12188-12203 Nucleic Acids Research, 2020, Vol. 48, No. 21
doi: 10.1093/narlgkaa974

Published online 9 November 2020

Multiple biochemical properties of the p53 molecule
contribute to activation of polymerase iota-dependent

DNA damage tolerance

Stephanie Biber'’, Helmut Pospiech “2:3, Vanesa Gottifredi “* and Lisa Wiesmiiller -’

'Department of Obstetrics and Gynecology, UIm University, Ulm 89075, Germany, 2Project group Biochemistry,
Leibniz Institute on Aging — Fritz Lipmann Institute, D-07745 Jena, Germany, 3Faculty of Biochemistry and Molecular
Medicine, FIN-90014 University of Oulu, Finland and #Cell Cycle and Genomic Stability Laboratory, Fundacion

Instituto Leloir, Buenos Aires C1405BWE, Argentina

Received July 16, 2020; Revised October 05, 2020; Editorial Decision October 06, 2020; Accepted October 09, 2020

ABSTRACT

We have previously reported that p53 decelerates
nascent DNA elongation in complex with the transle-
sion synthesis (TLS) polymerase  (POLt) which trig-
gers a homology-directed DNA damage tolerance
(DDT) pathway to bypass obstacles during DNA repli-
cation. Here, we demonstrate that this DDT path-
way relies on multiple p53 activities, which can be
disrupted by TP53 mutations including those fre-
quently found in cancer tissues. We show that the
p53-mediated DDT pathway depends on its oligomer-
ization domain (OD), while its regulatory C-terminus
is not involved. Mutation of residues S315 and
D48/D49, which abrogate p53 interactions with the
DNA repair and replication proteins topoisomerase |
and RPA, respectively, and residues L22/W23, which
disrupt formation of p53-POL. complexes, all prevent
this DDT pathway. Our results demonstrate that the
p53-mediated DDT requires the formation of a DNA
binding-proficient p53 tetramer, recruitment of such
tetramer to RPA-coated forks and p53 complex for-
mation with POL.. Importantly, our mutational anal-
ysis demonstrates that transcriptional transactiva-
tion is dispensable for the POL.-mediated DDT path-
way, which we show protects against DNA replication
damage from endogenous and exogenous sources.

INTRODUCTION

DNA damage tolerance (DDT) facilitates the progression
of replication forks that have encountered obstacles on the
template strand. Such bypass events are achieved either by
the activation of translesion DNA synthesis (TLS) involv-
ing specialized polymerases or by homology-directed DDT

via fork reversal or template-switch (1). A prerequisite for
DDT is proliferation cell nuclear antigen (PCNA) ubiqui-
tination (1). Thus, monoubiquitination triggers the switch
from replicative to TLS polymerases, while polyubiquiti-
nation induces homology-directed DDT mechanisms (1).
Recently, we discovered that p53 promotes slow-down of
nascent DNA synthesis protecting from DNA replication-
associated damage with a pro-survival outcome (2,3). Sur-
prisingly, a deceleration of DNA replication relied on the
formation of a complex of p53 and the TLS polymerase
iota (POLv). This p53 function was lost in an exonuclease-
deficient but transcriptionally active p53(115N) mutant.
This supports a model implying idling events of itera-
tive nucleotide incorporation and removal steps performed
by the highly error-prone POL. and the intrinsic 3'-5-
exonuclease activity of p53. The pS3—POLu idling complex
was required to activate the helicase-like transcription fac-
tor (HLTF), an E3 ligase mediating PCNA polyubiquitina-
tion, and SWI/SNF catalytic subunit (SNF2) translocase
zinc finger ran-binding domain containing 3 (ZRANB3),
which catalyzes fork reversal to bypass the replication bar-
rier via homology-directed DDT (3,4).

The p53 protein comprises a transcriptional transacti-
vation domain (TAD, amino acids [aa] 1-42) at its N-
terminus, followed by a proline-rich domain (PRD, aa 61—
94), a central DNA binding domain (DBD, aa 102-292),
an oligomerization domain (OD, aa 324-355) and a ba-
sic extreme C-terminal domain (BD, aa 364-393) (5). Most
of the TP53 missense mutations detected in tumor tissues
are located within the DBD, particularly six hotspots in-
cluding codons altering amino acids R248 and R273 which
contact the DNA phosphate backbone (6). The N-terminus
of p53, in particular the TAD, is necessary for its well-
known function in transcriptional transactivation of genes
and further serves as binding site for protein interaction
partners unrelated to transcription, e.g. Replication Protein
A (RPA), Polymerase beta (POLB) and also to its nega-
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tive regulator MDM2 (7-9). p53 requires the OD to adopt
the active conformation for high affinity DNA binding as
a protein tetramer (10,11). The C-terminal end of p53 is
involved in a plethora of physical interactions, which im-
pacts on its regulatory functions of the DBD. Thus, it binds
DNA in a non-specific fashion, poly(ADP-ribose) as well
as various proteins involved in transcription and DNA re-
pair (12,13). In this study we addressed the specific role of
distinct biochemical properties of the p53 molecule in the
bypass of replication barriers in concert with POL.. To this
end we investigate (i) replication-associated recombination
as a measure of homology-directed DDT, (ii) the dynamics
of nascent DNA synthesis and (iii) the interactions of rel-
evant DDT pathway components after mutational loss-of-
specific p53 activities. Our data demonstrate that the p53-
POLw-dependent DDT pathway requires cooperative DNA
binding by p53 tetramers as well as interactions of p53 with
topoisomerase I, RPA and POL. at sites of replication bar-
riers.

MATERIALS AND METHODS
Recombination measurements

K562 cells with chromosomally integrated recombina-
tion substrate, K562(HR-EGFP/3'EGFP) (14), were co-
transfected with p53 expression plasmids or overexpression
plasmids as detailed in Figure legends or in the Supplemen-
tal Information. Recombination frequencies were measured
72 h after transfection by quantification of 1 million cells
from EGFP-positive cells within the life cell-population
(SSC/FSC gate). For experiments with DNA cross-linker-
treatment, cells were treated for 45 min with MMC (3 wM)
directly after the electroporation, washed and re-incubated
in fresh medium for additional 72 h.

Co-Immunoprecipitation and expression analysis

K562 cells were transfected with expression plasmid for
pS3(WT), p53(22Q/23S) or empty vector (ctrl). 48 h af-
ter transfection immunoprecipitation was performed. Cells
were lysed in 50 mM Tris, pH 8; 150 mM NaCl; 1% NP40;
complete protease inhibitor (Roche). The following anti-
bodies were used for immunoprecipitation: polyclonal rab-
bit POLw-antibody (Bethyl, A301-304A) directed against
POL. or as control: control—rabbit IgG fraction (Santa
Cruz). Protein-extract and protein G Sepharose (PGS) were
rotated over night at 4°C to remove components unspecif-
ically binding to PGS. In parallel, antibody-PGS mixtures
were rotated at 4°C. Afterwards, protein-extracts were sep-
arated from PGS by centrifugation and the supernatants
transferred to the antibody—PGS mixtures, followed by ro-
tation at 4°C for additional 4 h. After spin-down, precipi-
tated proteins were washed five times with lysis buffer and
dissolved in SDS-PAGE sample buffer. For Western blot
analysis, protein extracts were separated electrophoretically,
transferred to membranes and proteins were immunode-
tected via chemiluminescence. For immunostaining the an-
tibodies were used as described in the Supplemental Materi-
als and Methods. Chemiluminescence detection and quan-
tification of protein levels were carried out in the linear
range using ImageLab software on a ChemiDocMP System
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(BioRad). Values for the protein of interest were corrected
with values of the loading control.

DNA fiber spreading assay

Cells were labeled with CIdU (5-chloro-2-deoxyuridine,
Sigma-Aldrich) for 20 min, washed twice with pre-warmed
PBS before labeling cells with IdU (5-iodo-2-deoxyuridine,
Sigma-Aldrich) in ten times higher concentration for an-
other 20 min. During the IdU pulse, cells were either
treated with MMC (3 wM) or H,O as control. For TRC-
experiments cells were pre-treated with DRB (20 wM) or its
solvent DMSO 60 min prior to start of CldU-labeling and
throughout the whole CIdU- as well as IdU-labeling. Sub-
sequently, cells were washed, harvested and resuspended in
PBS. 2500 cells were transferred to a slide, lysed with 6 wl of
0.5% SDS, 200 mM Tris—HCI, pH7.4, 50 mM EDTA, and
incubated at room temperature for 6 min. Slides were tilted
about 20° to allow DNA to spread via gravity, covered with
aluminum foil, air-dried for 7 min, fixed for 5 min with 3:1
methanol:acetic acid (prepared fresh), air dried for 7 min,
and stored in 70% ethanol at 4°C overnight or directly af-
terwards processed for denaturation/deproteination in 2.5
N HCl for 1 h, followed by Immunofluorescence staining

Immunofluorescence staining

Saos-2 cells were grown on coverslips and fixed whereas
K562 cells were spun onto cytospin glass slides and fixed
with 3.7% formaldehyde in PBS at indicated time-points af-
ter MMC-treatment. Pre-extraction (1 min) was performed
after Cytospin and before fixation of the cells (300 mM
Sucrose, 50 mM NaCl, 20 mM HEPES (pH 7.4), 3 mM
MgCI2, 1 mM EDTA, 0.5% (v/v) Triton X-100 in wa-
ter). Permeabilization was performed with 0.5% Triton X-
100 (Sigma-Aldrich) for 12 min at RT. Blocking unspecific
binding sites was performed by use of 5% goat serum in
PBS for 1 h. Immunostaining for 1 h at 37°C was per-
formed with the primary antibodies listed in the Supple-
mental Materials and Methods and was followed by an in-
cubation time of 45 min at 37°C with the secondary an-
tibodies AlexaFluor555 (anti-rabbit/mouse, Invitrogen) or
AlexaFluor488 (anti-mouse, Invitrogen). Immunofluores-
cence microscopy of nuclear signals was performed with
Keyence BZ-9000 microscope (Keyence). Automated quan-
tification of foci was carried out using BZ-11 Analyser soft-
ware. Intensity threshold and minimal focus size were main-
tained throughout one set of simultaneously treated and
processed samples, both when detecting single green or red
foci.

Immunofluorescence staining after DNA fiber spreading
assays was performed by incubation with primary antibod-
ies [1 h, room temperature (RT)]: anti-Brd U for detection of
IdU (mouse, mAb, clone B44, BD BioScience #347580) and
anti-BrdU for detection of CIdU (rat, mAb, clone BU1/75
[ICR1] BioRad #OBT0030 or Novus #NB500-169 or Ab-
cam #ab6326) after blocking with 5% BSA (45 min). As
secondary antibodies, AlexaFluor555 (anti-mouse, Invit-
rogen) or AlexaFluor488 (anti-rat, Invitrogen) were used.
DNA fibers were imaged with Keyence BZ-9000 micro-
scope (Keyence, Neu-Isenburg, Germany). Measurements
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of DNA fiber track lengths were carried out with BZ-II
Analyser software or using FiJi (Fiji is just Imagel) soft-
ware [ImageJ Wiki, Laboratory for Optical and Computa-
tional Instrumentation, University of Wisconsin-Madison,
Wisconsin, USA, (15)].

In situ proximity ligation assay (PLA)

K562 cells were transfected with the respective expression
plasmids and spun onto poly-L-Lysine coated slides via
cytospinning. H1299 cells were grown on chamber slides
(Falcon® Culture Slides 4-well, OMNILAB, Bremen, Ger-
many). Before fixing the cells with 3.7% formaldehyde in
PBS (10 min), pre-extraction was performed for 1 min with
pre-extraction buffer (300 mM Sucrose, 50 mM NaCl, 20
mM HEPES (pH 7.4), 3 mM MgCI2, | mM EDTA, 0.5%
(v/v) Triton X-100 in water). The in situ proximity ligation
assay (PLA) was carried out according to the manufacturer
(Sigma-Aldrich). Blocking was performed using 5% goat
serum in PBS for 1 h at RT or Duolink Blocking solution
(Sigma-Aldrich) for 1 h at 37°C. Then cells were double-
labeled for 1 h at 37°C using the primary antibodies as in-
dicated in the Supplemental Material and Methods. PLA-
stain was then performed using Duolink® PLA (Proxim-
ity Ligation assay to detect protein interaction) technol-
ogy from Sigma-Aldrich. Therefore glass slides were stained
with Duolink@®) In Situ PLA® Probe Anti-Rabbit PLUS
(Affinity purified Donkey anti-Rabbit IgG (H+L), Sigma-
Aldrich, DU092002) and Duolink@®) In Situ PLA® Probe
Anti-Mouse MINUS (Affinity purified Donkey anti-Mouse
IgG (H+L), Sigma-Aldrich, DU0O92004) for 1 h at 37°C.
After washing the samples were then incubated with the
Ligation-Ligase solution for 30 min at 37°C to hybridize
oligonucleotides tagged on probes. After two short washing
steps the glass slides were incubated with the Amplification-
Polymerase solution for 100 min at 37°C to amplify hy-
bridized oligonucleotides and fluorescently label the am-
plification products. Ligation and Amplification were per-
formed with Duolink® In Situ Detection Reagents Orange
(Sigma-Aldrich, DUO92007). Then, glass slides were cov-
ered with coverslips using Duolink@®) In Situ Mounting
Medium with DAPI (Sigma-Aldrich, DUO82040). Imag-
ing was performed using Keyence BZ-9000 microscope
(Keyence). Automated quantification of PLA-foci was car-
ried out with BZ-II Analyser software.

Plasmids

The following plasmids all encoding human p53 were previ-
ously described: pCMV-Wtp53 for expression of p5S3(WT)
and pCMV-p53(315A) for expression of pS5S3 with mu-
tation S315A abrogating binding of p53 to topo-I (15),
pCMV-p53(248W) and pCMV-p53(273H) for expression of
the two hotspot p53 mutants with aa exchanges R248W
and R273H (16), pCMV-p53(22Q/23S) for expression of
p53 with the two aa exchanges 1.22Q and W23S (17).
pPCMV-p53(AN), pCMV-p53(A0) and pCMV-p53(AC)
were kindly provided by Klaus Romer and are expres-
sion plasmids for expression of the p53 variants hav-
ing lost aa 1-79, aa 327-342 and aa 370-393, respec-
tively. pCMV-p53(48H/49H) were commercially cloned

by Amsbio to mutate the ORF plasmid RC200003 for
expression of human p53 (Myc-DDK tagged) with aa
exchanges D48H (nucleotide sequence GAC to CAC)
and D49H (nucleotide sequence GAT to CAT) which
were previously described to disrupt RPA-binding (8).
Plasmids for expression of human p21 and MDM2,
namely pcDNA3-HA p2l1 were a gift from Jaewhan
Song (Addgene plasmid #78782; http://n2t.ne/addgene:
78782;RRID:Addgene_78782) and pcDNA3-MDM2 WT
from Mien-Chie Hung (Addgene plasmid #16233; http://
n2t.net/addgene:16233;RRID:Addgene_16233).

Transfection

Plasmids were transiently introduced in K562 and
K562(HR-EGFP/3’EGFP) via electroporation
(GenePulser Xcell, BioRad) as described in (3). In
Saos-2 cells plasmids were transiently introduced using
Amaxa reagents (Lonza, Cologne, Germany).

Statistics

Graphic presentation of data was performed using Graph-
PadPrism8.4 software (La Jolla, CA, USA). For calcula-
tion of statistically significant differences in recombina-
tion measurements Kruskal-Wallis test followed by Mann—
Whitney two-tailed test was used. For calculation of statis-
tically significant differences in DNA fiber spreading anal-
ysis and immunofluorescence experiments Kruskal-Wallis-
test (Dunns-multiple comparison test) was used.

RESULTS

Replication-associated recombination by p53 depends on its
DNA binding domain

We have previously shown that wild-type p53 (p53[WT]) but
not the 3’-5exonuclease deficient mutant p53(115N) trig-
gers bypass of replication barriers which can be monitored
via measurements of spontaneous replication-associated re-
combination (3). To determine the specific contribution
of the DNA binding activities of p53 to such a reso-
lution of replication barriers we monitored spontaneous,
DSB-independent recombination frequencies of a chro-
mosomally integrated EGFP substrate (Figure 1A) (14)
in the p53-negative K562 leukemia cell model previously
established by us (3,14,16). We compared the effect of
p53(WT) to the one of cancer-related hotspot and sequence-
specific DNA binding defective mutants p53(248W) and
p53(273H), a mutant with a deleted oligomerization do-
main (p53A0, missing amino acids [aa] 327-346) and a mu-
tant devoid of the non-sequence-specific DNA binding C-
terminus (pS3AC, missing aa 370-393) (Figure 1B). Expres-
sion of p53 was confirmed for all mutants and the p53 target
p21 was upregulated only by p53(WT) and 53AC (Figure
1C). pS3(WT) expression caused a robust increase (6- and
7-fold) of the recombination frequencies when compared
to control samples (Figure 1B). In contrast, expression of
p53(248W), p53(273H) and p5S3A0 did not change the re-
combination frequencies when comparing them to control
samples transfected with empty vector (Figure 1B). Expres-
sion of pS3AC caused an increase of the recombination fre-
quencies which was even higher than the one observed for
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Figure 1. Analysis of the DNA binding defective p53 mutants p5S3(R248W), p53(R273H), p5S3A0 and pS3AC in replication-associated recombination and
replication dynamics. K562(HR-EGFP/3'-EGFP) (B) or K562 parental (C, D) cells were transfected with expression plasmids for p53(WT), p53(248W),
p53(273H), p53(A0), p53(AC) or empty vector (ctrl). 48 h (C, D) or 72 h (B) after transfection flow cytometry analysis (B), protein harvesting (C) or
DNA fiber analysis (D) were performed. For graphic presentation, calculation of SEM and statistically significant differences via Kruskal-Wallis test
followed by Mann-Whitney U test (B) or Dunns multiple comparison test (D) GraphPadPrism8.4 software was used. *P < 0.05, **P < 0.01, ***P <
0.001, ****P < (0.0001. (A) Schematic presentation of the EGFP-based recombination substrate (HR-EGFP/3’-EGFP). K562(HR-EGFP/3-EGFP) cells
with chromosomally integrated substrate were used to determine the recombination (rec.) fold changes (15). Hygromycin = hygromycin resistance cassette;
PURO = puromycin resistance cassette. The kinked arrow indicates the promotor, the black square a frameshift mutation within the chromophore coding
region resulting in an inactive HR-EGFP mutant, the cross replacement of the EGFP start codon by two stop codons generating an inactive 3’-EGFP
mutant. (B) Role of p53’s DNA binding activity in recombination regulation. Recombination (rec.) fold changes were analyzed by flow cytometry via
quantification of EGFP-positive cells. Measurements were individually corrected for transfection efficiencies. Mean values from pS3(WT) expressing cells
were set to 1 (absolute mean frequencies: 3 x 10~ [left panel] and 3 x 10~ [right panel]). Data were obtained from 12 individual measurements each.
(C) p53 protein expression levels in K562 cells. Western blot analysis of the indicated p53 variants in whole cell lysates. Cell extract were harvested 48h
after transient transfection. GAPDH (left panel) or Actin (right panel) served as loading controls. (D) Role of p53’s DNA binding activity in nascent
DNA synthesis. Graphic overview in the upper panel shows the experimental outline and representative fibers. Both, CldU- and IdU-tracks were measured
but for clarity graphic presentations focus on IdU-tracks in ongoing forks (emanating from a CldU-track). Lengths were obtained from >247 fibers (left
panel) and >319 fibers (right panel) in two independent biological experiments each. Bars indicate SEM. Only statistically significant differences >0.0001
are shown (scale bar: 5 um).
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p53(WT) (Figure 1B). Similar results were observed when
adding the DNA crosslinking agent Mitomycin C (MMC,
3 uM, 45 min) to cells expressing pS3(WT) (5-fold increase),
and p53(248W) or p53(273H) (no increase) (Supplementary
Figure S1A). MMC-treatments were included as controls
for our microscopic studies later on, where it raises the sen-
sitivity for detection of transiently appearing protein com-
plexes (3). It should be mentioned that MMC treatment did
not trigger a statistically significant increase in the recom-
bination events (P = 0.4687, Figure 1, Supplementary Fig-
ure S1A). This is anticipated since MM C damage within the
EGFP reporter gene region is expected to occur extremely
rare.

As reported previously by us, silencing of POLudecreased
the recombination frequencies in the presence of pS3(WT)
(3). Importantly, POL. silencing had a similar effect in
pS3AC expressing cells, reducing the recombination fre-
quency in a proportion that was similar to the one observed
for pS3(WT) (Supplementary Figure S1B). This result fur-
ther supports the dependence on POLL of the homology-
directed DDT function of p53 (3). Since our previous work
revealed an association between p53 function in replication-
associated recombination and in decelerating nascent DNA
synthesis, we explored the effect of these p53 mutants on
DNA replication speed using the DNA fiber spreading as-
say (3). Following sequential incorporation of 5-chloro-2-
deoxyuridine (CldU) and 5-iodo-2-deoxyuridine (IdU), we
observed shortening of DNA replication tracks in pS3(WT)
expressing K562 cells when comparing them with mock
transfected samples. In contrast, the expression of nei-
ther p53(248W), p53(273H) nor pS3A0 caused changes in
the DNA track lengths (Figure 1D). In line with its ef-
fect on recombination, track lengths of pS3AC express-
ing K562 cells were shorter than in the p53-negative con-
trol albeit intermediate when also compared with the tracks
of p53(WT) expressing K562 cells (Figure 1D). Similar re-
sults were obtained in MMC-treated K562 cells as well as
MMC-treated Saos-2 cells, except that no significant dif-
ference was observed when comparing the IdU pulse track
lengths of p53(WT) and pS3AC (Supplementary Figure
S1C, D). As expected, MMC-treatment shortened replica-
tion tracks, whereby p53(WT) further decreased the repli-
cation fork speed. Notably, data obtained in H1299 non-
small cell lung carcinoma cell clones stably expressing in-
ducible p5S3(WT) and p53(248W) showed replication phe-
notypes similar to the one obtained with K562 cells as well
as Saos-2 cells transiently expressing these proteins (Sup-
plementary Figure SI1F) Taken together, our results sug-
gest that the sequence-specific DNA binding activity of p53
tetramers is required for the p53-dependent regulation of
replication fork progression under both conditions of un-
perturbed growth and of MMC-induced replication decel-
eration.

Replication-associated recombination by p53 depends on C-
terminal and N-terminal interactions regardless of transcrip-
tional activation

Having described the importance of p53’s DNA binding
functions, we wanted to decipher the relevance of p53’s in-
teractions with DNA repair and replication proteins for

their role in DDT. Topoisomerase-I (topo-I) releases tor-
sional stress during DNA replication and transcription (18)
and binds p53 between the core and OD via aa 302-321 fol-
lowing phosphorylation of S315 by Cyclin A1/CDK (19).
The topo-I-binding defective mutant p53(315A) is impaired
in recombination-stimulatory functions while it fully retains
TA activities (16). In contrast to pS3(WT), p53(315A) ex-
pressing cells revealed low recombination frequencies which
were similar to those detected in p53-negative control sam-
ples (Figure 2A). Since both p53(WT) and p53(315A) were
transcriptionally active (Figure 2B), such a result suggested
that topo-I binding rather than transcriptional activation
(TA) is required for p53-mediated DDT. We then tested the
effect of an N-terminally truncated pS3AN, missing aa 1
to 79 and thereby both N-terminal TA domains (TADI1:
aa 1-40, TAD2: aa 40-60) (20) and found that both re-
combination stimulation (Figure 2A) and TA by p53 (Fig-
ure 2B) were abrogated in this p53 mutant. While this re-
sult could indicate TA dependency, it should be taken into
consideration that the N-terminus also binds the single-
stranded DNA (ssDNA) binding protein RPA (Replica-
tion Protein A), which stabilizes DNA replication inter-
mediates (8,21). This domain also binds DNA polymerase
beta (POLB), which shares with POLu the capacity to by-
pass DNA crosslinks and is involved in base excision repair
(BER) (22,23). To target both binding sites individually, we
expressed p5S3(48H/49H), which selectively disrupts RPA-
binding (8) (verified by proximity ligation assay in Supple-
mentary Figure S2C), and p53(22Q/23S), which is deficient
in POLB-binding. Both mutations reduced replication-
associated recombination if compared with p53(WT) (Fig-
ure 2A). This reduction in recombination-mediated events
took place even under conditions of higher levels of pS3AN
or p53(22Q/23S) mutants when compared to pS3(WT)
(Figure 2B, Supplementary Figure S2), which may result
from impaired E3 ubiquitin ligase MDM?2 interaction with
p53’s N-terminal 40 aa caused by a disrupted N terminal
sequence. Notably, cells expressing p53(22Q/23S) showed
an additional 13% reduction of recombination frequencies
in comparison to p53-negative control cells (P < 0.01, Fig-
ure 2A) suggesting a moderate gain of negative effect of this
mutant.

While the above mentioned results engaging p53(315A)
and p53(48H/49H) demonstrated that p53 regulates
homology-directed DDT independently of its TA func-
tions, some p53 target gene products, namely p21 and
MDM2, were reported to play modulatory roles in DNA
replication independently of p53 (24,25). To examine
the contribution of p21 and MDM?2 to p53-dependent
replication-associated recombination, we re-expressed
exogenous p21 and MDM2 in cells expressing TA-defective
p53(22Q/23S) (Supplementary Figure S2A, B). The over-
expression of either p21 or MDM2 did not re-activate
recombination in p53(22Q/23S) expressing cells, indicating
that neither p21 nor MDM2 were sufficient to rescue the
defect of replication-associated recombination in cells
expressing p53(22Q/23S) (Supplementary Figure S2A,
B). Altogether these data suggest the involvement of
topo-I binding and N-terminal protein interactions in the
replication-associated recombination events triggered by
p53.

€20z Atenuer g, uo 1senb Aq 080196G/881Z1/12/8¥/2I01LE/1EU/W00 dno"olWapeoe)/:sdny WOl papeojumoq



Nucleic Acids Research, 2020, Vol. 48, No. 21 12193

A i, K562 1.5-
o S
5 [r— —————] g ' Zxxx o weer o
< 1.0+ < 1.0
5 j
o
k) bl
< 0.5 S 0.5-
S -
@ o= __ @
0.0 T T = 0.0_
ctrl WT 315A ctrl wWT AN
p53 p53
o 1.57 o 1.57
o ok xxkx o —
‘:v A g p—EEE g, raE
£ 1.0 £ 1.0
(&) (4]
k) bl
L 0.5 & 0.5-
o o
o e
0.0 0.0-
ctl  WT 48H/49H ctrl  WT  22Q/23S
p53 pS3
B 07 1.0_ 13 K562
POLI %=~ s === | 7,
ganis, W ——
00 10 22 e
p53(DO1 - |55
. ~ s POLI =
actin [ — - |—a40|% 1.0 545
00 10 15 25 e — 55
p21 —— p53
()| prgpe—— {ratiZl) (] =
ctrl WT 315A 55 [~
p53 p53(DO1) -
Ub 10 038
POLI [== == == | 70 = — 25
—55 b ;
p53(pSerts)| ... == P21 [l - |
00 10 15 5|8 actin [ — |—40
P5IDOT)| e = | |2 ctrl WT_AN
10 - p53
p21 - —
Tubulin| ess e = |55
ctrl WT 48H/49H
p53

Figure 2. Effect of mutating S315 and N-terminal residues of p53 on DNA recombination. K562(HR-EGFP/3’-EGFP) (A) or K562 parental (B) cells were
transfected with expression plasmids for p53(WT), p53(315A), p53(AN), p53(22Q/23S), p53(48H/49H) or empty vector (ctrl). 48 h (B) or 72 h (A) after
transfection experiments were performed as described in Figure 1. For graphic presentation, calculation of SEM and statistically significant differences
between the mean values via Kruskal-Wallis test followed by Mann—Whitney U test GraphPadPrism8.4 software was used. **P < 0.01, ****P < 0.0001.

DNA replication dynamics and replication-associated recom-
bination are similarly affected by p53 mutants 315A, AN,
48H/49H and 22Q/23S

To investigate the impact of the p53 mutants described
above on the dynamics of nascent DNA replication, we per-
formed DNA fiber spreading assays (see protocol in Fig-
ure 3A) in the p53-negative K562 and Saos-2 cells (Fig-
ure 3B-E, Supplementary Figure S3). Mirroring dysfunc-
tion in replication-associated recombination, experiments
performed in K562 cells showed that the p53 mutants
p53(315A), pS3AN, p53(48H/49H) and p53(22Q/23S)

were all impaired in the ability to limit the elongation rate of
nascent DNA synthesis when compared to p53(WT) (Fig-
ure 3B-E, Supplementary Figure S3A). Similar results were
observed when subjecting K562 to MMC-treatment dur-
ing the second IdU pulse (Supplementary Figure S3A).
Similarly, all four p53 mutants were impaired in the abil-
ity to decelerate DNA replication in Saos-2 cells during
MMC treatment (Supplementary Figure S3B). Interest-
ingly, the p53(22Q/23S) mutant which caused the most se-
vere loss of recombination induction (Figure 2A), com-
pletely failed to slow down DNA replication in both cell
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Figure 3. Effect of mutating S315 and N-terminal residues of p53 on DNA replication. (A) Graphic overview of the experimental outline. K562 cells were
transfected with expression plasmids for (B) empty vector (ctrl), pS3(WT) and p53(315A) or (C) p53(AN) or (D) p53(48H/49H) or (E) p53(22Q/23S). 48
h after transfection DNA fiber analysis was performed as described in Figure 1. Both CldU- and IdU-tracks were measured; only IdU-track results for
ongoing forks are shown for clarity (>163 to >499 fibers in two independent biological experiments). For graphic presentation, calculation of SEM and
statistically significant differences via Dunn’s multiple comparison test GraphPadPrism8.4 software was used. **** P < 0.0001. Only statistically significant

differences >0.0001 are shown. Bars indicate mean values.

lines with and without MMC treatment as well as in H1299-
cell clones inducibly expressing p53(22Q/23S) (Supplemen-
tary Figure S3C). For comparison, p53(315A), pS3AN and
p53(48H/49H) showed a moderate but yet significant resid-
ual decelerating activity at least under one of the con-
ditions each. For example, in untreated K562 cells the
fork rates (FR) were reduced from 0.95 kb/min in p53-
negative controls to 0.80 kb/min in p53AN expressing
cells, which was significantly above the p53(WT)-specific
FR of 0.57 kb/min. During MMC exposure in K562 cells
pS53(48H/49H) expression caused intermediate track short-
ening with a fork rate of 0.51 kb/min (compared to con-
trols: FR = 0.61 kb/min or p53(WT) expressing cells: FR
= 0.38 kb/min). In MMC-treated Saos-2 cells expressing
p53(315A) the replication speed was FR = 0.56 kb/min
versus controls (FR = 0.66 kb/min) and p53(WT) (FR =
0.38 kb/min). Altogether, these data demonstrate that loss
of the integrity of these critical protein interaction sites in
p53 compromises its ability to slow nascent DNA synthe-
sis. Given the association of shorter tracks with the p53-
POLw-dependent DDT pathway (3), these results suggest
that these p53 mutants are impaired in this pathway at
forks encountering obstacles. Yeo et al., 2016 demonstrated
that HCT116 cells devoid of p53 show increased topologi-
cal conflict between transcription and replication complexes
(transcription-replication conflict, TRC) (26). To see if the
use of a transcription inhibitor influences the effect of p53
on the p53-POL. DDT pathway, we (pre-)treated H1299-
cells with the inhibitor 5,6-dichlorobenzimidazone-1-3-D-
ribofuranoside (DRB) (26). DNA fiber spreading analy-
sis revealed a shortening of track lengths both after p53

induction and after DRB-treatment (Supplementary Fig-
ure S4). Interestingly, we still noticed residual pS3-mediated
shortening of the tracks in the presence of DRB, suggest-
ing that the p53-POL. DDT pathway may be triggered by
transcription-dependent and -independent replication ob-
stacles.

p53 mutants 315A, AN, 48H/49H and 22Q/23S are im-
paired in protecting cells from DNA damage accumulation

p53-mediated homology-directed DDT, which helps to
overcome replication barriers (3), could mitigate the ac-
cumulation of replication stress, revealed as the accumu-
lation of H2AX phosphorylated on serine 139 (yH2AX)
(27,28). To assess the impact of the different p53 mutants
on DNA damage accumulation, we performed immunoflu-
orescence microscopy to detect y H2AX foci 24 h after treat-
ment of Saos-2 cells with the DNA interstrand crosslinker
MMC. DNA interstrand crosslinks generate roadblocks for
DNA replication (29,30), and are therefore a potent in-
ducer of yH2AX in replicating cells as confirmed in Fig-
ure 4. In support of the notion that pS3(WT) protects cells
from replication damage, yH2AX foci numbers were 2- to
3-fold lower in pS3(WT) expressing Saos-2 cells in compar-
ison to p53-negative cells (Figure 4A-D). The p53-mutants
pS53(315A), pS3AN and p53(48H/49H) lost the ability to re-
strain y H2AX foci numbers in comparison to pS3(WT) ex-
pressing cells, displaying levels of foci accumulation which
were similar to those of p53-negative cells (Figure 4). The
expression of p53(22Q/23S) induced intermediate DNA
damage levels, i.e. less yH2AX foci accumulation as in p53-
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Figure 4. Analysis of DNA damage in cells expressing different p5S3 mutants. (A-E) Saos-2 cells were transfected with expression plasmids for pS3(WT),
empty vector (ctrl) or the respective p53 mutants (A) p53(315A), (B) pS3(AN), (C) p53(48H/49H), (D) p53(22L/23W). 24 h after transfection cells were
MMC-treated (3 wM, 45 min, 24 h release) and processed for immunostaining to visualize y H2AX-foci. The experiments of (A) and (D) as well as (B) and
(C) were performed together: Columns of ctrl and pS3(WT) are identical. Mean values of ctrl expressing cells were set to 1 (on average 3 [A, D] or 45 [B, C]
foci per nucleus). >127 nuclei (A, D) and >125 nuclei (B, C) were scored in two independent experiments. For graphic presentation (left panel), calculation
of SEM and statistically significant differences via Dunns multiple comparison test GraphPadPrism8.4 software was used. ***P < 0.001, ****P < 0.0001.
(E) Representative images with y H2AX-foci and merged images with a DAPI-stained nucleus are shown (Scale bar: 5 pm).
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negative cells but still higher than in p53(WT) expressing
cells (Figure 4D). These data demonstrate that p53 mu-
tants, which fail to decelerate the replication elongation
rate, are deficient in protecting cells from the accumulation
of replication-associated DNA damage.

Stable complex formation of p53 and POL.u at the replication
fork requires the integrity of p53’s N-terminus

To investigate why the p53 mutants pS3(315A), pS3AN,
p53(48H/49H) and p53(22Q/23S) have lost the capacity
to protect cells from DNA damage, achieve replication-
associated recombination and restrain nascent DNA repli-
cation, we explored the ability of these mutants to asso-
ciate with key DDT players discovered in our preceding
work (3). To this end, we performed in situ proximity lig-
ation assays (PLA) to explore the association of PCNA,
POLL and p53 in K562 cells (Figure 5). To detect pS3 we
used the antibody against p53 phosphorylated on Serine
15 (p53pSerl5) which recognizes all p53 mutants includ-
ing p53(22Q/23S) except for pS3AN (Supplementary Fig-
ure S5). In case of pS3AN, devoid of Serine 15, we used
the antibody p53 (Pab421) against the C-terminus of p53.
When exploring the association of p53(WT) with PCNA
in the nucleus, p53(315A), pS3AN, p53(48H/49H) and
p53(22Q/23S) showed a 75% to 100% reduction in PLA-
foci numbers in comparison to pS3(WT) expressing cells
(Figure 5A). Notably, p53(48H/49H) revealed the most
dramatic (100%) impairment followed by p5S3AN (88%),
p53(22Q/23S) (75%) and p53(315A) (74%). Corresponding
PLA analysis of p53-POL.L associations showed the most
pronounced impairment of p53(315A) (95%), followed by
pS3(48H/49H) (81%), pS3AN (81%) and p53(22Q/23S)
(64%) (Figure 5B). Finally, we interrogated the impact of
the different p53 mutants on the association of POL. with
PCNA. Analysis of PCNA-POLu PLA signals showed that
p53(WT) increased the association of POLw with PCNA 4.3
to 10.4-fold, whereas all other p53 mutants were signifi-
cantly impaired (Figure 5C).

Similarly, when analyzing PCNA-POL. complex forma-
tion in co-localization studies, we detected a 11- to 15-fold
stimulation of POL. association with PCNA upon expres-
sion of p53(WT) but not after expression of the p53 mutants
in K562 cells (Supplementary Figure S6A). Similar results
were obtained in Saos-2 cells (Supplementary Figure S6B)
On average 19% of all POLv and 23% of all PCNA foci over-
lapped with each other in p53(WT) expressing K562 cells,
and 20% of all PCNA or POL. foci overlapped with each
other in p53(WT) expressing Saos-2 cells. Strikingly, the rel-
ative degree of impairment of inducing PCNA-POL. com-
plex formation was similar for the different mutants in both
cell lines (see heatmaps in Supplementary Figure S6A and
B). In particular, in both cellular backgrounds, the muta-
tion of aa 22-23 or the deletion of aa 1-79 (AN) in p53
caused the most severe defects in the colocalization of POL
with PCNA (Supplementary Figure S6). A similar, yet less
pronounced pattern, was also seen for POLu foci formation
in both cell lines, possibly reflecting mutual stabilization
of p53 and POL. at replication factories, e.g. in the idling
complexes (3). PCNA foci numbers showed smaller varia-
tions than seen for PCNA-POLL colocalization in both cell

lines, particularly in Saos-2 (Supplementary Figure S5). Al-
together, recruitment of POLwto PCNA-labeled DNA repli-
cation sites was dependent on the p53 functions abrogated
in these p53 mutants, whereby mutating aa 22 and 23 caused
the most severe defect.

Since both POL. and PCNA are involved in base exci-
sion repair (BER), we also investigated if some foci were
also BER-related foci (31-33). To this end, we performed a
PLA experiment after H,O, to explore the association be-
tween the BER factor X-Ray Repair Cross Complementing
1 (XRCC1) and POLu under conditions of oxidative stress
(Supplementary FigureS7A). Similar to Petta et al., we also
observed here, in H1299-cells, that POL. associates with
XRCCI particularly after HyO,-treatment (33). A similar
PLA-foci augmentation was observed under conditions in-
ducing p53-POL. PLA foci, i.e. when treating samples with
the crosslinker MMC (3). However, the number of XRCC1-
POLPLA foci was not significantly affected by p53 expres-
sion. Consistently, a rise in PLA foci number also revealed
that another BER enzyme, Apurinic/Apyrimidinic Endo-
deoxyribonuclease 1 (APE1), and POLuare in close proxim-
ity to each other (Supplementary Figure S7B). However, the
expression of p53 suppressed APE1-POLw PLA foci num-
bers almost to the basal level after both H,O,- and MMC-
treatment. These data suggest that p53(WT), instead of pro-
moting the BER function of POL., rather antagonizes the
association of POL. with BER factors.

Given that the N-terminus of p53 was already sug-
gested to be a potential binding site for polymerases and
that p53(22Q/23S) showed the most severe defects of the
investigated p53 mutants in this study, we investigated
p53(22Q/23S) in terms of its physical interaction with
POLLin co-immunoprecipitation experiments in K562 cells.
As reported before (3), pS3(WT) and POL. were pulled-
down in immunoprecipitations (Figure 6). Very differently,
p53(22Q/23S) was not detected in POLt immunoprecipita-
tions done in parallel (Figure 6). We obtained similar results
when using the PLA approach: no association between p53
and POL. was observed (Figure 5B). These results suggest
that mutating the residues L22/W23 disrupts the interac-
tion of the two main proteins in the DDT complex (p53 and
POL.) at damaged fork sites.

DISCUSSION

Recently, we described a novel homology-directed DDT
pathway that requires the combined action of POLvand p53
to decelerate nascent DNA elongation at replication barri-
ers, suggesting idling events facilitating their resolution by
fork reversal (3). Moreover, DNA-replication-dependent,
spontaneous recombination events of a genomic integrated
GFP-based recombination reporter provide an independent
read-out of the DDT pathway. In this work, we define the
biochemical features of the p53 molecule that are prereq-
uisites for the resolution of replication barriers in concert
with POL.. Collectively, our data suggest that p53 medi-
ated DDT across replication barriers involves: (i) p53 DNA
binding in its tetrameric configuration and (ii) physical in-
teractions with key proteins in the pathway. Moreover, by
using separation-of-function mutants we provide evidence
that this function is independent of its TA activity. Dissec-
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Figure 5. Identification of POL—PCNA complex partners in cells expressing different p53 mutants. K562 cells were transfected with expression plasmids
for pS3(WT), pS3(315A), pS3(AN), p53(48H/49H), p53(22Q/23S) or empty vector (ctrl). 48h after transfection cells were MMC-treated (3 pM, 45 min,
3 h release) and PLA performed. For graphic presentation of mean values, calculation of SEM and statistically significant differences via Dunns multiple
comparison test GraphPadPrism8.4 software was used. **P < 0.01, ***P < 0.001, ****P < 0.0001. Representative images with PLA-foci and merged
images with a DAPI-stained nucleus are shown (Scale bar: 5pum). Hashtags indicate experiments were performed together: Columns of ctrl and p5S3(WT) are
identical. (A) Association of p53 with PCNA was analyzed by in situ PLA using primary antibodies against p53 and PCNA. Note that for immunodetection
of p53(315A), p53(48H/49H) and p53(22Q/23S) anti-p53pSerl5 and for detection of p5S3(AN) devoid of serine 15 Pab421 were applied. Mean values of
pS3(WT) expressing cells were set to 1 (on average seven foci per nucleus), >100 nuclei were scored in two independent experiments. (B) Association of p53
and POL. by PLA was performed using primary antibodies against p53 as in (A) and against POLt. Mean values of p53(WT) expressing cells were set to
1 (on average four foci per nucleus) >141 nuclei were scored in two independent experiments. (C) Association of PCNA and POLuw by PLA was performed
using primary antibodies against PCNA and POLt. Mean values of p53(WT) expressing cells were set to 1 (on average four foci per nucleus), >233 nuclei
were scored in two independent experiments. Bars indicate SEM.
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Figure 6. p53’s N-terminus as binding partner for POLw. K562 cells were transfected with expression plasmids for pS3(WT), p53(22Q/23S) or empty
vector (ctrl). Immunoprecipitations were performed 48 h after transfection. Pull-downs engaged polyclonal rabbit POLw-antibody (Bethyl, A301-304A)
or control rabbit IgG, subsequent immunoblotting relied on anti-POL4, anti-p53 (mix of mAbs Pab421 and DO1) and light chain-specific peroxidase-
coupled secondary antibody. The left panel shows a representative Western Blot. The right panel shows the quantification of three immunoprecipitations.
Quantification of p53 was carried out with ImageLab software and corrected for values of the pull-down protein POLt, whereby the mean value for p5S3(WT)
samples was set to 1. Mean +SD. Note, that the values of the ctrl were subtracted from the values of pS3(WT) and p53(22Q/23S). Due to the small number
of values (n = 3) no statistical significant differences were achieved when comparing p53(WT) to p53(22Q/23S) or ctrl. IP = Immunoprecipitation of POL..

tion of the key interaction sites of p53 necessary for DDT
resolution of replication barriers provides evidence for in-
volvement of S315, which was reported to target topo-I
for recruitment to replication-associated DNA lesions (16).
Residues D48 and D49 which were described to be required
for the p53-RPA interaction (8) and L22 and W23 required
for POL. complex formation (this work) are also central for
p53-mediated DDT.

DNA binding is necessary for DDT mediated by p53 in con-
cert with POLu

The p53 tetramer cooperatively binds to palindromic TA
target DNA in a sequence-specific fashion (34,35) as well
as to Holliday junctions and three-stranded junctions in a
secondary structure-specific fashion (36,37). We presumed
that for p53 to act in DDT, cooperative DNA binding to
such junctions after fork disturbance might be necessary.
Compatible with our idea, we observed that the cancer-
related mutants p53(248W) and p53(273H), which have lost
the capability to contact the phosphate backbone in the
DNA (38), neither stimulate replication-associated recom-
bination nor decelerate nascent DNA elongation. There-
fore, we concluded that p53 needs its DNA binding core do-
main to perform DDT. Moreover, mutant pS3A0 missing
aa 327-346, i.e. the oligomerization domain, also showed
complete loss-of-DDT function. This observation demon-
strates that high-affinity binding of p53 to the replication
sites requires p53 tetramerization, which is compatible with
multiple cooperative DNA binding site at the disturbed
replication fork three-way junctions (39). While the core do-
main rather stochastically associates and dissociates from

the DNA, p53 slides in a sequence-independent manner
on DNA via its C-terminal domain (40). Interestingly, lack
of the aa 370-393 rather enhanced the bypass activities of
p53 in the DDT pathway, as we observed hyperstimula-
tion of replication-associated recombination by pS3AC. In-
triguingly, we also noticed levels of PCNA-ubiquitination
above p53(WT), which like recombination was the oppo-
site of the loss-of-function phenotype of the core domain
and oligomerization mutants (Supplementary Figure S8).
The intrinsic 3'-5" exonuclease activity of p53 was previ-
ously suggested to regulate PCNA ubiquitination (41). The
enhanced homology-directed DDT phenotype of p5S3AC
may therefore result from the reported de-repression of the
3/-5" exonuclease activity of p53 after the deletion of the
C-terminus (42). The coordinated exonuclease and poly-
merase activities of p53-POL. complexes were suggested
to cause idling events (3). These iterative processes may
open a window of opportunities for PCNA-ubiquitination
by HLTF and DDT fork reversal by ZRANB3. As a con-
sequence, homology-directed DDT is critically influenced
by two p53-dependent steps: (i) p5S3-POLw-mediated idling
which gives time for enhanced PCNA-mono- and poly-
ubiquitination by HLTF (3,43) and (ii)) ZRANB3-mediated
fork reversal, which initiates the homology-directed anncal-
ing of the two nascent strands to form a chicken foot struc-
ture. These observations suggest that efficient recruitment
of p53 to DNA seems to play a determinant role in the
regulation of homology-directed DDT. Recruitment of p53
to DNA was also essential for the slow-down of the DNA
replication dynamics, while the influence of the C-terminus
was minor. Altogether, p53-mediated DDT in concert with
POL. requires the integrity of the core domain harboring
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both DNA binding and exonuclease activities as well as the
oligomerization domain.

During POLw-dependent DDT, the recruitment of p53 to
replication forks relies on its interaction with topo-I and RPA

Having established the relative importance of cooperative
DNA binding by a p53 tetramer, we investigated the hi-
erarchy of p53 interactions with DNA binding proteins in
the p53-POLw DDT pathway utilizing previously described
loss of function mutations of p53 (Figure 7). In our previ-
ous works we were intrigued by the fact that p53-dependent
replication-associated recombination requires stable com-
plex formation of p53 with topo-I (16). Topo-I is an enzyme
known to release torsional stress created by transcription
and replication processes on the DNA double helix (44).
In order to generate a p53—topo-I complex, S315, which is
positioned between the core domain and the OD of p53,
must be phosphorylated by CDK2 in complex with Cy-
clin Al (16) Cyclin Al expression accelerates S phase en-
try (45), which suggested a role of the p53-topo-I complex
during DNA replication. Consistent with the notion that re-
cruitment of p53 to replication sites via topo-I binding is a
prerequisite for initiation of p53—POLv-mediated DDT, we
found complete loss of essential biochemical activities un-
derlying this pathway upon mutating S315 in p53 (Figure 7):
Notably, while stimulation of replication-associated recom-
bination, DNA replication track shortening and associa-
tion between p53, POLwand PCNA were lost when express-
ing p53(315A), this mutant is fully active in DNA binding
and TA. p53(315A) was the mutant with the worst perfor-
mance when evaluating associations between p53 and POL
molecules in the nucleus. Therefore, recruitment of p53 by
topo-I must be an upstream prerequisite in the p53-POL.-
mediated DDT pathway (Figure 7), possibly by releasing
tension introduced by p53 to the multiple sites around the
disturbed fork.

As noticed almost three decades ago, both wild-type and
oncogenic mutant p53, physically interact with RPA in S-
phase via residues 38-58 located within the N-terminus
(46). RPA is the major human ssDNA binding protein dur-
ing DNA replication, and promotes the assembly of sev-
eral factors involved in DNA replication and repair. RPA
is formed by three subunits and the largest one, RPA70,
can be further subdivided into four domains, of which
RPA70A/B/C bind to ssDNA and RPA70N serves as an
interaction partner for other proteins including p53. There-
fore, p53 may be recruited to replication sites via RPA
(47). RPA interacts with the N-terminus p53, and the
p53(48H/49H) mutant was shown to be deficient in RPA
binding (8). However, RPA binding to ssDNA and to p53
seem to be mutually exclusive which has led to the idea
that ssDNA, which is enriched at DNA lesions and repli-
cation forks encountering such obstacles, can trigger dis-
sociation of the p53-RPA complex, shown by less pS53—
POL., p53-PCNA or PCNA-POL. association in situ in
p53(48H/49H) expressing cells compared to p5S3(WT) cells
detected by our PLA study (Figure 5). Hence, RPA may aid
the recruitment of p53 to replication sites, while RPA dis-
sociation from the ssSDNA lesion might release p53 for new
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functions in modulating nascent DNA elongation (48). At
PCNA sites, p53 binds DNA together with POLu initiating
idling events which further stabilizes the ternary complex
between p53, POLvand PCNA. On the other hand, in com-
parison to all other investigated p53 mutants, p53(22Q/23S)
showed the most severe defect in replication track shorten-
ing, as it has lost the most crucial prerequisite, namely the
physical binding of p53 to POL. (Figure 7).

Physical interactions of p53 with POLu specifically require
L22 and W23 within the N-terminus

In our previous work, we showed that a p53 mu-
tant pS3(115N), which is TA-proficient but exonuclease-
deficient was deficient in stable p53-POLu idling complex
formation, track shortening and recombination stimula-
tion (3). These findings suggested that p53 directly acts
in this DDT pathway rather than via effects of its down-
stream targets. In our work presented here, two addi-
tional separation-of-function mutant proteins, p53(315A)
and p53(48H/49H), provided further evidence for a direct
role of p53 in this DDT mechanism. We also observed that
p53(22Q/23S), originally reported to be impaired in TA via
loss of the interactions with TFIID and TFIIH compo-
nents (17), does not any longer show interaction with POL.
in co-immunoprecipitation, and strongly reduced associa-
tion with POL. and PCNA in situ studied by PLA. Con-
sistently, p53(22Q/23S) is inactive in pS3-POLi-dependent
DDT pathway functions. Of note, p53(22Q/23S) is also
impaired in binding to POLB, mouse double minute pro-
tein 2 (MDM?2 or HDM2 in humans) and adenovirus E1B
(9,49). These findings suggested that p53’s N-terminus also
harbors binding-sites for other proteins than transcription
factors and therefore mediates biochemical activities other
than TA.

MDM2 antagonizes p53’s TA function through compet-
itively inhibiting access of the transcription machinery to
the N-terminal TAD. Additionally, it down-regulates p53's
protein level by inducing ubiquitination followed by pro-
teasomal degradation (50-52). Interestingly, it was also re-
ported that MDM?2 has a p53-independent role in regu-
lating replication processes by chromatin remodeling (53).
p21 also has p53-independent roles in DDT as a key reg-
ulator of TLS (54). However, here we provide data in-
dicating that re-expression of p53’s transcriptional target
gene products MDM?2 and p21 in cells expressing TA-
defective p53(22Q/23S) do not reconstitute the replication-
associated recombination phenotype of pS3(WT) cells. In
this context, it is also of interest that our PLA studies
demonstrating association between p53—POL., p53—PCNA
or PCNA-POL. in situ, i.e. between the key components
of the DDT pathway, implied use of antibodies directed
against p53pSerl5 except when investigating pS3AN func-
tions. It is well known that phosphorylation of p53 on serine
15 alleviates MDM?2 binding to p53’s N-terminus (55,56),
so that altogether it is unlikely that MDM2 plays an es-
sential role in the p53-POL. mediated-DDT pathway. In
agreement with our findings, previous work had suggested
that after replication fork stalling, p53pSerl5 may serve
additional functions unrelated to TA. Therefore, we pro-
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Figure 7. Hierarchy of p53’s biochemical properties necessary for the regulation of DNA replication fork progression in concert with POLLt. (A) Schematic
structure of the p53(WT) protein as detailed in the text: p53(WT) consists of three main domains (N-terminus, core domain, C-terminus). The N-terminus
can be sub-divided into the transactivation domain (TAD) and proline rich domain (PRD). The C-terminus can be sub-divided into the tetramerization
domain (TD) and the basic domain (BD). Relevant functions of p53 (binding to three-stranded junctions in a secondary structure-specific fashion (36) or
3’-5'exonuclease activity (3)) and interaction sites [PCNA: (58), RPA: (8), Topo-I: (19)] for our study are highlighted below. (B) The upper panel shows
pS3-mutants used in this study and having been described for disrupting the binding to three-stranded junctions or the interaction with relevant proteins
in the p53-POLw-DDT pathway. The p53-POLu interaction has newly been described in this work (Figures 5, 6). Red lines indicate abrogation of p53’s
interactions by the indicated mutations. In the lower panel we propose the following hierarchy of events in the p5S3-POLw-DDT pathway summarizing
p53’s biochemical properties necessary for the regulation of DNA replication fork progression in concert with POL.. DNA replication barriers (orange
triangle) perturb the progression of the DNA replication fork, triggering the p53—POL. DDT (18). Disruption of p53’s interaction with topo-I in p53(315A)
(16,19) prevents the localization of this mutant to the perturbed fork, possibly as topo I might be trapped at the perturbed fork. Stable DNA binding of p53
in tetramers, lost in mutants p53(248W), p53(273H) and p53(AO), is necessary for prolonged association with DNA replication sites (36,39). Moreover,
interactions of p53 with RPA target p53 to ssDNA at these replicating sites (Supplementary Figure S2C, Figure 5), increasing the specificity for localization
at perturbed forks (Figures 1D, 3). Consequently, the RPA-binding defective p53(48H/49H) is impaired in the DDT pathway (Figure 5). Being located at
the replication sites, p53—POLL perform perpetual nucleotide incorporation and removal steps (3) (Figures 1D, 3), which further stabilizes the ternary p53—
POLwPCNA complex. Moreover, this gains time for PCNA poly-ubiquitination (Supplementary Figure S8) and subsequent HLTF-ZRANB3 mediated
fork reversal and restart (3,60,61).
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pose that p53 residues 22 and 23 supported biochemical ac-
tivities other than MDM2 binding or TA, e.g. p53-POLu
complex formation during the p53-POL. dependent DDT.
Zhou et al. reported that residues 22 and 23 are the bind-
ing site for another polymerase, namely POLB. As p53 is
involved in several DNA repair pathways (57) it is tempt-
ing to speculate that the N-terminus of p53 is important for
several processes other than TA, including interactions with
DNA polymerases. Supporting this concept, also the DNA
polymerase platform PCNA was described to interact with
aa 16 to 26 of p53 (58). In conclusion, our data together
with the wealth of information on p53 functions suggest
a highly coordinated mechanism of p53-dependent DDT
(Figure 7): pS3-POL. associates with disturbed replication
forks dependent on its oligomeric state, cooperative DNA
binding and interaction with Topo-I. This is further assisted
by interaction with RPA and (ubiquitylated) PCNA. This
then leads to formation of a ternary p53-POLi-PCNA com-
plex, and the suggested idling to buy time for PCNA poly-
ubiquitylation and subsequent HLTF-ZR ANB3 mediated
fork reversal (3.4).

Protection from replication stress

Our previous studies suggested that the pS3-POL. DDT
pathway protects quickly growing cancer and stem cells
from replication stress which implicated a pro-survival
function of p53(WT) (3). Thus, inactivation of endogenous
pS53(WT) was linked to a decrease of replication-associated
recombination, reduced survival in response to PARP-
inhibitor treatment as well as an increase in spontaneous
and treatment-induced yH2AX foci (2). In our study pre-
sented here, we demonstrated that pS3(WT) reduced the ac-
cumulation of y H2AX foci after MM C-induced replication
stress, but mutants pS3(315A), p5S3(AN), p53(48H/49H) or
p53(22Q/23S) were impaired in this ability. These results
provide further evidence that the p53-POLv DDT path-
way protects against the accumulation of DNA damage.
Mutant p53(22Q/23S) was different than other p53 mu-
tants, as it showed the milder reduction in yH2AX but
a strong reduction in replication-associated recombination
which was significantly lower than the levels of replication-
associated recombination of p53-negative cells. Such a gain-
of-negative function effect could be caused by the formation
of unproductive complexes between p53(22Q/23S) and fac-
tors such as topo-I or RPA thereby exacerbating the DDT
problem by sequestering key molecules away from replica-
tive DNA. In this scenario, the DDT pathway choice may
also have a contribution as TLS can antagonize recombi-
nation resulting from fork reversal and thus modulating
the levels of yH2AX foci indirectly. Such a DDT pathway
choice should affect DNA replication fidelity. Hence p53
may be crucial to direct POLvinto a genome stabilizing p53—
POL.DDT pathway versus in highly mutagenic TLS choice.
Supporting such notion, knockout mice for POLv unex-
pectedly revealed tumor suppressor functions that were
interpreted to be separate from its role as a TLS poly-
merase (59). Therefore, the p53(WT) mediated DDT may
contribute to the tumor suppressor functions of both p53
and POL..
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