 6E). p63-depen-
dent p53 targets are not associated with p63-only sites (p =
0.1389). Similarly, p63-independent p53 targets are actually
further away from p63-only binding sites than expected (p =
0.0123, x* test, Fig. 6E). Importantly, p63-inhibited p53 targets
are highly likely to be within 25 kb of a p53/p63 co-binding
event (p < 0.0001, x> test) but not sites bound by just p63 (p =
0.4238, x” test). These results are consistent with reports of
multiple p63-mediated transcriptional repression mechanisms
such as direct binding site competition, HDAC recruitment,
and H2AZ deposition (18-23), while defining the specific
mechanisms at play, and whether the multiple p63-dependent
activities work in combination or exclusively requires further
experimentation.

p53 activity is necessary for stimulus-dependent, but not
basal, enrichment of histone modifications at p53-binding
sites

Our results suggest that p63 activity is required for p53-de-
pendent induction of a group of target genes in MCF10A basal
breast epithelial cells. p53 and p63 engagement to the genome
in epithelial cells correlates with enhancer-associated histone
modifications, and p63 appears to be required for full expres-
sion of a number of p53 gene targets (Fig. 6, C and D). We
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sought to further extend our analysis of the role of p63 in p53
target gene expression in MCF10A basal epithelial cells. The
p53 family has putative pioneer factors with enhancer book-
marking and licensing activity (29, 39, 40, 49, 50). Therefore, we
examined whether p53 or p63 activity might influence chroma-
tin modification dynamics at putative enhancers.

A number of studies have demonstrated that p53 has pioneer
factor activity as it can directly bind its consensus sequence in
the context of a nucleosome (29, 51, 52). Whether p53 can
mediate chromatin accessibility and the deposition of stereo-
typical enhancer and promoter-associated chromatin modifi-
cations is more controversial. Indeed, the large majority of p53-
binding sites are constitutively closed or are within previously
accessible chromatin (3, 26, 29), but recent reports suggest p53
might have a context-dependent ability to mediate chromatin
accessibility (26). Therefore, we examined whether p53 might
serve either pioneer or maintenance roles at enhancers. We
examined H3K4me2 and H3K27ac enrichment at p53-binding
sites using ChIP-seq in control, p53, or p63 targeting shRNA
MCF10A cells. Basal, unstimulated H3K4me2, and H3K27ac
enrichment at p53-binding sites was largely unaffected by the
loss of p53 (Fig. 7, A and B), although the decrease in H3K27ac
after p53 depletion is statistically significant. Nutlin-3A treat-
ment and p53 stabilization led to a marked increase in
H3K4me2 and H327ac relative to basal levels (Fig. 7, A and B),
with almost 20% of all p53-binding sites displaying a 2-fold or
greater increase in H3K27ac after p53 binding (Fig. 7C). The
gain in H3K4me2 and H3K27ac after Nutlin-3A treatment at
p53-binding sites is substantially reduced upon p53 knockdown
(Fig. 7, A and B), suggesting this process is highly dependent on
local p53 binding and recruitment of histone-modifying
machinery. These data are consistent with previous reports of
p53-dependent gains in enhancer and promoter-associated
chromatin modifications at regulatory regions (29).

Unlike our results with p53, p63 knockdown led to a reduc-
tion of H3K27ac and H3K4me2 enrichment at p53-binding
sites (Fig. 7, A and B) before p53 stabilization with Nutlin-3A.
Additionally, the absence of p63 led to a marked increase in
H3K27ac at p53-binding sites (Fig. 7C) after Nutlin-3A treat-
ment. Overall, nearly 85% of all p53-binding sites in MCF10A
displayed over a 2-fold increase in H3K27ac enrichment rela-
tive to DMSO in the absence of p63 (Fig. 7C). This increase in
H3K27ac is observed at non-p53—bound enhancers as well,
suggesting p63 might normally dampen H3K27ac enrichment
at enhancers. This would be consistent with reports of p63-de-
pendent recruitment of HDAC1 and HDAC?2 to specific loci
(22, 23). p53-bound enhancers that gain H3K27ac after p63
depletion are more likely to be co-bound by p63 (p < 0.0001, x?,
Fig. S1F) and nearer to p53-regulated genes than the sites unaf-
fected by loss of p63 (p < 0.0001, x?, Fig. S1G) suggesting this is
a direct effect of p63 occupancy at those locations.

Epithelial cell types like MCF10A express multiple p53 fam-
ily members that might redundantly regulate enhancer activity,
making it difficult to assess the direct role of p53 in modulating
enhancer activity. We therefore extended our analysis to iso-
genic WT or 7P53~'~ HCT116 human colon carcinoma cell
lines and WT or Trp53~'~ mouse embryonic fibroblasts
(MEF). Both cell models lack endogenous p63 expression
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Figure 7. A, H3K4me2 enrichment (input-subtracted H3K4me2, —/+ 250 bp from p53 motif center) at p53-binding sites in MCF10A cells expressing control
(scr), p53, or p63-targeted shRNA in response to DMSO or Nutlin-3A treatment. Statistical analysis was performed by using one-way ANOVA. **** p < 0.0001.
B, H3K27ac enrichment at p53-binding sites in MCF10A cells expressing the represented shRNA molecules after 6 h of DMSO (D) or 5 um Nutlin-3A (N)
treatment. Statistical analysis was performed by using one-way ANOVA. **** p < 0.0001, and ***, p < 0.001. C, bar graph displaying the number of p53-binding
sites (left) or total cellular complement of H3K27ac+/H3K4me2+/H3K4me3 — enhancers with more than 2-fold change in H3K27ac enrichment after Nutlin-3A
treatment of MCF10 cells expressing the indicated shRNA. D, H3K4me2 enrichment at p53-binding sites (25) in HCT116 TP53+/+ or —/— cells in response to
DMSO or Nutlin-3A treatment. Statistical analysis was performed by using one-way ANOVA. **** p < 0.0001, and **, p < 0.01. E, H3K4me1 and H3K4me2
enrichment at p53-binding sites (85) in Trp53™*/* or Trp53~/~ mouse embryonic fibroblasts.

(HCT116, Fig. 5, D and E, and MEF, Fig. S1H). This should
allow us to define the direct role of p53 in enhancer mainte-
nance and activity. Similar to our observations in MCF10A
cells, basal enhancer-associated H3K4me2 at p53-bound
enhancers is unaffected by p53 deletion in HCT116 (Fig. 7D).
Unexpectedly, there is a slight increase in H3K4me2 enrich-
ment after p53 loss. We also observe increased H3K4me2
enrichment at p53-binding sites after Nutlin-3A treatment,
suggesting p53 does mediate recruitment or activation of local
histone-modifying enzymes (Fig. 7D). Similarly, enrichment of
H3K4me2 and H3Kmel, another transcriptionally-associated
histone modification, does not decrease after p53 deletion
(Trp53~'7) in MEFs (Fig. 7E). We do note a slight, but statisti-
cally significant, increase in H3K4mel enrichment at potential
p53-binding sites in Trp53~"~ MEFs (Fig. 7E). These data sug-
gest that p53 is not an enhancer maintenance factor and con-
tributes primarily to de novo histone acetylation and transcrip-
tional activation at already established enhancers. These results
suggest that p53 plays a limited role in the specification and
maintenance of basal enhancer activity. The observed p53 inde-
pendence of basal enhancer activity is consistent with previous
observations that p53 is dispensable for basal eERNA abundance
at enhancers (31).

p63 regulates histone H3K4me2 and H3K27ac levels at
p63-bound epithelial enhancers

p63, but not p53, depletion led to reduced enrichment of
histone H3K27ac and H3K4me2 at p53-bound enhancers
(Fig. 7, A and B). Recent genetic and biochemical evidence
implicates p63 in establishment of enhancer chromatin struc-
ture during epithelial specification (39, 40, 42—44, 50). There-
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fore, we asked whether p63 activity was also required for main-
taining the chromatin hallmarks of enhancer activity in
MCF10A epithelial cells. Specifically, we measured H3K27ac
and H3K4me?2 levels at p63-binding sites in control or p63-
depleted MCF10A epithelial cells. Overall, p63 depletion led to
a reduction of H3K27ac and H3K4me2 at p63-bound enhanc-
ers (Fig. 8, A and B). H3K4me2 levels at non-p63—bound
enhancers are statistically significantly different in p63-de-
pleted cells relative to control experiments (paired ¢ test, p <
0.0001), but the effect is not nearly as pronounced as at p63-
bound enhancers (Fig. 88.) H3K27ac levels actually increase at
non-p63-bound enhancers (Fig. 84). These results are consis-
tent with multiple observations of p63-dependent HDAC
recruitment to p63-binding sites (22, 23).

We then examined the cis-regulatory elements near RRM I,
identified as a p63-dependent gene in our RNA-seq analysis,
and EDN2, which was previously identified as a p63 target gene
(20). p63-bound enhancers upstream of RRMI and EDN2
showed dramatic losses in both H3K27ac and H3K4me2
enrichment in p63-depleted cells (Fig. 8, C and D). We noted
the loss of H3K4me2 and H3K27ac was specific for p63-bound
enhancers and not putative promoter regions (Fig. 8C). Addi-
tionally, not all p63-bound enhancers were affected by p63
depletion, as observed at the EDN2 locus (Fig. 8D, dashed
boxes). In total, over 20% of H3K4me2+ and 15% of H3K27ac+
p63-bound sites showed at least a 2-fold depletion in MCF10A—
p63sh cells relative to control shRNA (Fig. 8, E and F). These
enhancer-associated histone modifications at p63-binding sites
were generally unaffected by the loss of p53 (Fig. 8, E and F),
suggesting this behavior is specific to p63. This loss of enhanc-
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Figure 8. A and B, input-subtracted H327ac (A) or H3K4me2 (B) enrichment at p63-binding sites (left, —/+ 250 bp from p63 peak center) or at all remaining
enhancers (H3K27ac+, H3K4me2+, H3K4me3 —, right) in MCF10A cells expressing nontargeting (Scr) or p63 shRNA. G, representative UCSC Genome Browser
track view of the RRM1 locus, illustrating three MCF10A-specific putative enhancers bound by p63 that are lost in response to p63 depletion (H3K27ac+,
H3K4me2+, H3K4me3 —; dashed box). D, representative UCSC Genome Browser track view of the EDN2 locus, illustrating three MCF10A-specific putative
enhancers bound by p63 that are lostin response to p63 depletion (H3K27ac+, H3K4me2+, H3K4me3 —; three separate dashed boxes). The y axis is scaled to the
maximum intensity for each data set. E, bar graphs depicting the percent of p63 peaks that show 2-fold gains or losses of H3K27ac (left) or H3K4me2 (right) in
response to either p53 or p63 depletion relative to nontargeting control shRNA. F, number of p63-sensitive, H3K4me2-marked enhancers (out of 1496 total)
overlapping DHS across epithelial and nonepithelial cell types analyzed by the ENCODE project. Error bars represent the median and 95% confidence interval.
G, Jitter plot depicting the fraction of p63-dependent or -independent enhancers overlapping regions of DHS across both epithelial and nonepithelial cell lines
as assayed by the ENCODE project. H, heatmap of k-means (k = 3) clustered Bonferroni-corrected p values (g-values) for motif enrichment found at p63-de-
pendent or -independent enhancers. Blue represents adjusted p values less than 0.05, and white represents adjusted p values greater than 0.05. A full list of

motifs and their enrichment statistics can be found in Table S7.

er-associated histone modifications at p63-binding sites sug-
gests that p63 plays a direct role in the establishment and main-
tenance of enhancer-associated histone modifications.

Our observations suggest that p63 activity is required for
H3K27ac and H3K4me2 enrichment at a subset of its bound
enhancers, but the stereotypical enhancer histone modification
pattern (H3K4me2+/H3K27ac+) is not dependent on p63 at
all p63-bound elements. Therefore, we classified p63-bound
enhancers as either p63-dependent (greater than 2-fold
decrease in H3K4me2 after p63 knockdown) or p63-indepen-
dent (less than 2-fold). We specifically chose to further investi-
gate p63-binding sites with reduced H3K4me2 after p63 deple-
tion, because p63 knockdown leads exclusively to a loss (and
not gain) of this modification at the p63-binding site (Fig. 8F).
Therefore, p63 is likely to be positively regulating the activity of
these enhancers. p63-dependent enhancers are significantly
more likely to overlap DNase-hypersensitive sites (DHS) found
in the eight epithelial cell types of the ENCODE DHS Cluster
set compared with nonepithelial cell types (Fig. 8G and Table
S6). Similar results were observed when examining Chrom-
HMM-based regulatory predictions for p63-dependent en-
hancers in epithelial and nonepithelial cell types (Fig. S1/).
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Enhancers that were p63-bound, but whose chromatin modifi-
cation states were unaffected by p63 loss, are more broadly
accessible across cell types compared with the p63-dependent
enhancers (Fig. 8G). These data are consistent with p63 provid-
ing a pioneer factor-like role for a subset of its bound enhancers,
as p63 expression is restricted to the epithelial lineage. As such,
DNA accessibility and chromatin modification state at p63
independent enhancers are likely controlled by other less cell
type—restricted factors. Overall, p63-binding sites are strongly
enriched for enhancer-associated modifications across epithe-
lial cell types consistent with its well-established expression
pattern and recently reported roles as a lineage determination
and pioneer transcription factor (39, 42—44, 50).

Enhancer accessibility and activity are generally considered
to be controlled by combinatorial transcription factor binding
(53, 54); thus we used HOMER to examine enrichment of tran-
scription factor motifs across p63-dependent and -independent
enhancers to identify additional transcription factors poten-
tially regulating p63-bound enhancers (55). Both classes of p63-
bound enhancers are enriched for p53/p63 and AP-1 family
motifs (Fig. 8H). Motifs for the AP-1 family are commonly
enriched in enhancers (37, 56). p63-dependent enhancers are
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enriched for Smad family motifs in addition to a limited num-
ber of other enriched motifs like HSF1, ZFX, and RFX2. p63-
independent enhancers are strongly enriched for ETS family
motifs relative to p63-dependent enhancers, with 20 different
ETS family consensus motifs observed (Fig. 8H and Table S7),
including the epithelial-specific member EHF. Numerous other
motifs are enriched in p63-independent enhancers, including
Stat and Forkhead family motifs (Table S7). These data are con-
sistent with the broad chromatin accessibility of p63-indepen-
dent enhancers observed across cell types (Fig. 8G) and suggest
that a subset of p63-bound regions depend on other transcrip-
tion factors for DNA accessibility and enhancer-associated
chromatin modifications. Our cell type—dependent DNA
accessibility and transcription factor motif enrichment analy-
ses suggest that p63 maintains or establishes chromatin struc-
ture at a set of epithelial-specific enhancers. Furthermore, p63
binds to a series of enhancers whose accessibility is likely con-
trolled by a series of other nonepithelial-specific transcription
factors.

Discussion

In this report, we focused on identifying mechanisms that
control differential expression of p53 target genes across cell
types. Our results demonstrate that differential cis-regulatory
activity and p53 binding serve as critical determinants of cell
type—specific, p53-dependent transcriptomes. The acute p53
response in SkFib and mammary epithelial cells (MCF10A)
leads to distinct transcriptional programs that reflect cell type—
specific functions. In the case of MCF10A, p53 activates a series
of genes involved directly in epithelial cell identity, such as epi-
thelial cornification genes and ZNF750, a key regulator of epi-
thelial cell differentiation (57, 58). Knockout studies in mice
suggest p53’s role in epithelial development is limited, although
neural tube and germ cell defects are observed at low pen-
etrance (59-61). Therefore, our observations that p53 regu-
lates key epithelial development and differentiation genes is
surprising. Loss of p53 activity is a strong predictor of
epithelial-to—mesenchymal transition (EMT) (62, 63). One
potential rationale for p53-dependent regulation of these key
epithelial lineage genes is a mechanism to protect against EMT
by supporting transcription of epithelial identity genes. Of note,
canonical p53 transcriptional pathways appear to be dispens-
able for tumor suppression (4), and the p53 transcriptional net-
work is highly distributed so as to allow loss of multiple target
genes/pathways without overall loss of p53-dependent tumor
suppression (3). Certainly, additional investigation into cell
type—dependent p53 transcriptional targets and their roles in
context-dependent tumor suppression are warranted given
these findings.

Our data suggest that transcriptional activation by p53
requires p53 binding to pre-established cis-regulatory ele-
ments. Fibroblast-specific p53 target genes have active promot-
ers, characterized by canonical H3K4me3 enrichment, and p53
engagement with distal enhancer regions. Conversely, the same
enhancers were active and engaged by p53 in MCF10A, but the
gene promoters had chromatin-associated hallmarks of inac-
tivity. It is currently unclear whether the lack of activity in
MCF10A is driven by the lack of promoter-bound cofactors,
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through repressive chromatin-associated mechanisms, or both.
Repressive DNA and histone modifications have been impli-
cated in differential control of p53 activity in cancer cell lines
(64—66). Furthermore, the cell type—specific contribution of
post-transcriptional mechanisms like RNA stability may con-
tribute to the observed RNA differences (3), although these
mechanisms have not been investigated here. Our observations
suggest that promoter competence, independent of direct p53
binding, potently controls cell-specific p53 transcription
responses.

Although p53 is broadly expressed, distal p53-bound en-
hancers display significant differences in chromatin structure
across cell types (29). p53 is a pioneer transcription factor capa-
ble of binding its response element within nucleosomal DNA
(49, 51, 67), but whether p53 initiates chromatin remodeling
after nucleosome binding is unclear. A recent ATAC-seq study
in primary human skin fibroblasts demonstrated increased
chromatin accessibility at a limited number of p53-binding sites
after 12 h of p53 activation with doxorubicin (26). In contrast, a
shorter treatment with Nutlin-3A in human lung fibroblasts
suggested p53 does not alter accessibility upon binding (29).
Our results suggest that p53, which can bind to nucleosomal
DNA in vitro and in vivo, does not broadly control enhancer
chromatin accessibility. Genetic depletion of p53 in three
model cell lines show no evidence for p53-dependent chroma-
tin accessibility changes using the proxy of enhancer-associated
chromatin modifications. Binding of p53, however, appears to
substantially increase the enrichment of these histone modifi-
cations at enhancers, in agreement with a previous study (29).
Taken together, these data and our observations suggest that
p53’s role in mediating enhancer accessibility may be context-
dependent and depend on the presence of appropriate chroma-
tin remodelers and other cofactors. This model requires the
binding and activity of other transcription factors at p53-bound
enhancers, which is a generally accepted model for enhancer
establishment and activity. An alternative model was recently
proposed where p53-dependent activity at regulatory regions
like enhancers does not require the activity of additional tran-
scription factors (25), which would make p53 a novel type of
transcription factor working at enhancers. The p53-indepen-
dent nature of chromatin accessibility and modification states
at enhancers suggest that other co-factors, like chromatin-
modifying and -remodeling enzymes, are certainly required.
The contribution of other transcription factors to p53 activity
at enhancers (or lack thereof) remains an open question. Recent
in vivo dissection of p53 enhancer activity implicated the gen-
eral enhancer-associated AP-1 family member CEBPB as a
direct regulator of an enhancer upstream of CDKNIA (68),
although whether the requirement for CEBPB is due to regula-
tion of chromatin structure or another activity is unknown.
These data support the model whereby p53 requires the com-
bined activity of other transcription factors at regulatory
regions for full transcriptional activation.

Initial observations of p53/nucleosomal DNA binding actu-
ally demonstrated higher levels of p53-dependent transcrip-
tional activation than when bound to naked/accessible DNA
(52). This pioneer factor activity was confirmed in numerous
genomewide and in vitro biochemical studies. Of note, not all
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nucleosome rotational positions permit p53 engagement with
its response element, which may represent a method of repress-
ing p53 activity at a chromatin level (49). p63 appears to share
similar nucleosome-binding activities as p53, although detailed
biochemical experiments have not yet been undertaken (69,
70). Indeed, our data suggest that p63 binds to many locations
that are nucleosome-rich, although whether p63 is directly
engaging nucleosomal DNA is unclear. The context-specific
nucleosomal DNA-binding activity of the p53 family therefore
may be important for both facilitating robust transcriptional
activation and for locally regulating p53 family transcription
factor activity at chromatin. These data support a model
whereby the p53-dependent transcriptome is licensed by the
enhancer regulatory abilities of other transcription factors.
This model is a particularly attractive avenue for further inquiry
and provides a straightforward mechanism for cell type— depen-
dent tumor suppressor and homeostatic activities of p53.

p53 family members have highly-conserved DNA-binding
domains that allow them to engage with highly-similar DNA
sequences. Therefore, the extent to which p53 family member
competition for DNA binding affects their function has been a
longstanding question. Initial observations suggested that p63
primarily represses p53 activity in a dominant-negative fashion
(18, 19). We observed p63-dependent repression of a limited
number of p53 targets in MCF10A epithelial cells, supporting
the dominant-negative model. The specific mechanism by
which p63 inhibits p53-dependent transcription requires fur-
ther investigation, but p63-dependent HDAC activity and/or
H2AZ deposition are attractive models with directly testable
hypotheses. However, our results also demonstrated that p63 is
required for p53-dependent activation of ~40% of epithelial
target genes. The precise mechanisms by which p63 supports
p53 are unclear, but our data point towards p63-dependent
enhancer regulation as one possibility. Our model proposes
that p63 first establishes a permissive chromatin environment
that then allows additional transcription factors, including p53,
to bind. This putative mechanism supports both p63-depen-
dent p53 activity and p63-mediated repression. Whereas p63
activity may be required to facilitate a suitable binding environ-
ment, AN-p63 could also repress p53 through local competi-
tion for the same binding site. We note that loss of p63 led to
substantial gains in p53-dependent H3K27ac enrichment at
enhancers, supporting a local inhibition of p53 enhancer activ-
ity by p63 through either direct competition or loss of HDAC
recruitment. Because of the population-based nature of ChIP-
seq, it is uncertain whether p53 and p63 truly compete for bind-
ing sites in the same cell, or whether p53 and p63 binding
occurs in mutually exclusive cell populations. Therefore, our
data confirm p53 and p63 have their previously reported antag-
onistic relationship and reveal a more broadly-cooperative
partnership than expected (8, 9).

Our data demonstrate that p63 is required for the stereotyp-
ical histone modifications found at p63-bound enhancers in
breast basal epithelial cells. Knockdown of p63 in MCF10A cells
leads to a site-specific loss of enhancer-associated histone mod-
ifications and linked gene expression. These data are consistent
with recent work suggesting that p63 activity is critical for epi-
thelial-specific transcriptional programs through control of
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enhancer identity (42—44). In vivo, p63 is required for lineage
commitment and self-renewal of basal epithelial cells (38), and
p53 family motifs are highly and specifically enriched in epithe-
lium-specific enhancers (37). The specific molecular events
linking initial p63 DNA binding to establishment of an active
enhancer state and epithelial transcriptional programs are
now becoming clearer. p63 interacts with the histone H3K4
monomethylase KMT2D in normal epithelial keratinocytes,
and reduced KMT2D activity leads to preferential reduction of
H3K4mel at p63-bound enhancers (41). Similarly, inactivation
of the BAF chromatin remodeling complex is correlated with
reduced chromatin accessibility at p63-binding sites (40).
Therefore, our data place p63 in line with other lineage deter-
mination factors that directly act as pioneer transcription fac-
tors to license cell type—specific enhancers (71, 72). Further
investigation into p63 control of epithelial enhancer identity is
required to determine precisely how p63 pioneer activity con-
trols epithelial lineage determination and self-renewal.

Experimental procedures
Cell culture and treatment

MCF10A mammalian epithelial cells and foreskin fibroblast
cells (AG22153, Coriell Institute) were cultured at 37 °C in 5%
CO, in HuMEC Complete media (Gibco, catalog no. 12752010)
and Dulbecco’s modified Eagle’s media (with 10% fetal bovine
serum and 1% penicillin/streptomycin, catalog no. VWR-0101-
0500), respectively. WT and p53-knockout HCT116 colon car-
cinoma and mouse embryonic fibroblasts were kind gifts of
Carol Prives and Jing Huang, respectively. To induce p53 acti-
vation, cells were treated with Nutlin-3A (5 uM final, dissolved
in DMSO) or DMSO (vehicle control) for 6 h.

Western blotting

Cells were lysed in RIPA buffer (10 mm Tris-HCI (pH 8.0), 1
mMm EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1%
SDS, and 140 mMm NaCl, supplemented freshly with protease
inhibitors) and probed with antibodies against p53 (BD Biosci-
ences, catalog no. BD554293), p63 (Cell Signaling Technology,
catalog no. 13109), TA-p63 (BioLegend, catalog no. 618901),
AN-p63 (BioLegend, catalog no. 619001) and GAPDH (Cell
Signaling Technology, catalog no. 5174). Precision Plus Protein
Dual Color Standards protein ladder was used to provide
molecular mass markers (Bio-Rad, catalog no. 1610374).

RNA-Seq sample and library preparation

Total mRNA was extracted with E.Z.N.A. total RNA kit
(Omega, catalog no. R6834-02), and poly(A) " RNA was isolated
by double selection with poly(dT) beads, using 2.5 ug of total
RNA, which is then followed by first- and second-strand syn-
thesis. Sequencing libraries were prepared using NEXTflex
Rapid Illumina DNA-Seq Library Prep Kit (Bioo Scientific).
Samples were single-end sequenced on an NextSeq 500. RNA-
seq reads were aligned via STAR (73) to Ensembl version
75/hgl9. Count tables were generated using STAR-aligned
BAM files and HTseq (74). Count tables were then used to call
differentially expressed genes using DEseq2 (75).
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RT-gPCR

Total RNA was extracted as per RNA-Seq protocol, and
c¢DNA was synthesized using 1 ug of total RNA as a template
and the high-capacity cDNA reverse transcription kit (Applied
Biosystems; 413760). Relative standard qPCR was performed
using iTaq Universal SYBR Green Supermix (Bio-Rad; catalog
no. 172-5124) with primers shown in Table S8 on an ABI
7900HT instrument.

Lentivirus production, purification, and transduction

Lentiviral shRNAs were produced using HEK293T cells that
were seeded in six-well plates. shRNA sequences are as follows:
p53 (GTCCAGATGAAGCTCCCAGAA) and p63 (CCGTTT-
CGTCAGAACACACAT). 1 pugof pLKO plasmid having either
scramble shRNA or p53 shRNA or p63 shRNA was combined
with 1 ug of mixture of packaging plasmids (pMD2 and
psPAX2) and the mixture was diluted into jetPRIME buffer
(Polyplus Transfection, catalog no. 89129-924) and reagents,
following the manufacturer’s protocol. Lentivirus-containing
supernatants were collected at 24 and 48 h post-transfection
and filtered through a 0.45-um membrane and stored in ali-
quots at —80 °C. MCF10A or SkFib cells were transfected with
lentivirus supplemented with 8 ug/ml Polybrene. At 24 h post-
infection with lentivirus, media were replaced with the proper
puromycin selection (0.5 ug/ml for MCF10A and 2 pg/ml for
SkFib).

ChiP-seq sample and library preparation

Cells were cross-linked at 80% confluency with 1% formalde-
hyde for 10 min at room temperature. Cross-linking was
quenched with 125 mm glycine, and the resulting pellet was
washed twice with cold PBS and lysed previously as described
(76). Samples were subjected to sonication with Diagenode Bio-
ruptor Plus for 40 cycles (30 s on/off at high setting) for shearing
chromatin to al50 —500-bp average size. Inmunoprecipitation
reactions for SkFib, MCF10A, and HCT116 cell lines were per-
formed with Diagenode IP-Star compact automated system,
with the exception of p53 ChIP experiments. Mouse embryonic
fibroblasts and p53 ChIP-seq were performed as described (29).
Antibodies were preconjugated to protein G beads (Invitrogen)
against p63 (Cell Signaling Technology, catalog no. 13109),
H3K4me3 (Active Motif, catalog no. 39159), H3K4me2 (Milli-
pore, catalog no. 07-030), H3K27ac (Active Motif, catalog no.
39133), and p53 mAb DO1 (BD Biosciences, catalog no.
BD554293). Immunoprecipitated DNA was reverse— cross-
linked at 65 °C for 4 h, eluted, purified using SPRI beads, and
used to construct sequencing libraries. Sequencing libraries
were prepared using NEBNext Ultra DNA Library Prep Kit for
[lumina (New England Biolabs). Prior to sequencing, library
quality control was performed with Qubit (Thermo Fisher Sci-
entific), Bioanalyzer (Agilent), and qPCR quantification. All
ChIP samples, including input, were single-end—sequenced on
a NextSeq 500 at the University at Albany Center for Functional
Genomics. Uniquely aligned reads (up to one mismatch) were
aligned to NCBI37/hg19 using Bowtie2 (77). All ChIP-seq data-
sets were analyzed for PBC, NSC, and RSC statistics as per
ENCODE standards (78). Additionally, PBC1, PBC2, and NRF
statistics were calculated for p53 and p63 datasets as per
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ENCODE recommendations for transcription factor ChIP-seq.
These quality control (QC) metrics report important informa-
tion about the molecular complexity of the DNA library (PBC,
PBC1, and PBC2) and the enrichment of the transcription fac-
tor or histone modification (NSC and RSC). These QC metrics
combine to give a holistic view of the technical quality of the
experiment. All quality control metrics for ChIP-seq datasets
can be found in Table S9.

ChiP-gPCR

MCF10A and skin fibroblasts (both control shRNA or p53
shRNA-expressing) were cross-linked for 10 min at room tem-
perature using 1% (final) methanol-free formaldehyde. The
cross-linking reaction was quenched with 125 mm glycine,
washed with ice-cold PBS, and processed for ChIP as described
above. Samples were then subjected to sonication using the
Diagenode Bioruptor Plus for 30 cycles (30 s on/off at high
setting). 1 ug of p53 mAb DO1 (BD Biosciences, catalog no.
BD554293) or mouse IgG was preconjugated to protein G beads
(Invitrogen), added to sonicated lysate, and then incubated
overnight with rotation at 4 °C. Samples were then processed as
described above for ChIP-sequencing, except that the resulting
DNA was used for quantitative PCRs to determine p53 genomic
occupancy using primer sets listed in Table S8.

ChlIP-seq peak calling and differential binding analysis

Significant regions of transcription factor (p53 and p63) and
histone modification (H3K4me2, H3K4me3, and H3K27ac)
enrichment were called using MACS version 2.1.0 (33) preserv-
ing only peaks with an adjusted p value < 0.01. All peak calling
was performed using sheared chromatin input as the control
condition. p53 and p63 motif analysis was performed using
p53scan (79), and all MACS-derived peaks lacking a p53/p63
consensus motif were removed from further analysis. “High
confidence” peaks used in subsequent analyses represent peaks
found in both biological replicates as determined by BEDTools
intersectBed (80). A full list of p53/p63 peaks can be found
under GEO accession no. GSE111009. Global transcription fac-
tor motif enrichment experiments were performed using the
findMotifsGenome.pl script from HOMER (55). An additional
approach for calling differential enrichment of p53 ChIP-seq
datasets across cell types was performed using DiffBind (81).

Analysis of histone modification enrichment

Chromatin-enrichment analyses were performed using the
annotatePeaks.pl script of HOMER. Read-depth—scaled chro-
matin tag enrichment within a specified window was input-
normalized (target — input) and then further scaled to total
genomewide enrichment of peaks for that histone modifica-
tion. Analyses of H3K4me3 enrichment and gene expression
from mouse embryonic fibroblasts was previously described
(GSE59176) (82).

Computational analysis and plotting

Peak file intersections were performed using the intersect-
Bed package of BedTools (80), scoring positive intersections as
those with at least 1 bp of overlap (-f 1E-9). The original peak
file (-a) was reported only once (-u) if any intersection exists
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with the query file (-b). The closestBed package of BedTools
was used to measure distances between features with the dis-
tance reported using the -d option. Figures were generated
using Graphpad Prism or Datagraph. Bigwig (bw) files were
generated with the bamCoverage package of deepTools version
2.5.4 (83) with a bin size of 1 (—binSize 1) and read extension
(—extendReads 300). Heatmaps were then generated using big-
wig files for a —/+ 1000-bp region from the p53/p63 peak cen-
ter using the computeMatrix (reference-point, -a 1000, -b 1000,
and -binSize 10) and plotHeatmap functions. Genome browser
tracks (bedGraph) were generated using the makeUCSCfile.pl
package of HOMER (55). k-means clustering was performed
using cluster 3.0 for Mac.

Statistical testing

Statistical testing was performed using Graphpad Prism (ver-
sion 7) or using the built-in stats package in R (version 3.4.0).

ChromHMM chromatin state and DHS enrichment analysis

ChromHMM analysis (84) was performed using the 25 state
model (http://egg2.wustl.edu/roadmap/web_portal/),® with at
least 50% of the p53/p63 motif required to overlap a single chro-
matin enrichment term (closestBed -a p53.file -b Chrom-
HMM.file -d -f 0.51). The 25 chromatin state models for
ChromHMM terms were combined into four regulatory terms:
enhancer, repressive, quiescent, or transcription. A full list of
p53, p63, and p53/p63-binding site regulatory region inferences
across the 127 cell types of the ChromHMM analysis can
be found in Table S10. DHS data were downloaded from
http://hgdownload.cse.ucsc.edu/goldenpath/hg19/encodeDCC/
wgEncodeRegDnaseClustered/. Intersection of p53/p63 peaks
with DHS data were performed using the closetBed package of
BedTools, with 100% of the p53/p63 motif required to overlap
the DHS (-f 1). Data are grouped by epithelial or nonepithelial
cell types.
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