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Abstract

p73 is a member of the p53 protein family and has essential functions in several signaling
pathways involved in development, differentiation, DNA damage responses and cancer.
As a transcription factor, p73 achieves these functions by binding to consensus DNA seg-
uences and p73 shares at least partial target DNA binding sequence specificity with p53.
Transcriptional activation by p73 has been demonstrated for more than fifty p53 targets in
yeast and/or human cancer cell lines. It has also been shown previously that p53 binding to
DNA is strongly dependent on DNA topology and the presence of inverted repeats that can
form DNA cruciforms, but whether p73 transcriptional activity has similar dependence has
not been investigated. Therefore, we evaluated p73 binding to a set of p53-response ele-
ments with identical theoretical binding affinity in their linear state, but different probabilities
to form extra helical structures. We show by a yeast-based assay that transactivation in vivo
correlated more with the relative propensity of a response element to form cruciforms than
to its expected in vitro DNA binding affinity. Structural features of p73 target sites are there-
fore likely to be an important determinant of its transactivation function.

Introduction

p73 is a member of the p53 protein family and is involved in processes including cell cycle reg-
ulation and apoptosis [1,2]. Due to sequence homology with the human tumor suppressor
P53, p73 has been suggested to function in tumor suppression [3]. However, cancer develop-
ment is rarely associated with p73 mutations, with possible exceptions being loss in a subset of
T-cell lymphomas and neuroblastoma [4,5], and no genetic disorder has been linked to p73, in
direct contrast to p53 [6]. It has been demonstrated that p73 plays important roles in cellular
differentiation [7] and many human tumors including breast and ovarian cancer show an
increased expression of p73 [8-10].

p73 exhibits 63% amino acid sequence identity with p53 in the DNA-binding domain [11].
Therefore, it is not surprising that p73 can recognize the same response element (RE) as p53
and activates an analogous set of downstream genes. Similarly to p53, p73 binds to DNA coop-
eratively as a tetramer and despite structural differences in the oligomerization domain, the
dissociation constants of tetramers are in the low nanomolar range indicating that the strength
of tetramerization was evolutionarily conserved [12]. Prediction of p53/p73 binding sites in
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the genome showed almost complete overlap [7], but there are also several examples of genes
exclusively targeted by p53, p63 or p73 [13,14]. Similar to p53 and p63, p73 has several iso-
forms. For example, DNA-binding activity was increased by deletion of the COOH-terminal
region of p730. [15]. Moreover, ATA-p73 isoforms act as dominant-negative inhibitors of p53
by competing for sequence specific DNA binding at p53/p73 REs [16]. Biochemical analyses
show analogous DNA binding specificities for p53 and p73, even though quantitative differ-
ences for certain DNA sequences have also been reported [12,17]. These differences could be
caused by several factors including various protein-protein interactions for the less conserved
N- and C- terminal domains, as well as variations of chromatin structure [18].

The p53-family target site has a consensus RE consisting of two decameric half-sites that
may be separated by a short spacer (n): RRRCWWGYYY(n)RRRCWWGYYY [19,20]. Com-
plex in vitro analysis of all possible REs allows calculation of the theoretical binding affinity of
any DNA sequence [21]. It was also shown that p53 can bind efficiently to superhelical DNA
[22-24] and to different local DNA structures [25]. Moreover, cruciform structures within p53
target sites facilitate p53 binding to DNA [26-28]. Inverted repeats able to form cruciform
structures are overrepresented in promotor and regulatory regions and they are also often tar-
gets for protein binding [29,30]. The crystal structures of all p53 family members show con-
served DNA recognition residues [31-33] and there is a high degree of overlap in
transactivation potential and specificity between full-length p53, p63 and p73 [34]. Therefore,
we used a yeast isogenic system as a sensitive assay that identifies subtle changes in transactiva-
tion potential [19,35,36] to validate p73 binding properties to DNA with defined inverted
repeats. Our results show that, similar to p53, p73 is more active on sites that are able to form
cruciform structures within DNA target sequences and that p73-dependent transactivation is
stimulated by cruciform structures with longer loops in the center of p73 target sites. Not only
DNA sequence, but also its structure in chromatin therefore plays a significant role in p73
transactivation.

Materials and methods
Construction of cruciform structure models in p53 target sequences.

We used mfold software to determine structure and free energy (dG) of local DNA structures
formed in p53 target sites [37].

Analysis of inverted repeats in p53-target sites

We used DNA analyser software [38]. The parameters of analyses were set from 7 to 10 bp,
spacer size was set from 0 to 10 bp and maximally one mismatch was allowed. Analysis pro-
duced a separate list of inverted repeats found in each p53-target sequence-we provide infor-
mation about CF (cruciform) rank in format: Length/Spacer/Mismatch in Table 1.

Theoretical p53 binding affinities

Theoretical p53 binding affinities were calculated by “p53 binding predictor®, an on-line tool
use algorithm developed by Veprintsev and Fersht [21] which is freely available (http://
bioinformatics.ibp.cz/#/en/p53-predictor).

DNA

Supercoiled plasmid DNAs of pBluescriptIISK(-) and derived plasmids pCFNO [24], pB-XA,
pB-TT, pB-XG, pB-GCG, pB-XT and pB-WC were prepared by cloning the oligonucleotides
(XA, TT, XG, GCG, XT) with HindIll adapters into the HindIII site of pBluescript, Plasmids
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Table 1. In silico analyses of p53-REs ranked by p73 transcription activation (TA ratio) compared to empty vector. Bases which form an inverted repeat are in bold.
The presence of inverted repeats was analyzed by Palindrome finder [38] with parameters 7-10/0-10/0-1 (Length/Spacer/Mismatch). CF rank in the same format is shown
in the last column. TA ratios were derived from [32].
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p53 target
Canonical site
CON S
CONC
mFAS
MMP2
P21-5

R2

PA26

CON A
PUMA
MDM2-P2C

miR-34a-RE1
CONE
CONL

BAX A+B

miR-202
hFAS
P21-3’
GADD45
KILLER
p21S2
RGC
CYCLIN G
AIP1
NOXA
miR-221
miR-198
PAI

XPC

P53 target sequence
RRRCWWGYYY-RRRCWWGYYY

GAACATGTTC-GAACATGTTC
GGGCAAGTCT-GGGCAAGTCT
GGGCATGTAC-AAACATGTCA
AGACAAGCCT-GAACTTGTCT
CAACATGTTG-GGACATGTTC
TGACATGCCC-AGGCATGTCT
GGACAAGTCT-CAACAAGTTC
GGGCATGTCC-GGGCATGTCC
CTGCAAGTCC-TGACTTGTCC
GGTCAAGTTG-GGACACGTCC
GAGCTAAGTCcTGACATGTCT
GGGCTTGCCT-GGGCTTGTTC
GAGCATGTCC-GAGCATGTCC
GGGCATGCTC-GGGCATGCTC
TCACAAGTTAgAGACAAGCCT
AGACAAGCCT-GGGCGTGGGC
GGGCATGTCC-TGGCAAGCCT
TGGCTTGTCA-GGGCTTGTCC
GAAGAAGACT-GGGCATGTCT
GAACATGTCT-AAGCATGCTG
GGGCATGTCC-GGGCAAGACG
GAACAGGTCC-CAACAGGTTG
GGACTTGCCT-GGCCTTGCCT
AGGCTTGCCC-GGGCAGGTCT
TCTCTTGCCC-GGGCTTGTCG
AGGCTTGCCC-CGGCAAGTTG
GAACATGCAT-GCACATGTTT
AGGCAAGCTT-CAACAAGCCG
ACACATGCCT-CAGCAAGTCC
GGGCATGGTG-GCACATGCCT

https://doi.org/10.1371/journal.pone.0195835.t001

TA ratio

p73
85.3
65.3
444
38.3
36.9
36.1
324
26.6
243
16.8

14.8
13.3
12.9
11.5

8.7
7.6
7.0
7.0
6.4
5.7
3.6
3.6
2.7
2.2
1.7
1.6
1.6
1.6

Inverted repeat
7bp and longer

yes

yes—with mismatch
yes
yes
yes

yes—with mismatch

yes—with mismatch

yes—with mismatch

CF rank
7-10/X/0-1
10/0/0
7/4/1
71610
71410
8/2/0
7/0/1

were purified from E. coli STBL4 strain using ZymoPURE Midi Prep Kit and verified by Sanger
sequencing. All plasmid sequences are provided in the multiple FASTA format (S1 file).

Detection of non-B DNA structures in plasmids by S1 nuclease cleavage

2 pg of plasmid DNA was digested with S1 nuclease for 2 hours at 37°C in S1 nuclease buffer,
precipitated in ethanol, dissolved in water and digested with Scal for 1 hour at 37°C before sep-

aration by electrophoresis on 1% agarose gels.

Yeast strains

We used a panel of S. cerevisiae haploid reporter strains (YLEM-REs); all strains are isogenic
except for the different p53 REs located upstream of the luciferase reporter gene. The targeting
of p53 target sequence of interest by the replacement of the ICORE cassette, using transfected
single strand oligonucleotides, was performed following the Delitto Perfetto technique [24].
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Correct targeting events were isolated exploiting the counter-selectable and the reporter selec-
tion markers of the ICORE cassette and confirmed by colony PCR across the modified locus
and Sanger DNA sequencing.

Yeast based luciferase assay

Yeast cells were grown in 1% yeast extract, 2% peptone, 2% dextrose with the addition of
200 mg/L adenine (YPDA medium). yLFM isogenic derivative yeast strains constructed for
this study were transformed with three different plasmids: pTSG-empty (control vector),
pTSG-hp53, or pTSG-hp73 (for the expression of wild-type human p53 or p73 under the
inducible GALI promoter). These plasmids are based on the centromeric vector pRS314
and contain the TRPI selection marker [23]. Luciferase was measured using Bright-Glo™
(Promega), as previously described [25].

Statistical analysis

Transactivation data are plotted as fold induction of luciferase activity relative to the reporter
activity measured with cells that contain pTSG-empty plasmid cultured under the same condi-
tions. Mean and standard deviation of at least three biological replicates are presented. Statistical
significance was evaluated using Student’s t-test. Statistical evaluation of p73 transactivation
ratio in the sequences without and with inverted repeats were performed by Wilcoxon rank test
with continuity correction.

Results and discussion

Correlation of p73 affinity and in silico analyses of p53-REs for the
potential to form cruciform structures

A recent paper “Transactivation specificity is conserved among p53 family proteins and
depends on a response element sequence code” [34] showed that p53, p63 and p73 share simi-
lar binding affinity and overlapping transactivation profiles for a considerable number of
DNA targets in yeast and human cell lines. I silico analysis of the presence of inverted repeats
in the sequences used in this study shows that most sequences with high transactivation activ-
ity correspond to those with possible cruciform structure formation (Table 1). Comparison of
the p73 transactivation ratio in sequences without and with inverted repeats by Wilcoxon rank
test with continuity correction show significantly higher values for the selection with the
inverted repeats (Fig 1).

We used mfold software to predict the potential structure of p53 target sites in these sequences
(Fig 2). The mfold software identified the most favorable structures and the dG energy of these
structures [37]. All p53 target sequences that are efficiently bound by p73 have an inverted repeat
located on the edge of the target sequence and most bases in the cruciform are ideal Watson-Crick
pairs (G-C, shown in Fig 2 by red, or A-T, shown by blue). Only the Cyclin G target sequence
with relatively low transactivation potential compared to other DNA targets, has two mismatches
in the stem part of the cruciform (pairs C-T, shown in Fig 2 by green). These mismatches are the
main reason for higher dG of this sequence, which makes the formation of the cruciform structure
in this sequence less probable and less stable compared to the other target sequences with high p73
transcription activation. Interestingly, mfold suggested formation of three different loops in the
CON L p53 target sequence (Fig 2, third row). However, all these structures had a lower theoretical
dG than the Cyclin G sequence suggesting higher probability of formation and stability of cruci-
form structure.
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Fig 1. Comparison of the p73 transactivation ratio in sequences without (left) and with (right) inverted repeats-a
box plot (data from Table 1). Comparison by Wilcoxon rank test with continuity correction show significantly higher
values for the selection with the inverted repeats at target sites (p<0.01), marked with an asterisk.

https://doi.org/10.1371/journal.pone.0195835.g001

Comparison of p53 and p73 transactivation in yeast cells

We have previously shown that transactivation in vivo correlated more with relative propensity
of the DNA target to form cruciforms than to its predicted in vitro DNA binding affinity for
p53 and that structural features of p53-REs could therefore be an important determinant of
transactivation by p53 [28]. To analyze p73 transcription activity on p53 target sequences, we
used isogenic yeast that differ only in the p53 target sequence to compare p53 and p73-depen-
dent transactivation from a luciferase reporter gene placed in a specific chromatin context.
The p53 target sequences were cloned upstream of the luciferase gene at the ADE2 locus and
we analyzed transactivation induced by p73 protein controlled by the GALI promoter. We
used three yeast isogenic constructs—empty without p53 target site, and two constructs XA and
XG with p53 target sites. These constructs are based on the common CATG sequence in the
center of the REs, seen in many natural p53 binding sites (mFAS, p21, Gadd45 and others; see
Table 1) and were designed to represent an idealized testing system for modification of indi-
vidual flanking nucleotides without the interference of alternative sequences in endogenous
p53 REs.

The experimental constructs differ in the location of their A and G tracks in the flanking
sequences. While XA has an A-track located at the edge of the p53 target sequence and a G-track
in the middle of the target sequence, XG has opposite locations of these tracks. Both sequences
are p53 targets, but form different structures according to mfold; formation of a small structure
with 4 bases in the stem of the cruciform is predicted in XA, while XG could form a longer and
more stable structure with 7 base pairs in the stem of the cruciform (Fig 3). We compared tran-
scription activation by p53 and p73 in vivo. Results show very low transactivation using the
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Fig 2. Models of cruciform structure formation in p53 target sequences. Using mfold software we analyzed the structure and dG
of the indicated p53 target sequences with potential to form cruciform structure (see Table 1). GC bonds are shown in red, AT bonds
in blue and mismatched GT bonds in green.
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construct without a p53 target site (Fig 3, empty), with high signals for both p53 and p73 in yeast
containing p53 target sequences. p73 transactivates both p53 targets efficiently, although transac-
tivation is significantly higher in cells expressing p53 than p73. For both proteins we observed

empty
p73
p53
0 100000 200000 300000 400000
Luciferase activity (a.u.)
XA:
AAACATGCCC-GGGCATGCCC
) _E XG:
i GGGCATGCCC-AAACATGCCC
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Fig 3. Comparison of p53 and p73 transactivation in yeast. Three isogenic yeast strains were used, two with p53
targets sites (XA and XG) and one without a p53 target site (FLT) upstream of the luciferase gene. Cells containing
pTSG-p53 (p53, left), pTSG-p73 (p73, middle) or pTSG with no insert (empty, right) were treated with galactose to
induce p53 or p73 from the GALI promoter. The histogram plots average luminescence and standard deviations of
three biological replicates. Asterisks indicate a significant induction of p53 or p73-dependent transactivation (p<0.05).
The sequences of the XA and XG constructs are shown in their potential cruciform structures.

https://doi.org/10.1371/journal.pone.0195835.g003
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significantly higher transcription activation for XG compared to XA target sequences. These
results suggested that p73 binds to p53 target sequences in an analogous manner to p53.

p73 transactivation differs in yeast cells not only according to theoretical
binding affinity, but also according to predicted structure in response
elements

To analyze p73 transcriptional activation in more detail, we used a set of 6 yeast isogenic strains
with p53 target sequences that differ in their theoretical p53-DNA binding affinities [21] and
have different propensities to form cruciform structures. As a control, we used a construct with
an ideal inverted repeat but without a p53 target sequence (CFNO). Each pair of the set (XA and
TT- AlogKd 0.08, XG and GCG- AlogKd 0.18, XT and WC- AlogKd 0.32) has identical theoreti-
cal p53 binding affinity, but differ in the location and quality of the inverted repeat. Therefore, if
formation of a cruciform does not influence p73 transactivation, transactivation will be similar
for pairs with identical theoretical binding affinity. We assessed the formation of cruciform struc-
tures of all tested sequences cloned in plasmid DNA by S1 nuclease cleavage. pB-TT and pB-XG
plasmids showed preferential cruciform formation in the p53 target sequence at native superhelix
density. As expected, we did not observe p73 induced transactivation for the CFNO construct
that forms a cruciform but lacks a p53 target site (Fig 4, first bars) in yeast based luciferase assay.
Transformation of the isogenic yeast strains by pTSG-hp73 and induction of p73 protein with
galactose led to a significant increase of transcriptional activation for all constructs with p53 tar-
get sites. In general, the level of activation corresponded to theoretical p53 binding affinities.
When we averaged the transcription activity for both p53 targets with the same theoretical DNA
binding affinity, the best p73-induced transactivation was for XA and TT constructs, followed by
XG and GCG and the lowest activation was observed for XT-WC constructs. However, the tran-
scription affinities differ significantly within the first two pairs. Moreover, the transcription acti-
vation of the XG construct with lower theoretical DNA binding affinity is significantly higher
than the XA construct that has higher theoretical DNA binding affinity. Interestingly, we also
observed significant differences within groups with the same theoretical DNA binding affinities.
The best transactivation occurred with TT, which has identical theoretical DNA binding affinity
as XA, but the XA construct has the inverted repeat located in the middle whereas the TT con-
struct has the inverted repeat located at the edge of the sequence. This feature leads to better cru-
ciform propensity and different location in the structure. Similarly, the XG sequence, with lower
theoretical p53-DNA affinity compared to XA and TT constructs, has an identical inverted
repeat as TT and has significantly higher transcriptional activation compared to its paired GCG
construct. The differences in the level of transcription for XT and WC constructs were not as
great as for the first two pairs. This suggests that that combining an inverted repeat in the middle
(XT) with disruption of the inverted repeat (WC) leads to less probability of cruciform formation
and lower transcriptional activity of p73 protein compared to TT and XG targets.

Discussion

p73 is considered as a pharmaceutical target for cancer therapy due to its upregulation in sev-
eral malignancies [8-10,39]. The sequence similarity of the DNA binding domain in p53 fam-
ily proteins compared to the diversity of other regions of p53, p63 and p73 suggest that the
evolutionary conserved shared regions are important parts for DNA binding in all family
members [40]. For example, the cysteine residues in the core domain of p53 family proteins
are conserved and their oxidation abolishes sequence-specific binding [41]. Similarly, heavy
metals have equivalent effects on the conformation of p53 and p73 and on the binding of their
core domains to DNA [42]. Thus, the regions involved in the direct binding to DNA are
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Fig 4. p73-dependent transactivation potential in yeast. p73 protein was expressed from pTSG-p73 under an
inducible GALI promoter. The indicated reporter yeast strains were also transformed with an empty pTSG vector and
reporter activity was normalized to cell numbers and plotted as fold induction over empty vector. Average
luminescence and standard deviations of three biological replicates are shown. For each strain, luciferase activity was
measured at 6 hours of culture in media in the absence of galactose (black) or after induction of p73 with two different
concentrations of galactose to induce different levels of p73 (0.008% galactose, white; 0.032% galactose, streaked).
Asterisks indicate significant induction of p73-dependent transactivation at each galactose level (p<0.05). RE
sequences are shown below each set of conditions.

https://doi.org/10.1371/journal.pone.0195835.9004

probably identical in the three family members, whilst the diverse C-terminal domains of these
proteins modulate DNA binding and transcription activities [43]. Due to amino acid sequence
identity reaching 63% in the DNA-binding domain, it was proposed that p53, p63 and p73
should have redundant functions in the regulation of gene expression [11]. On the other hand,
TA isoforms of p63 differ in their transcriptional activities toward genes regulated by p53, and
while TAp63gamma is the most active form, DeltaNp63 isoforms are transcriptionally inactive
and inhibit TA isoforms [44].
The influence of systematic variations in the target sequence on the binding affinity of p73

has been reported. The largest determinant of DNA binding was the cytosine in the fourth
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position of each quarter-site, followed by the nucleotide in the fifth position, and last, the first
three positions show a slight regulatory preference for purines [45]. Those results showed that
some nucleotide positions in the response element are more important than others in deter-
mining the binding of the transcription factor [45]. The findings are in agreement with our
results, where the CATG sequence in the middle of the response elements is crucial for effec-
tive p73 binding to DNA. Moreover, this sequence of response elements could be part of the
inverted repeat which can even enhance the effectivity of the p73 transactivation as a result of
its binding to DNA. It has been demonstrated that mutant p53 blocks DNA binding and trans-
activation by p73 [46]. Combinations of the different regulatory pathways could therefore be
important for distinctive regulation in particular cancers. Inverted repeats and SNPs leading to
improvement or abolishment of cruciform propensity in regulatory elements could be there-
fore an important factor with potential therapeutic and pharmacological utilization. The pre-
sentation of the target site in a cruciform structure could lead to a more effective and/or more
stable protein-DNA complex, leading to increases in both protein and DNA structure stability.
It has been shown that some p53 mutants can bind DNA and adopt a wild-type conformation
in vitro but are transcriptionally inactive in vivo [47]. Our results show not only formation of
cruciform structure in plasmid DNA and p73 binding in vitro, but also that p73 is capable of
transcriptional activation in these sequences in chromosomal DNA in vivo.

In addition to several factors influencing protein-DNA binding and the precise DNA
sequence of the target, local DNA structures play important roles in basic cellular processes
[48,49], including influencing sequence-specific p53 binding and transcriptional activation. It
was shown that not only cruciform structures, but also the general opportunity to form non-B
structures in p53 responsive sequences improved its binding [24,28]. Moreover, p53 is only
one of many proteins to show preferential binding to cruciform structures [29,50]. The corre-
lation between p73 protein transactivation activities with the presence of inverted repeats in
our analyses leads to the question: Is p73 another protein with preference to inverted repeats
and cruciform structures? Our results show that the presence and location of the inverted
repeat changes p73 transcription efficiency in isogenic yeast. Therefore, we can conclude that
P73 binds to p53 target sequences not only according to sequence but also according to struc-
tural features, similar to p53 binding to DNA. Therefore, DNA sequence is not the only deter-
mining factor for p73 transactivation in a chromatin context. These notable features of p73
binding to structured DNA are likely to be an important aspect of the complexity of p73 regu-
lated pathways.

Supporting information

S1 File. Sequences of plasmids used in the study in the multiple FASTA format.
(FASTA)

Acknowledgments

This work was supported by the Grant Agency of the Czech Republic (15-21855S, 18-15548S)
and by the SYMBIT project reg. no. CZ.02.1.01/0.0/0.0/15_003/0000477 financed from the
ERDF. The authors would like to thank Dr. Philip J. Coates for proofreading and editing the
manuscript.

Author Contributions
Conceptualization: Vaclav Brazda.

Data curation: Jana Cechovd, Eva B. Jagelska.

PLOS ONE | https://doi.org/10.1371/journal.pone.0195835  April 18,2018 10/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195835.s001
https://doi.org/10.1371/journal.pone.0195835

@° PLOS | ONE

p73 preferentially binds to DNA cruciform structures

Formal analysis: Jana Cechova.

Funding acquisition: Miroslav Fojta.

Investigation: Jana Cechovd, Jan Coufal.

Methodology: Jana Cechova, Jan Coufal.

Project administration: Vaclav Brazda.

Resources: Vaclav Brazda.

Supervision: Miroslav Fojta, Vaclav Brazda.

Validation: Vaclav Brazda.

Visualization: Vaclav Brazda.

Writing - original draft: Vaclav Brazda.

Writing - review & editing: Jan Coufal, Vaclav Brazda.

References

1.

10.

1.

12

13.

Jost CA, Marin MC, Kaelin WG. p73 is a human p53-related protein that can induce apoptosis. Nature.
1997; 389: 191-194. https://doi.org/10.1038/38298 PMID: 9296498

Tozluogdlu M, Karaca E, Haliloglu T, Nussinov R. Cataloging and organizing p73 interactions in cell
cycle arrest and apoptosis. Nucleic Acids Res. 2008; 36: 5033—-5049. https://doi.org/10.1093/nar/
gkn481 PMID: 18660513

DeYoung MP, Ellisen LW. p63 and p73 in human cancer: Defining the network. Oncogene. 2007. pp.
5169-5183. https://doi.org/10.1038/sj.onc.1210337 PMID: 17334395

Ichimiya S, Nimura Y, Kageyama H, Takada N, Sunahara M, Shishikura T, et al. Genetic analysis of
p73 localized at chromosome 1p36.3 in primary neuroblastomas. Med Pediatr Oncol. 2001; 36: 42—44.
https://doi.org/10.1002/1096-911X(20010101)36:1<42::AID-MP0O1011>3.0.CO;2-K PMID: 11464902

Van Doorn R, Zoutman WH, Dijkman R, De Menezes RX, Commandeur S, Mulder AA, et al. Epigenetic
profiling of cutaneous T-cell ymphoma: Promoter hypermethylation of multiple tumor suppressor genes
including BCL7a, PTPRG, and p73. J Clin Oncol. 2005; 23: 3886—-3896. https://doi.org/10.1200/JCO.
2005.11.353 PMID: 15897551

Rufini A, Agostini M, Grespi F, Tomasini R, Sayan BS, Niklison-Chirou MV, et al. P73 in cancer. Genes
Cancer. 2011; 2: 491-502. https://doi.org/10.1177/1947601911408890 PMID: 21779517

Moll UM, Slade N. P63 and P73: Roles in Development and Tumor Formation. Mol Cancer Res. 2004;
2: 371-86. doi:2/7/371 [pii] PMID: 15280445

Dominguez G, Silva JM, Silva JM, Garcia JM, Sanchez A, Navarro A, et al. Wild type p73 overexpres-
sion and high-grade malignancy in breast cancer. Breast Cancer Res Treat. 2001; 66: 183—190. https://
doi.org/10.1023/A:1010624717311 PMID: 11510689

Zaika Al, Kovalev S, Marchenko ND, Moll UM. Overexpression of the wild type p73 gene in breast can-
cer tissues and cell lines. Cancer Res. 1999; 59: 3257—63. Available: http://www.ncbi.nim.nih.gov/
pubmed/10397274 PMID: 10397274

Orzol P, Holcakova J, Nekulova M, Nenutil R, Vojtesek B, Coates PJ. The diverse oncogenic and
tumour suppressor roles of p63 and p73 in cancer: A review by cancer site. Histol Histopathol. 2015; 30:
503-521. https://doi.org/10.14670/HH-30.503 PMID: 25510918

Levrero M, De Laurenzi V, Costanzo A, Gong J, Wang JY, Melino G. The p53/p63/p73 family of tran-
scription factors: overlapping and distinct functions. J Cell Sci. 2000; 1670: 1661-70. doi: 10769197

Brandt T, Petrovich M, Joerger AC, Veprintsev DB. Conservation of DNA-binding specificity and oligo-
merisation properties within the p53 family. BMC Genomics. 2009; 10: 628. https://doi.org/10.1186/
1471-2164-10-628 PMID: 20030809

Nakagawa T, Takahashi M, Ozaki T, Watanabe Ki K, Todo S, Mizuguchi H, et al. Autoinhibitory regula-
tion of p73 by Delta Np73 to modulate cell survival and death through a p73-specific target element
within the Delta Np73 promoter. Mol Cell Biol. 2002; 22: 2575-2585. https://doi.org/10.1128/MCB.22.8.
2575-2585.2002 PMID: 11909952

PLOS ONE | https://doi.org/10.1371/journal.pone.0195835  April 18,2018 11/13


https://doi.org/10.1038/38298
http://www.ncbi.nlm.nih.gov/pubmed/9296498
https://doi.org/10.1093/nar/gkn481
https://doi.org/10.1093/nar/gkn481
http://www.ncbi.nlm.nih.gov/pubmed/18660513
https://doi.org/10.1038/sj.onc.1210337
http://www.ncbi.nlm.nih.gov/pubmed/17334395
https://doi.org/10.1002/1096-911X(20010101)36:1<42::AID-MPO1011>3.0.CO;2-K
http://www.ncbi.nlm.nih.gov/pubmed/11464902
https://doi.org/10.1200/JCO.2005.11.353
https://doi.org/10.1200/JCO.2005.11.353
http://www.ncbi.nlm.nih.gov/pubmed/15897551
https://doi.org/10.1177/1947601911408890
http://www.ncbi.nlm.nih.gov/pubmed/21779517
http://www.ncbi.nlm.nih.gov/pubmed/15280445
https://doi.org/10.1023/A:1010624717311
https://doi.org/10.1023/A:1010624717311
http://www.ncbi.nlm.nih.gov/pubmed/11510689
http://www.ncbi.nlm.nih.gov/pubmed/10397274
http://www.ncbi.nlm.nih.gov/pubmed/10397274
http://www.ncbi.nlm.nih.gov/pubmed/10397274
https://doi.org/10.14670/HH-30.503
http://www.ncbi.nlm.nih.gov/pubmed/25510918
https://doi.org/10.1186/1471-2164-10-628
https://doi.org/10.1186/1471-2164-10-628
http://www.ncbi.nlm.nih.gov/pubmed/20030809
https://doi.org/10.1128/MCB.22.8.2575-2585.2002
https://doi.org/10.1128/MCB.22.8.2575-2585.2002
http://www.ncbi.nlm.nih.gov/pubmed/11909952
https://doi.org/10.1371/journal.pone.0195835

@° PLOS | ONE

p73 preferentially binds to DNA cruciform structures

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Sasaki Y, Ishida S, Morimoto |, Yamashita T, Kojima T, Kihara C, et al. The p53 family member genes
are involved in the Notch signal pathway. J Biol Chem. 2002; 277: 719-24. https://doi.org/10.1074/jbc.
M108080200 PMID: 11641404

Ozaki T, Naka M, Takada N, Tada M, Sakiyama S, Nakagawara A. Deletion of the COOH-terminal
region of p73a enhances both its transactivation function and DNA-binding activity but inhibits induction
of apoptosis in mammalian cells. Cancer Res. 1999; 59: 5902—-5907. PMID: 10606232

Stiewe T, Theseling CC, Putzer BM. Transactivation-deficient ATA-p73 Inhibits p53 by Direct Competi-
tion for DNA Binding. J Biol Chem. 2002; 277: 14177—14185. https://doi.org/10.1074/jbc.M200480200
PMID: 11844800

Lokshin M, Li Y, Gaiddon C, Prives C. p53 and p73 display common and distinct requirements for
sequence specific binding to DNA. Nucleic Acids Res. 2007; 35: 340-352. https://doi.org/10.1093/nar/
gkl1047 PMID: 17170001

Espinosa JM. Mechanisms of regulatory diversity within the p53 transcriptional network. Oncogene.
2008. pp. 4013-4023. https://doi.org/10.1038/0nc.2008.37 PMID: 18278067

Menendez D, Inga A, Resnick MA. The expanding universe of p53 targets. Nat Rev Cancer. 2009/09/
25.2009; 9: 724-737. https://doi.org/10.1038/nrc2730 PMID: 19776742

el-Deiry WS, Kern SE, Pietenpol JA, Kinzler KW, Vogelstein B. Definition of a consensus binding site
for p53. Nat Genet. 1992; 1: 45—-49. Available: http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=
Retrieve&db=PubMed&dopt=Citation&list_uids=1301998 https://doi.org/10.1038/ng0492-45 PMID:
1301998

Veprintsev DB, Fersht AR. Algorithm for prediction of tumour suppressor p53 affinity for binding sites in
DNA. Nucleic Acids Res. 2008/02/01. 2008; 36: 1589—1598. https://doi.org/10.1093/nar/gkm1040
PMID: 18234719

Palecek E, VIk D, Stankova V, Brazda V, Vojtesek B, Hupp TR, et al. Tumor suppressor protein p53
binds preferentially to supercoiled DNA. Oncogene. 1997/12/11. 1997; 15: 2201-9. https://doi.org/10.
1038/sj.0onc.1201398 PMID: 9393978

Brazda V, Palecek J, Pospisilova S, Vojtesek B, Palecek E. Specific modulation of p53 binding to con-
sensus sequence within supercoiled DNA by monoclonal antibodies. Biochem Biophys Res Commun.
2000/02/16. 2000; 267: 934—939. https://doi.org/10.1006/bbrc.1999.2056 PMID: 10673394

Jagelska EB, Brazda V, Pecinka P, Palecek E, Fojta M. DNA topology influences p53 sequence-specific
DNA binding through structural transitions within the target sites. Biochem J. 2008/02/15. 2008; 412:
57-63. https://doi.org/10.1042/BJ20071648 PMID: 18271758

Brazda V, Coufal J. Recognition of local DNA structures by p53 protein. Int J Mol Sci.; 2017; 18: 375.
https://doi.org/10.3390/ijms 18020375 PMID: 28208646

Palecek E, Brazda V, Jagelska E, Pecinka P, Karlovska L, Brazdova M. Enhancement of p53
sequence-specific binding by DNA supercoiling. Oncogene. 2004/02/03. 2004; 23: 2119-2127. https:/
doi.org/10.1038/sj.onc.1207324 PMID: 14755248

Jagelska EB, Pivorikova H, Fojta M, Brazda V. The potential of the cruciform structure formation as an
important factor influencing p53 sequence-specific binding to natural DNA targets. Biochem Biophys
Res Commun. 2009/12/23. 2010; 391: 1409-1414. https://doi.org/10.1016/j.bbrc.2009.12.076 PMID:
20026061

Bréazda V, Cechova J, Battistin M, Coufal J, Jagelska EB, Raimondil, et al. The structure formed by
inverted repeats in p53 response elements determines the transactivation activity of p53 protein. Bio-
chem Biophys Res Commun. 2016/12/23. 2017; 483: 516-521. https://doi.org/10.1016/j.bbrc.2016.12.
113 PMID: 28007599

Brazda V, Laister RC, Jagelska EB, Arrowsmith C. Cruciform structures are a common DNA feature
important for regulating biological processes. BMC Mol Biol. 2011/08/06. 2011; 12: 33. https://doi.org/
10.1186/1471-2199-12-33 PMID: 21816114

Cechova J, Lysek J, Bartas M, Brazda V. Complex analyses of inverted repeats in mitochondrial
genomes revealed their importance and variability. Bioinformatics. 2017; https://doi.org/10.1093/
bioinformatics/btx729 PMID: 29126205

Ethayathulla AS, Tse P-W, Monti P, Nguyen S, Inga A, Fronza G, et al. Structure of p73 DNA-binding
domain tetramer modulates p73 transactivation. Proc Natl Acad Sci. 2012; 109: 6066—6071. https:/doi.
org/10.1073/pnas.1115463109 PMID: 22474346

Ho WC, Fitzgerald MX, Marmorstein R. Structure of the p53 core domain dimer bound to DNA. J Biol
Chem. 2006; 281: 20494—20502. https://doi.org/10.1074/jbc.M603634200 PMID: 16717092

Chen 'Y, Dey R, Chen L. Crystal Structure of the p53 Core Domain Bound to a Full Consensus Site as a
Self-Assembled Tetramer. Structure. 2010; 18: 246-256. https://doi.org/10.1016/j.str.2009.11.011
PMID: 20159469

PLOS ONE | https://doi.org/10.1371/journal.pone.0195835  April 18,2018 12/13


https://doi.org/10.1074/jbc.M108080200
https://doi.org/10.1074/jbc.M108080200
http://www.ncbi.nlm.nih.gov/pubmed/11641404
http://www.ncbi.nlm.nih.gov/pubmed/10606232
https://doi.org/10.1074/jbc.M200480200
http://www.ncbi.nlm.nih.gov/pubmed/11844800
https://doi.org/10.1093/nar/gkl1047
https://doi.org/10.1093/nar/gkl1047
http://www.ncbi.nlm.nih.gov/pubmed/17170001
https://doi.org/10.1038/onc.2008.37
http://www.ncbi.nlm.nih.gov/pubmed/18278067
https://doi.org/10.1038/nrc2730
http://www.ncbi.nlm.nih.gov/pubmed/19776742
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=1301998
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=1301998
https://doi.org/10.1038/ng0492-45
http://www.ncbi.nlm.nih.gov/pubmed/1301998
https://doi.org/10.1093/nar/gkm1040
http://www.ncbi.nlm.nih.gov/pubmed/18234719
https://doi.org/10.1038/sj.onc.1201398
https://doi.org/10.1038/sj.onc.1201398
http://www.ncbi.nlm.nih.gov/pubmed/9393978
https://doi.org/10.1006/bbrc.1999.2056
http://www.ncbi.nlm.nih.gov/pubmed/10673394
https://doi.org/10.1042/BJ20071648
http://www.ncbi.nlm.nih.gov/pubmed/18271758
https://doi.org/10.3390/ijms18020375
http://www.ncbi.nlm.nih.gov/pubmed/28208646
https://doi.org/10.1038/sj.onc.1207324
https://doi.org/10.1038/sj.onc.1207324
http://www.ncbi.nlm.nih.gov/pubmed/14755248
https://doi.org/10.1016/j.bbrc.2009.12.076
http://www.ncbi.nlm.nih.gov/pubmed/20026061
https://doi.org/10.1016/j.bbrc.2016.12.113
https://doi.org/10.1016/j.bbrc.2016.12.113
http://www.ncbi.nlm.nih.gov/pubmed/28007599
https://doi.org/10.1186/1471-2199-12-33
https://doi.org/10.1186/1471-2199-12-33
http://www.ncbi.nlm.nih.gov/pubmed/21816114
https://doi.org/10.1093/bioinformatics/btx729
https://doi.org/10.1093/bioinformatics/btx729
http://www.ncbi.nlm.nih.gov/pubmed/29126205
https://doi.org/10.1073/pnas.1115463109
https://doi.org/10.1073/pnas.1115463109
http://www.ncbi.nlm.nih.gov/pubmed/22474346
https://doi.org/10.1074/jbc.M603634200
http://www.ncbi.nlm.nih.gov/pubmed/16717092
https://doi.org/10.1016/j.str.2009.11.011
http://www.ncbi.nlm.nih.gov/pubmed/20159469
https://doi.org/10.1371/journal.pone.0195835

@° PLOS | ONE

p73 preferentially binds to DNA cruciform structures

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

Ciribilli Y, Monti P, Bisio A, Nguyen HT, Ethayathulla AS, Ramos A, et al. Transactivation specificity is
conserved among p53 family proteins and depends on a response element sequence code. Nucleic
Acids Res. 2013; 41: 8637-8653. https://doi.org/10.1093/nar/gkt657 PMID: 23892287

Inga A, Storici F, Darden TA, Resnick MA. Differential transactivation by the p53 transcription factor is
highly dependent on p53 level and promoter target sequence. Mol Cel Biol. 2002; 22: 8612-8625. Avail-
able: http://www.ncbi.nlm.nih.gov/pubmed/12446780

Lion M, Raimondi |, Donati S, Jousson O, Ciribilli Y, Inga A. Evolution of p53 Transactivation Specificity
through the Lens of a Yeast-Based Functional Assay. PLoS One. 2015;10. UNSP e011617710.1371/
journal.pone.0116177

Zuker M. Mfold web server for nucleic acid folding and hybridization prediction. Nucleic Acids Res.
2003; 31: 3406—3415. https://doi.org/10.1093/nar/gkg595 PMID: 12824337

Brazda V, Kolomaznik J, Lysek J, Haronikova L, Coufal J, Stastny J. Palindrome analyser—A new web-
based server for predicting and evaluating inverted repeats in nucleotide sequences. Biochem Biophys
Res Commun. 2016; 478: 1739—-1745. https://doi.org/10.1016/j.bbrc.2016.09.015 PMID: 27603574

Bisso A, Collavin L, Del Sal G. p73 as a Pharmaceutical Target for Cancer Therapy. Curr Pharm Des.
2011; 17: 578-590. https://doi.org/10.2174/138161211795222667 PMID: 21391908

Harms KL, Chen X. The functional domains in p53 family proteins exhibit both common and distinct
properties. Cell Death Diff. 2006. pp. 890-897. https://doi.org/10.1038/sj.cdd.4401904 PMID:
16543939

Tichy V, Navratilova L, Adamik M, Fojta M, Brazdova M. Redox state of p63 and p73 core domains reg-
ulates sequence-specific DNA binding. Biochem Biophys Res Commun. 2013; 433: 445-449. https://
doi.org/10.1016/j.bbrc.2013.02.097 PMID: 23501101

Adamik M, BaZzantova P, Navratilova L, Polaskova A, Pecinka P, Holarova L, et al. Impact of cadmium,
cobalt and nickel on sequence-specific DNA binding of p63 and p73 in vitro and in cells. Biochem Bio-
phys Res Commun. 2015; 456: 29-34. https://doi.org/10.1016/j.bbrc.2014.11.027 PMID: 25446071

Sauer M, Bretz AC, Beinoraviciute-Kellner R, Beitzinger M, Burek C, Rosenwald A, et al. C-terminal
diversity within the p53 family accounts for differences in DNA binding and transcriptional activity.
Nucleic Acids Res. 2008; 36: 1900-1912. https://doi.org/10.1093/nar/gkn044 PMID: 18267967

Petitjean A, Ruptier C, Tribollet V, Hautefeuille A, Chardon F, Cavard C, et al. Properties of the six iso-
forms of p63: p53-like regulation in response to genotoxic stress and cross talk with Delta Np73. Carci-
nogenesis. 2008; 29: 273-281. https://doi.org/10.1093/carcin/bgm258 PMID: 18048390

Ramos A, Tse P-W, Wang J, Ethayathulla AS, Viadiu H. Sequence Variation in the Response Element
Determines Binding by the Transcription Factor p73. Biochemistry. 2015; 54: 6961-6972. https://doi.
org/10.1021/acs.biochem.5b00152 PMID: 26529454

Marin MC, Jost CA, Brooks LA, Irwin MS, O’Nions J, Tidy JA, et al. A common polymorphism acts as an
intragenic modifier of mutant p53 behaviour. Nat Genet. 2000; 25: 47-54. https://doi.org/10.1038/
75586 PMID: 10802655

Brazda V, Muller P, Brozkova K, Vojtesek B. Restoring wild-type conformation and DNA-binding activity
of mutant p53 is insufficient for restoration of transcriptional activity. Biochem Biophys Res Commun.
2006; 351: 499-506. https://doi.org/10.1016/j.bbrc.2006.10.065 PMID: 17070499

Misteli T, Soutoglou E. The emerging role of nuclear architecture in DNA repair and genome mainte-
nance. Nat Rev Mol Cell Biol. 2009; 10;243-254. https://doi.org/10.1038/nrm2651 PMID: 19277046

Todolli S, Perez PJ, Clauvelin N, Olson WK. Contributions of Sequence to the Higher-Order Structures
of DNA. Biophy J; 2017; 112; 416—-426. https://doi.org/10.1016/j.bpj.2016.11.017 PMID: 27955889

Brazda V, Coufal J, Liao JCC, Arrowsmith CH. Preferential binding of IFI16 protein to cruciform struc-
ture and superhelical DNA. Biochem Biophys Res Commun. 2012; 422: 716-720. https://doi.org/10.
1016/j.bbrc.2012.05.065 PMID: 22618232

PLOS ONE | https://doi.org/10.1371/journal.pone.0195835  April 18,2018 13/13


https://doi.org/10.1093/nar/gkt657
http://www.ncbi.nlm.nih.gov/pubmed/23892287
http://www.ncbi.nlm.nih.gov/pubmed/12446780
https://doi.org/10.1093/nar/gkg595
http://www.ncbi.nlm.nih.gov/pubmed/12824337
https://doi.org/10.1016/j.bbrc.2016.09.015
http://www.ncbi.nlm.nih.gov/pubmed/27603574
https://doi.org/10.2174/138161211795222667
http://www.ncbi.nlm.nih.gov/pubmed/21391908
https://doi.org/10.1038/sj.cdd.4401904
http://www.ncbi.nlm.nih.gov/pubmed/16543939
https://doi.org/10.1016/j.bbrc.2013.02.097
https://doi.org/10.1016/j.bbrc.2013.02.097
http://www.ncbi.nlm.nih.gov/pubmed/23501101
https://doi.org/10.1016/j.bbrc.2014.11.027
http://www.ncbi.nlm.nih.gov/pubmed/25446071
https://doi.org/10.1093/nar/gkn044
http://www.ncbi.nlm.nih.gov/pubmed/18267967
https://doi.org/10.1093/carcin/bgm258
http://www.ncbi.nlm.nih.gov/pubmed/18048390
https://doi.org/10.1021/acs.biochem.5b00152
https://doi.org/10.1021/acs.biochem.5b00152
http://www.ncbi.nlm.nih.gov/pubmed/26529454
https://doi.org/10.1038/75586
https://doi.org/10.1038/75586
http://www.ncbi.nlm.nih.gov/pubmed/10802655
https://doi.org/10.1016/j.bbrc.2006.10.065
http://www.ncbi.nlm.nih.gov/pubmed/17070499
https://doi.org/10.1038/nrm2651
http://www.ncbi.nlm.nih.gov/pubmed/19277046
https://doi.org/10.1016/j.bpj.2016.11.017
http://www.ncbi.nlm.nih.gov/pubmed/27955889
https://doi.org/10.1016/j.bbrc.2012.05.065
https://doi.org/10.1016/j.bbrc.2012.05.065
http://www.ncbi.nlm.nih.gov/pubmed/22618232
https://doi.org/10.1371/journal.pone.0195835

