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The transcription factor p63 is a key regulator in epidermal keratinocyte proliferation and differentiation.
However, the role of p63 in gene regulation during these processes is not well understood. To investigate this,
we recently generated genome-wide profiles of gene expression, p63 binding sites and active regulatory regions
with the H3K27ac histone mark (Kouwenhoven et al., 2015). We showed that only a subset of p63 binding sites
are active in keratinocytes, and that differentiation-associated gene expression dynamics correlatewith the activ-
ity of p63 binding sites rather than with their occurrence per se. Here we describe in detail the generation and
processing of the ChIP-seq and RNA-seq datasets used in this study. These data sets are deposited in the Gene
Expression Omnibus (GEO) repository under the accession number GSE59827.

© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2. Experimental design, materials and methods

2.1. Experimental design

In this study we elucidated the role of the transcription factor p63
in the regulation of the differentiation process of keratinocytes [1].
We differentiated primary human epidermal keratinocytes in two-
dimensional culture, and collected cells at different time points after
the initiation of differentiation. This process mimics the in vivo
keratinocyte differentiation process [2].We collected cells from two dif-
ferent keratinocyte cell lines at four time points: day 0 (proliferating
keratinocytes), day 2 (early differentiation), day 4 (mid-differentiation)
and day 7 (late differentiation).

To investigate the role of p63 in this process, we performed chromatin
immunoprecipitation of p63 followed by deep sequencing (ChIP-seq)
analysis, in order to identify the genome-wide binding sites of p63 at
each stage of differentiation. We similarly performed ChIP-seq of the
H3K27ac histone modification, which marks active regulatory elements
[3]. To measure gene activity we used two approaches: ChIP-seq of RNA
polymerase II (RNAPII) in order to identify genes undergoing active tran-
scription, and RNA sequencing (RNA-seq) in order to measure steady
state RNA levels. These two approaches showed good genome-wide cor-
relation of gene transcription and expression [1], but differed in specific
cases. In particular, transcription of non-coding RNAs was more readily
detectable by RNAPII ChIP-seq than by RNA-seq [1]. This combination of
datasets allowed us to survey the genome-wide expression dynamics
during keratinocyte differentiation, as well as the genome-wide changes
in regulatory element activity, and to identify different sets of genes
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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whose expression dynamics correlate with the activity of nearby p63-
associated regulatory elements (Fig. 1).

2.2. Human primary keratinocyte culture and differentiation induction

Epidermal keratinocytes were obtained from skin biopsies taken
from the abdomen of two healthy volunteers, labeled HKC1 and HKC2,
and cultured in Keratinocyte Growth Medium (KGM). Differentiation
was induced by cell contact inhibition and excluding several growth
factor supplements from the medium: bovine pituitary extract
(Bio Whittaker), EGF (Sigma), insulin (Sigma), and hydrocortisone
(Calbiochem). The medium was changed every second day, and before
harvesting of the RNA and chromatin. For both cell lines, cells were col-
lected on day 0 before differentiation induction, and on days 2, 4 and 7
after induction of differentiation.

2.3. Chromatin immunoprecipitation

ChIP-seq datawere only generated for cell line HKC1. Chromatin im-
munoprecipitation (ChIP) for p63was performed using 2 μg of antibody
per reaction that recognizes the alpha isoforms of p63 (H129, Santa
Cruz). RNAPII ChIP was performed using 1.5 μg of RNAPII antibody
(8WG16, Santa Cruz) per reaction and the antibody detects all forms
of the large subunit of RNA polymerase II. H3K27ac ChIPwas performed
using 2 μg of the antibody (H3K27ac, C15410174, pAb-174–050,
Diagenode) per reaction and the antibody recognizes acetylated lysine
27 residue on the H3 histone protein. RNAPII, p63, and H3K27ac ChIP
experiments were performed as previously described [4], with a
minor change of using magnetic beads (Novex by Life Technologies,
10008D and 10009D).

2.4. RNA extraction

RNA-seq data were generated for both keratinocyte cell lines, in
order to facilitate differential expression calculations by providing rep-
licates. RNA extraction was carried out using the NucleoSpin RNA II kit
(740,955.50; MACHEREY-NAGEL, Düren, Germany). As a control for
the RNA-seq data cDNA synthesis was carried out from 1 μg total RNA
using the iScript cDNA synthesis kit (Bio-Rad; 170-8891, CA, Hercules,
USA). For RNA-seq, a starting amount of 1 μg RNA per sample was
used, and rRNA was depleted using the Ribo-Zero rRNA Removal Kit
(Human/Mouse/Rat; MRZH11124, Epicenter, Madison, WI, USA) ac-
cording to the manufacturer's instructions. The RNA fragmentation re-
actions were performed using fragmentation buffer (5×; 200 mM
Tris-Ac, 500 mM Potassium-Ac, 150 mMMagnesium-Ac) in a final con-
centration of 1× per reaction. Each 50 μl fragmentation reaction was in-
cubated at 95 °C for 1.5 min on a thermal cycler, and placed on ice for
10 min. Ethanol precipitation was used to purify the reactions. The
fragmented, rRNA depleted RNA was combined with 5 μg of random
hexamers (Roche) in a final volume of 11 μl, incubated at 65 °C for
5 min, then immediately placed on ice. The remaining reagents were
then added to the reaction: 4 μl 5× First strand buffer (Invitrogen),
2 μl DTT (0.1 M Invitrogen), 1 μl dNTP mix (10 mM Invitrogen), 2 μl
Actinomycin D (0.1 μg/μl Sigma), 1 μl of RNase H (40 U/ml Ambion),
and 1 μl SuperScript III (200 U Invitrogen). The first strand reaction
was incubated at 25 °C for 10min, and 50 °C for 90min, followed by de-
activation at 70 °C for 15 min, after which theMinElute Reaction Clean-
up Kit (Qiagen) was used according to the manufacturer's protocol. The
second strandwas synthesized by adding to the purified sample (100 μl
total volume): 20 μl 5× Second strand buffer (Invitrogen), 4 μl 5× First
strand buffer (Invitrogen), 2 μl DTT (0.1 M Invitrogen), 1 μl random
hexamers (5 mg/ml Roche), dUTP mix (12.5 mM Invitrogen), 1 μl
RNase H (8 U/ml Ambion), 1 μl Escherichia coli DNA polymerase I
(10 U/μl Invitrogen), and 1 μl E. coli DNA ligase (10 U/μl NEB). After
2 h at 16 °C, 1 μl of T4 DNA polymerase (10 U/μl Promega) was added
and the reaction was incubated at 16 °C for 10 min. The ds-cDNA was
purified using the MinElute Reaction Cleanup Kit (Qiagen), according
to the manufacturer's protocol.

2.5. Illumina library preparation and sequencing

DNA samples were prepared for sequencing starting with 6 ng total
DNA for the p63 and RNAPII ChIP-seq samples, 10 ng total DNA for the
H3K27ac ChIP-seq samples, and 5 ng total cDNA for the RNA-seq sam-
ples, as measured by Qubit (Invitrogen). Subsequently, the DNA frag-
ments were prepared for adaptor ligation by adding an adenosine
base to the 3′-end of the DNA using 5 μl of Klenow buffer, 10 μl of
dATP (1 mM), and 1 μl Klenow exo (3′–5'exo) (5 U) (NEB, M0210S).
The reaction was incubated for 30 min at 37 °C, purified using the
MinElute Reaction Cleanup Kit (Qiagen), and the DNA was eluted in
10 μl of EB. The adaptors were ligated to the DNA fragments by addition
of 15 μl 2× T4 DNA Ligase buffer, 1 μl of NEXTflex adaptor (for appropri-
ate adaptor dilutions see the Bio Scientific ChIP-seq barcodes protocol;
514,120), and 4 μl T4 DNA ligase (3 U) (NEB, M0203S). The reaction
was incubated for 15 min at 21 °C, followed by purification using the
MinElute Reaction Cleanup Kit (Qiagen), and eluted in 10 μl of EB. Pre-
ceding the Pre-PCR step, the RNA-seq samples were treated with the
USER enzymeby adding 3 μl of USER enzyme and 10 μl 5× Phusion buff-
er to the DNA sample in a total volume of 48 μl. This reaction was incu-
bated at 37 °C for 15 min, 95 °C for 10 min, on ice for 5 min. This was
followed by a pre-PCR reaction by adding 1.5 μl of dNTPs (10 mM),
2 μl NEXTflex primers, and 0.5 μl Phusion polymerase (2 U/ml)
(Finnzymes, F-530 L) to a total volume of 52 μl. The pre-PCR reaction
for the end repaired and adaptor ligated ChIP-samples was assembled
in a total volume of 50 μl by adding 10 μl 5× Phusion buffer, 1.5 μl
dNTPs (10 mM), 2 μl NEXTflex primers, and 0.5 μl Phusion polymerase.
Pre-PCR was performed using the following conditions: 20 s at 98 °C,
(10 s at 98 °C, 30 s at 65 °C, 30 s at 72 °C) for 4 cycles, 5 min at 72 °C,
and kept at 4 °C. The DNA was purified using the MinElute Reaction
Cleanup Kit (Qiagen), eluted in 10 μl of EB and size selected using
an E-gel system (Invitrogen catnr. G661002) according to the
manufacturer's protocol. In the size range of 300–310 bp approximately
23 μl of DNA was collected (DNA fragments + adaptors) that was PCR
amplified using 10 μl 5× Phusion buffer, 1.5 μl dNTPs (10 mM), 2 μl
NEXTflex primers, 0.5 μl Phusion polymerase (2 U/ml) mixture in a
total volume of 50 μl with the following PCR conditions: 20 s at 98 °C,
(10 s at 98 °C, 30 s at 65 °C, 30 s at 72 °C) for 11 cycles, 5 min at 72 °C,
and kept at 4 °C. The PCR product was purified using AMPure XP
beads (Beckman Coulter, A63881) according to themanufacturer's pro-
tocol and eluted in 20 μl of EB. DNA size and integritywere confirmed on
a Bio-Rad Experion apparatus. Cluster generation and single end se-
quencing of 50 cycles was performed with the Illumina HiSeq 2000 se-
quencer according to standard Illumina protocols. Samples were
barcoded using NEXTflex ChIP-seq 6 barcodes, and multiple samples
were pooled and sequenced together in the same lane. After sequencing
reads were demultiplexed based on their barcodes using standard
Illumina bcl2fastq software and the resulting 42 bp reads were used
for all further downstream processing. These raw read datasets are
available for all ChIP-seq and RNA-seq samples under GEO accession
number GSE59827.

2.6. ChIP-seq data processing

The 42 bp single end reads were uniquely mapped to the human ge-
nome NCBI build 37 (hg19) using bwa 0.6.1 with standard parameters
[5]. All p63, H3K27ac and RNAPII ChIP-seq datasets were normalized
to the same sequencing depth by randomly removing aligned reads.
This normalization was performed separately for all datasets associated
with each target protein. Duplicated reads were removed before
normalization. Wiggle tracks of these normalized samples were gener-
ated for visualization purposes in the UCSC genome browser using our
in-house “sum_bed.pl.” Perl script (Supplementary materials). The
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MACS2 program was used for peak recognition for the p63 and RNAPII
ChIP-seq datasets. This is an updated version of the MACS program [6]
that is specifically designed to process mixed signal types (URL
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wasperformed usingMACS2with default settings for broadpeak calling
and a P value threshold of 1E−9, using input genomic DNA as a back-
ground control. Active p63 binding sites were identified by overlapping
the p63 peaks with the H3K27ac peaks using the intersect tool from the
BEDTools suite [7]. Gene transcription rates were quantified as RNAPII
ChIP-seq reads per kilobase per million mapped reads (RPKM) falling
within gene bodies. Genes were taken from the RefSeq transcriptome
[8], and their genomic locations were retrieved from the UCSC genome
browser [9]. For downstream analyses the longest genomic transcript
variantwas used per gene. Formore detailedmicroRNAanalysis, the oc-
cupancy of RNAPII ChIP-seq datasets for transcribed pri-miRNAs was
quantified by RPKM calculation of the detected sequenced reads for all
miRNA genes that were found to co-localize with the detected RNAPII
MACS2 peaks using the intersect tool from the BEDTools suite [7]. A
cutoff of RPKM N 1 was set, and only miRNAs, smaller than 200 bp,
intersecting these RNAPII peak regions were considered. All wiggle
tracks, the p63 and H3K27ac MACS2 peak files, and the RefSeq gene
body RNAPII RPKM table for all days are available under GEO accession
number GSE59827.

2.7. RNA-seq data processing

The 42 bp single end reads were mapped to the human genome
NCBI build 37 (hg19) using gsnap version 2013-03-31 [10], mapping
the spliced reads against the Ensembl 68 reference transcriptome [11].
Resulting mapped reads were stored in BAM files. Duplicate rates
were relatively high at around 80% (Fig. 2A), which is common in
RNA-seq data where highly expressed genes can affect duplication
rates. Additionally, we used relatively short single-end reads and a
SNP-tolerant read mapper. Wiggle tracks of these samples were gener-
ated for visualization in the UCSC genome browser using our in-house
“sum_bed.pl.” Perl script (Supplementarymaterials). Tomake the signal
heights comparable in the browser view, these wiggle tracks were gen-
erated fromnormalized BAM files inwhich excess readswere randomly
discarded from all but the smallest BAM file using the Picard Tools
DownsampleSam program (http://broadinstitute.github.io/picard/), in
order to use a similar number of reads from all samples. Transcript
quantification was performed with cufflinks and cuffdiff v2.1.1 [12],
using the RefSeq transcriptome [8] which was downloaded from the
UCSC genome browser website [9] in June 2013. Expression levels
were quantified as fragments per kilobase per million mapped reads
(FPKM) and normalized across all samples by the cuffdiff program,
which computes expression levels at both the individual transcript
level and the gene level, the latter by combining the data from all
gene-associated transcripts per gene. Quality control of the expression
data was performed using the R package cummeRbund (http://
compbio.mit.edu/cummeRbund/), and nobatch effectwas observed de-
spite the fact that HKC2day2 had fewer lowly expressed genes (Fig. 2B).
All wiggle tracks and the transcript- and gene-level FPKM tables are
available under GEO accession number GSE59827.
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