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Abstract

Understanding the p53 tumor suppressor pathway remains crucial for the design of anticancer strategies. Studies in human
tumors and mouse models help to unravel the molecular mechanisms that underlie the p53 signaling pathway. Yet, the p53
gene regulatory network (GRN) is not the same in mice and humans. The comparison of the regulatory networks of p53 in
mice and humans reveals that gene up- and down-regulation by p53 are distinctly affected during evolution. Importantly,
gene up-regulation by p53 underwent more rapid evolution and gene down-regulation has been evolutionarily constrained.
This difference stems from the two major mechanisms employed by p53 to regulate gene expression: up-regulation through
direct p53 target gene binding and indirect down-regulation through the p53-p21-DREAM pathway. More than 1000 genes
have been identified to differ in their p53-dependent expression between mice and humans. Analysis of p53 gene expression
profiles and p53 binding data reveal that turnover of p53 binding sites is the major mechanism underlying extensive variation
in p53-dependent gene up-regulation. Only a core set of high-confidence genes appears to be directly regulated by p53 in
both species. In contrast to up-regulation, pS3-induced down-regulation is well conserved between mice and humans and
controls cell cycle genes. Here a curated data set is provided that extends the previously established web-atlas at www.ta
rgetgenereg.org to assess the p53 response of any human gene of interest and its mouse ortholog. Taken together, the
analysis reveals a limited translation potential from mouse models to humans for the p53 GRN.

Introduction

The tumor suppressor p53 functions as a transcription factor
(TF) that regulates a plethora of genes, either by direct or
indirect mechanisms [1, 2]. While p53 directly up-regulates
target genes, down-regulation of target genes is largely
mediated indirectly through the transcription repressor
complex DREAM (dimerization partner, RB-like, E2F and
multi-vulval class B) [3, 4]. p53 employs p21, encoded by
the direct p53 target gene CDKNIA, to stabilize the
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DREAM complex, which specifically down-regulates cell
cycle genes [5, 6]. Through its direct target genes pS53
regulates key cellular processes such as proliferation,
apoptosis and metabolism to suppress tumorigenesis [1].
Despite the frequent use of mouse models for the study
of p53 [7-9], there has been a lack of information that
address common and divergent parts of the p53 gene reg-
ulatory network (GRN) between mice and humans. There is
evidence that gene expression and underlying regulatory
programs have substantially diverged between mice and
humans and that some groups of genes and regulatory
elements have undergone more rapid evolution than others
[10]. On average ~44% of regulatory TF to gene associa-
tions have been found to be conserved between mice and
humans [11]. The p53 tumor suppressor function is con-
served, and, similar to most TFs [11-13], p53 homologs
from multiple species have been shown to contain a con-
served DNA binding domain that can specifically trans-
activate a common binding motif: the p53 response element
(pS3RE) [14]. Yet, gene regulation has been reported to
differ for at least some of its targets. For example, the
proteins encoded by the human direct p53 target genes

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41388-019-0706-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41388-019-0706-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41388-019-0706-9&domain=pdf
http://orcid.org/0000-0002-3429-1876
http://orcid.org/0000-0002-3429-1876
http://orcid.org/0000-0002-3429-1876
http://orcid.org/0000-0002-3429-1876
http://orcid.org/0000-0002-3429-1876
http://www.targetgenereg.org
http://www.targetgenereg.org
mailto:Martin.Fischer@leibniz-fli.de
https://doi.org/10.1038/s41388-019-0706-9
https://doi.org/10.1038/s41388-019-0706-9

4096

M. Fischer

GADD45A and RRM2B were shown to induce G2/M cell
cycle arrest [15] and to supply precursors for DNA repair
[16], respectively. Their mouse orthologs, however, are not
regulated by p53 [17]. While DNA sequences that recruit
TFs and contribute to target gene regulation often display
phylogenetic conservation [18], comparison of several
p53REs revealed only limited conservation across species
[17, 19]. A recent study revealed that p53 oscillates faster in
mouse and rat cells than in cells from humans, monkeys or
dogs [20]. It remained elusive, however, to what extent the
difference in p53 oscillation results in alterations of the p53
GRN [20].

The recent expansion of high-throughput data sets
enables comprehensive comparison of the p53 GRN
between mice and humans and identification of the
mechanisms that underlie the inclusion or exclusion of
target genes during evolution. Because results typically vary
from one study to the next, a recently developed meta-
analysis approach has been used to synthesize data across
studies [4]. By combining multiple expression profiling data
sets with chromatin binding sites, high-confidence targets
are identified that are more likely to be regulated by any
given transcription factor. The previously established web-
based atlas on p53-dependent regulation of human genes
(www.targetgenereg.org) [4] is extended by a ranked list of
pS3-regulated genes in the mouse genome. The comparison
of ranked lists of mouse and human p53-regulated genes
provides a comprehensive overview of conserved and
species-specific p53-regulated genes and enables identifi-
cation of the mechanisms that shape the p53 GRN during
evolution.

Results

Transcriptional landscape of p53-regulated genes in
the mouse genome

In recent years multiple genome-wide pS3 gene expression
data sets have become available for mice. Because it is
generally agreed that gene expression data from different
experimental platforms are not directly comparable, instead
the step-wise meta-analysis approach was used, which was
employed recently to analyze the p53 GRN in human cells
[4]. Analyzing the p53 GRN in mice based on the same
approach allows direct comparison of the orthologous
networks.

From 10 genome-wide studies [21-30], 15 gene
expression profiling data sets were integrated (Supplemen-
tary Figures S1 and S2) that have been derived from mouse
embryonic fibroblasts (MEFs; n=11), mouse embryonic
stem cells (mESCs; n =2), mouse thymus cells (n=1) or
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mouse B cells (n = 1) stimulated with doxorubicin (n =7),
sip53 (n = 3), ionizing radiation (n = 2), ultraviolet (n = 1),
KRAS (n=1) or p53 knock-in (n =1). Synthesizing data
across cell types and treatments enables identification of
genes that are commonly regulated by p53, as shown pre-
viously [4]. For 20,912 genes present in at least three data
sets, a mouse p53 Expression Score was calculated as the
number of data sets that find the gene to be significantly up-
regulated minus the number of data sets that find the gene to
be down-regulated when p53 is active. This resulted in 29
gene groups because no gene was identified as down-
regulated in 14 or all 15 data sets (Fig. la and Supple-
mentary Table S1), and given that the gene group ‘—13’
contained only one gene, it was included in group ‘—12’ for
further analyses. Similar to results from the individual stu-
dies, gene ontology (GO) terms associated with
p53 signaling and apoptosis are enriched for commonly up-
regulated genes, and GO terms associated with cell cycle
and mitosis are enriched for commonly down-regulated
genes (Fig. 1b and Supplementary Table S3).

Because p53 and DREAM are known to up- and down-
regulate most p53-dependently regulated genes, respec-
tively, mouse p53 and E2f4 binding data from genome-wide
chromatin immunoprecipitation (ChIP) experiments was
integrated. Binding of the key DREAM complex compo-
nent E2f4 [5] served as a proxy for DREAM binding
because no mouse binding data were available for addi-
tional DREAM components. The 20,912 mouse genes were
assigned a p53 and E2f4 ChIP score based on the number of
data sets that identify a p53 and E2f4 ChIP peak in proxi-
mity of the transcriptional start site (TSS), respectively
(Supplementary Table S4). Comparison of the mouse p53
binding score and the mouse p53 Expression Score from all
genes shows that high-confidence p53 binding correlates
with target gene up-regulation (Fig. 1c). In contrast, E2f4
binding correlates with down-regulation of target genes in
response to p53 signaling (Fig. 1d). These results are con-
sistent with human data that found p53 up-regulated genes
to be enriched for p53 binding and p53 down-regulated
genes enriched for DREAM binding [3, 4].

By integrating the p53 binding and p53-dependent
expression profiling data sets, a list of potential direct p53
target genes in the mouse genome was generated with a
threshold for mouse p53 Expression Score of 25 and p53
binding within +5 kb of the TSS in at least three of the nine
ChIP data sets. These thresholds ensure that p53 regulation
and binding was observed in data sets from at least two
different studies. These criteria were passed by 636 genes
including many well-known direct p53 target genes (Fig. 1f
and Supplementary Table S5).

To illustrate the utility of the integrative approach, 15
genes known to be direct pS3 targets [1] (Supplementary
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Table S5) and 15 previously published DREAM targets [4,
31-36] were selected and their regulation was examined
across all expression profiling data sets (n=15), p53

FDR
9.77E-09
5.90E-08
1.30E-06
2.57E-05
5.27E-05

FDR
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4.23E-47
1.21E-46
3.38E-46
5.84E-44
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binding (n = 9) and E2f4 binding data sets (n = 7; Fig. 1f).
Identification of the well-established target genes demon-
strates the ability of this approach to identify bona fide
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<« Fig. 1 Meta-analysis of pS3-dependent gene expression in the mouse

genome. a The number of genes is displayed that is found in each of
the 29 mouse p53 Expression Score groups. For further analyses group
‘—13’ was added to group ‘—12’. b Top five biological process gene
ontology (BP GO) terms with their false discovery rate (FDR) enriched
at genes that are found commonly up- (n =534) or down-regulated
(n=191) in at least half of the 15 data sets. ¢ Boxplot displaying the
number of chromatin immunoprecipitation (ChIP) data sets that find a
gene to be bound by p53 within 5 kb of their transcriptional start site
(TSS) across the 28 mouse p53 Expression Score groups. d Boxplot
displaying the number of ChIP data sets that find a gene to be bound
by E2f4 within 1 kb of their TSS across the 28 mouse p53 Expression
Score groups. e Flow chart for mouse data integration. f A heatmap
displaying the regulation of 15 well-established p53 or DREAM target
genes across the 15 data sets on p53-dependent gene regulation, 9 data
sets on p53 binding and 7 E2f4 binding data sets. Gapdh and Gapdhs
serve as negative controls

candidates. Notably, two p53 ChIP-seq data set appear to be
rather noisy and five data sets from four studies identify
only a small number of p53 down-regulated genes (Fig. 1f
and Supplementary Figures S1 and S2).

Together, the step-wise meta-analysis approach captured
information from many of the recently reported data sets to
generate a mouse p53 GRN that can be compared to the
human p53 GRN, which was established recently using the
same approach [4].

Gene down-regulation is more similar than
up-regulation by p53 between mice and humans

To identify common and distinct p53-regulated genes in
mice and humans, the mouse p53 Expression Score (Sup-
plementary Table S1) was compared to the previously
published p53 Expression Score generated from human data
[4]. Both the mouse and the human p53 Expression Score
have been shown to correctly identify bona fide p53-
regulated genes. A total set of 15,569 ortholog gene pairs
was identified that includes all protein-coding genes for
which exactly one mouse gene corresponds to exactly one
human ortholog (one-to-one orthologs) and for which both
were assigned a p53 Expression Score (Fig. 2a and Sup-
plementary Table S6).

Comparing the mouse and human p53 Expression Scores
for all 15,569 gene pairs revealed a better correlation in
pS3-dependent gene down-regulation (Spearman's r 0.336
and 0.344) than in gene up-regulation by p53 (Spearman's r
0.120 and 0.186) (Fig. 2b, c). Variation between mouse and
human p53 Expression Scores of multiple ortholog gene
pairs is consistent with their p5S3-dependent regulation in
previously published literature. For example, mouse
Gadd45a, Rrm2b and Ddb2 were assigned mouse p53
Expression Scores of ‘0, 2’ and ‘—2’, respectively, and
their human orthologs GADD45A, RRM2B and DDB?2 dis-
play human p53 Expression Scores of ‘16°, ‘18 and ‘18’
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respectively (Supplementary Table S6). These data are
consistent with reports describing human GADD45A,
RRM2B and DDB?2 as being directly up-regulated by p53
[15, 16, 37], while their mouse orthologs are not regulated
by p53 [17, 37]. Consistent with the previous observation
that mouse Polk but not human POLK is directly up-
regulated by p53 [38], human POLK displays a human p53
Expression Score of ‘—4’ and mouse Polk displays a mouse
p53 Expression Score of ‘14’. An exceptional example is
human PSRC] (also known as DDA3), which encodes for a
protein that functions in spindle assembly during mitosis
and is down-regulated by p53 in humans [39]. The tran-
scriptional repressor complex DREAM binds human
PSRCI and most likely mediates its down-regulation in
response to p53 [4]. Mouse Psrcl, however, is directly up-
regulated by p53 [40]. Consistent with these reports, human
PSRC1 was assigned a human p53 Expression Score of
‘—18’ and mouse Psrcl displays a mouse p53 Expression
Score of ‘15’. These examples provide evidence that the
integrative approach employed here correctly identifies
differences in p53-dependent gene regulation between mice
and humans that have been reported earlier.

To generate a global list of all one-to-one ortholog genes
that most likely differ in their p53-dependent regulation
between mice and humans, genes with an absolute p53
Expression Score 25 were filtered for those that display an
absolute difference between the mouse and the human p53
Expression Score of 28, and for which less than three data
sets supported their regulation in the other species. A total
set of 1010 genes passed these criteria (Supplementary
Table S7). Genes previously unknown to have a species-
specific p53 regulation include the cell cycle genes Ddias
[41] and Gtsel [42] that are up-regulated by p53 in mice,
but down-regulated in humans (Fig. 2d—f, Supplementary
Table S7). In contrast, p53 directly up-regulates human
E2F7 [43], but leads to down-regulation of its mouse
ortholog. Moreover, p53 does not up-regulate the mouse
orthologs of the human direct p53 target genes POLH [44],
PANK] [45] and TIGAR [46]. Similarly, the mouse direct
pS53 target genes Lpinl [47] and Cptic [48] are not up-
regulated by p53 in humans (Fig. 2d—f, Supplementary
Table S7). Together, these results demonstrate the ability of
the meta-analysis approach to identify common and distinct
pS3-regulated genes in mice and humans.

When mouse models are employed for the study of p53,
it is important to know what biological processes are
commonly regulated by p53 and what biological pathways
diverged in their p53 response during evolution. Genes
commonly up-regulated by p53 in mice and humans are
enriched for GO terms associated with apoptosis and cell
cycle checkpoints (Supplementary Table S3). In contrast,
the 1010 genes that differ in their p53 response between
mice and humans are enriched for GO terms related to DNA
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damage response, DNA metabolism and also to cell cycle
regulation. These findings are consistent with the previous
finding that several genes involved in DNA metabolism
display almost no conservation in their p53 response

between mice and humans [17]. Moreover, although DNA
damage response and cell cycle regulation is commonly
enriched among p53 up-regulated genes in mice and
humans, the findings suggest that a substantial number of
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Fig. 2 Gene down-regulation is more similar than up-regulation by
p53 between mice and humans. a Flow chart for the identification of
15,569 one-to-one orthologous gene pairs used for further analysis. b
The mouse p53 Expression Score (Supplementary Table S1) compared
to the previously published p53 Expression Score generated from
human data [4] for 15,569 one-to-one orthologs and ¢ vice versa the
human p53 Expression Score compared to the mouse p53 Expression
Score (Supplementary Table S6). The log2-fold change of mRNA
expression from treated compared to untreated d mouse C2CI12, e
human BJ-hTERT and f mouse Hepal-6 cells is displayed. Cells were
treated with Nutlin-3a or 5-FU for 24 h. Untreated cells and cells
treated with dimethyl sulfoxide (DMSO) served as controls. U6
expression served as negative control for p53 response and was used
for normalization, while Cdknla/CDKNIA was employed as positive
control. For comparison, values were normalized to measurements
from untreated cells. g Chromatin immunoprecipitation — real-time
polymerase chain reaction (ChIP-qPCR) results from p53 ChIP in
DMSO- and Nutlin-treated Hepal-6 cells. p53 binding to Gapdh and
Cdknla served as negative and positive control, respectively. One
representative out of >3 biological replicates is displayed with three
technical replicates. Means and s.d. are displayed

genes involved in these processes differs in their p53
response between mice and humans. Function in apoptosis
regulation, however, is commonly enriched among genes
up-regulated by p53 in mice and humans and their p53
response appears not to be subjected to much variation.

Evolutionary variation in p53-dependent gene up-
regulation relates to different p53 binding profiles

The surprisingly little conservation of p53-dependent gene
up-regulation between mice and humans led to the question
of whether this variation is related to differences in direct
p53 target gene binding. Thus, several p53 binding profiles
were collected to compare mouse (n =9) and human (n =
28) p53 binding (Supplementary Tables S4 and S8). First,
the p53 binding data were examined for the genes that have
been identified above to have a species-specific p53
response (Fig. 2d—f): POLH, E2F7, TIGAR and PANKI are
up-regulated solely in human and p53 binding near their
TSS has been identified in multiple data sets from humans
but not from mice. In contrast, Gtsel, Ddias, Lpinl and
Cptlc are up-regulated solely in mice and p53 binding near
their TSS has been identified in multiple data sets from mice
but not from humans (Supplementary Figures S6-13). These
findings have also been confirmed in the mouse epithelial
cell line Hepal-6 through ChIP-qPCR (Fig. 2g). To gain a
more comprehensive view, the p53 binding scores were
compared for selected gene groups that display distinct
regulation patterns (Fig. 3a). One group (n=299) com-
prises genes commonly up-regulated by p53. Additionally,
subgroups were generated out of the 1010 genes that appear
to differ strongly in their p53-dependent regulation between
mice and humans (Supplementary Table S7): 367 genes
were solely up-regulated in humans; 345 genes were solely
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up-regulated in mice; 289 genes were solely down-regulated
in humans; and 75 genes were solely down-regulated in
mice (Fig. 3a and Supplementary Table S7). As expected,
the data show that p53 binding near the TSS in mice and
humans is associated with p53-dependent up-regulation in
humans as well as in mice (Fig. 3b, ¢). More importantly,
the analysis reveals that genes up-regulated by p53 in
humans but not in mice are also associated with direct p53
target gene binding solely in humans. The same is true vice
versa for genes up-regulated by p53 in mice but not in
humans. For a number of genes that are down-regulated
solely in mice or humans, the data also indicate that loss of
down-regulation coincided with gain of p53 binding
(Fig. 3b, c). Together, these results reveal that evolutionary
variation in p53-dependent gene up-regulation relate to
different p53 binding profiles.

p53REs are frequently altered and only a small
number of p53 binding sites is conserved during
evolution

In contrast to gene up-regulation by p53, gene down-
regulation appears to be well conserved between mice and
humans (Fig. 2b, c). These data are consistent with p53-
dependent gene down-regulation being mediated indirectly
through the DREAM complex [3, 4, 32]: binding profiles of
the DREAM component E2F4 have been shown to be
retained between mice and humans [49]. Moreover, human
DREAM and mouse E2f4 binding sites display high evo-
lutionary conservation scores for their underlying DNA,
while human and mouse p53 binding sites display low
conservation scores (Fig. 3d, e).

To quantify the conservation of binding sites, mouse p53
and E2f4 binding sites were mapped to the human genome
and human p53 and DREAM binding sites were mapped to
the mouse genome (Fig. 4a). Strikingly, only 8.9 to 12.8%
of the sites present in both genomes appear to be conserved
for p53 binding. In contrast to p53, 38.3% of the mouse
E2f4 binding sites and 60.5% of the human DREAM
binding sites overlap with human DREAM and mouse E2f4
binding sites, respectively, for regions that are present in
both genomes (Fig. 4b). Notably, sites that are occupied by
p53 in both the mouse and the human genome display a
markedly higher vertebrate conservation score compared to
sites that are not commonly bound or compared to all sites
(Fig. 4c, d), which indicates that these sites may be con-
served in multiple vertebrates in addition to mice and
humans.

Given the low conservation of the DNA underlying most
p53 binding sites and the little overlap between mouse and
human p53 binding sites, it is likely that alterations in the
p53REs occurred between mice and humans. Identification
of binding sites that display a known p53RE using HOMER
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human (70.3% of 7635) high-confidence p53 binding sites
contain a canonical pS3RE (Fig. 4e). Consistent with recent
evolutionary analyses of other TFs showing that most cis-

E Average conservation around the centre of mouse binding site

p53
E214

Average vertebrate Phastcons
0.20 0.25 0.30 0.35

0.15

0.10

-1500 -1000 -500 0 500 1000 1500

Distance from the center (bp)

25th and 75th percentiles; polygons represent density estimates of data
and extend to extreme values. Conservation plots displaying the
average vertebrate PhastCons score for d 7635 human p53 (red) and
2565 DREAM (cyan) binding sites supported by at least 5 out of 28
and 4 out of 9 data sets, respectively, and e 9346 mouse p53 (red) and
3933 E2f4 (cyan) binding sites supported by at least 4 out of 7 data
sets

regulatory elements are not retained between mice and
humans [10, 11, 50], only a fraction of the pS3REs are
conserved between mice and humans (Fig. 4e). Sites that
are bound by p53 solely in humans but not in mice unlikely
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Fig. 4 Changes in p53 binding profiles relate to alterations in pS3REs.
Mouse and human peak sets for a p53 and b DREAM/E2f4 were
mapped to the other genome and overlapping and non-overlapping
binding sites were identified. Conservation plots displaying the aver-
age vertebrate PhastCons score for ¢ 7635 human p53 peaks (red),
5209 mouse p53 peaks mapped to the human genome that are not
conserved for p53 binding (green) and 508 mouse p53 peaks mapped
to the human genome that overlap with human p53 peaks (blue) and d
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human p53 peaks mapped to the mouse genome that overlap with
mouse p53 peaks (blue). e Quantification of ‘known’ p53 motif
occurrence by HOMER in the peak sets determined in (a). f Enrich-
ment of p53 binding sites at genome features compared to the expected
genomic distribution as identified by CEAS
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contain pS3REs in mice and sites that are bound by
p53 solely in mice but not in humans unlikely contain
pS3REs in humans. Concordantly, pS3REs bound by p53 in
human PANK1, E2F7 and TIGAR are conserved in primates
and some glires, but altered in murinae (Supplementary
Figure S14). In addition, pS3REs bound by p53 in mouse
Ddias, Gtsel, Lpinl and Cptlc are conserved in murinae,
but altered in some other glires and in primates. Thus, loss
and gain of p53 binding sites relates to loss and gain of
pPS3REs, respectively.

Similar to the higher number of p53 ChIP-seq binding sites
in mice (Fig. 4a), there are also more potential p5S3REs, as
predicted using HOMER, in the mouse genome (n=
124,313) as compared to the human genome (n = 98,553).
Binding of mouse and human p53 is ~5 to 10-fold enriched at
gene promoters and 5’ untranslated region (UTR) compared to
the general genomic distribution (Fig. 4f), which is consistent
with data showing that p53 up-regulates most of its direct
targets through binding within 2.5 kb from the TSS [4, 51].
Predicted p53REs, however, are rather evenly distributed
across the mouse and human genomes, which, together with
the much lower number of p53 binding sites, indicates that
p53REs alone are not sufficient to confer p53 binding. More
importantly, sites conserved for p53 binding between mice
and humans are another ~3-fold more likely to be located in
gene promoters (<1 kb from the TSS) and 5’UTR compared
to all p53 binding sites. Consistent with data from other TFs
[12], evolutionary turnover of p53 binding sites is also most
pronounced in distal intergenic regions.

In summary, the analyses reveal that evolutionary turn-
over of p5S3REs leads to extensive variation in p53 binding
profiles that ultimately result in different p53-dependent
gene up-regulation between mice and humans. Only a small
number of p53 binding sites preferably located in promoters
and 5’UTR appears to be conserved throughout vertebrate
evolution. In contrast, indirect gene down-regulation by p53

Fig. 5 Functions of common and
species-specific direct pS3 target
genes. A flow chart displays the
identification of direct p53 target
genes in the mouse and the
human genome and the top BP
GO terms enriched at 509
mouse-specific, 329 human-
specific and 86 common direct
p53 target genes with their FDR

9 data sets
containing mouse
p53 binding peaks

mouse p53E.S. 25,

15,569 one-to-one-
ortholog gene pairs
with mouse and
human p53
Expression Score

human p53E.S. 25

28 data sets
containing human
p53 binding peaks

mediated through p21 and the E2f4-containing DREAM
complex appears to be evolutionarily well conserved.

A small core set of 86 common direct p53 target
genes in mice and humans is particularly enriched
for function in apoptosis

The genes that are sustained as direct p53 targets during
evolution may be particularly important targets for p53-
mediated tumor suppression. A total of 636 genes have been
identified as potential direct pS3 targets in the mouse gen-
ome (Fig. le and Supplementary Table S5), and 595 of
these genes have one-to-one orthologs in the human gen-
ome (Supplementary Table S6). To identify human genes
that are also potential direct p53 target genes, a threshold
was applied for human p53 Expression Score of 25 and p53
binding within +5 kb of the TSS in at least 5 of the 28 ChIP
data sets. These criteria were passed by 451 genes and 415
of these have a one-to-one ortholog in the mouse genome.
Further analysis focused only on the one-to-one otholog
gene pairs to ensure direct comparability. The criteria for a
direct p53 target gene in both mice and humans were passed
by 86 one-to-one ortholog gene pairs (Fig. 5 and Table 1).
Thus, only 14-21% of the direct p53 target genes with one-
to-one orthologs identified in mouse and human are com-
mon, which is considerably lower than the ~44% conserved
TF to gene connections that were identified on average
between mice and humans [11]. The conserved direct p53
target genes can be grouped into p53 binding to a site that
overlaps in mice and humans and p53 binding to species-
specific sites (non-overlapping) near the TSS of the ortho-
logous target gene (Supplementary Figure S15). For most
TFs the latter group reportedly accounts for >40% of con-
served TF to target gene associations [11]. Analysis of the
P53 network revealed that 67% (58 out of 86) of direct target
genes are evolutionarily sustained through p53 binding to

Top 5 GO terms (509 mouse-specific direct p53 targets) adj.p-value
595 mouse sensory perception of chemical stimulus (GO:0007606) 1.09E-05
direct p53 sensory perception of smell (GO:0007608) 1.49E-05
targets sensory perception (GO:0007600) 3.72E-03
G protein-coupled receptor signaling pathwa
(G%:OOO7186)p P ¢ ee ’ 6.208-03
nitrogen compound metabolic process (GO:0006807) 1.20E-02
Top 5 GO terms (86 conserved direct p53 targets) adj.p-value
signal transduction by p53 class mediator (GO:0072331) 3.09E-18
° DNA damage response, signal transduction by p53 class 6.03E-13
mediator (GO:0030330)
signal transduction in response to DNA damage
(GgO:0042770) ° ¢ 9.948-12
intrinsic apoptotic signaling pathway (G0:0097193) 2.55E-11
G1 DNA damage checkpoint (GO:0044783) 4.20E-11
415 human Top 5 GO terms (329 human-specific direct p53 targets) adj.p-value
direct p53 response to stress (GO:0006950) 2.28E-03
targets negative regulation of biological process (G0:0048519) 2.97E-03
negative regulation of response to stimulus (G0:0048585) 4.83E-03
regulation of apoptotic process (GO:0042981) 4.98E-03
regulation of biological process (G0:0050789) 5.10E-03
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Table 1 The 86 direct p53 target

genes commonly predicted in ABCCS CSNKIGI

mice and humans ACER?2 DDRI
AEN DGKA
ALDH4Al DYRK3
APAF1 EDA2R
ATP6VIH EI24
BAX ELL
BBC3 EPHA2
BLOC1S2 EPHX1
BMP7 FAM212B
BTG2 FAS
CCNGI FBXW7
CDKNIA FDXR
CHSTI14 FITM2
CPEB2 FRMDS

GDF15 MRPL39 PRKD?2 TMBIM1
GRHL3 NINJ1 RAP2B TMEMG63B
GSS NOTCH1 RASLIIA TP53
HAGH NTN4 RHOD TP53INP1
HEXIM1 PARD6G RIN1 TRAF4
HRAS PERP RIN2 TRIAPI
IKBIP PHLDA3 RPS27L TRIM32
ITPKC PIDD1 SAC3D! TSKU
KCTDI11 PLAU SESN2 ZMAT3
KLHDC7A PLK2 SLCI2A4 ZNF219
LIF PLTP SLC4A11 ZNF385A
LTBP2 PLXNB2 SPRYD4

MDM?2 PMAIPI SULF2

MFGES PML SUSD6

MRI1 PPMID SYTLI1

In all, 58 genes are associated with a conserved binding site (in bold) and 28 genes display different p53

binding sites in mice and humans

overlapping sites (Supplementary Figure S15) and p53
binding to species-specific sites accounts only for the minor
part (28 out of 86) of conserved direct pS3 target genes.

Notably, almost half of the 86 common direct p53 target
genes and their encoding proteins have not yet been studied
for their function in the p53 response [1]. The genes are
enriched for GO terms associated with signal transduction
by p53, apoptosis and cell death (Fig. 5 and Supplementary
Table S3). These results stand in contrast to an earlier
analysis of 83 p53REs where apoptosis-regulating pS3REs
displayed very little conservation [19]. Results from the
comprehensive data analysis here, however, are consistent
with reports that find apoptosis to be the best conserved
function between p53 and its ancestral homologs [52].
Notably, mouse- and human-specific direct pS3 target genes
were not enriched for known p53 tumor suppressor func-
tions (Fig. 5 and Supplementary Table S3).

Together, the results show that only a small set of genes
are conserved for direct p53 control, which largely relates to
the small number of p53 binding events that is shared. This
small set of common direct p53 target genes, however, is
particularly enriched for the core pS3 function apoptosis.

Discussion

Although mouse models are frequently used for the study of
pS53, a comprehensive assessment of the conserved and
divergent parts of the p53 GRN between mice and humans
has been missing. An increasing number of reports has
identified differences in the p53 pathway between mouse
and human and concerns begin to emerge regarding the
applicability of mouse models for the study of p53. Here,
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the expansion of available high-throughput data sets was
utilized to generate ranked lists of p53-regulated genes in
the mouse genome. Comparing the ranked lists of p53-
regulated genes from mouse to previously generated lists
from human data [4] reveals a more complete picture of the
p53 GRN. The curated mouse data have been made avail-
able through the previously established web-atlas at www.ta
rgetgenereg.org [4] for all 15,569 one-to-one orthologs in
humans.

Limitations of the meta-analysis

The findings of the meta-analysis are based on the data
provided by the underlying data sets. Taking cell types into
account, the mouse pS3 GRN is biased towards MEF and
mESC, while the human p53 GRN is based on more diverse
cell types. Taking treatments into account, the mouse p53
GRN is biased towards genes regulated by doxorubicin,
while the human p53 GRN is biased more strongly towards
genes regulated by Nutlin in addition to doxorubicin. Tak-
ing mapping into account, differences caused by different
repeat regions in the genomes could confound the results.
Although many p53 responsive genes are regulated by p53
robustly across multiple cell types and treatments, insights
from the meta-analysis may be limited when investigating
treatment-cell type combinations that are not represented.
Due to the nature of high-throughput data sets, there is
pervasive identification of both false negatives and false
positives. Similar to the underlying studies, arbitrary
thresholds have been used for log2(fold change) and adj. p
values to identify differentially regulated genes. Lower or
higher thresholds will lead to the inclusion or exclusion of
predicted targets, respectively.
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Gene up- and down-regulation by p53 are distinctly
affected during evolution

Comparing the p53 GRN from mice to humans reveals that
p53-dependent gene down-regulation is largely sustained,
while gene up-regulation displays extensive variation
(Fig. 2b, c¢). This difference stems from the two major
mechanisms employed by p53 to regulate gene expression:
up-regulation through direct pS3 target gene binding and
indirect down-regulation through the p53-p21-DREAM
pathway. It has been reported that some groups of genes
and regulatory elements have undergone more rapid evo-
Iution than others [10]. Here it is revealed that the
pS53 signaling pathway clearly contains both: more rapid
evolution of directly up-regulated genes and more con-
strained evolution of indirectly down-regulated genes.

Multiple mechanisms underlie conservation and
divergence of the p53 GRN

The p53 GRN comprises common and species-specific
target genes between mice and humans. The meta-analysis
reveals that evolutionary turnover in p53REs leads to
extensive variation in p53 binding profiles that ultimately
result in species-specific direct p53 target genes (Figs. 3 and
4). For other TFs it has been reported that on average ~44%
of TF to target gene associations are conserved between
mice and humans [11]. Analysis of the one-to-one ortholog
gene pairs revealed that <21% of direct p53 target genes are
conserved (Fig. 5). Thus, a plethora of species-specific
direct p53 target genes has been shaped through evolu-
tionary gains and losses of pS3REs.

One group of genes displays the most marked changes
as it is down-regulated in one but up-regulated by p53 in
the other species. This exceptional group of genes
includes cell cycle genes, such as the ortholog gene pairs
PSRC1/Psrcl [39, 40], DDIAS/Ddias, GTSE1/Gtsel and
E2F7/E2f7. These genes have been identified as direct
targets of the DREAM complex [4], which mediates cell
cycle-dependent expression and pS53-dependent down-
regulation. One ortholog out of each of these gene pairs,
however, is also directly bound and up-regulated by p53
(Fig. 2d—f, Supplementary Figures S6, S7 and S12).
Consistent with previous findings regarding the regulation
of AEN [4], these data support the notion that p53 binding
can oppose DREAM-mediated down-regulation, which
ultimately leads to up-regulation of direct p53 target genes
despite the presence of the repressive DREAM complex.
Thus, evolutionary turnover of pS3REs at cell cycle genes
can convert p53-dependent down-regulation into up-
regulation and vice versa.

Conservation of p53's functional repertoire may be
greater than indicated by direct p53 target gene

conservation alone. For example, POLH and POLK both
belong to the Y-family of translesion DNA synthesis
polymerases and can incorporate a base opposite bulky
types of DNA damage that are produced by carcinogens to
allow for DNA replication despite damaged sites [53]. It
has been shown in human cells that p5S3-dependent up-
regulation of POLH results in improved bypass of DNA
damage and enhanced cell survival [54]. Interestingly,
human POLH but not mouse Polh and mouse Polk but not
human POLK are directly up-regulated by p53 [38, 44]
(Supplementary Table S6). These findings indicate that in
some cases distinct direct p53 target genes may have
evolved that serve a similar function in mice and humans,
such as regulating DNA replication in response to DNA
damage.

It remains unclear why p53 binding sites undergo more
rapid evolution than binding sites of most other TFs, such
as the DREAM complex. A possible explanation may be
the different sizes of the DNA recognition motifs. p5S3REs
are exceptionally large and typically contain two decameric
half sites (RRRCWWGYYY). Binding sites of the p53-
related TF p63 display also extensive evolutionary varia-
tion [55]. In contrast to pS3REs, E2F and CHR promoter
elements conferring cell cycle-dependent gene expression
and DREAM binding have been described as being 7 (E2F
site: TTSSSSS) or 6 (CHR: TTYGAA) nucleotides long
[5, 56, 57]. It has been shown that evolution unlikely favors
TF binding sites that exceed 10 bp [58, 59]. Thus, the long
p53 response elements may be particularly prone to
alterations compared to the short binding sites of most
other TFs.

Most direct p53 target genes are species-specific
and dispensable during evolution

Previously, only a few genes have been known to differ in
their pS3 response between mice and humans. Here, the
comprehensive analysis identified 1010 protein-coding
genes that appear to differ in their p53-dependent tran-
scriptional regulation (Supplementary Table S7). Given that
the mouse-specific and the human-specific p53 target genes
are not enriched for known tumor suppressor functions in
the p53 response (Fig. 5) together with the lack of evolu-
tionary conservation of their regulation, one can speculate
that the rapid changes in pS3REs during evolution randomly
produce a plethora of species-specific direct p53 target
genes that are dispensable for the function of p53. Con-
sistent with this notion, it has been reported that trans-
activation-mutants of p53 that could up-regulate only sub-
sets of direct p53 target genes were sufficient to suppress
tumor development in mice [23]. Thus, most direct pS3
target genes in any species may be dispensable for the
tumor suppressor function of p53.
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The small core set of common direct p53 target
genes is enriched for function in apoptosis

The 86 genes that have been identified as common direct
p53 targets in mice and humans (Table 1) are enriched for
the p53 tumor suppressor function apoptosis (Fig. 5). The
strong conservation of common p53 binding sites across
vertebrates (Fig. 4c, d) indicates that this small core set of
p53 target genes may be conserved through larger parts of
vertebrate evolution and not only between mice and
humans. This is consistent with data showing that regulating
apoptosis is the main ancestral function of p53 family
members [52]. Notably, mouse strains expressing coopera-
tivity mutant p53 alleles that fail to up-regulate a larger
number of pro-apoptotic p53 target genes are prone to
develop numerous tumors [60]. Thus, the 86 common p53
target genes or perhaps an even smaller subset of this group
may be sustained through evolution to mediate key func-
tions of p53. Notably, about half of these genes and their
encoding proteins have not been studied for their function in
the p53 response [1]. Given that these genes may constitute
targets that are particularly important for the function of
p53, they may be interesting targets for cancer therapy.

Materials and methods

Assessing the p53-dependent regulation of any specific
gene of interest can be difficult since due to the nature of
genome-wide data sets the overlap between any two data
sets is often small even when the underlying data were
derived from the same cell line undergoing identical treat-
ment. The recently developed step-wise meta-analysis
approach enables integration of multiple data sets to com-
plement incomplete information in individual studies with
data from other studies with noise lowered using stringent
thresholds [4]. It uses a scoring system that is based on the
number of data sets that agree on a gene’s regulation or on
transcription factor binding sites and that can be used as a
measure of confidence providing ranked maps of regulated
genes.

Meta-analysis approach

Integration and comparison of multiple data sets has been
performed as described previously [4]. Briefly, publicly
available data sets on p53-dependent gene regulation were
curated. In most cases microarray data were available at a
pre-processed stage at Gene Expression Omnibus (GEO)
[61]. In these cases GEO2R was used to obtain fold
expression changes and p values, which were adjusted for
multiple testing using Benjamini Hochberg correction. For
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the remaining microarray data sets and for the RNA
sequencing (RNA-seq) data sets fully pre-analyzed data
presenting genes with their fold expression changes and
adjusted (adj.) p values were made available by the
respective authors. Common thresholds for absolute log,
(fold-change expression) 20.5 and adj. p value <0.05 were
employed to identify significantly differentially expressed
genes. In some cases deviating thresholds were used to
conform to settings used in the original study. Genes were
ranked by p53 Expression Score reflecting the number of
data sets that find the gene to be significantly up-regulated
minus the number of data sets that find the gene to be down-
regulated when p53 is active. Each expression profiling data
set was tested against the sum of the remaining data sets and
when more data sets agree on a gene being significantly
regulated the more likely it is also identified by the
remaining data set (Supplementary Figures S1 and S2).
Thus, the number of data sets that agree on a gene’s reg-
ulation reflects a confidence score that this gene is regulated
by p53 irrespective of treatment and cell type.

ChIP peak data sets were publicly available [62] and
checked for their ability to identify known binding sites
(Supplementary Figures S3-5). Intersections of binding
peaks and promoter regions were calculated using ‘BETA-
minus’ in ‘Cistrome’ [63, 64]. Protein binding was required
to occur within 1000 and 5000 bp around the TSS for E2f4
and p53, respectively. Similar to expression profiling data
sets, genes were ranked by the number of ChIP data sets
that identify a binding peak near the gene’s TSS.

Cell culture and drug treatment

C2C12 and Hepal-6 cells (DSMZ, Braunschweig, Ger-
many) and BJ-hTERT cells (ATCC, Manassas, Virginia,
USA) were grown in Dulbecco’s modified Eagle’s medium
(Thermo Fisher Scientific, Darmstadt, Germany) supple-
mented with 10% fetal bovine serum (FBS) (Sigma, Tauf-
kirchen, Germany) and penicillin/streptomycin  and
maintained at 37 °C and 10% CO,. Cells were treated with
dimethyl sulfoxide (DMSO; 0.15 %), Nutlin-3a (10 uM;
Sigma) or 5-FU (25 pg/ml; Sigma) for 24 h.

Chromatin immunoprecipitation, RNA extraction,
reverse transcription and semi-quantitative real-
time PCR

ChIP was performed with the Pierce Magnetic ChIP Kit
(Thermo Fisher Scientific) following the manufacturer
instructions. A total of 3 ug of p53 antibody (Cell Signaling
Technology; #2524) were used per IP.

Total cellular RNA was extracted using the RNeasy Kit
(Qiagen, Hilden, Germany) following the manufacturer’s
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protocol. One-step reverse transcription and real-time PCR
were performed with a Quantstudio 5 (Thermo Fisher Sci-
entific) using QuantiTect SYBR Green PCR Kit (Qiagen) as
described previously [35].

Primer sequences are listed in Supplementary Table S2.

Acknowledgements I thank Patrick Grossmann for updating the
website www.targetgenereg.org, Scott Younger, Bruno Amati, Claudia
Tonelli, Jesse Ray Zamudio and Tyler Jacks for providing pre-
analyzed data sets, Helene Kretzmer for advice on computational tools
and Steve Hoffmann and Thuy-Ai Nguyen for critical reading of the
manuscript.

Funding This work was supported through research grant FI 1993/2-1
from the German Research Foundation (DFG), a junior research grant
from the University of Leipzig Medical School and through an Add-
On Fellowship for Interdisciplinary Science in Systems Biology from
the Joachim Herz Stiftung. The FLI is a member of the Leibniz
Association and is financially supported by the Federal Government of
Germany and the State or Thuringia.

Compliance with ethical standards

Conflict of interest The author declares that he has no conflict of
interest.

Publisher’s note: Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Fischer M. Census and evaluation of p53 target genes. Oncogene.
2017;36:3943-56.

2. Sullivan KD, Galbraith  MD, Andrysik Z, Espinosa JM.
Mechanisms of transcriptional regulation by p53. Cell Death
Differ. 2018;25:133-43.

3. Fischer M, Steiner L, Engeland K. The transcription factor p53:
Not a repressor, solely an activator. Cell Cycle. 2014;13:3037-58.

4. Fischer M, Grossmann P, Padi M, DeCaprio JA. Integration of
TP53, DREAM, MMB-FOXM1 and RB-E2F target gene analyses
identifies cell cycle gene regulatory networks. Nucleic Acids Res.
2016;44:6070-86.

5. Fischer M, Miiller GA. Cell cycle transcription control: DREAM/
MuvB and RB-E2F complexes. Crit Rev Biochem Mol Biol.
2017;52:638-62.

6. Engeland K. Cell cycle arrest through indirect transcriptional
repression by p53: I have a DREAM. Cell Death Differ.
2018;25:114-32.

7. Toledo F, Wahl GM. Regulating the p53 pathway: in vitro
hypotheses, in vivo veritas. Nat Rev Cancer. 2006;6:909-23.

8. Lozano G. Mouse models of p53 functions. Cold Spring Harb
Perspect Biol. 2010;2:a001115.

9. Kaiser AM, Attardi LD. Deconstructing networks of p53-
mediated tumor suppression in vivo. Cell Death Differ.
2018;25:93-103.

10. Yue F, Cheng Y, Breschi A, Vierstra J, Wu W, Ryba T, et al. A
comparative encyclopedia of DNA elements in the mouse gen-
ome. Nature. 2014;515:355-64.

11. Stergachis AB, Neph S, Sandstrom R, Haugen E, Reynolds AP,
Zhang M, et al. Conservation of trans-acting circuitry during
mammalian regulatory evolution. Nature. 2014;515:365-70.

12. Cheng Y, Ma Z, Kim B-H, Wu W, Cayting P, Boyle AP, et al.
Principles of regulatory information conservation between mouse
and human. Nature. 2014;515:371-5.

13. Nitta KR, Jolma A, Yin Y, Morgunova E, Kivioja T, Akhtar J,
et al. Conservation of transcription factor binding specificities
across 600 million years of bilateria evolution. eLife. 2015;4:
403-10.

14. Lion M, Raimondi I, Donati S, Jousson O, Ciribilli Y, Inga A,
et al. Evolution of p53 transactivation specificity through the lens
of a yeast-based functional assay. PLoS ONE. 2015;10:e0116177.

15. Kastan MB, Zhan Q, El-Deiry WS, Carrier F, Jacks T, Walsh WV,
et al. A mammalian cell cycle checkpoint pathway utilizing p53
and GADD45 is defective in ataxia-telangiectasia. Cell.
1992;71:587-97.

16. Tanaka H, Arakawa H, Yamaguchi T, Shiraishi K, Fukuda S,
Matsui K, et al. A ribonucleotide reductase gene involved in a
p53-dependent cell-cycle checkpoint for DNA damage. Nature.
2000;404:42-9.

17. Jegga AG, Inga A, Menendez D, Aronow BJ, Resnick MA.
Functional evolution of the p53 regulatory network through its
target response elements. Proc Natl Acad Sci USA.
2008;105:944-9.

18. Xie X, Lu J, Kulbokas EJ, Golub TR, Mootha V, Lindblad-Toh K,
et al. Systematic discovery of regulatory motifs in human pro-
moters and 3’ UTRs by comparison of several mammals. Nature.
2005;434:338-45.

19. Horvath MM, Wang X, Resnick MA, Bell DA. Divergent evo-
lution of human p53 binding sites: Cell cycle versus apoptosis.
PLoS Genet. 2007;3:1284-95.

20. Stewart-Ornstein J, Cheng HWJ, Lahav G. Conservation and
divergence of p53 oscillation dynamics across species. Cell Syst.
2017;5:410-7. e4.

21. Lee K-H, Li M, Michalowski AM, Zhang X, Liao H, Chen L,
et al. A genomewide study identifies the Wnt signaling pathway as
a major target of p53 in murine embryonic stem cells. Proc Natl
Acad Sci USA. 2010;107:69-74.

22. Huarte M, Guttman M, Feldser D, Garber M, Koziol MJ,
Kenzelmann-Broz D, et al. A large intergenic noncoding RNA
induced by p53 mediates global gene repression in the pS53
response. Cell. 2010;142:409-19.

23. Brady CA, Jiang D, Mello SS, Johnson TM, Jarvis LA, Kozak
MM, et al. Distinct p53 transcriptional programs dictate acute
DNA-damage responses and tumor suppression. Cell.
2011;145:571-83.

24. Kenzelmann Broz D, Mello SS, Bieging KT, Jiang D, Dusek RL,
Brady CA, et al. Global genomic profiling reveals an extensive
p53-regulated autophagy program contributing to key p53
responses. Genes Dev. 2013;27:1016-31.

25. Zhang X, He Y, Lee KH, Dubois W, Li Z, Wu X, et al. Rap2b, a
novel p53 target, regulates p53-mediated pro-survival function.
Cell Cycle. 2013;12:1279-91.

26. Gambino V, De Michele G, Venezia O, Migliaccio P, Dall’Olio
V, Bernard L, et al. Oxidative stress activates a specific p53

SPRINGER NATURE


http://www.targetgenereg.org
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

4108

M. Fischer

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

transcriptional response that regulates cellular senescence and
aging. Aging Cell. 2013;12:435-45.

Marin-Béjar O, Marchese FP, Athie A, Sanchez Y, Gonzalez J,
Segura V, et al. Pint lincRNA connects the p53 pathway with
epigenetic silencing by the Polycomb repressive complex 2.
Genome Biol. 2013;14:R104.

Dimitrova N, Zamudio JR, Jong RM, Soukup D, Resnick R,
Sarma K, et al. LincRNA-p21 activates p21 In cis to promote
polycomb target gene expression and to enforce the G1/S
checkpoint. Mol Cell. 2014;54:777-90.

Younger ST, Kenzelmann-Broz D, Jung H, Attardi LD, Rinn JL.
Integrative genomic analysis reveals widespread enhancer reg-
ulation by p53 in response to DNA damage. Nucleic Acids Res.
2015;43:4447-62.

Tonelli C, Morelli MJ, Bianchi S, Rotta L, Capra T, Sabo A, et al.
Genome-wide analysis of p53 transcriptional programs in B cells
upon exposure to genotoxic stress in vivo. Oncotarget.
2015;6:24611-26.

Quaas M, Miiller GA, Engeland K. p53 can repress transcription
of cell cycle genes through a p21 WAF1/CIP1-dependent switch
from MMB to DREAM protein complex binding at CHR pro-
moter elements. Cell Cycle. 2012;11:4661-72.

Fischer M, Quaas M, Steiner L, Engeland K. The p53-p21-
DREAM-CDE/CHR pathway regulates G2/M cell cycle genes.
Nucleic Acids Res. 2016;44:164-74.

Fischer M, Grundke I, Sohr S, Quaas M, Hoffmann S, Knorck A,
et al. p53 and cell cycle dependent transcription of kinesin family
member 23 (KIF23) is controlled via a CHR promoter element
bound by DREAM and MMB complexes. PLoS ONE. 2013;8:
e63187.

Fischer M, Quaas M, Nickel A, Engeland K. Indirect p53-
dependent transcriptional repression of Survivin, CDC25C, and
PLK1 genes requires the cyclin-dependent kinase inhibitor p21/
CDKNIA and CDE/CHR promoter sites binding the DREAM
complex. Oncotarget. 2015;6:41402-17.

Fischer M, Quaas M, Wintsche A, Miiller GA, Engeland K. Polo-
like kinase 4 transcription is activated via CRE and NRF1 ele-
ments, repressed by DREAM through CDE/CHR sites and
deregulated by HPV E7 protein. Nucleic Acids Res. 2014;42:163—
80.

Miiller GA, Quaas M, Schiimann M, Krause E, Padi M, Fischer
M, et al. The CHR promoter element controls cell cycle-dependent
gene transcription and binds the DREAM and MMB complexes.
Nucleic Acids Res. 2012;40:1561-78.

Tan T, Chu G. p53 Binds and activates the xeroderma pigmen-
tosum DDB2 gene in humans but not mice. Mol Cell Biol.
2002;22:3247-54.

Velasco-Miguel S, Richardson JA, Gerlach VL, Lai WC, Gao T,
Russell LD, et al. Constitutive and regulated expression of the
mouse Dinb (Polkappa) gene encoding DNA polymerase kappa.
DNA Repair (Amst). 2003;2:91-106.

Hsieh WJ, Hsieh SC, Chen CC, Wang FF. Human DDA3 is an
oncoprotein down-regulated by p53 and DNA damage. Biochem
Biophys Res Commun. 2008;369:567-72.

Lo PK, Chen JY, Lo WC, Chen BF, Hsin JP, Tang PP, et al.
Identification of a novel mouse p53 target gene DDA3. Oncogene.
1999;18:7765-74.

Nakaya N, Hemish J, Krasnov P, Kim S-Y, Stasiv Y, Michurina
T, et al. Noxin, a novel stress-induced gene involved in cell cycle
and apoptosis. Mol Cell Biol. 2007;27:5430-44.

Collavin L, Monte M, Verardo R, Pfleger C, Schneider C. Cell-
cycle regulation of the p53-inducible gene B99. FEBS Lett.
2000;481:57-62.

Carvajal LA, Hamard PJ, Tonnessen C, Manfredi JJ. E2F7, a
novel target, is up-regulated by p53 and mediates DNA damage-

SPRINGER NATURE

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

dependent transcriptional repression. Genes Dev. 2012;26:
1533-45.

Liu G, Chen X. DNA polymerase eta, the product of the xer-
oderma pigmentosum variant gene and a target of p53, modulates
the DNA damage checkpoint and p53 activation. Mol Cell Biol.
2006;26:1398-413.

Bohlig L, Friedrich M, Engeland K. P53 activates the PANK1/
miRNA-107 gene leading to downregulation of CDK6 and p130
cell cycle proteins. Nucleic Acids Res. 2011;39:440-53.
Bensaad K, Tsuruta A, Selak MA, Vidal MNC, Nakano K, Bar-
trons R, et al. TIGAR, a p53-Inducible Regulator of Glycolysis
and Apoptosis. Cell. 2006;126:107-20.

Assaily W, Rubinger DA, Wheaton K, Lin Y, Ma W, Xuan W,
et al. ROS-mediated p53 induction of Lpinl regulates fatty acid
oxidation in response to nutritional stress. Mol Cell. 2011;44:
491-501.

Sanchez-Macedo N, Feng J, Faubert B, Chang N, Elia A, Rushing
EJ, et al. Depletion of the novel p53-target gene carnitine palmi-
toyltransferase 1C delays tumor growth in the neurofibromatosis
type I tumor model. Cell Death Differ. 2013;20:659-68.

Conboy CM, Spyrou C, Thorne NP, Wade EJ, Barbosa-Morais
NL, Wilson MD, et al. Cell cycle genes are the evolutionarily
conserved targets of the E2F4 transcription factor. PLoS ONE.
2007;2:e1061.

Vierstra J, Rynes E, Sandstrom R, Zhang M, Canfield T, Hansen
RS, et al. Mouse regulatory DNA landscapes reveal global prin-
ciples of cis-regulatory evolution. Science. 2014;346:1007-12.
Andrysik Z, Galbraith MD, Guarnieri AL, Zaccara S, Sullivan
KD, Pandey A, et al. Identification of a core TP53 transcriptional
program with highly distributed tumor suppressive activity.
Genome Res. 2017;27:1645-57.

Rutkowski R, Hofmann K, Gartner A. Phylogeny and function of
the invertebrate p53 superfamily. Cold Spring Harb Perspect Biol.
2010;2:a001131.

Lange SS, Takata K, Wood RD. DNA polymerases and cancer.
Nat Rev Cancer. 2011;11:96-110.

Lerner LK, Francisco G, Soltys DT, Rocha CRR, Quinet A,
Vessoni AT, et al. Predominant role of DNA polymerase eta
and p53-dependent translesion synthesis in the survival of
ultraviolet-irradiated human cells. Nucleic Acids Res.
2017;45:1270-80.

Sethi I, Gluck C, Zhou H, Buck MJ, Sinha S. Evolutionary re-
wiring of p63 and the epigenomic regulatory landscape in ker-
atinocytes and its potential implications on species-specific gene
expression and phenotypes. Nucleic Acids Res. 2017;45:
8208-24.

Miiller GA, Wintsche A, Stangner K, Prohaska SJ, Stadler PF,
Engeland K. The CHR site: definition and genome-wide identi-
fication of a cell cycle transcriptional element. Nucleic Acids Res.
2014;42:10331-10350A.

Miiller GA, Stangner K, Schmitt T, Wintsche A, Engeland K.
Timing of transcription during the cell cycle: protein complexes
binding to E2F, E2F/CLE, CDE/CHR, or CHR promoter elements
define early and late cell cycle gene expression. Oncotarget.
2017;8:97736-48.

Stewart AJ, Hannenhalli S, Plotkin JB. Why transcription factor
binding sites are ten nucleotides long. Genetics. 2012;192:
973-85.

Tugrul M, Paixdo T, Barton NH, Tkacik G, Fay J, Wittkopp P,
et al. Dynamics of transcription factor binding site evolution.
PLoS Genet. 2015;11:¢1005639.

Timofeev O, Schlereth K, Wanzel M, Braun A, Nieswandt B,
Pagenstecher A, et al. p53 DNA binding cooperativity is essential
for apoptosis and tumor suppression in vivo. Cell Rep.
2013;3:1512-25.



Conservation and divergence of the p53 gene regulatory network between mice and humans 4109

61.

62.

NCBI Resource Coordinators. Database Resources of the National
Center for Biotechnology Information. Nucleic Acids Res.
2017;45:D12-D17.

Mei S, Qin Q, Wu Q, Sun H, Zheng R, Zang C, et al. Cistrome Data
Browser: a data portal for ChIP-Seq and chromatin accessibility data
in human and mouse. Nucleic Acids Res. 2017;45:D658-D662.

63.

64.

Wang S, Sun H, Ma J, Zang C, Wang C, Wang J, et al. Target
analysis by integration of transcriptome and ChIP-seq data with
BETA. Nat Protoc. 2013;8:2502-15.
Liu T, Ortiz JA, Taing L, Meyer CA, Lee B, Zhang Y, et al.
Cistrome: an integrative platform for transcriptional regulation
studies. Genome Biol. 2011;12:R83.

SPRINGER NATURE



	Conservation and divergence of the p53 gene regulatory network between mice and humans
	Abstract
	Introduction
	Results
	Transcriptional landscape of p53-regulated genes in the mouse genome
	Gene down-regulation is more similar than up-regulation by p53 between mice and humans
	Evolutionary variation in p53-dependent gene up-regulation relates to different p53 binding profiles
	p53REs are frequently altered and only a small number of p53 binding sites is conserved during evolution
	A small core set of 86 common direct p53 target genes in mice and humans is particularly enriched for function in apoptosis

	Discussion
	Limitations of the meta-analysis
	Gene up- and down-regulation by p53 are distinctly affected during evolution
	Multiple mechanisms underlie conservation and divergence of the p53 GRN
	Most direct p53 target genes are species-specific and dispensable during evolution
	The small core set of common direct p53 target genes is enriched for function in apoptosis

	Materials and methods
	Meta-analysis approach
	Cell culture and drug treatment
	Chromatin immunoprecipitation, RNA extraction, reverse transcription and semi-quantitative real-time PCR
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




