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SUMMARY

Binding within or nearby target genes involved in cell
proliferation and survival enables the p53 tumor
suppressor gene to regulate their transcription and
cell-cycle progression. Using genome-wide chro-
matin-binding profiles, we describe binding of p53
also to regions located distantly from any known
p53 target gene. Interestingly, many of these regions
possess conserved p53-binding sites and all known
hallmarks of enhancer regions. We demonstrate
that these p53-bound enhancer regions (p53BERs)
indeed contain enhancer activity and interact intra-
chromosomally with multiple neighboring genes to
convey long-distance p53-dependent transcription
regulation. Furthermore, p53BERs produce, in a
p53-dependent manner, enhancer RNAs (eRNAs)
that are required for efficient transcriptional en-
hancement of interacting target genes and induction
of a p53-dependent cell-cycle arrest. Thus, our
results ascribe transcription enhancement activity
to p53 with the capacity to regulate multiple genes
from a single genomic binding site. Moreover,
eRNA production from p53BERs is required for effi-
cient p53 transcription enhancement.

INTRODUCTION

The p53 gene is the most frequently mutated gene in human
cancer as mutations appear in more than 50% of tumors. In
cases where tumors harbor the wild-type p53 gene, it is believed
that alterations in other p53 pathway components account for
its inactivation (Vousden and Lu, 2002). Thus, the p53 tumor
suppressor pathway plays a central role in tumor suppression
(Christophorou et al., 2006). The p53 gene encodes a transcrip-
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tion factor that regulates transcription of target genes through
sequence specific interaction with DNA. As most of the inactivat-
ing mutations found in cancer are centered in its sequence-
specific DNA-binding domain, regulating transcription is thought
to be its main function in tumor suppression.

As atranscription factor, p53 can regulate transcription of many
target genes. Its activation by different types of cellular stresses
can elicit several distinct types of cellular responses, including
cell-cycle arrest and apoptosis. However, the recent observation
that the thus-far known protein-coding p53 target genes cannot
fully explain the tumor suppression activity of p53 (Brady et al.,
2011) raises the possibility that noncoding genomic regions
play an important role in the p53 pathway as well. Besides the
regulation of protein-coding genes, p53 has already been shown
to transcriptionally regulate several noncoding RNA (ncRNA)
species. These include microRNAs (miRNAs), and, more recently,
p53-regulated long intergenic noncoding RNAs (lincRNAs) were
also identified (Guttman et al., 2009; Huarte et al., 2010). One
of these lincRNAs, termed lincRNA-p21, is specifically required
for p53-dependent repression of target genes and induction of
apoptosis (Huarte et al., 2010). The observation that many of
the mammalian ncRNAs are highly conserved and expressed in
a regulated and tissue-specific manner reflects their importance.

Chromatin-binding profiles reveal specific interactions of p53
with promoter regions of nearby target genes, but also with dis-
tant locations that harbor characteristics of enhancer domains.
Enhancers are non-protein-coding domains that regulate tran-
scription of genes at long distances and are characterized
by specific chromatin signatures of histone methylation and
acetylation (Birney et al., 2007; Heintzman et al., 2007, 2009).
Recently, RNA polymerase Il (RNAPIIl) was shown to bind to a
subset of enhancers and produce bidirectional, nonpolyadeny-
lated transcripts defined as enhancer RNAs (eRNAs) (Kim
et al., 2010; Wang et al., 2011; De Santa et al., 2010). The tran-
scription of these eRNAs positively correlated with the mes-
senger RNA (mRNA) levels of the surrounding protein-coding
genes (Kim et al., 2010). However, it remains unclear whether
eRNAs have any function in gene transcription.
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Here we identified several regions that are bound by p53 and
harbor all known chromatin features of eRNA-producing en-
hancer domains. We named these regions p53-bound enhancer
regions (p53BERs). We demonstrate that the enhancer activity
of p53BERs is dependent on functional p53 and that they
interact with multiple surrounding genes. The vast majority of
these genes indeed display p53-dependent expression, where-
as no significant p53 binding could be detected in their pro-
moters. Furthermore, eRNAs are produced from p53BERs in a
p53-dependent manner. We show that eRNAs are functional
ncRNAs involved in transcription enhancement of genes inter-
acting with the enhancer they are produced from. Thus, our
results imply that p53 can regulate transcription of multiple
distantly located genes through binding to enhancers and that
eRNAs produced from these enhancers are involved in transcrip-
tion enhancement.

RESULTS

p53 Binds to Regions Characterized by Chromatin
Signatures of Enhancer Domains

The recent observation that the currently known p53 target genes
do not fully account for p53-dependent tumor suppression
(Brady et al., 2011) initiated our search for novel types of p53
target genes. Specifically, we searched for putative enhancer
regions that are bound by p53 and thus may require p53 for their
activity on target gene promoters. To identify such domains, we
made use of genome-wide p53-binding data sets that we and
others have generated (Wei et al., 2006; Drost et al., 2010) and
ranked p53-bound regions based on p53 binding intensity (indi-
cated by its peak height; Table S1 available online). In addition,
we searched for regions that harbor histone modifications that
have been shown to mark active enhancers (ENCODE Project
Consortium, 2011). These include high levels of histone 3 lysine
4 monomethylation (H3K4me1), low levels of H3K4 trimethylation
(H3K4me3), and high levels of H3K27 acetylation (H3K27Ac)
(Heintzman et al., 2007, 2009; Creyghton et al., 2010). Several
regions contained evident markers of enhancer activity
combined with p53-binding at levels equivalent or higher when
compared to the p21 (CDKN1A) promoter, a prominent high-
affinity p53 target gene (Figures 1A, S1A, and S1B and Table
S1). We named our identified enhancers p53-bound enhancer
regions (p53BERs). To confirm histone modifications also in our
cell model system, we performed chromatin immunoprecipita-
tions (ChlIPs) for H3K4me1, H3K4me3, and H3K27Ac on one of
our identified enhancers, p53BER2, in primary BJ fibroblasts
immortalized by hTERT, the human telomerase reverse tran-
scriptase (BJ/ET). Indeed, H3K4me1 was the predominant modi-
fication on p53BER2 in combination with high levels of H3K27Ac
(marking active genomic regions [Creyghton et al., 2010]),
whereas the promoter of the p53 target gene MDM2 harbored,
as expected, predominantly H3K4me3 in combination with high
levels of H3K27Ac (Figures 1B and 1C). These results confirm
the enhancer signature of our identified p53BERSs.

p53BERs Contain p53-Dependent Enhancer Activity
Next, we examined the potential transcriptional enhancing ac-
tivity of the p53BERs using luciferase reporter assays in MCF7

cells (containing wild-type p53). We cloned 1.8-2 kb regions,
including the p53BER and additional flanking sequences, up-
stream of a promoter driving luciferase expression. Transfection
of all reporters revealed significant transcriptional enhancing
activity, ranging from about 4-fold to about 190-fold, whereas
two control genomic regions (harboring no enhancer features)
did not show any activity in this assay (Figures 1D and S1C). Fig-
ure 1D also shows that, as expected from an enhancer region,
transcription activation was orientation independent (p53BER2
reverse orientation). Importantly, the enhancer activity of all
p53BERs studied here was p53 dependent, as cotransfection
of a p53 knockdown vector (p53XP) significantly inhibited en-
hancer activity (Figures 1D and S1C). To further confirm p53-
dependency of the enhancer activity of p53BERs, we intro-
duced point mutations in the p53 consensus sequences within
p53BER2 (Figure S1B). Transfection of this reporter revealed
that mutation of the p53 consensus sequence completely abol-
ished enhancer activity of p53BER2 (Figure 1D). Altogether, we
identified p53-bound regions that harbor features of enhancer
domains and contain p53-dependent enhancer activity.

p53BERSs Intrachromosomally Interact with Multiple
Distant Genes to Convey p53-Dependent Transcription
Enhancers control expression of one or multiple genes over dis-
tance and in an orientation independent manner. This happens
through so-called DNA looping, which brings the enhancer in
close proximity of its target promoters (Splinter et al., 2011).
Thus, p53 could potentially regulate transcription of multiple
target genes through binding to a single enhancer. To identify
possible target genes of p53-dependent enhancer domains, we
applied chromosome conformation capture (4C) technology in
combination with next-generation sequencing (Dekker et al.,
2002; Splinter et al.,, 2011) for three p53BERs (p53BERT,
p53BER2, and p53BER4) in BJ/ET cells. We found that all three
p53BERs appeared to interact with multiple neighboring genes
on the same chromosome (Figures 2A-2C). Similar results were
obtained with two different restriction enzyme combinations (Fig-
ure S2A). Strikingly, mRNA sequencing of BJ/ET cells stably ex-
pressing either a control or p53 knockdown vector revealed that
many of these genes require p53 for their proper expression
(Figures 2A-2C and S2B). To confirm that these genes are indeed
regulated by p53, we treated cells with the MDMZ2-inhibitor Nut-
lin-3 and analyzed mRNA levels of one prominent neighboring
gene for each p53BER. These were DUSP4 (dual specificity
phosphatase 4; at ~430 kb), PAPPA (pregnancy-associated
plasma protein A; at ~210 kb), and IER5 (immediate early
response 5; at ~50 kb), for p53BER1, p53BER2, and p53BERA4,
respectively. As expected, mRNA levels of all genes were
induced upon Nutlin-3 treatment (Figure 2D). Moreover, knock-
down of p53 decreased basal mRNA levels and interfered with
the induction upon Nutlin-3 treatment (Figure 2D). These results
imply that DUSP4, PAPPA, and IER5 are transcriptionally regu-
lated by p53, though no significant p53-binding peak could be
detected in their promoters by ChiP-seq in BJ/ET cells (Drost
et al., 2010). Importantly, we found that the long-range interac-
tions were still present in cells with stable p53 knockdown
(Figures 2A-2C), suggesting that p53 acts on pre-existing chro-
matin loops to activate p53BER-target genes.
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Figure 1. Identification of p53-Dependent Enhancer Domains
(A) UCSC Genome Browser (hg18 assembly) presentation of the p53-binding pattern (in BJ/ET cells expressing either a control or p53*C vector) (Drost et al., 2010)
and histone modifications (ENCODE Project Consortium) at the p53BER2 (top) and p53BER4 (bottom) genomic regions. Different cell lines in the histone
modification track are associated with a particular color.
(B) BJ/ET cells were subjected to ChlIP for total H3, H3K4me1, and H3K4me3. The abundance of the histone modifications within the indicated genomic regions
was calculated as the ratio between the H3K4me1 and H3K4me3, both corrected to total H3. MDM2 was used as promoter control. Graphs show means and SD
for three independent experiments.
(C) Cells from (B) were subjected to ChIP with antibodies against total H3 and H3K27Ac. H3K27Ac abundance within the indicated genomic regions was
calculated as the ratio between H3K27Ac and total H3. MDM2 was used as promoter control. Region downstream of p53BER2 was used as negative control.
Graphs show means and SD for three independent experiments.

(legend continued on next page)
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Collectively, our observations strongly suggest that the identi-
fied p53-bound enhancer regions physically contact multiple
distant genomic regions to convey p53-dependent transcription
regulation.

p53BER2 and p53BER4 Produce Enhancer RNAs in

a p53-Dependent Manner

Recently, it was shown that RNA polymerase Il (RNAPII) binds to
a subset of enhancers where it bidirectionally transcribes so-
called enhancer RNAs (Kim et al., 2010). eRNAs are noncoding,
nonpolyadenylated RNAs with sizes of up to 2 kb. In addition to
high levels of H3K4me1, low levels of H3K4me3, and high levels
of H3K27Ac, eRNA-producing enhancer domains were marked
by RNAPII and p300/CBP binding (Kim et al., 2010). We found
association of RNAPII and p300 with p53BER2 and p53BER4
in different cell lines (ENCODE Project Consortium, 2011; Fig-
ure 3A) and confirmed this for RNAPII in BJ/ET cells by ChIP
(Figure 3B). No RNAPII and p300 association was detected in
control downstream regions. Furthermore, we found increased
p53 binding on p53BER2 and p53BER4 after p53 activation by
Nutlin-3 treatment (Figure 3C), and reporter assays with con-
structs in which p53BER2 was cloned upstream of a promoter-
less luciferase gene revealed p53-dependent promoter activity
(Figure S3A). Next, we asked whether p53 induces transcript
production from p53BER2 and p53BER4. We activated p53
in BJ/ET cells with Nutlin-3 and performed quantitative RT-
PCR (gRT-PCR) analysis, which revealed transcript induction
at both loci upon Nutlin-3 treatment (Figure 3D). Similarly, in
MCF7 cells too, transcript production could be induced from
p53BER2 and p53BER4 upon ionizing radiation or Nutlin-3 treat-
ment (Figures S3B and S3C). In contrast, no transcript was
detected from these enhancer regions either in cells knocked
down for p53 or in Nutlin-3-treated MDA-MB-436 cells, which
contain mutant p53 (Figures S3D-S3F), further confirming p53
dependency. Northern blot analysis detected Nutlin-3-induced
production of a transcript at p53BER2 with a size of about 600
nucleotides (Figure 3E). In addition, we were able to identify
the 5 start site of the p53BER2-produced transcript (Fig-
ure S3G). Last, transcripts produced from p53BER2 and
p53BER4 were reproducibly detected upon p53 activation by
gRT-PCR on random-primed complementary DNA (cDNA),
whereas qRT-PCRs on oligo(dT)-primed cDNA failed to do so,
implying that the detected transcripts are likely to be nonpolya-
denylated. This is in accordance with the recent observation that
eRNAs lack poly(A) tails (Kim et al., 2010). In conclusion, our
observations indicate that p53BER2 and p53BER4 produce
eRNAs in a p53-dependent manner.

Enhancer RNAs Are Functional Noncoding RNAs that
Enhance Transcription

The production of eRNAs at enhancers has been shown to corre-
late with transcription of neighboring genes, but their functional
involvement is unclear (Kim et al., 2010). Therefore, we set out

to investigate whether eRNAs are involved in enhancement of
transcription. We cloned three regions surrounding the p53
binding site in p53BER2 into a vector containing 24 copies
of the MS2 hairpin RNA structure to generate a chimera RNA
with the 24 copies of MS2 (Figure 4A). The MS2 hairpin binds
tightly to the MS2-coat viral protein (MS2-CP) (Haim-Vilmovsky
et al.,, 2011). We attached the Gal4 DNA-binding domain to
MS2-CP and designed a luciferase reporter vector containing
5x Gal4 binding sites upstream of a promoter. If the cloned
region produces RNA that is functionally involved in transcription
enhancement, cotransfection of all components (eRNA-MS2,
Gal4-MS2-CP, and the luciferase reporter) would localize the
RNA nearby the promoter and is expected to enhance reporter
activity (Figure 4A). Intriguingly, cotransfection of region 1, but
not 2 or 3, significantly enhanced reporter activity (Figure 4B).
We performed MS2-CP pull-down assays to verify transcript
production from region 1 and to exclude plasmid contamination
in the (semi-) qRT-PCR (Figure 4C). Since p53BERs contain p53-
dependent promoter activity (Figure S3A), we tested whether
p53 binding is required for enhancing activity in this assay. Fig-
ure 4C shows that mutation of all p53 sites in p53BER2 markedly
reduced transcript levels, as determined by MS2-CP pull-down
assays, supporting p53-dependent eRNA production from this
region. Moreover, transfection of this reporter did not result in
any transcription enhancement activity by region 1 (Figure 4D),
showing that the enhancing effect is dependent on p53 binding
and production of the transcript. Furthermore, removal of
the MS2-CP tethering component significantly reduced the
enhancing effect of region 1 on the reporter, indicating that tran-
script localization is involved in the observed effect (Figure 4E).
The remaining MS2-CP-independent transcriptional activation
can be attributed to the overexpression of the eRNA-MS2 in
the nucleus.

Altogether, these results demonstrate a role for eRNAs in
transcription enhancement.

eRNAs Produced from p53BERs Are Required for
Transcription Enhancement of Neighboring Genes and
for an Efficient p53-Dependent Cell-Cycle Arrest

As the identified p53BERs interact with and regulate transcrip-
tion of neighboring genes at distant locations, we set out to
investigate whether the eRNAs produced from p53BER2 and
p53BER4 are involved in p53-dependent transcriptional regula-
tion of genes encoded in their vicinity. We designed small inter-
fering RNAs (siRNAs) to target the eRNAs that are produced from
these regions. Transfection of MCF7 cells with si-p53BER2 and
si-p53BER4, but not control siRNAs, reduced corresponding
eRNA transcript levels after p53 activation by Nutlin-3 (Figure S4).
The genes nearest to p53BER2 and p53BER4 are PAPPA and
IERS5, respectively. We showed in Figures 2 and S2B that the
PAPPA and IER5 genes are transcribed in a p53-dependent
manner and that they physically interact with the nearest
p53BER domains. Moreover, no p53-binding peak was detected

(D) MCF7 cells were cotransfected with the indicated reporter construct and either control or p53 knockdown (p53KD) vector. The relative firefly luciferase/renilla
activity was determined and compared to the control promoter vector (Ctrl.). Graphs represent mean and SD from three independent experiments. p values were
calculated with a t test. Mutant (mut) contains point mutations in the p53-binding motifs of p53BER2.

See also Figure S1 and Table S1.
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Figure 2. p53BERs Show Long-Range Interactions with Multiple Distantly Located Genes

(A-C) Long-range interactions of p53BER1, p53BER2, and p53BER4 with surrounding regions as determined by 4C in wild-type and p53<P BJ/ET cells. Plots

represent running mean analysis in which 4C sequencing read counts were averaged over windows of 31 restriction ends. To account for the fact that the majority

of the data are very close to the viewpoint, we set the data range of the vertical axis to the 98% quantile value for the analyzed region (fragments with values above

the 98% quantile value are marked red on top). Arcs designate significant interactions (p < 10~°, see also Figure S4) of the p53BERs with surrounding loci. Relative
(legend continued on next page)
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in the promoters of PAPPA and IER5 by ChiIP-seq in BJ/ET
cells (Drost et al., 2010) that can explain such p53-dependent
regulation. Therefore, we examined the effect of si-p53BER2
and si-p53BER4 on the transcription induction of PAPPA and
IER5, respectively, after p53 activation. We transfected cells
with a negative control siRNA, two independent siRNAs target-
ing p53BER transcripts, or an siRNA targeting p53 and deter-
mined the relative induction of PAPPA and IER5 mRNA levels
upon Nutlin-3 treatment. As expected, transcription of PAPPA
and IER5 was activated upon Nutlin-3 treatment (Figures 5A
and 5B). This induction was significantly decreased when p53
was knocked down, again confirming that transcription is p53
dependent. Intriguingly, transfection of either of two indepen-
dent siRNAs targeting the eRNAs produced from p53BER2
and p53BER4 significantly inhibited the induction of PAPPA
and IER5, respectively, upon Nutlin-3 treatment (Figures
5A and 5B). This effect was further confirmed by RNAPII
ChlIP, showing that significantly less RNAPII is present at the
PAPPA and IER5 genes upon eRNA knockdown (Figure S5A).
Thus, we conclude that eRNAs produced from p53BER2 and
p53BER4 are required for the efficient induction of PAPPA
and |IERS5 transcription, respectively, after p53 activation.

To determine whether other p53BER-interacting genes also
show eRNA-dependent transcription, we investigated the levels
of the p53BER4-interacting gene U79279. RNA-seq showed
marked p53-dependent transcription of this gene (Figure 2C).
Once again, transfection of siRNAs targeting p53BER4-pro-
duced eRNAs resulted in a significantly decrease in U79279
transcript induction, further supporting a role for eRNAs in
enhancement of transcription (Figure S5B).

Next, we set out to investigate whether eRNA production
is required for p53 function after stress induction. We transfected
MCF?7 cells with control siRNAs, siRNAs targeting the p53BER2
eRNA, or p53. After treatment with ionizing radiation (IR), cell-
cycle profiles were analyzed by flow cytometry. As expected,
while control-transfected MCF7 cells entered a G1 arrest upon
IR, knockdown of either p53 or p21 did not (Figure S6A), confirm-
ing that the arrest is indeed dependent on a functional p53
pathway. Interestingly, targeting of p53BER2-produced tran-
scripts (two distinct siRNAs) resulted in a significant decrease
in the amount of cells arrested in G1 (Figures S6A and S6B).
Furthermore, similar to the knockdown of p53BER2-produced
eRNAs, knockdown of PAPPA also significantly inhibited induc-
tion of a p53-dependent cell-cycle arrest (Figures 5C and S6C).
Neither knockdown of the p53BER2-produced transcript nor
knockdown of PAPPA significantly affected p21 mRNA levels
(Figure S6D). Altogether, these results indicate that the eRNAs
produced from p53BER2 are required for an efficient p53-
dependent cell-cycle arrest and that this effect could be medi-
ated through inhibition of PAPPA induction by p53.

DISCUSSION

We describe here a mechanism whereby p53 induces target
gene transcription through the production of eRNAs from
distantly located enhancer domains. We identified several such
enhancer regions (p53BERs) that are bound by p53 with high
affinity, require p53 for their activity, and produce eRNAs in a
p53-dependent manner. Recently, enhancer-like features were
also ascribed to a different class of ncRNAs (Qrom et al.,
2010). Knockdown of these ncRNAs was demonstrated to result
in decreased expression of neighboring genes. In contrast to
eRNAs (Kim et al., 2010), these ncRNAs are polyadenylated
and the regions encoding them harbor the chromatin signature
of protein-coding genes (high H3K4me3 at the 5 end and
downstream H3K36me3 [Orom et al., 2010]). We report that
the suppression of p53-induced eRNAs results in altered p53-
dependent transcription of genes encoded in the vicinity of the
p53BER and that eRNA expression enhances transcriptional
activity in an RNA tethering reporter assay. Therefore, our results
demonstrate the involvement of eRNAs in enhancement of target
gene transcription, implying that they are not merely byproducts
of gene transcription. This classifies eRNAs as a family of regu-
latory RNAs that enhance gene transcription.

In addition, we show that our identified p53BERs interact with
multiple distant protein-coding genes, and we link them to the
p53 network present in our cellular model system. As enhancers
caninteract and regulate multiple target genes (recently reviewed
in Splinter et al., 2011; Ong and Corces, 2011), enhancer-bound
p53 would be able to regulate transcription of multiple genes via
one single genomic binding site. We propose that enhancer-
bound p53 can enhance transcription of distant target genes by
getting in close proximity of target gene promoters via intrachro-
mosomal interactions. Transcription of target genes is enhanced
upon p53 activation, which requires p53-dependent eRNA
production (Figure 6). As the long-range interactions are not
dependent on p53, the eRNAs seem to act on pre-existing chro-
matin conformations, which may allow for rapid induction of p53
target genes in response to diverse stimuli.

One of the genes regulated by p53BER2 is the PAPPA gene.
PAPPA is an IGFBP protease that cleaves IGFBP4 and IGFBP5
(Lawrence et al., 1999; Conover et al., 2004), which have both
shown to be involved in cell-cycle regulation and senescence
(Kojima et al., 2012). Therefore, the involvement of PAPPA in
cellular proliferation might be explained by its ability to regulate
IGF levels. A recent publication reported p53-binding in intron
1 of the PAPPA gene by overexpressing p53 in the p53-negative
cell line MDA-MB157 cells, which results in PAPPA repression
(Chander et al., 2011). In contrast to this result, we did not detect
any p53 binding within the first intron of PAPPA using p53
ChIP-seq in BJ cells and other cell lines (Figure S6E for

changes in mRNA expression upon p53<P were measured by 3’ end mRNA sequencing in BJ/ET cells and is represented at the bottom (red bars and numbers).
n.d., not detectable. Note that significant interactions are largely unaffected in p53<° BJ/ET cells.

(D) BJ/ET cells expressing either a control or p53 knockdown vector were treated with Nutlin-3 for 24 hr or left untreated. Left and right panels: relative DUSP4,
IER5, PAPPA, and p53 mRNA levels were measured by qRT-PCR and are represented as fold induction from values measured in untreated control cells. Graphs
show means and SD for three independent experiments. p values were calculated with a t test. *p < 0.01, **p < 0.05. Middle panel: western blot analysis was
performed for detection of p53 stabilization and p21 induction upon Nutlin-3 treatment. CDK4 was used as a loading control.

See also Figure S2 and Table S2.
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(legend continued on next page)
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BJ/ET cells). Furthermore, we report positive regulation of
PAPPA transcription by p53 upon RASY'2 expression, Nutlin-3
treatment, and ionizing radiation (Table S2). These results imply
cell type-specific regulation of PAPPA by p53. Enhancers regu-
late transcription in a cell type-specific manner (Ong and Corces,
2012), which could thus explain the difference in PAPPA regula-
tion in different cell types.

Li et al. (2012) recently showed that in mouse embryonic stem
cells (ESCs), p53 represses transcription of ESC-specific genes
through binding and interfering with distal enhancers (Li et al.,
2012). It has become clear in recent years that enhancers are
marked by different histone modifications in different cell types,
reflecting their cell type specificity (Ong and Corces, 2012). This
means that p53 can, by binding to enhancers and regulating their
activity, affect target gene transcription in a cell type-dependent
manner. Further research is needed to determine what other
factors determine whether p53 is required for, or interferes
with, enhancer activity.

Moreover, an enhancer can interact with and regulate multiple
genes. We show that eRNA knockdown interferes with transcrip-
tion enhancement. Inhibition of eRNAs produced from a single
enhancer could thus affect transcription of multiple genes. There-
fore, eRNA inhibition could be an efficient strategy to interfere with
enhancer activity. In addition, deletion of a single enhancer locus
could result in the aberrant regulation of a set of genes. The
genomic region including p53BER2 is located at 9933.1. This
region is associated with loss of heterozygosity in human cancer
(Schultz et al., 1995; Callahan et al., 2003). Based on the data we
presentin this report, it would be interesting to determine whether
loss of p53BERs contributes to human cancer.

EXPERIMENTAL PROCEDURES

Cell Culture, Transfection, and Retroviral Transduction

Cells were cultured in DMEM with 10% FCS and antibiotics. Transfection of
MCF7 cells for reporter assays was performed with polyethylenimine. siRNA
transfections of BJ/ET and MCF7 cells were performed with Dharmafect 1
and Dharmafect 3 (Dharmacon), respectively. siRNA sequences were as
follows: p53BER2#1, 5'-GCACAGATTCCGTGTAAAT-3'; p53BER2#3, 5'-GCT
GGACACTGGGTAAATC-3'; p53BER4#1, 5-TTAGGGGAAGCTGCTATGT-3';
p53BER4#2, 5-CAGCCTTGTGGTTTCACAG-3'; sip21, 5-GACCATGTGGA
CCTGTCAC-3'; and sip53, 5'-GACTCCAGTGGTAATCTAC-3'. siRNAs target-
ing PAPPA were purchased from Dharmacon. Retroviruses were made by
calcium phosphate transfection of Ecopack 2 cells (Clontech) and harvesting
40 and 64 hr later.

Constructs and Antibodies
pRetrosuper (pRS), pRS-blast, pRS-hygro, pBabe-puro-Ras
pMSCV-blast-RasV'?’ER™M, and pBabe-H2B-GFP-hTERT were described

\"l ZERTAM
’

previously (Voorhoeve and Agami, 2003; Brummelkamp et al., 2002b;
Kolfschoten et al., 2005). pRS-p53 was previously described (Voorhoeve and
Agami, 2003). So that enhancer activity could be monitored, the sequences
of interest were cloned in pGL3-promoter luciferase reporter vectors (Prom-
ega). Primer sequences are shown in Table S3. Mutations in the p53-binding
sequences of p5S3BER2 were made in two steps with the Quickchange Site-
Directed mutagenesis kit (Agilent) according to manufacturer’s instructions
(primer 1, 5'-CTTCTGAGAAACTCATGGAGATTTCTGTGCATGCCTGAAC-3';
primer 2, 5'-ATGTCTGTGCATGCCTGAAATTCTCTGACAAAGCCAAGCA-3').

For ChIP, antibodies against the following proteins were used: H3 (Cell
Signaling Technology), H3K4me1 (Abcam, ab8895), H3K4me3 (Upstate, clone
MC315), H3K27Ac (Abcam, ab4729), and RNAPII (Upstate, clone CTD4HS8).

For western blotting, antibodies against p53 (DO1), p21 (F5), and CDK4
(C22) were purchased from Santa Cruz Biotechnology. Anti-beta-actin anti-
body was from Abcam (ab8227).

Encode Consortium Histone Modification and Protein Binding Data
For histone modifications, we used the ENCODE Promoter-Associated His-
tone Mark data set (H3K4me1, H3K4me3, and H3K27Ac) on nine cell lines
(Gm12878, H1 ES, HepG2, HMEC, HSMM, HUVEC, K562, NHEK, and
NHLF). For RNAPII and p300, we used the Histone Modifications by ChlIP-
seq from ENCODE/Broad Institute data set from HepG2 and H1 ESCs.
Presence of histone modifications and protein binding were verified by ChIP
qRT-PCR in BJ/ET cells.

Quantitative RT-PCR, 3' End mRNA Sequencing, and Northern Blot
Total RNA was extracted with Trizol (Life Technologies) according to the
manufacturer’s instructions. cDNA was transcribed with Superscript Ill (Life
Technologies) with random hexamers (for eRNAs) or oligo(dT) (for mRNAs) in
accordance with the manufacturer’s protocol. For determination of RNA
expression levels, primers were designed with Primer Express v. 3.0 Software.
Real-time PCR was performed with SYBR Green PCR master mix (Applied
Biosystems) and the Chromo4 Real-Time PCR Detector (Bio-Rad Laborato-
ries). Primer sequences are shown in Table S4.

3 mRNA sequencing was performed according to the manufacturer’s
instructions (lllumina mRNA-seq). For sequencing from the 3’ end, first-strand
cDNA synthesis was performed with oligo(dT) instead of random primers.

For northern blot, 30 ug total RNA (DNase treated) was run on a gel com-
posed of 15% polyacrylamide (19:1), 48% urea, and 1x TBE. RNA was trans-
ferred to BrightStar-Plus Positively Charged Nylon Membranes (Ambion) at
200 mA for 1 hrin 0.5x TBE. Subsequently, RNA was crosslinked to the mem-
brane (1,200 J for 1 min). Prehybridization was performed in ULTRAhyb-Oligo
solution (Ambion) for 1 hr at 42°C. Hybridization was performed in ULTRAhyb-
Oligo solution (Ambion) containing 150 ng biotin-tagged oligo (BioTeg; Sigma)
by overnight incubation at 42°C. Next, membranes were washed in 2x SSPE/
0.5% SDS (2x 15 min), 0.2x SSPE/0.5% SDS (2x 30 min), and 2x SSPE
(1x 5 min). Signal detection was performed with the BrightStar BioDetect Kit
according to the manufacturer’s instructions (Ambion). The p53BER2 probe
sequence was 5'-CCCCACTTTCCACTGGGTCC-3'.

p53BER2 5' End Identification

Total RNA from Nutlin-3-treated BJ/ET cells was extracted with Trizol (Life
Technologies) according to the manufacturer’s instructions. Total RNA was
used for first-strand cDNA synthesis (SuperScript Ill reverse transcriptase;

(B) BJ/ET cells were cultured in the presence of Nutlin-3 for 24 hr and subsequently subjected to ChIP for RNAPII. Rabbit IgG was used as negative control.
Protein binding to the indicated genomic regions was quantified by calculating the percentage of input that is chromatin bound. Graphs show means and SD for

three independent experiments.

(C) BJ/ET cells were cultured in the absence or presence of Nutlin-3 for 24 hr and subsequently subjected to ChIP for p53. Protein binding to the indicated
genomic regions was quantified by caclucation of the percentage of input that is chromatin bound and is represented as fold induction from values measured in
untreated cells. A non-p53-bound region was used as negative control. Graphs show means and SD for three independent experiments.

(D) BJ/ET cells were treated with Nutlin-3 for 24 hr or left untreated. The relative transcript levels produced at p53BER2 and p53BER4 were determined by g-RT-
PCR in relation to GAPDH. Graphs show mean and SD for three independent experiments.

(E) MCF7 cells were treated with Nutlin-3 for 24 hr or left untreated. Northern blot analysis was performed to detect transcripts produced at p5S3BER2. tRNA-Met

was used as a loading control.
See also Figure S3.
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Figure 4. eRNAs Are Involved in Enhancement of Transcription
(A) Top: schematic representation of the tethering system. Bottom: location of the tested regions and the northern probe (red bar) that was used in
Figure 3D.

(legend continued on next page)
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Life Technologies) with a p53BER2-specific RT primer (5'- CCCCACTTTC
CACTGGGTCC-3'). Single-strand cDNA was converted to double-strand
cDNA (Life Technologies) and end repaired for 30 min at 20°C (NEBNext
End Repair Enzym Module [New England Biolabs] supplemented with 1 pl
Klenow DNA polymerase [Life Technologies]). After purification (QIAquick
PCR Purification Kit; QIAGEN), 1 ul 45 uM annealed P5-splinkerette (5'-AAT
GATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCC
GATCT-3') was ligated overnight at 16°C to the cDNA. The P5-splinkerette-
ligated cDNA was purified (QIAquick PCR Purification Kit; QIAGEN) and
used as template for PCR with P5 primer (5'-AATGATACGGCGACCACCGA
GATCT-3') and p53BER2-specific nested primers (nested_1, 5-CCCAGTG
GAAAGTGGGGGAG-3'; nested_2, 5- GTGGAAAGTGGGGGAGTGGTG-3')
with Phusion Hot Start DNA polymerase (Finnzymes). After gel purification
(QlAgen Gel Extraction Kit; QIAGEN), the DNA was cloned into pCR-Blunt
(Zero Blunt PCR Cloning kit; Life Technologies) and transformed into compe-
tent bacteria. Plasmid DNA was purified and sequenced.

Luciferase Reporter Assays

MCF7 cells were cotransfected with 400 ng pRS or pRS-p5 in combination
with 100 ng luciferase reporter (pGL3-promoter; Promega) and 5 ng renilla
plasmid. Three days after transfection, luciferase assays were performed in
accordance with the manufacturer’s instructions (Dual Luciferase system;
Promega). For RNA tethering, MCF7 cells were cotransfected with chimeras

3KD

lst Sip53

tion, the difference between the control trans-
fected and indicated siRNAs was calculated and
plotted as the relative variation of cells present in
both G1 and G2/M phase. Graphs represent mean
and SD from three independent experiments.
p values were calculated with a t test. *p < 0.01.
See also Figures S4-S6.

of different regions around p53BER2 and 24 copies of MS2 in pSUPER (Brum-
melkamp et al., 2002a), pCS2-empty, or pCS2-MCP:GAL4, and pGL3 contain-
ing five copies of the GAL4 binding site in front of the SV40 promoter. Three
days after transfection, luciferase assays were performed in accordance
with the manufacturer’s instructions (Dual Luciferase system; Promega).

Chromatin Immunoprecipitation Assay

ChIP assays were performed as described (Dahl and Collas, 2008) with some
minor modifications. In brief, cells were crosslinked for 8 min with 1% formal-
dehyde and neutralized with 125 mM glycine. After centrifugation, the pellet
was resuspended in lysis buffer (50 mM Tris [pH 8.0], 10 mM EDTA, and 1%
SDS) and sonicated to achieve an average fragment size of 300-800 bp. Chro-
matin was diluted in RIPA buffer (10 mM Tris [pH 7.5], 140 mM NaCl, 1 mM
EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1% SDS, and 0.1% sodium deoxy-
cholate) and incubated overnight with the indicated antibody. A negative
control for immunoprecipitation was performed in the presence of normal
rabbit IgG (Santa Cruz). The next day, beads were added and incubated for
2-3 hr. After washing, DNA was eluted overnight in elution buffer (20 mM
Tris [pH 7.5], 5 mM EDTA, 50 mM NaCl, 1% SDS, and 50 pg/ml proteinase
K) followed by DNA purification with a PCR puirification kit (Roche). Real-
time PCR was performed with SYBR Green PCR master mix (Applied Bio-
systems) and the Chromo4 Real-Time PCR Detector (Bio-Rad Laboratories).
Primer sequences are shown in Table S5.

(B) MCF7 cells were cotransfected with a pSuper-24MS2 vector containing the indicated p53BER2 regions, and the MS2-CP:Gal4 and reporter constructs
(as described in A). The relative firefly luciferase/renilla activity was determined compared to the control promoter vector (set to 1). Graphs represent mean and
SD from three independent experiments. p values were calculated with a t test. *p < 0.01.

(C) MCF7 cells were transfected with empty pSuper-24MS2 vector (C), pSuper-region 1-24MS2 (R1), or pSuper-region 1_MUT-24MS2. MS2-CP pull-down
assays followed by RT-PCR with p53BER2 primers were performed to verify transcript production. Expected PCR product size 166 bp. Bottom graph: transcript
levels produced from region 1 and region 1_MUT were determined with MS2-CP pull-down assays followed by RT-PCR. Graphs show means and SD for three

independent experiments.

(D) MCF7 cells were cotransfected as in (B) with either wild-type region 1 or region 1 containing point mutations in the p53-binding motifs (MUT). The relative firefly
luciferase/renilla activity was determined and compared to the control promoter vector (Ctrl.). Graphs represent mean and SD from three independent exper-

iments.

(E) MCF7 cells were cotransfected with the indicated p53BER2 regions, the reporter construct, and either MS2-CP:Gal4 or empty vector. Error bars represent the

SEM (n = 7). p values were calculated with a t test.

Molecular Cell 49, 524-535, February 7, 2013 ©2013 Elsevier Inc. 533
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Figure 6. Schematic Model Depicting How p53BERs May Enhance
Target Gene Transcription

p53-independent intrachromosomal interactions bring p53-bound p53BERs
in close proximity of target genes, through yet unidentified protein complex
(marked by ?). It seems likely that p53 is bound at p53BERs in a poised state
and that upon p53 activation eRNAs are produced and transcription en-
hancement takes place. eRNAs are produced in a p53-dependent manner and
affect transcription enhancement by a currently unknown mechanism. It is
possible that eRNAs interact with proteins (X) that activate transcription.

MS2-CP Pull-Down Assay

MS2-CP pull-down assays were performed as described (Slobodin and Gerst,
2011). In brief, MCF7 cells were transfected with pSUPER containing region 1
or region 1_MUT (p53 binding site mutant) attached 24 copies of MS2. After
72 hr, cells were crosslinked for 10 min with 0.01% formaldehyde and neutral-
ized with 125 mM glycine. Cells were snap frozen in liquid nitrogen and thawed
in lysis buffer (50 mM Tris [pH 7.5], 150 mM NaCl, 1% Triton X-100, 1.8 mM
MgCI2, and protease inhibitor cocktail [Roche]) with occasional vortexing
and were subsequently sonicated. After centrifugation, supernatant was
blocked with avidin solution (Sigma; 10 ug per 1 mg protein extract). Strepta-
vidin-conjugated beads (GE Healthcare) were precoupled to MS2-CP-SBP
protein and blocked in lysis buffer containing 2% BSA and yeast transfer
RNA (tRNA; 0.1 mg per 100 pl beads). The blocked beads were added to
the blocked protein extract and incubated overnight. After the pull-down,
beads were washed twice with lysis buffer, twice with washing buffer
(20 mM Tris [pH 7.5], 300 mM Nacl, and 0.5% NP40) and twice with PBS.
Beads were eluted with biotin elution solution (6 mM biotin [Sigma] in PBS),
and an equal volume of reverse crosslink buffer was added (100 mM Tris
[pH 7.0], 10 mM EDTA, 20 mM DTT, and 2% SDS). Reverse crosslinking
was performed at 70°C for 2 hr. RNA was extracted from eluted and input
fractions with Trizol (Life Technologies) according to the manufacturer’'s
instructions. cDNA was transcribed with Superscript Ill (Life Technologies)
with random hexamers in accordance with the manufacturer’s protocol. RT-
PCR was performed with p53BER2-specific primers (FW, 5'-CAGTCTACATT
CCCTGGCCTTTG-3'; RV, 5'-GACATGAGCCATTTTACCCTTAATCC’-3').

Chromosome Conformation Capture on Chip

4C templates were prepared as described previously (Splinter et al., 2011). In
brief, at least 107 BJ/ET cells (with or without p53 knockdown) were harvested
with trypsin-EDTA, and trypsin was quenched with FCS-containing medium.
Cells were crosslinked with 2% formaldehyde for 10 min at room temperature,
followed by quenching with glycine (125 mM final) and centrifugation for 8 min
at 600 g (4°C). Cells were lysed in 150 mM NaCl, 50 mM Tris-HCI (pH 7.5),
5 mM EDTA, 0.5% NP-40, and 1.0% Triton X-100, and nuclei were pelleted
for 8 min at 600 x g (4°C). Nuclei were digested overnight with 400 U Dpnll
(NEB) or Csp6l (Fermentas), followed by proximity ligation in 7 ml with 100 U
T4 DNA ligase (Roche) overnight at 16°C. DNA circles were phenol-chloroform
extracted and ethanol precipitated with glycogen as a carrier (20 ng/ml). DNA
circles were further digested with 50 U Csp6l (for Dpnll circles) or Dpnll (for
Cspél circles) overnight at 37°C followed by heat inactivation and were subse-
quently ligated in 14 ml with 200 U T4 DNA ligase. Trimmed circles, the 4C
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template, were ethanol precipitated with glycogen as a carrier (20 pug/ml).
Sixteen identical 50 pl PCR reactions were performed per viewpoint with the
Expand Long Template PCR system (Roche) with 200 ng 4C template per
PCR reaction. PCR conditions were as follows: 95°C for 2 min and 36 cycles
of 95°C for 15 s, 55°C for 1 min, and 68°C for 3 min, followed by a final step
of 68°C for 7 min. All 16 PCR reactions were pooled and purified for next-
generation sequencing with the Roche High Pure PCR Product Purification
Kit. Each Dpnll experiment was validated in a biological replicate experiment
with Csp6l, and vice versa.

4C primers carried additional 5’ overhangs composed of adaptor sequences
for lllumina single-read sequencing and were sequenced on a GA-ll or Hi-seq
2000 machine (lllumina). Mapping of 4C data was performed essentially as in
Splinter and de Laat (2011). For visualization and identification of regions with
significant enrichment of 4C signal, we generate local 4C domainograms. For
generation of these graphs, genomic windows of a given size are compared
to their directly flanking genomic windows via a Wilcoxon rank-sum test.
Formally, the window W, ;.,.; is compared to the up- and downstream
windows W, ;.; and Wi, ison-1, respectively, where W is a genomic window,
iis the index of a fragment in the genome, and w is the size of the window. For
calculation of the enrichment along the region of interest, a sliding-window
approach is employed. By performance of a statistical test over a range of
window sizes (w) and plotting of the resulting matrix of p values along the chro-
mosome, a multiscale representation of the 4C data is obtained. Windows that
have a p value < 10~° in the Wilcoxon rank-sum test are represented by arcs in
Figures 2A-2C.

SUPPLEMENTAL INFORMATION

Supplemental Information includes six figures and five tables and can be found
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