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DNA damage tolerance facilitates the progression of replication
forks that have encountered obstacles on the template strands. It
involves either translesion DNA synthesis initiated by proliferating
cell nuclear antigen monoubiquitination or less well-characterized
fork reversal and template switch mechanisms. Herein, we char-
acterize a novel tolerance pathway requiring the tumor suppressor
p53, the translesion polymerase 1 (POL), the ubiquitin ligase Rad5-
related helicase-like transcription factor (HLTF), and the SWI/SNF
catalytic subunit (SNF2) translocase zinc finger ran-binding domain con-
taining 3 (ZRANB3). This novel p53 activity is lost in the exonuclease-
deficient but transcriptionally active p53(H115N) mutant. Wild-type
p53, but not p53(H115N), associates with POLt in vivo. Strikingly, the
concerted action of p53 and POL: decelerates nascent DNA elonga-
tion and promotes HLTF/ZRANB3-dependent recombination dur-
ing unperturbed DNA replication. Particularly after cross-linker-
induced replication stress, p53 and POL also act together to promote
meiotic recombination enzyme 11 (MRE11)-dependent accumulation
of (phospho-)replication protein A (RPA)-coated ssDNA. These results
implicate a direct role of p53 in the processing of replication forks
encountering obstacles on the template strand. Our findings define
an unprecedented function of p53 and POL in the DNA damage
response to endogenous or exogenous replication stress.
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he tumor suppressor protein p53 has been called the guardian-
of-the-genome due to its ability to transactivate downstream
targets transcriptionally, which prevents S-phase entrance before
facilitating DNA repair or eliminating cells with severe DNA dam-
age via apoptosis (1). Interestingly, p53 also encodes an intrinsic
3’5" exonuclease activity located within its central DNA-binding do-
main (2-4). The contribution of the exonuclease proficiency to p53’s
function has largely remained obscure. Exonucleases are involved in
DNA replication, DNA repair, and recombination, increasing the
fidelity or efficiency of these processes. The 3'-5" exonuclease ac-
tivity of DNA polymerases (POLs) catalyzes the correction of rep-
lication errors, thereby preventing genomic instability and cancer (5—
7). The potential involvement of p53’s exonuclease in DNA repair
has been ascribed to transcription-independent functions in nucle-
otide excision repair and base excision repair, in homologous re-
combination (HR), and in mitochondrial processes (8-10).
Regarding HR, in particular, reports indicate a dual role for p53.
On the one hand, it has been reported that p53 down-regulates
unscheduled and excessive HR in response to severe genotoxic
stress, like formation of DNA double-strand breaks (DSBs) (8-10).
This antirecombinogenic effect of p5S3 has been linked to the
blockage of continued strand exchange by interactions with recom-
binase RAD51, RAD54, and nascent HR intermediates carrying
specific mismatches (11, 12). On the other hand, p53 stimulates
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spontaneous HR during S-phase to overcome replication fork stalling
and to prevent fork collapse (10, 13, 14). By this mechanism, p53 is
believed to protect replicating DNA (14). However, the prorecom-
binogenic function of p53 during DNA synthesis has remained less
well understood. p53 was found to associate with HR factors in
S-phase cells after induced replication arrest (15-17) and was
shown to interact with the replication factor RPA (replication
protein A) and with POLa-primase (18, 19). Therefore, p53 seems
to escort the replisome, at least after replication stress. Despite
these pieces of evidence, the exact role of p53 in DNA replication
remains unknown.

Recombination is one possible mechanism to resolve stalled
and collapsed replication forks (20, 21). WT p53 exerts a prosur-
vival so-called healer effect on tumor cells in response to poly-
(ADP ribose) polymerase (PARP) inhibition, which correlates with
a stimulation of replication-associated recombination (14, 22). Be-
cause of the hypothesized role of p53 in HR and/or HR-driven
replication events, we further examined the role of p53 in HR
during unperturbed replication or after enforced replication fork
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stalling using DNA cross-linking, which is known to require HR for
its resolution (23, 24). The recently identified p53 mutant with
separated functions in transcription/cell cycle regulation and exo-
nucleolytic DNA degradation enabled us to explore the specific
contribution of p53’s exonuclease activity to the hypothesized role
of p53 in HR-driven replication events, such as increasing the
fidelity of these processes (2). Our study reveals that WT p53, in
concert with POL, protects the integrity of replication forks by
mastering idling-like events, which either leads to successful DNA
damage bypass or to pronounced meiotic recombination enzyme
11 (MREI11)-dependent resection of DNA. An epistasis-like func-
tional and biochemical analysis unraveled the details of the DNA
damage bypass mechanism, which involves a previously unknown
complex between p53 and the specialized POL1, promoting fork
reactivation via helicase-like transcription factor (HLTF) and zinc
finger ran-binding domain containing 3 (ZRANB3).

Results

WT p53, but Not Its H115N Mutant, Stimulates Replication-Associated
Recombination. We have previously shown that spontaneous re-
combination events, which are independent of any targeted cleav-
age but strictly associated with DNA replication, can be detected in
cells carrying a stably integrated EGFP-based substrate (13, 25)
(Fig. 14). Such recombination events are most likely triggered by
the encounter of replication forks with endogenous DNA damage
(23, 26). To determine the specific contribution of p53 to such
events, we compared the spontaneous recombination frequencies
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Fig. 1. p53 modulates DNA recombination in different cell types. (A) Sche-
matic presentation of the recombination substrate (HR-EGFP/3'EGFP) chro-
mosomally integrated in K562 cells [K562(HR-EGFP/3'EGFP)], which is used for
the determination of recombination fold changes (25). Hygromycin, hygromycin
resistance cassette; PURO, puromycin resistance cassette. The kinked arrow
points to the promoter; the black square indicates a frame-shifting insertion in
the EGFP chromophore coding region generating the inactive variant HR-EGFP;
and the cross indicates replacement of the EGFP start codon by two stop codons,
resulting in the inactive variant 3'EGFP. (B, Upper) Relative recombination fre-
quencies in K562(HR-EGFP/3'EGFP) transfected with expression plasmids for
p53(WT), p53(H115N), or empty vector (ctrl). Recombination (rec)) fold changes
were analyzed by flow cytometry via quantification of EGFP* cells 72 h after
transfection. Measurements were individually corrected for transfection efficiencies.
Mean values from untreated p53(WT)-expressing samples were set to 1 (absolute
mean frequencies are provided in S/ Materials and Methods). Data were
obtained from 20 measurements. For graphic presentation, calculation of SEM
and statistically significant differences via the two-tailed Mann-Whitney U test,
we used GraphPad Prism 6.0f software. (B, Lower) p53 protein levels for samples
used in recombination experiments. a-Actin served as a loading control.
(C, Upper) Recombination fold changes in WTK1(HR-EGFP/3'EGFP) cells with
chromosomally integrated recombination substrate. The experimental setup was
the same as in B. (C, Lower) Western blot analysis shows p53 expression versus
the loading control a-actin. ****P < 0.0001.
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of chromosomally integrated EGFP recombination substrates
after expression of either p5S3(WT) or p53(H115N) (Fig. 1). In
both p53-negative K562 leukemia cells and p53-mutated lympho-
blastoid WTK1 cells, expression of pS3(WT) led to a robust in-
crease of the recombination frequency (Fig. 1 B and C). Intriguingly,
an increased recombination frequency was not evident in K562 or
WTKI1 cells expressing the p5S3(H115N) mutant, although this mutant
is transcriptionally active and modulates the cell cycle and apoptosis to
a similar extent as the WT (Fig. 1 B and C and Fig. S14). The
augmentation of the global DNA damaging response by means of
treatment with mitomycin C (MMGC; 3 uM, 45 min) did not sub-
stantially increase the frequency of spontaneous recombination
compared with the untreated controls in p5S3(WT)-expressing cells
(Fig. S1B). Therefore, we conclude that the major trigger for
spontaneous recombination by p53 is dependent on local signals at
the replicating EGFP region.

Interestingly, in H1299 cells expressing tetracycline-regulated
p53 variants (27), p5S3(WT) caused a statistically significant in-
crease (1.5-fold; P = 0.0169) in the ICs, value following MMC
treatment. In contrast, pS3(H115N) expression did not alter the
ICsy value (P = 0.5986), despite the increase in both p53 and p21
expression levels (Fig. S1C) and a similar effect on the cell cycle
distribution as observed for p53(WT) expression (Fig. S1D).
When interpreting these results, it is important to consider that
although it is unlikely that MMC will trigger lesions within the
EGFP coding region, the survival assay is monitoring the effect
of MMC-induced interstrand cross-links (ICLs) in the whole
genome. Given that ICLs, although representing only one MMC-
DNA adduct out of many, are the major source of cytotoxicity
(28-31), it is tempting to speculate that the survival assay is re-
vealing the contribution of p53 to the resolution of ICLs. It is
interesting that this scenario is different from the one observed
after introduction of DSBs by ionizing radiation (IR). In such a
setup, pS3(WT) reduced the IDs, value from 8.5 to 5.5 Gy (Fig.
S1E; P = 0.0001). Thus, although sensitization of cells to IR
concurs with the well-described down-regulatory effect of
p53(WT) on HR in response to DSBs (8-10), the desensitization
to MMC is consistent with the reported p53(WT)-dependent
stimulation of recombination during replication stress (13, 14).
Taken together, our results suggest that p53 is involved in the
recombinative bypass of replication blocks.

RAD18, HLTF, ZRANB3, and POL: cooperate with p53(WT), but Not with
p53(H115N), to Stimulate Replication-Associated Recombination. To
investigate the molecular mechanism underlying p53(WT)-
mediated recombination stimulation, we silenced factors implicated
in the bypass of blocked replication forks. p53 inhibits the heli-
case and the branch-migrating activities of Bloom syndrome protein
(BLM) and Werner syndrome protein (WRN) helicases, which are
involved in the regulation of HR and in the bypass of replication
barriers (32, 33), whereas RAD51 and breast cancer 2 (BRCA2) are
involved in HR-dependent postreplication repair (34, 35). Pro-
liferating cell nuclear antigen (PCNA)-associated recombination in-
hibitor (PARI) associates with DNA damage sites via SUMOylated
PCNA and blocks recombination by inhibition of RADS51-DNA fil-
ament formation (36). Surprisingly, BLM, WRN, RAD51, BRCA2,
and PARI were not required for the pS3(WT)-mediated stimulation
of recombination, hence suggesting an insignificant contribution of
any RADS51-dependent pathway to this recombination event (Fig. S2
A-E). Consequently, RAD51-independent bypass mechanisms were
explored by silencing different translesion synthesis (TLS)-POLs.
Although silencing of POLn had no effect, silencing of POLk and
REV3L led to a 30% decrease of pS3(WT)-induced recombination
(Fig. S2 F-H). The most striking effect, however, was observed for
POL, with a 50% decrease in the recombination frequency in
p53(WT)-expressing cells (Fig. 24).

PCNA monoubiquitination is a prerequisite for switching from
replicative POLs to TLS-POLs at DNA damage sites (37-41).
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Fig. 2. Stimulation of recombination by p53 requires POLi;, RAD18, HLTF,
and ZRANB3. (Left) K562(HR-EGFP/3’'EGFP) cells were transfected with ex-
pression plasmids for either p53(WT) or p53(H115N), together with shRNA
plasmid specific for POL1 (A), RAD18 (B), HLTF (C), or ZRANB3 (D). Recombi-
nation fold changes were determined as described in Fig. 1. Data were
obtained from 12 to 18 measurements. (Right) In all cases, immunoblotting
was performed to verify knockdown of specific targets. Relative expression
levels are indicated on the top of each panel. GAPDH (A) and a-actin (B-D)
served as loading controls. ****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05.

Silencing the E3-ubiquitin ligase RAD18, which mediates PCNA
monoubiquitination (37, 38, 41) induced a 50-60% recombina-
tion decrease in p53(WT)-expressing cells (Fig. 2B). Similarly,
silencing the E3-ubiquitin ligase and yeast Rad5 ortholog
HLTF (also called SMARCA3 or RNF80 mediating PCNA
polyubiquitination and fork reversal) (42-44) or silencing the
structure-specific translocase ZRANB3 (45) induced a similar
decrease in p53(WT)-expressing cells (Fig. 2 C and D). Impor-
tantly, knockdown of the annealing helicase SMARCALI, which
also functions downstream of HLTF (46, 47), displayed no effect
(Fig. S2I). Also noteworthy, the silencing of POL1 and RAD18
did not affect residual recombination activities in the presence
of p5S3(H115N). The silencing of POL1, RAD18, HLTF, or
ZRANB3 did not affect basal recombination activities in p53-
negative cells (Fig. S34). To exclude potential off-target effects, the
genes of interest were also silenced with a second set of sShRNA
plasmids with a comparable effect (Fig. S3 B-E). Hence, p53 fa-
cilitates a PCNA ubiquitination-mediated bypass mechanism also
involving RAD18, HLTF, ZRANB3, and POL..

Interactions between PCNA, POL, and p53. Having established a

firm link between p53 and replication-associated recombination,
we explored the potential interaction of p53 with key factors
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identified in our epistasis analysis. To this end, we performed an
in situ proximity ligation assay (PLA) (Fig. 34) for PCNA and
the phosphorylated form of p53 (p53pSer15), because p53pSerl5
was shown to associate with stalled replication forks (16, 17). The
PLA indeed revealed an association between pS3(WT) and
PCNA, as well as between p53(H115N) and PCNA, which became
more pronounced after MMC treatment. Moreover, PCNA was
coimmunoprecipitated with GFP-tagged p53 (Fig. 3B), implying a
physical interaction between p53 and PCNA. A functional link
between p53 and PCNA was also suggested by a 2.8-fold increase
in the number of PCNA foci per nucleus in p53-expressing cells
after MMC treatment (Fig. 3C).
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Fig. 3. Analysis of the interaction between p53 and PCNA. (A) Association
of p53pSer15 and PCNA by in situ PLA. After transfection of K562 cells with
p53(WT) or p53(H115N) expression vectors or empty vector, the PLA assay
was performed to detect interaction between p53pSer15 and PCNA as de-
scribed in Materials and Methods. Forty-eight hours after transfection, K562
cells were mock-treated or MMC-treated (3 pM, 45 min), released by rein-
cubation for an additional 3 h, and processed for PLA. Negative control (ctrl.)
samples were processed accordingly, omitting primary antibodies against
p53pSer15 and PCNA. Two hundred nuclei in two independent experiments
were scored, whereby mean values from mock-treated p53(WT)-expressing
cells were set to 1 (on average, one focus per nucleus). Bars indicate SEM.
(Insets) Magnification (2.5x) of the highlighted region. (Scale bars: 5 um.)
(B) Coimmunoprecipitation analysis. Forty-eight hours after transfection
with expression vectors for GFP-tagged p53 (p53-GFP) or GFP (ctrl-GFP), p53
was immunoprecipitated from K562 cells using the antibodies DO1 and
Pab421, followed by immunoblotting for PCNA and p53. Asterisks indicate
unspecific bands. IP, immunoprecipitation. (C) Immunofluorescence micros-
copy of PCNA signals as a function of the p53 status. Seventy-two hours after
transfection with expression plasmids for p53(WT), p53(H115N), or empty
vector, K562 cells were treated with MMC (3 pM, 45 min, 3-h release) and
processed for immunofluorescence-based microscopy to visualize PCNA foci
accumulation. The number of foci per nucleus was quantified using Keyence
BZ-II Analyzer software. (Left) Average numbers were calculated from 68
nuclei in two independent experiments. Mean values in p53(WT)-expressing
samples were set to 1 (on average, 27 foci per nucleus). Bars indicate SEM.
(Right) Representative images with PCNA foci and merged images with a
DAPI-stained nucleus are shown. (Insets) Magnification (2.5x) of the high-
lighted region. (Scale bar: 5 um.) ****P < 0.0001; **P < 0.01.
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Because TLS-POLs are recruited to replication sites by PCNA
ubiquitination (48), and because we observed an epistatic rela-
tionship between POL:i and p53(WT) in our screening, the
possibility of an interaction between p53(WT) and POL1 was
evaluated. PLA and POL1 coimmunoprecipitation (Fig. 4 4 and B)
revealed an association between p53(WT) and POLi. Anti-—
POLi-antibodies did not support reciprocal p53 coimmunopre-
cipitation. However, the PLA also showed that association of
p53(H115N) with POL1 was significantly reduced compared with
p53(WT), thus suggesting that the H115N mutation weakens the
physical interaction between p53 and POL:1 (Fig. 44). To elucidate
the hierarchy of events downstream of PCNA, we quantified
POLi-foci after pS3(WT) and p53(H115N) expression and
p53pSerl5 foci with and without silencing of POL1. We detected
a 2.4-fold increase in POLi-foci per nucleus upon expression of
p53(WT) but not pS3(H115N) (Fig. 4C). Interestingly, this
POLt-foci accumulation was independent of HLTF (Fig. S4A4).
Because pS3(WT), but not p53(H115N), enhanced POLi-foci
formation, we wondered if POL: also affected p53 association
with replication barriers. Silencing of POL1 decreased p53pSer15
foci formation by 50% in p53(WT)-expressing cells (P = 0.0148),
but not in cells expressing pS3(H115N) (Fig. 4D). Altogether,
our data indicate a complex interaction network between
PCNA, p53(WT), and POL1.. PCNA foci number is governed by
p53(WT) and p53(H115N) in the same manner. However, be-
cause the recruitment of POL:1 required pS3(WT) and was im-
paired upon p53(H115N) expression, we propose that pS3(WT)
favors the recruitment of POLx to replication barriers. Conversely,
POL: is required to consolidate pSerl5-modified pS3(WT) foci
but not p53(H115N) foci.

p53(WT) Promotes RPA Foci Accumulation in a Manner Dependent on
POL. and MRE11. RPA foci reveal stretches of ssDNA exposed
upon replication stress (23, 49). Using the tetracycline-controlled
expression system in H1299 cells, we observed a fivefold increase
of RPA foci per nucleus after expression of p5S3(WT) but not of
p53(H115N) (Fig. 54). Similarly, enforced replication blockage
by MMC treatment was followed by a 2.7-fold increase in RPA
foci for p53(WT), whereas there were no observable changes in
pS53-negative and pS3(H115N)-expressing cells (Fig. 54). These
results were further strengthened by the analysis of phospho-S33-
RPA foci accumulation, a marker of DNA replication lesions
(50), which also supported a specific role of pS3(WT) lost in
p53(H115N)-expressing cells (Fig. 5B). Both p53 variants showed
comparable p53 transcriptional activity revealed by their similar
expression levels of p53 and p21 (Fig. 5C). Because K562 cells
exhibit a p5S3(WT)-mediated recombination stimulation, we
reexamined RPA foci formation in S- and/or G2-phase cells,
defined by the expression of cyclin A (51). Consistently, we de-
tected increased RPA foci numbers in pS3(WT) compared with
p53(H115N) or p53-negative cells before and after MMC treat-
ment (Fig. 5D).

The increased p53—-POL: interaction after DNA cross-linking
(Fig. 44) suggested a potential role of POL1 in RPA accumu-
lation after MMC treatment. Strikingly, silencing of POL1 ab-
rogated the p53(WT)-mediated RPA foci formation (Fig. 5E).
Therefore, we investigated the involvement of other nucleases in
ssDNA formation. Silencing the nucleases WRN and EXO1 did
not affect RPA foci accumulation in p53(WT) cells (Fig. S4 B
and C). Silencing BLM, the partner of the endonuclease DNA2
(52), or HLTF, which is involved in p53(WT)-mediated recom-
bination, also did not alter RPA foci accumulation in pS3(WT)
cells (Fig. S4 D and E). However, silencing MRE11 or inhib-
iting its 3'-5" exonuclease activity with the MRE11 exonuclease
inhibitor Mirin (53) was sufficient to reduce RPA foci accu-
mulation to a level similar to the level found in p53(H115N)
cells (Fig. S54). This result was intriguing, because MRE11
mediates DNA end resection at stalled replication forks (54).
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Fig. 4. Analysis of the interaction between p53 and POL:. (A) Association of
p53pSer15 and POL: by PLA. After transfection of K562 cells with p53(WT) or
p53(H115N) expression vectors, the PLA assay was performed to detect in-
teraction between p53pSer15 and POLi as described in Materials and
Methods. Forty-eight hours after transfection with expression plasmids for
p53(WT) or p53(H115N), K562-cells were mock-treated or MMC-treated
(3 pM, 45 min, 3-h release). Negative control samples were processed ac-
cordingly, omitting primary antibodies against p53pSer15 and POL. Two
hundred nuclei in two independent experiments were scored, whereby
mean values from mock-treated p53(WT)-expressing cells were set to 1 (on
average, four foci per nucleus). (Insets) Magnification (2.5x) of the high-
lighted region. (Scale bars: 5 um.) (B) POL1 was detected in p53-GPF immu-
noprecipitations after MMC treatment (3 pM, 45 min, 3-h release) of K562
cells. Blots were first incubated with antibody against POL: and then with
antibody against p53. (C) Subnuclear distribution of POL: is modulated by
the p53 status. K562 cells were transfected and treated as in Fig. 4A, and
samples were used for the immunofluorescence-based visualization of POLi-
foci accumulation per nucleus. (Left) One hundred nuclei in two inde-
pendent experiments were scored. (Right) Representative images are dis-
played. (Insets) Magnification (2.5x) of the highlighted region. Mean values
of POLi-foci in p53(WT)-expressing cells after mock treatment were set to 1
(on average, four foci per nucleus). Bars indicate SEM. (Scale bar: 5 um.) (D)
Recruitment of exonuclease-proficient p53 into nuclear foci is affected by
silencing of POLi.. K562 cells transfected with expression plasmids for
p53(WT) or p53(H115N) and with an shRNA plasmid specific for POL1
[sh(POL1)] were treated with MMC (3 pM, 45 min, 3-h release). The number
of p53pSer15 foci was scored in 100 nuclei and two independent experi-
ments. Quantifications (Left) and representative images (Right) are shown.
(Insets) Magnification (2.5x) of the highlighted region. Mean values of
p53pSer15-foci in p53(WT)-expressing cells were set to 1. Bars indicate SEM.
***k*Pp < 0.0001; *P < 0.05.

Notably, although p53(WT)-dependent RPA foci accumulation
required the exonuclease activity of MREL11, stimulation of re-
combination in the reporter assay was not modulated by MRE11
down-regulation, as shown for two shRNAs (Fig. S5 B and C).
These results revealed that MRE11 creates RPA-coated ssDNA
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Fig. 5. Effect of p53 and POL: on ssDNA accumulation. (A) Accumulation
of RPA foci in H1299-cell clones. H1299 cells, controlled with tetracycline,
expressing or not expressing either p53(WT) or p53(H115N) were mock-
treated or MMC-treated (3 pM, 45 min, 3-h release) and processed for the
detection of RPA foci accumulation. (Upper) Number of RPA foci per nucleus
was quantified and expressed as fold changes. (Lower) Representative im-
ages with 2.5-fold enlarged magnifications (Insets) of highlighted regions
for MMC-treatment are shown. Mean values for p53(WT)-expressing cells
after mock treatment were defined as 1 (on average, eight foci per nucleus).
Bars indicate SEM. Stippled lines separate individual cell clones with and
without tetracycline treatment for suppression (=) and release (+) of
p53 [p53(WT) and p53(H115N)] expression, respectively. (Scale bar: 5 pm.)
(B) RPA-phospho-Ser33 focal accumulation. H1299-cell clones expressing or not
expressing p53(WT) or p53(H115N) were subjected to mock or MMC treatment
(3 pM, 45 min, 3-h release). Samples were inspected for phospho-RPA foci
accumulation as in A. Mean values for p53(WT)-expressing cells after mock
treatment were defined as 1 (on average, six foci per nucleus). Bars indicate
SEM. Stippled lines separate cell clones with and without tetracycline treat-
ment for suppression (—) and release (+) of p53 expression. (Scale bar: 5 pm.)
(C) p53 protein levels in tetracycline-regulated H1299-cell clones. H1299-cell
clones were treated with or without tetracycline for suppression of p53 ex-
pression [lanes 1 and 5, p53(WT) clone; lanes 2 and 6, p53(H115N) clone] and
release of p53 expression [lanes 3 and 7, p53(WT) clone; lanes 4 and 8,
p53(H115N) clone], respectively. After mock or MMC treatment (3 pM, 45 min,
3-h release), cells were lysed and subjected to immunoblotting to visualize
p53 and p21 protein levels. a-Actin served as a loading control. (D) RPA foci
analysis in K562 cells. K562 cells transfected with p53(WT) or p53(H115N) ex-
pression vector were mock-treated or MMC-treated (3 pM, 45 min, 3-h release)
and processed for immunofluorescence-based microscopy to visualize RPA foci,
which were quantified in cyclin A-costained cells. Mean values for p53(WT)-
expressing cells after mock treatment were defined as 1 (on average, 14 foci per
nucleus). (E) RPA foci formation after down-regulation of POL:.. K562 cells were
transfected with shRNA plasmid specific for POL: [sh(POL1)] and either p53(WT)
or p53(H115N) expression plasmids, followed by MMC treatment (3 uM, 45 min,
and 3-h release). Mean values for p53(WT)-expressing cells were defined as 1 (on
average, nine foci per nucleus). ****P < 0.0001; **P < 0.01; *P < 0.05.
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stretches in concert with p5S3(WT) and POL., although it does not
contribute to p5S3(WT)- and POLi-dependent replication-associated
recombination.

p53(WT), but Not p53(H115N), Restrains DNA Elongation in a POLi-
Dependent Manner. WT p53, together with POLi, promoted
stimulation of replication-dependent recombination and RPA
foci accumulation, suggesting a role for p53 and POL1 in the
replication process itself. To measure the elongation rate of
replication directly, DNA fiber assays (55, 56) were applied to
H1299 cells (Fig. 6 and Fig. S6) and K562 cells (Fig. S7 4 and B).
p53(WT) expression persistently led to a decrease in the length
of the two DNA tracks resulting from subsequent incorporation
of 5-chloro-2-deoxyuridine (CldU) and 5-iodo-2-deoxyuridine
(IdU). This track shortening can be interpreted as exonuclease-
mediated DNA degradation, increased replication stalling, and/or
a continuous deceleration of the replication elongation speed.
After MMC treatment of H1299 cells, the IdU track length was
also shortened in p53(WT) cells, but not in p53(H115N) cells
(Fig. S6 B and C). Mean replication fork rates calculated from
track lengths in time-course experiments were 0.6 kb-min~' or
0.5 kb-min~" in control cells and 0.5 kb-min™" or 0.4 kb-min~" in
p53(WT) cells after mock and MMC treatment, respectively. On
average, this rate reduction suggests a p5S3(WT)-mediated track
shortening of 120 nucleotides per minute (+27) and 143 nucle-
otides per minute (+13), respectively. Track length shortening
was not detected in p5S3(H115N)-expressing cells (Fig. 6C and
Fig. S7B). If the track shortening depends on fork stalling, the
two tracks originating from the same point are differentially af-
fected, leading to a difference in track length (57). Thus, stalling
leads to an increase of the ratio of the two IdU track lengths
called “fork asymmetry.” As expected, MMC treatment signifi-
cantly increased fork asymmetry (Fig. S6D). Nevertheless, fork
symmetry ratios in pS3(WT) did not differ from fork symmetry
ratios in control cells before or after MMC treatment. Hence,
track length shortening after pS3(WT) expression was not asso-
ciated with stalling, and rather supports a continuous role for p53
(lost in the H115N mutant) on the synthesis of nascent DNA.
These findings were cell type-independent, because track lengths
expressing pS3(WT) in K562 cells were also shorter compared
with cells expressing pS3(H115N) or p53-negative controls inde-
pendent of MMC treatment (Fig. S7 A4 and B). Remarkably, we
also observed similar results in U20S cells (Fig. S7C) and in cy-
cling primary human cord blood-derived hematopoietic stem and
progenitor (CD347") cells after silencing of endogenous p53 (Fig.
S7D). In both of those cellular models, after 30 min of IdU in-
corporation, control samples elongated significantly less than p53-
depleted samples. It is unclear to us whether p53 triggers a re-
duction in the synthesis of nascent DNA at random positions or if
it performs a more continuous task. However, if we accept the
second scenario, the impact of p5S3(WT) provides an average de-
crease of 171 nucleotides per minute (+85) in U20S cells (Fig.
S7C) and 165 nucleotides per minute (+41) in primary samples
(Fig. S7D).

Strikingly, after down-regulating POL1 with specific siRNAs,
the differences in track lengths and fork rates between p5S3(WT)-
expressing and p53-negative H1299 cells were lost (Fig. 6B and
Fig. S6 B and E). Because the accumulation of RPA foci in
p53(WT) cells after MMC treatment showed a dependency on the
catalytic activity of MRE11, we also performed DNA fiber-
spreading assays in the presence of Mirin in H1299 cells. Sur-
prisingly, Mirin treatment did not cause any increase in track
lengths in either controls or p53(WT) cells (Fig. S5D), thus
matching the lack of effect in recombination measurements (Fig.
S5 B and C). Altogether, these data demonstrate that exoge-
nously and endogenously expressed, exonuclease-proficient
p53(WT) decreased replication elongation through a mechanism
other than fork stalling. Although TLS-POL1 was necessary for
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Fig. 6. p53 modulates nascent DNA elongation. A DNA fiber-spreading assay
was performed in H1299-cell clones inducibly expressing p53(WT) or p53(H115N),
which had been transfected with nonspecific RNA [nsRNA; B (Left) and
C (Left)] or siRNA specific for POL: [si(POL1); B (Right) and C (Right)] 48 h pre-
viously. Mean values were calculated by measuring fiber track lengths of >250
single fibers in two independent experiments [Left, 5-chloro-2-deoxyuridine
(CldU); Right, 1dU]. Statistically significant differences between p53-negative
control cells and p53-expressing cells were calculated using Dunn’s test.
(A) Representative fiber image and a schematic overview illustrate the technical
procedure. (Scale bar: 5 um.) (B) H1299-cell clone without and with p53(WT)
expression. ****P < 0.0001. (C) H1299-cell clone without and with p53(H115N)
expression. (D) POLy, p53, and p21 protein levels. Knockdown of POL: in H1299
cells without and with p53(WT) expression was examined by Western blot
analysis. a-Actin served as a loading control. (E) POL, p53, and p21 protein
levels. Knockdown of POL: in H1299 cells without and with p53(H115N) ex-
pression was examined by Western blot analysis. GAPDH served as a loading
control.

p53(WT)-mediated recombination, the shortening of nascent
DNA replication tracks, and RPA foci accumulation, the nu-
clease MRE11 was only required for the last function and dis-
pensable for the first two functions of p53(WT).

Discussion

Our results suggest that the role of p53 in genome stabilization
under both normal and stressed conditions may not only involve
the control of cell cycle entrance and the apoptotic decision but
might be a direct contribution to the maintenance of optimal
rates of nascent DNA elongation and replication-associated re-
combination. Because pS3(H115N) is not transcriptionally im-
paired, this function of p53 is clearly independent of its positive
effect on its transcriptional targets. At this point, it is, however,
important to emphasize that the pS3(H115N) mutant was
reported to have a slightly increased p53 transcriptional activity
compared with p5S3(WT). Notably, in our experimental setting,
p53(H115N) was not transcriptionally superior to pS3(WT)
in inducing p21 (Figs. 1B and 5C and Fig. S1C) Moreover,
p53(H115N) was reported to have an enhanced capacity to bind
DNA (27), a feature that may also contribute to the phenotype
described in this report. As a prominent feature, the exonuclease
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activity of p53 is reduced by 85% in the p53(H115N) mutant,
whereas the modifications in the transcriptional activity and
DNA binding are much more modest. Therefore, we speculate
that such an exonuclease activity, first described 20 y ago (2) and
confirmed by several groups (3, 4, 18, 27, 58), may be implicated
in the replication phenotype revealed in this study. In particular,
we show that cells expressing the exonuclease-deficient but
transcriptionally proficient mutant pS3(H115N) do not exhibit
the ability of p53(WT)-expressing cells to stimulate recombina-
tion in reporter assays and to modulate nascent DNA elongation
in vivo. Collectively, our data suggest that a DNA damage tol-
erance against replication-blocking lesions can be achieved by
the concerted action of RADI18, an exonuclease-proficient
pS3(WT)-POL: complex, and the fork-reactivating abilities of
HLTF and ZRANB3 (Fig. 7). Notably, our work elucidates a
new role of p5S3(WT), together with POL4, an extremely error-
prone and highly enigmatic POL in humans (59) without
paralogs in bacteria, yeast, or nematodes (48).

p53 has previously been reported to confer resistance to repli-
cation stress via PARP inhibition (14) and to stimulate recombi-
nation events during S-phase (13). Here, we demonstrated that
p53(WT) cells were protected against replication-blocking MMC
treatment, whereas p5S3(H115N) cells were not. Because only
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Fig. 7. Model for p53-mediated resolution of replication barriers. When
encountering replication barriers, the replication machinery stops, trigger-
ing PCNA monoubiquitination (U) and recruitment of p53, which is followed
by POLt. The p53-POL: complexes favor continued idling, leading to poly-
ubiquitination of PCNA (chain of U’s) via HLTF; subsequently, to error-free
resolution/bypass via HLTF and ZRANB3; and, finally, to replication restart.
Current models of the ZRANB3-mediated DNA damage tolerance pathway
(63, 67) suggest that the structure-specific endonuclease of ZRANB3 intro-
duces a nick into the unreplicated template strand ahead of the fork, which
serves as a primer end for displacement DNA synthesis (green arrow). Con-
comitantly, ZRANB3, together with HLTF, promotes fork reversal. As a result,
the replication-blocking lesion is replaced by a patch of newly synthesized
DNA (green line), thus permitting unrestricted progression of the restarted
fork. Persistent replication stress can alternatively lead to MRE11-dependent
ssDNA formation, which is coated by RPA.
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p53(WT) stimulated replication-associated recombination, we
hypothesized that the exonuclease activities of p53 promoted
resolution of replication lesions. Alternative explanations, such as
cell cycle changes, are unlikely because pS3(H115N) represents a
true separation-of-function mutant with loss of exonuclease but
not of cell cycle-regulatory activities (27) (Fig. S1 A and D).

p53-Mediated Recombination Engages the PCNA Switchboard. Re-
markably, screening targets for genetic interactions with pS3(WT)
in the recombination reporter assay excluded the involvement
of RAD51, BRCA2, and the HR antagonist PARI, which all
act downstream of PCNA SUMOylation (34). Alternative
routes mediating a replicative lesion bypass are known to be
triggered by PCNA ubiquitination, namely, TLS or template
switching. The latter can further be subdivided into strand
invasion or fork reversal mechanisms (36, 60). The stimulation
of recombination by p53(WT) was fully epistatic with the
E3-ubiquitin ligase RAD18, which monoubiquitinates PCNA in
conjunction with the E2-conjugating enzyme RADG6 (60), and
with POLi, which recognizes monoubiquitinated PCNA (48).
Intriguingly, it has previously been speculated that p53 is re-
quired for efficient, UV-induced PCNA monoubiquitination (39,
61). The p53 effect on replication-associated recombination was
partially epistatic [residual effect in cells with p53(H115N)] with
the Rad5 functional homolog HLTF, which, in conjunction with
UBCI13/UEV1, polyubiquitinates PCNA (42), and with the
translocase ZRANB3, which binds polyubiquitinated PCNA
and stabilizes replication forks (45). Intriguingly, HLTF and
ZRANB3 may also support a RAD51-independent mechanism
of lesion bypass. Both enzymes have been reported to be able to
create and resolve HR intermediates such as D-loops inde-
pendent of RADS1, which may provide primers for the repair of
gaps generated during replication of damaged DNA (62, 63). A
major function of HLTF appears to be the promotion of fork
reversal upon replication block (43, 64, 65). ZRANB3, a SWI/
SNF catalytic subunit (SNF2) DNA translocase like HLTF, has
been proposed to cooperate with HLTF in the remodeling of the
blocked fork, additionally contributing a structure-specific endo-
nuclease for the fork remodeling (45, 66, 67).

PCNA ubiquitination has been described to mediate a switch
of POLs and to induce TLS (38). We noticed complete depen-
dency of p53-mediated recombination with one specific TLS-POL,
namely POL1. The observed moderate influences of TLS-POLk and
the TLS-POLL catalytic subunit REV3L could be explained by
functional overlap and cooperation with TLS-POL., respectively (48,
68). Because p53(WT), but not pS3(H115N), facilitated the accu-
mulation of POLi-foci and, conversely, POL: silencing impaired ac-
cumulation of p53pSer15 foci in cross-linker—treated cells expressing
exonuclease-proficient p53, we propose exonuclease-dependent
stabilization of a p53-POLi complex at replication lesions. The
identification of a feature in p53 that allows its physical and func-
tional interaction with DNA POLs is not unprecedented (18, 69-71).

p53 and POL: Allow Damage Bypass via HLTF and ZRANB3. An epis-
tasis analysis thus indicates that pS3(WT) and Poli represent one
branch of the replication stress response pathway (Fig. 7). This
pathway is initiated by Rad6/Rad18-dependent monoubiquitination
of PCNA, commonly followed by recruitment of a suitable TLS-
POL (72-74). Given that p53-induced deceleration of DNA repli-
cation was fully dependent on POL1 and the exonuclease-proficient
p53(WT), we propose exonuclease-dependent idling by the p53-
POL1 complex, leading to accumulation of POLx at replication le-
sions, which thus is dependent on p53’s exonuclease activity and,
ultimately, stabilizing the complex (5, 75). In the literature, “idling”
is described as a function achieved by some DNA POLs, where the
exonuclease activity removes the same base that is preferentially
incorporated (5). Idling may also act as a kinetic boundary to TLS,
preventing stable incorporation of bases opposite DNA lesions (5).
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TLS-POLs do not possess an intrinsic exonuclease activity (48, 74,
76), and p53 might provide the missing exonuclease. The p53-POL1
idling complex would transiently stabilize the fork at replication
barriers and may lead to the observed replication slowdown. The
persistent p53- and POLi-driven idling events might also prevent
RADS51-dependent recombination (8-10), which is further blocked
by HLTF-dependent PCNA polyubiquitination. Because POL1-foci
accumulation was unaffected by HLTF silencing, POL1 acts up-
stream of PCNA polyubiquitination in cells with pS3(WT). PCNA
polyubiquitination may ultimately lead to ZRANB3 recruitment for
the successful bypass of replication barriers and fork restart (63, 66,
67). Notably, ZRANB3 possesses a unique, structure-specific en-
donuclease activity, which is able to incise the DNA 5’ of a blocking
lesion on the leading strand template. In this way, an accessible
3’-OH group is generated that can serve as a primer to displace the
lesion on the leading strand template (67) (Fig. 7). ZRANBS3, to-
gether with HLTF, thus facilitates fork reversal, damage bypass, and
replication restart (43, 62, 67). The same mechanism is also suitable
to explain the recombination-dependent, but RAD51-independent,
recombination events observed (Figs. 1 and 2 and Fig. S2).

Further clues to the hierarchy of events come from data on
RPA foci. Accumulation of RPA foci required p53(WT) and POL4,
and depended on the exonuclease activity of MRE11. Conversely,
MRE11 was required for neither p53-induced replication slowdown
nor increased recombination. Therefore, MRE11 is involved in
neither p53-dependent idling nor the mechanism causing recom-
bination. Therefore, exonucleolytic attack by MRE11 may be ul-
timately triggered by a persistent replication block that cannot be
resolved by HLTF/ZRANBS3 (77).

All in all, we propose that exonuclease-proficient pS3(WT)
resolves replication barriers via continued idling in complex with
POL4, which allows PCNA polyubiquitination and damage by-
pass by HLTF and ZRANB3. The proposed mechanism shows
how p53 stimulates spontaneous recombination events during
S-phase or after DNA cross-linking, and may explain how it pro-
tects rapidly growing cells, such as cancer cells (14) or hemato-
poietic stem cells (78), directly against replicative stress.

Materials and Methods

Additional experimental details are provided in S/ Materials and Methods.

Cell Survival Assay. For assessment of cell viabilities, the colorimetric 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used
(14). The assay was performed 48 h after 45 min of MMC treatment (1-1,000
uM). Details are provided in S/ Materials and Methods.

Recombination Measurements. K562 or WTK1 cells with chromosomally in-
tegrated recombination substrate [i.e., K562(HR-EGFP/3'EGFP), WTK1(HR-
EGFP/3'EGFP-SV40)] (14, 25) were cotransfected with p53 expression plas-
mids or shRNA plasmids as detailed in the figure legends. Recombination
frequencies were measured as described (13, 14) and are detailed in S/ Ma-
terials and Methods.

Coimmunoprecipitation and Expression Analysis. K562 cells were transfected
with expression plasmids, and immunoprecipitation was performed using a mix-
ture of mAbs Pab421 and DO1 (Calbiochem) directed against p53 as described (13,
17) and detailed in SI Materials and Methods. Western blot analysis and quanti-
tative real-time PCR were performed as described in S/ Materials and Methods.

DNA Fiber-Spreading Assay. The DNA fiber assay was performed as described
by Speroni et al. (56) and is detailed in S/ Materials and Methods. Human
CD34% hematopoietic stem and progenitor cells were obtained from cord
blood samples [approval by the Ethics Committee of Ulm University (no.155/
13)] and cultured as described. Informed consent was obtained from mothers
before or after having delivered a child within 24 h after birth, informing them
about the type of investigations planned with the cord blood as well as about
the absence of any risk for the child.

Immunofluorescence Staining. H1299 cells were grown on coverslips, whereas
K562 and human hematopoietic stem and progenitor cells were spun onto
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cytospin glass slides. Cells were fixed at indicated time points after MMC
treatment, followed by processing for immunofluorescence microscopy as
detailed in S/ Materials and Methods.

In Situ PLA. The in situ PLA was carried according to the manufacturer’s
instruction (DUO92102; Sigma). Details are provided in S/ Materials
and Methods.

Plasmids, siRNA, and Transfection. Plasmids, siRNA, and transfection methods
used in this study are described in S/ Materials and Methods.

Statistics. Graphic presentation of data was performed using GraphPad Prism
6.0f software. For calculation of statistically significant differences, the
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