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SUMMARY

The MDM2 oncoprotein antagonizes the tumor suppressor p53 by physical interaction and ubiquitination.
However, it also sustains the progression of DNA replication forks, even in the absence of functional p53.
Here, we show that MDM2 binds, inhibits, ubiquitinates, and destabilizes poly(ADP-ribose) polymerase 1
(PARP1). When cellular MDM2 levels are increased, this leads to accelerated progression of DNA replication
forks, much like pharmacological inhibition of PARP1. Conversely, overexpressed PARP1 restores normal
fork progression despite elevated MDM2. Strikingly, MDM2 profoundly reduces the frequency of fork
reversal, revealed as four-way junctions through electron microscopy. Depletion of RECQ1 or the primase/
polymerase (PRIMPOL) reverses the MDM2-mediated acceleration of the nascent DNA elongation rate.
MDM2 also increases the occurrence of micronuclei, and it exacerbates camptothecin-induced cell death.
In conclusion, high MDM2 levels phenocopy PARP inhibition in modulation of fork restart, representing a
potential vulnerability of cancer cells.

INTRODUCTION
The tumor suppressor protein p53 is a stress-inducible transcription factor. It induces expression of genes that promote cell cycle
arrest, DNA repair, or programmed cell death (Hafner et al., 2019;
Kastenhuber and Lowe, 2017; Levine, 2020). One of the most
strongly p53-responsive genes is the mouse double minute 2 homolog (MDM2). MDM2 is an E3 ubiquitin-protein ligase that targets p53 for proteasome-mediated degradation, giving rise to a
regulatory feedback loop (Wade et al., 2013). MDM2 thus acts
as an oncogene, and it is overexpressed in a variety of human tumors, most notably in sarcomas (Rayburn et al., 2005). In addition
to its role in regulating p53, additional functions of MDM2 have
been described, compatible with a role of MDM2 as an effector,
not only a regulator, of tumor suppression by p53 (Levine,
2020). MDM2 interacts with the Polycomb repressor complex 2
and mediates histone modifications (Wienken et al., 2016,
2017). MDM2 binds and deactivates the Mre11-Rad50-Nbs1
(MRN) complex, delaying DNA repair (Alt et al., 2005). Finally,
MDM2 can support the processivity of DNA replication forks in
cooperation with its association partner MDM4 as well as another
histone ubiquitin ligase, RNF2 (Klusmann et al., 2016, 2018;

Wohlberedt et al., 2020). Because MDM2 relies on p53 for its
full expression, this might also explain why the presence of p53
enhances DNA replication fork processivity (Klusmann et al.,
2016). However, we still lack a clear mechanistic understanding
of how MDM2 affects DNA replication forks upon p53 activation.
Poly(ADP-ribose) polymerase 1 (PARP1) is an emerging player
in regulation of DNA replication. PARP1 binds to perturbed DNA
replication forks and to damaged DNA, and this triggers its catalytic activity. It then covalently attaches ADP-ribose units to a
number of target proteins, including PARP1 itself (Chambon
et al., 1963; Kun et al., 2004; Langelier et al., 2011, 2014).
PARP1 polymerizes these ADP-ribose units to form linear or
branched poly(ADP-ribose) (PAR) chains in a reaction called
PARylation. PARylation of proteins regulates their function,
localization, and stability (Gibson and Kraus, 2012). In this way,
PARP1 controls DNA repair and chromatin remodeling (Jungmichel et al., 2013; Ray Chaudhuri and Nussenzweig, 2017), and
PARP inhibitors are established drugs for treating tumors with
DNA repair deficiencies (Helleday, 2011). PARP1 controls DNA
replication, and its inhibition leads to enhanced progression of
replication forks (Maya-Mendoza et al., 2018). Correspondingly,
most PARylation activity is detected during S phase at sites of
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Figure 1. MDM2 ubiquitinates PARP1, triggering its proteasomal degradation
(A) Immunoblot analysis of SJSA-1 cells 72 h after transfection of siRNA against PUMA and upon treatment with Nutlin (20 mM, 48 h).
(B) SJSA-1 cells were treated with 20 mM Nutlin for 12 h. During the last 4 h, the proteasome inhibitor MG-132 (10 mM) was added, followed by immunoblot analysis. The efficacy of proteasome inhibition is demonstrated by accumulation of p53, MDM2, and PARP1.

(legend continued on next page)
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DNA replication. This is at least partially triggered by processing
of Okazaki fragments, which can be carried out by a PARP1- and
XRCC1-dependent pathway as an alternative to the canonical
FEN1- and LIG1-driven pathway (Hanzlikova et al., 2018).
PARP1 delays restarting of reversed DNA replication forks.
Fork reversal is a replication fork remodeling process by which
a canonical three-way replication fork is converted to a fourway junction by reannealing of parental DNA strands and coordinated annealing of newly synthesized strands (Betous et al.,
2012; Higgins et al., 1976). This happens during replication in
response to genotoxic agents but also when replication forks
hit endogenous obstacles; e.g., repetitive DNA forming secondary structures (Follonier et al., 2013; Schmid et al., 2018; Zellweger et al., 2015). Fork reversal contributes to temporal arrest
of replication, allowing repair or bypass of DNA damage (Berti
et al., 2020; Neelsen and Lopes, 2015; Quinet et al., 2017).
When active, PARP1 stabilizes DNA replication forks in the regressed state and limits fork restarting by inhibiting the activity of
the helicase RECQ1 (Berti et al., 2013). Conversely, PARP1 inhibition accelerates replication forks and antagonizes fork reversal
(Berti et al., 2013; Maya-Mendoza et al., 2018; Ray Chaudhuri
et al., 2012). When PARP1 activity is diminished, alternative
DNA damage tolerance (DDT) mechanisms become prominent.
These include translesion synthesis (TLS) and repriming of
DNA synthesis downstream of the replication block by the action
of the primase and DNA polymerase (PRIMPOL) (Genois et al.,
2021; Quinet et al., 2020). Thus, PARP1 activity determines
how replication forks cope with obstacles. It remains largely unknown how PARP1 activity itself is regulated during replication.
Recently, the methyl transferase CARM1 has been found to support PARP1 activity at replication forks (Genois et al., 2021), but
additional factors might well be involved in regulation of PARP1
activity in this context.
In addition to its role in DNA synthesis and repair, PARP1 is
widely known for its cleavage during apoptosis. In this context,
caspases cleave PARP1 into fragments that are readily detectable by immunoblot analysis (Kaufmann et al., 1993; Soldani

et al., 2001). This study was initiated by the surprising observation that p53 activity not only induced cleavage of PARP1 into
fragments but also led to degradation of PARP1 altogether,
even when apoptosis was blocked. This raised the questions
of whether the most prominent p53-inducible ubiquitin ligase,
MDM2, might mediate PARP1 degradation and how this would
affect the DNA replication process.
We observed that MDM2 inhibits and destabilizes PARP1 by
physically binding and ubiquitinating it. Consequently, MDM2
promotes progression of DNA replication forks. This increase
in the DNA elongation rate requires RECQ1 as well as
PRIMPOL, and it coincides with suppression of fork reversal.
Thus, MDM2 not only counteracts p53 activity but also antagonizes PARP1. It therefore promotes DNA replication fork progression via RECQ1-driven resumption of reversed replication
forks and PRIMPOL-mediated re-priming of DNA synthesis.
RESULTS
MDM2 ubiquitinates PARP1, triggering its proteasomal
degradation
We were initially studying p53-induced apoptosis, using an inhibitor of MDM2. The pharmacological MDM2 antagonist Nutlin-3a (Vassilev et al., 2004), referred to as Nutlin from here on,
binds to a hydrophobic pocket domain of MDM2, disrupting its
interaction with p53. This impairs MDM2-driven ubiquitination
of p53, leading to accumulation of p53 and enhanced expression
of its target genes, including the pro-apoptotic effector BBC3/
PUMA, but also MDM2 itself. We had studied apoptosis in the
osteosarcoma cell line SJSA-1, characterized by wild type
TP53 and MDM2 amplification (Bi et al., 2016). When treating
SJSA-1 cells with Nutlin, PARP1 cleavage by caspases resulted
in the characteristic fragment visualized by immunoblot
analysis (Kaufmann et al., 1993; Soldani et al., 2001; Figure 1A).
Surprisingly, Nutlin also reduced the levels of full-length PARP1
(Figures 1A and 1B), not only in SJSA-1 cells but also in the nontransformed retinal pigment epithelium (RPE) cells (Figure S1A).

(C) Cycloheximide (CHX) chase analysis of PARP1 degradation. SJSA-1 cells were pre-treated with Nutlin (20 mM) for 6 h. CHX (40 mg/mL) was added to Nutlin for
0.5, 1, and 2 h. Top panel: treatment scheme. Center panel: representative immunoblot. Bottom panel: quantification of PARP1 band intensity normalized to
GAPDH in three independent experiments. PARP1 protein levels started dropping after 6.5 h of Nutlin treatment and further at 7 and 8 h.
(D) SJSA-1 cells were treated with 1 mM MDM2 PROTAC (MD-224), 1 mM MI-1061 (ligand control), or 20 mM Nutlin for 12 h, followed by immunoblot analysis.
Treatment with MD-224 induced a p53 response comparable with MI-1061, as shown by p21 levels, leading to MDM2 degradation.
(E) Immunoblot analysis of SJSA-1 cells transfected with two different siRNAs to knock down MDM2 or control siRNA for 48 h and treated with Nutlin (20 mM, 24 h).
PARP1 full-length protein levels were restored to different degrees, depending on the efficacy of MDM2 knockdown.
(F) RPE cells were treated with 1 mM MDM2 PROTAC (MD-224), 1 mM MI-1061 (ligand control), or 10 mM Nutlin for 48 h to reveal MDM2-dependent loss of PARP1.
(G) PARP1 and MDM2 immunofluorescence staining. H1299 cells were transfected with a control empty vector (pCMV) or with an MDM2 overexpressing plasmid
(pCMV-MDM2) for 48 h. Left panel: representative images; scale bar, 50 mm. Right panel: quantification of nuclear fluorescence intensity of PARP1 staining. This
was quantified specifically in cells expressing medium/high levels of MDM2. The same number of cells was randomly selected for quantification from the Ctrl
sample (n = 122). The mean of the fluorescence intensity values is represented by the red line. Unpaired Student’s t test was used for statistical analysis:
***p% 0.001, ****p < 0.0001.
(H) Ubiquitination of PARP1 by MDM2 in vitro. Purified recombinant MDM2 was incubated with PARP1 for up to 120 min. Additional negative controls without
ubiquitin (Ub) or without MDM2 (MDM2) were included. At the indicated time points, the samples were subjected to immunoblot analysis. PARP1 was ubiquitinated by MDM2, as shown by accumulation of high-molecular-weight bands with increasing intensities at increasing incubation times.
(I) PAR immunofluorescence staining. H1299 cells were transfected with empty vector (pCMV) or the pCMV-MDM2 plasmid for 48 h, and nuclear levels of PAR
were quantified in EdU-positive cells (i.e., cells undergoing S phase) and EdU-negative cells. Cells were treated for 2 h with PARG inhibitor (PARGi) (20 mM) to
stabilize the PAR chains. Left panel: representative images; scale bar, 20 mm. Right panel: quantification of single nuclear intensities; red lines represent the mean
of fluorescence intensity values. A minimum of 150 cells were quantified for each condition.
(J) Western blot analysis of SJSA-1 cells treated with 20 mM Nutlin for 6 h and/or 10 mM PARGi for 2 h. PAR became visible upon PARG inhibition but was found to
be reduced upon p53 induction. Bands relative to different conditions were cropped.
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Previous studies reported that Nutlin induces PARP1 degradation in the human breast cancer cell line MCF-7 in an MDM2and proteasome-dependent fashion (Kobayashi et al., 2020;
Matsushima et al., 2011; Nagai et al., 2012), which was
confirmed in our experiments (Figures S1B and S1C). However,
the underlying molecular mechanisms have remained elusive. To
assess whether the suppression of PARP1 levels results from
apoptosis-associated caspase activity, we depleted the proapoptotic p53 target gene product PUMA using small interfering
RNAs (siRNAs) (Figure S1D). As expected, PUMA knockdown
prevented formation of the caspase-dependent PARP1 fragment in response to Nutlin. However, overall PARP1 levels
were still suppressed in SJSA-1 cells upon depletion of PUMA
(Figure 1A) and in MCF-7 cells that were co-treated with a caspase inhibitor (Figure S1E). In contrast, a proteasome inhibitor
restored PARP1 levels in Nutlin-treated SJSA-1 cells (Figure 1B),
indicating that PARP1 degradation in response to p53 requires
the proteasome rather than caspases. Cycloheximide chase experiments revealed that PARP1 is destabilized upon Nutlin treatment, and its levels drop to half 2 h after stalling protein synthesis
(Figure 1C). MDM2 is by far the most well-characterized ubiquitin
ligase that can be induced by p53 (Sane and Rezvani, 2017). We
therefore tested whether MDM2 degrades PARP1 in the context
of p53 activation. We used a proteolysis-targeting chimera
(PROTAC), MD-224, composed of two active domains connected by a linker. One domain, MI-1061, binds MDM2 like Nutlin
and displaces p53. The other domain binds the Cereblon-associated E3 ubiquitin ligase (Figure S1F). Thus, MD-224 recruits
Cereblon to ubiquitinate and degrade MDM2, whereas p53 remains active (Li et al., 2019). MI-1061 alone was also included
in the experiment as a control. As expected, MD-224 and MI1061 induced accumulation of p53 and its target gene product
p21, whereas MDM2 levels increased with MI-1061 but not
with MD-224 (Figure 1D). Importantly, the MDM2-antagonist
MI-1061 decreased PARP1 levels similarly as Nutlin but the
MDM2 PROTAC MD-224 did not (Figure 1D). Far less pronounced PARP1 degradation in response to Nutlin was also
observed when MDM2 was depleted by two independent
siRNAs, and the degree of PARP1 level rescue correlated with
knockdown efficiency (Figure 1E). Similar results were obtained
when treating the non-transformed RPE cells with the MDM2directed PROTAC in comparison with Nutlin or MI-1061 (Figure 1F). This indicates that MDM2 is necessary for PARP1 degradation upon p53 activation. To test whether MDM2 is also
sufficient to diminish PARP1 levels even in the absence of p53,
we transiently overexpressed MDM2 in the TP53/ lung cancer
cell line H1299 and detected PARP1 by immunofluorescence
analysis. Here again, PARP1 levels were significantly reduced
upon MDM2 overexpression, indicating that enhanced MDM2
levels are sufficient for PARP1 degradation (Figure 1G).
Correspondingly, purified MDM2 was sufficient for PARP1
ubiquitination in vitro. In this assay, ubiquitination of p53 by
MDM2 served as a positive control (Figure S1G). When PARP1
was exposed to MDM2 in vitro, along with the E2 ubiquitin-conjugating enzyme UbcH5b and ubiquitin, a smear was observed
ranging from mono-ubiquitinated forms to presumably polyubiquitinated forms of PARP1 (Figures 1H and S1G). These
higher-molecular-weight forms of PARP1 could not be caused
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by auto-PARylation because the reaction was carried out in the
absence of the essential PARP1 substrate NAD+. Our result
demonstrates that MDM2 is capable of transferring ubiquitin
onto PARP1, as it does on p53.
Because PARP1 accounts for most of the cellular PARylation
(Chen et al., 2018), we investigated whether the drop in PARP1
levels in response to MDM2 was affecting the cellular PAR
content. In this experiment, PAR was stabilized by inhibiting
PAR glycohydrolase (PARG) using the small molecule PDD
00017273, facilitating its detection. Accumulation of MDM2
correlated with reduced PAR levels, as shown by immunofluorescence analysis of H1299 cells (Figure 1I). This included cells
displaying ongoing DNA synthesis, as visualized by 5-ethynyl20 -deoxyuridine (EdU) incorporation, meaning that the MDM2mediated decrease of PAR was also visible during S phase
(Figure 1I), when PARP1-mediated PARylation is most active
(Hanzlikova et al., 2018). Nutlin reduced PAR levels in SJSA-1
cells (Figure 1J), arguing that p53-induced MDM2 diminishes
poly(ADP-ribosyl)ation. The reduction of PAR upon Nutlin treatment became visible at time points where PARP1 was not yet
found to be degraded (Figures 1J). Along the same line, when
SJSA-1 cells were co-treated with Nutlin and the proteasome inhibitor MG-132, we still observed a reduced PAR signal (Figure S1H). This suggests that MDM2 suppresses PARP1 activity,
in addition to its stability. To further test this hypothesis, we
transfected H1299 cells to overexpress MDM2 and its mutant
C464A, carrying a point mutation that eliminates its RINGfinger-associated E3 ubiquitin ligase activity (Itahana et al.,
2007). The MDM2 C464A mutant caused a significant decrease
in nuclear PARylation, similarly to MDM2 wild type (Figure S1I),
strongly suggesting that MDM2-mediated ubiquitination is not
required for diminishing PARP1 activity by MDM2.
These results indicate that MDM2 directly ubiquitinates
PARP1 and thereby mediates its degradation via the proteasome. MDM2 also reduces cellular PAR levels independently
of PARP1 ubiquitination and degradation.
MDM2 forms a complex with PARP1 in vitro and in vivo
Given the ubiquitination of PARP1 by MDM2, we tested whether
the two proteins physically interact. Co-immunoprecipitation
(coIP) of purified MDM2 and PARP1 demonstrated that PARP1
directly binds MDM2 (Figure 2A). Bacterially expressed MDM2
was fused to glutathione S-transferase (GST) and coupled to
glutathione-Sepharose beads, followed by incubation with purified PARP1. In these assays, PARP1 associated with GSTMDM2 but not with GST alone, confirming that MDM2 is indeed
capable of physically binding PARP1 (Figure S2A). The interaction was recapitulated in cells by coIP and by proximity ligation
assay (PLA). First, we transiently overexpressed MDM2 and
PARP1 in H1299 cells. When PARP1 was captured by an antibody for IP, we observed co-precipitation of MDM2 as well
(Figure 2B). The association was also observed between endogenous PARP1 and MDM2 in Nutlin-treated SJSA-1 cells (Figure 2C), also when using an antibody to MDM2 for precipitation
(Figure S2B). PLA confirmed that PARP1 and MDM2 are in a
complex upon overexpression in H1299 cells (Figure 2D) and
when detecting endogenous proteins in Nutlin-treated SJSA-1
cells (Figure 2E). The PLA signal was also observed when
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overexpressing MDM2 alone in H1299 cells, in agreement with
its binding to endogenous PARP1 (Figure S2C). Controls omitting one of the two antibodies ensured signal specificity from
the interacting MDM2 and PARP1 proteins (Figures S2C–S2E).
We next tested whether the interaction of MDM2 and PARP1 is
influenced by the presence of PAR. We inhibited PARylation
through a 24-h pre-treatment with the PARP1/2 inhibitor olaparib
(Figure S2F). This did not impair co-precipitation of MDM2
with PARP1 (Figure 2B). Conversely, inducing accumulation of
PARylated PARP1 by treatment with a PARG inhibitor (PDD
00017273) did not increase co-precipitation and co-localization
of PARP1 and MDM2 but reduced them (Figures 2B–2D, S2F,
and S2G). We concluded that the interaction of MDM2 with
PARP1 is not mediated but, in fact, partially compromised by
PAR accumulation.
To map the PARP1-interacting domain(s) on MDM2, we
tested the capability of five different MDM2-derived mutants
and fragments to co-localize with PARP1, as revealed by PLA
(Figures S2H and S2I). Removing the central domain of MDM2
(mutant D222–325) significantly decreased the PLA signal arising
from co-localization of MDM2 and PARP1, indicating that this
domain contributes to the association (Figure 2F). Likewise, the
central domain mutant D222–325 co-precipitated with PARP1
to a much lower extent than wild-type MDM2 (Figure 2G), and
PARylation was not affected by this MDM2 mutant (Figure 2H).
These findings indicate that PARP1 is a direct interaction partner of MDM2 in vitro and in vivo. Binding of PARP1 to MDM2
does not require PARylation and does not involve the p53 binding site of MDM2 but, rather, the acidic/central domain, which is
also crucial for MDM2 suppression of PARP1 activity.
MDM2 enhances the elongation rate of DNA synthesis,
which is abolished by PARP1 overexpression
We and others have previously reported an increase in replication fork processivity upon p53 activation (Klusmann et al.,
2016; Yeo et al., 2016). Conversely, MDM2 depletion in a p53deficient background reduces replication fork progression (Klus-
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mann et al., 2016, 2018). Now we wanted to determine whether
the increased levels of MDM2 in the context of p53 activation are
actually responsible for enhanced fork progression. To assess
this, we took advantage of the MDM2-targeting PROTAC MD224 and the corresponding MDM2 antagonist MI-1061 as a control. Upon treatment of SJSA-1 cells with these compounds, the
lengths of labelled tracks representing newly synthetized DNA
were determined by DNA fiber assays (Figure 3A), as described
earlier (Köpper et al., 2013). When treating SJSA-1 cells with Nutlin or MI-1061, the levels of p53 and the p53-target gene products p21 and MDM2 were increased as expected (Figure 3B;
Nutlin was used at higher concentrations and induced higher
p53 levels), and the tracks of newly synthetized DNA were elongated by 50% (Figures 3C and 3D; Table S1). Strikingly, despite
activating p53 comparably with MI-1061, the PROTAC MD-224
had much less potency than Nutlin or MI-1061 to increase
DNA track lengths (Figures 3B–3D).In the non-transformed
RPE cells, Nutlin and MI-1061 still enhanced progression of replication forks whereas the PROTAC MD-224 did not (Figures S3A–
S3D). This demonstrates that MDM2, rather than p53 itself or
other p53-target gene products, directly causes the observed increase in replication fork progression upon activation of p53.
Next we wanted to determine whether the interaction of MDM2
and PARP1 might form the mechanistic basis for MDM2-dependent enhancement of DNA replication fork progression. This was
motivated by previous reports describing enhanced fork progression upon PARP1 inhibition (Maya-Mendoza et al., 2018). As a
first step to address this, we tested how simultaneous MDM2 induction and PARP1 inhibition affect DNA replication. We combined a PARP1 inhibitor, olaparib, with Nutlin in SJSA-1 cells (Figure 3A). We confirmed enhanced fork progression with the PARP
inhibitor (Maya-Mendoza et al., 2018) as well as Nutlin individually
(Figures 3C and 3D). Bidirectional replication forks displayed a
symmetric increase in replication rate by Nutlin (Figure S3E),
resembling what was already observed in cells treated with
PARP1 inhibitors (Maya-Mendoza et al., 2018; Paes Dias et al.,
2021). Simultaneous addition of Nutlin and olaparib did not

Figure 2. MDM2 forms a complex with PARP1 in vitro and in vivo
(A) Co-immunoprecipitation (coIP) of purified MDM2-PARP1. IP using an anti-rabbit immunoglobulin G (IgG) antibody was used as a negative control.
(B) Physical association between MDM2 and PARP1 in H1299 cells, shown by coIP upon overexpression of both proteins for 48 h. Because this cell line is
TP53/ and, thus, cannot express MDM2, the MDM2 construct was overexpressed 9-fold in excess compared with PARP1. IP was performed with an antiPARP1 antibody, followed by detection of both proteins by immunoblot analysis. Where indicated, the cells were treated with 20 mM of PARGi 2 h prior to harvest
or 10 mM PARP inhibitor (PARPi) for 24 h. IP using an anti-rabbit IgG antibody was used as a negative control.
(C) CoIP revealed physical interaction between endogenous MDM2 and PARP1 in SJSA-1 cells upon Nutlin treatment for 6 h (20 mM). Where indicated, cells were
co-treated with 10 mM PARGi for 3 h prior to harvest.
(D) Left panel: representative images from the proximity ligation assay (PLA) that was used to test the interaction of PARP1 and MDM2 in H1299 cells upon overexpression of both proteins for 48 h. Scale bar, 20 mm. Right panel: quantification of nuclear fluorescence intensity of the PLA signal. DAPI was used to identify
nuclei. A negative control (-ve) was obtained by omitting the primary antibodies. The red line represents the mean for each sample.
(E) Left panel: representative images of the PLA to determine the interaction of PARP1 and MDM2 in SJSA-1 cells upon treatment with DMSO (Ctrl) or 20 mM Nutlin
for 6 h. Scale bar, 30 mm. Right panel: quantification of the nuclear PLA signal.
(F) H1299 cells were transfected for 48 h with empty vector (pCMV) or expression plasmids for MDM2 wild-type (WT) or MDM2 mutants. Negative controls
included only one of the two antibodies (‘‘PARP1 only’’ and ‘‘MDM2 only’’) or neither of them (-ve).
(G) CoIP of MDM2 WT and the MDM2 central domain mutant (D222–325) with PARP1. H1299 cells were transfected to overexpress MDM2 WT or mutant MDM2
together with PARP1. MDM2 was overexpressed in excess compared with PARP1 (9:1) to ensure sufficient expression levels. After 24 h, cells were treated for 4 h
with the proteasome inhibitor (MG-132, 20 mM) to stabilize MDM2 prior to harvesting. IP was performed with an anti-PARP1 antibody, followed by detection of
both proteins by immunoblot analysis.
(H) PAR immunofluorescence staining. H1299 cells were transfected with empty vector Ctrl (pCMV) or plasmids expressing WT or mutant MDM2 (D222–325) for
48 h. PARGi (2 h, 20 mM) was added to all samples to stabilize PAR. Nuclear levels of PAR were quantified in MDM2-positive cells. The same number of cells was
randomly selected for quantification from the control sample (n = 259).
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Figure 3. MDM2 enhances the elongation rate of DNA synthesis, which is abolished by PARP1 overexpression
(A) Treatment scheme. SJSA-1 cells were treated with Nutlin (20 mM, 6 h), MI-1061 (1 mM, 6 h), MD-224 (1 mM, 6 h), and the PARPi olaparib (10 mM, 12 h). DNA fiber
assays were performed, sequentially labeling newly synthetized DNA with 5-chloro-2-deoxyuridine (CldU; 25 mM, 20 min) and 5-iodo-2-deoxyuridine (IdU) (25 mM,
60 min).
(B) Immunoblot analysis of SJSA-1 cells treated as delineated in (A), confirming comparable p53 activation by MI-1061, MD-224, and Nutlin, as shown by p21
accumulation, whereas MD-224 specifically depleted MDM2.

(legend continued on next page)
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further increase the lengths of the tracks compared with the single drugs (Figures 3C and 3D). This suggests an epistatic relation
between enhanced MDM2 expression and PARP inhibition.
Because MDM2 antagonizes PARP1 in response to Nutlin, it is
conceivable that PARP1 inhibition does not increase fork progression above the level seen with Nutlin. PARP1 inhibition alone
still accelerated fork progression as much as the drug combination, suggesting that targeting PARP1 is the predominant mechanism by which MDM2 increases fork speed.
A similar increase in nascent DNA elongation was found in the
TP53/ H1299 cells upon plasmid-based overexpression of
MDM2. This effect of MDM2 was also observed upon topoisomerase I inhibition by camptothecin (CPT) (Figures 3E–3H and
S3F–S3I). Again, the symmetry of bidirectional replication forks
was not detectably changed by MDM2 (Figure S3J). Fork asymmetry was increased upon CPT-mediated topoisomerase I inactivation, as reported previously (Chappidi et al., 2020; Tuduri
et al., 2009), but this was not exacerbated by MDM2 (Figure S3J).
Simultaneous overexpression of PARP1 along with MDM2
significantly attenuated the increase in DNA track lengths
(Figures 3E–3H), also in the presence of CPT (Figures S3K–
S3M). Overexpression of MDM2 with deletion of the central
domain (D222–325), which diminishes the interaction with
PARP1 (Figures 2F and 2G), had no effect on nascent DNA elongation, unlike wild-type MDM2 or a mutant of MDM2 that fails to
bind p53 (D58–90) (Figures 3I–3K).
These observations strongly suggest that antagonizing PARP1
by MDM2 is the predominant mechanism by which MDM2 accelerates progression of DNA replication forks.
MDM2-mediated PARP1 inactivation induces nascent
DNA elongation through RECQ1
We next investigated the mechanisms by which MDM2-mediated inactivation of PARP1 increases progression of DNA replication forks. PARP1 has been found previously to inhibit the
DNA helicase RECQ1, avoiding premature restarting of reversed
replication forks (Berti et al., 2013). We thus hypothesized that
RECQ1 might become active and favor replication fork progression when MDM2 accumulates to antagonize PARP1. To test
this, we depleted RECQ1 from SJSA-1 cells (Figures 4A, 4B,
S4A, and S4B). Although treatment with Nutlin or the PARP inhibitor olaparib enhanced the lengths of newly synthesized DNA
tracks, this was reversed by depletion of RECQ1 (Figures 4C
and S4C). Upon plasmid-driven overexpression of MDM2 in
H1299 cells, depleting RECQ1 prevented the MDM2-induced increase in the elongation rate of nascent DNA (Figures 4D–4F and

Article
S4D–S4F). This was still observed when treating the cells with
CPT (Figures S4G–S4I), which is known to promote replication
fork reversal (Ray Chaudhuri et al., 2012). MDM2 overexpression
did not affect RECQ1 protein levels (Figure S4J).
This strongly suggests that RECQ1 mediates unrestrained fork
progression in response to MDM2 accumulation.
MDM2 accumulation favors PRIMPOL-mediated fork
progression and accumulation of DNA damage
We then investigated whether DDT pathways are supported by
MDM2 via degradation of PARP1, explaining enhanced DNA
elongation. As one emerging DDT pathway, repriming of DNA
synthesis by PRIMPOL resumes DNA elongation at stalled replication forks (Berti et al., 2020; Mouron et al., 2013).
We thus investigated whether accelerated progression of
replication forks upon MDM2 accumulation might require
PRIMPOL. Depletion of PRIMPOL counteracted the enhancement of fork progression in Nutlin-treated SJSA-1 cells
(Figures 5A–5C and S5A–S5E) and upon MDM2 overexpression
in H1299 cells (Figures 5D–5F). This was still seen when replication fork stalling was induced by CPT treatment (Figures S5F–
S5H). PRIMPOL knockdown also attenuated the increase in
replication fork progression caused by treatment of SJSA-1 cells
with the PARP inhibitor olaparib (Figure 5B), further corroborating the induction of PRIMPOL repriming activity by PARP1 inhibition (Genois et al., 2021; Quinet et al., 2020).
RECQ1-mediated fork restarting can overcome the pausing of
replication in the presence of a damaged leading-strand template (Berti et al., 2013). Repriming through PRIMPOL leaves
behind gaps of single-stranded DNA (Mouron et al., 2013). We
thus expected MDM2-mediated enhancement of fork progression to induce a DNA damage response. We observed an
MDM2-driven increase in the DNA damage marker gH2AX in
H1299 and SJSA-1 cells (Figures 5G and 5H). In contrast, depletion of MDM2 via the PROTAC MD-224 failed to induce gH2AX in
SJSA-1 cells despite p53 activation (Figure 5H). The MDM2driven increase in gH2AX was only visible in H1299 cells that
had incorporated the label EdU (Figures 5G and S5I) (i.e., in cells
undergoing S phase), indicating that MDM2 specifically causes
DNA damage accumulation in the context of DNA replication.
To test to which extent PRIMPOL and RECQ1 contribute to
DNA damage accumulation, we depleted each of them upon
MDM2 accumulation. The Nutlin-induced increase in gH2AX
levels was attenuated upon depletion of PRIMPOL but not
RECQ1 (Figures 5I and S5J), suggesting that PRIMPOL-induced
gaps in the newly synthesized DNA strand are the predominant

(C) DNA fiber assay following the treatment shown in (A). Only fibers containing both labels were considered for quantification. The mean track length of the
second label (IdU) is shown as a red line for each condition. A minimum of 100 fibers was quantified from each sample in three independent experiments with
similar results. Mann-Whitney U test, two sided, was used for statistical analysis: ns, not significant; *p % 0.05, **p % 0.01, ***p % 0.001, ****p < 0.0001.
(D) Representative images of DNA fibers obtained upon treatment as depicted in (A). Scale bar, 20 mm.
(E) Protocol used for DNA fiber assays. H1299 cells were subjected to plasmid transfection for overexpression (OE) of Ctrl (pCMV), MDM2 WT (pCMV-MDM2)
and/or PARP1 (pCMV-PARP1), MDM2 central domain mutant (pCMV-D222–325), and p53-binding defective mutant (pCMV-D58–90).
(F) Immunoblot analysis of H1299 cells transfected as shown in (E), confirming MDM2 as well as PARP1 OE.
(G) DNA fiber assay performed upon MDM2 and/or PARP1 OE in H1299 cells.
(H) Representative images of DNA fibers analyzed after transfection according to (E). Scale bar, 20 mm.
(I) Immunoblot analysis of H1299 cells transfected as shown in E, to overexpress WT and mutant versions of MDM2.
(J) DNA fiber assay upon WT MDM2 and mutant OE in H1299 cells.
(K) Representative images of the DNA fiber assay quantified in (J). Scale bar, 20 mm.
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Figure 4. MDM2-mediated PARP1 inactivation induces nascent DNA elongation through
RECQ1
(A) Transfection and treatment protocol. SJSA-1
cells were transfected with siRNAs against RECQ1
(siRECQ1 #1) and treated with Nutlin (20 mM, 6 h)
or the PARPi olaparib (10 mM, 12 h). For DNA fiber
assays, sequential labeling of newly synthetized
DNA with CldU (25 mM, 20 min) and IdU (25 mM,
60 min) was performed.
(B) Immunoblot analysis after transfection and treatment described in (A), confirming the depletion of
RECQ1 by siRNA and accumulation of p53, p21,
and MDM2 upon Nutlin treatment.
(C) DNA fiber assay using SJSA-1 cells treated as
shown in (A). The mean track lengths of the second
label (IdU), within bicolored fibers, are shown as red
lines. For each condition, a minimum of 100 fibers
was quantified in two independent experiments
with similar results. Mann-Whitney U test, two sided,
was used for statistical analysis: *p % 0.05, **p %
0.01, ***p % 0.001, ****p < 0.0001.
(D) Transfection scheme. H1299 cells were transfected with siRECQ1 #1 and subjected to plasmid
transfection (control plasmid, pCMV; expression
plasmid, pCMV-MDM2) 24 h later.
(E) Immunoblot analysis upon treatment as indicated
in (D), confirming MDM2 OE and RECQ1 knockdown.
(F) DNA fiber assay of H1299 cells upon transfection
as shown in (D).

cause of DNA damage accumulation upon MDM2 induction.
Thus, in addition to RECQ1, PRIMPOL is an essential mediator
of increased fork progression upon MDM2 induction, and
PRIMPOL activity causes DNA damage in this context.
MDM2 accumulation antagonizes replication fork
reversal
PRIMPOL-mediated fork repriming and fork reversal are two
alternative mechanisms by which cells ensure replication when
hitting obstacles on the parental DNA (Bai et al., 2020; Quinet
et al., 2020; Vallerga et al., 2015). We therefore wanted
to determine whether MDM2, promoting RECQ1-mediated fork
restart and PRIMPOL-dependent repriming of DNA synthesis,
might repress fork reversal. Specifically, we tested whether
MDM2 accumulation reduces the proportion of reversed replica-

tion forks, visualized as four-way junctions
using electron microscopy (EM) (Zellweger
and Lopes, 2018; Figure 6A). MDM2 accumulation was achieved by treating SJSA-1
cells with Nutlin or by overexpression of
MDM2 in H1299 cells. The topoisomerase
inhibitor CPT was used at concentrations
that reduced fork progression and induced
replicative stress (Figures S6A–S6D),
enhancing fork reversal to detectable
levels. The proportion of reversed forks
was strongly reduced by Nutlin in SJSA-1
cells and even diminished to a quarter of
its original frequency by MDM2 overexpression (Figure 6B).
Thus, MDM2 strongly represses DNA replication fork reversal
while enhancing fork restarting and repriming.
MDM2 enhances accumulation of micronuclei and CPTinduced cytotoxicity
Finally, we investigated the effect of MDM2-mediated PARP1
inactivation on cell fate. Perturbed DNA replication can leave
behind acentric chromosome fragments and give rise to extranuclear bodies known as micronuclei, which serve as biomarkers of
genomic instability (Fenech et al., 2020; Luzhna et al., 2013). In
H1299 cells, plasmid-based overexpression of MDM2 significantly increased the number of micronuclei (Figures 7A–7C).
This was even further enhanced upon genotoxic stress; i.e.,
CPT treatment. Co-overexpression of PARP1 reversed this
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Figure 5. MDM2 accumulation favors PRIMPOLmediated fork progression and accumulation of
DNA damage
(A) Transfection and treatment schedule. SJSA-1 cells
were transfected with siRNAs against PRIMPOL
(siPRIMPOL #2) and treated with Nutlin (20 mM, 6 h) or
the PARPi olaparib (10 mM, 12 h). For fiber assays, newly
synthetized DNA was labeled with CldU (25 mM, 20 min)
and IdU (25 mM, 60 min) as indicated.
(B) DNA fiber assay following transfection and treatment
as depicted in (A). Mean track lengths of the second
label (IdU) in bicolored fibers are indicated as red lines.
A minimum of 100 fibers per sample was quantified in
two independent experiments with similar results. MannWhitney U test, two sided, was used for statistical analysis: ***p % 0.001, ****p < 0.0001.
(C) Immunoblot analysis after transfection and treatment
as described in (A), indicating depletion of PRIMPOL and
regulation of p53 and MDM2 by Nutlin.
(D) Transfection scheme. H1299 cells were transfected
with siPRIMPOL #2 and, after 24 h, subjected to plasmid
OE (control plasmid, pCMV; expression plasmid, pCMVMDM2).
(E) DNA fiber assay following treatment as shown in (D).
(F) Immunoblot analysis upon treatment as indicated in
(D), confirming MDM2 OE and PRIMPOL knockdown.
(G) Quantitative immunofluorescence analysis of phosphorylated histone 2AX (gH2AX) in H1299 cells upon OE
of MDM2 (48 h). The analysis was restricted to cells in S
phase, identified by EdU incorporation. Red lines represent the mean values. Number of quantified cells: Ctrl,
n = 92; MDM2, n = 116.
(H) Immunoblot analysis of SJSA-1 cells treated with
MDM2-binding compounds (Nutlin, 20 mM; MI-1061,
1 mM) or the MDM2 PROTAC (MD-224, 1 mM) for 12 h.
MD-224 induced p53-activation comparable with MI1061, as shown by p21 accumulation but depleted MDM2.
(I) Immunoblot analysis upon 12-h treatment with 20 mM
Nutlin, with or without PRIMPOL depletion via siRNA
(siPRIMPOL #2), revealing the drop in DNA damage
response in the absence of PRIMPOL.
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Figure 6. MDM2 accumulation antagonizes
replication fork reversal
(A) Representative EM image of a reversed replication fork (four-ways). D, daughter strand; P, parental
strand; R, reversed arm. The relevant portions of the
molecules are magnified in the inset.
(B) Frequency of fork reversal in SJSA-1 cells subjected to Nutlin treatment (20 mM, 6 h) and H1299
cells that were transfected with plasmids (control
plasmid, pCMV; expression plasmid, pCMVMDM2), each treated with CPT as indicated. Two
distinct biological replicates are displayed.

MDM2-dependent increase in micronuclei (Figure 7B), and deletion of the central, PARP1-binding domain of MDM2 (D222–325)
prevented augmentation of micronuclei (Figure 7C). Nutlin treatment promoted micronuclei in SJSA-1 cells (Figure 7D). These
observations strongly suggest that MDM2 not only increases
replication fork progression but also micronucleus formation
and genomic instability through PARP1 inactivation.
To study whether MDM2-mediated PARP1 inactivation also affects cell survival upon genotoxic stress, we monitored phosphatidylserine externalization and membrane integrity via staining
with Annexin V and propidium iodide. We treated synchronized
SJSA-1 cells with pharmacological MDM2 antagonists prior to
release into S phase. At the time of release, CPT was added to
induce genotoxic stress (Figure 7E). MI-1061, but not the
PROTAC MD-224, significantly enhanced CPT-induced cell
death, similar to PARP1 inhibition (Figures 7F and S7A). Correspondingly, MI-1061 but not MD-224, reduced cellular proliferation in the presence of CPT (Figures 7G and S7B). Thus,
enhancing MDM2 levels not only leads to chromosomal
instability but also diminishes survival when cells undergo genotoxic stress.
DISCUSSION
Our results reveal a functional interaction of MDM2 with PARP1,
resulting in PARP1 inactivation and enhanced replication fork

progression. When MDM2 antagonizes
PARP1, the activity of the helicase RECQ1
and the primase/polymerase PRIMPOL becomes preponderant, with suppression of
fork reversal and consequent acceleration
of fork progression (Figure 7H).
We found RECQ1 and PRIMPOL to be
necessary for replication fork acceleration
in the context of elevated MDM2. However,
these factors perform different functions.
RECQ1 is a helicase that acts mainly by
resolving reversed replication forks (Berti
et al., 2013; Debnath and Sharma, 2020).
In contrast, PRIMPOL acts by re-priming
DNA synthesis on uncoupled forks to
continue replication. This leaves behind
gaps of single-stranded DNA that then
need to be repaired by post-replicative
gap filling (Guilliam and Doherty, 2017; Mouron et al., 2013; Tirman et al., 2021). Because PARP1 PARylates and antagonizes
RECQ1 (Berti et al., 2013; Larsen et al., 2018), and because
the increase in fork progression upon PARP inhibition requires
RECQ1 (Figure 4) and PRIMPOL (Figure 5; Simoneau et al.,
2021), we propose that PARP1 opposes each way of fork restarting, whereas MDM2 promotes both by counteracting PARP1.
We observed that MDM2 confers enhanced vulnerability towards the topoisomerase I inhibitor CPT (Figure 7), which might
be clinically relevant when MDM2 levels are increased in tumors;
e.g., through gene amplification in sarcomas.
p53 induces the lncRNA SPARCLE, which promotes PARP1
cleavage by caspases (Meza-Sosa et al., 2022). This might be
a way for p53 to eliminate PARP1 in addition to the MDM2-mediated inactivation and ubiquitination that we are reporting here.
PARP1 and p53 each form part of the fork speed regulatory
network (FSRN), an integrated molecular machinery that regulates the velocity of DNA replication forks, as proposed previously (Merchut-Maya et al., 2019) based on the observation of
PARP1 as a regulator of replication forks (Maya-Mendoza
et al., 2018). Our results expand and corroborate this model by
the mechanism of PARP1 degradation through p53-induced
MDM2.
Antagonizing p53 was the first function of MDM2 that was
discovered (Chen et al., 1993; Oliner et al., 1993). Targeted
disruption of TP53 and/or MDM2 in mice revealed the
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Figure 7. MDM2 enhances accumulation of micronuclei and CPT-induced cytotoxicity
(A) Transfection and treatment scheme. 24 h after plasmid-based OE, CPT (5 nM) was administered for 24 h, followed by 24 h of treatment washout.
(B) Quantification of micronucleus formation in H1299 cells. Cells were transfected to overexpress Ctrl plasmid (pCMV), MDM2 (pCMV-MDM2), and/or PARP1
(pCMV-PARP1) as described in (A). All plasmids were co-transfected with a GFP overexpressing plasmid (pCMV-GFP). The number of micronuclei (MNs) over the
number of cells was quantified, considering only transfected cells (GFP/MDM2/flag-PARP1-positive cells). The results of five independent experiments are
shown. Unpaired Student’s t test was used for statistical analysis: *p % 0.05, **p % 0.01.

(legend continued on next page)
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essentiality of MDM2, but only in the presence of p53 (Montes de
Oca Luna et al., 1995). This might lead to the assumption that
antagonizing p53 is the only relevant function of MDM2, despite
many p53-independent functions of MDM2 reported previously
(Alt et al., 2005; Fåhraeus and Olivares-Illana, 2014; Wienken
et al., 2016, 2017). However, animals lacking p53 cannot upregulate MDM2 in response to stress. This may obscure any functions of MDM2 as an effector rather than a negative regulator
of p53 (Dobbelstein and Levine, 2020). We propose that MDM2
supports DNA replication as part of a p53 response, in agreement with our earlier finding that p53 as well as MDM2 can support DNA replication (Klusmann et al., 2016, 2018).
Previous reports have suggested a role of p53 in DNA synthesis upon replication stress (Hampp et al., 2016; Klusmann et al.,
2016; Roy et al., 2018; Yeo et al., 2016). Some of them describe a
direct role of p53 in DNA replication independent of its function
as a transcription factor. For instance, p53 interacts with the
DNA polymerase iota (POLI), inducing idling cycles that slow
down replication and induce fork reversal (Hampp et al., 2016;
Khare and Eckert, 2002). On the other hand, p53 enhances
fork progression and facilitates TLS by formation of p21-POLI
complexes (Ihle et al., 2021). The choice between these
opposing phenotypes depends on the differentiation status of
the cell (Ihle et al., 2021). Such a scenario is entirely compatible
with our findings that indicate a transcriptional function of p53 in
DNA replication; i.e., enhancing the levels of MDM2 and thereby
antagonizing PARP1. We propose that p53 can exert its effect on
DNA replication in multiple ways, involving mechanisms that do
or do not depend on its function as a transcription factor,
possibly in a cell-type-specific manner.
On top of its interaction with MDM2, PARP1 can associate
with additional regulatory factors. These include histone
PARylation factor 1 (HPF1) (Gibbs-Seymour et al., 2016; Palazzo
et al., 2018) and the methyltransferase CARM1 (Genois et al.,
2021). Both of them are activators of PARP1, whereas MDM2
acts as a negative regulator according to our results. Because
MDM2 reduces cellular PAR levels independent of PARP1
ubiquitination and degradation (Figures 1J, S1H, and S1I), we
conclude that MDM2 inactivates PARP1 independent of
PARP1 degradation. Such a scenario has also been found for
p53, which is also inactivated but not destabilized by MDM2 mutants lacking E3 ligase activity (Dobbelstein et al., 1999).
The E3 ubiquitin ligases CHFR (Kashima et al., 2012), RNF146/
Iduna (Kang et al., 2011), and TRIP12 (Gatti et al., 2020) act on
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PARP1. Unlike these E3 ligases, the interaction of MDM2 with
PARP1 does not require PAR. MDM2 binds PARP1 directly, as
demonstrated by co-IP of the purified proteins (Figures 2A and
S2A), and the interaction is counteracted by increased PAR
levels rather than depending on them (Figures 2B–2D). Conceivably, PARylation upon replication fork stalling might first delay
the interaction of PARP1 and MDM2, allowing stabilization of
PARP1 and reversed forks. Conversely, when PAR is degraded
upon DNA damage repair or resolution of replication obstacles,
this might trigger MDM2-mediated PARP1 degradation and
replication restarting.
PARP inhibitors, a major class of cancer therapeutic agents,
often exert their effect by trapping PARP1 on chromatin, as
exemplified by olaparib (Pettitt et al., 2018). Wild-type p53 renders cancer cells resistant to PARP inhibitors (Ireno et al.,
2014). This protective effect of p53 to PARP inhibitors might at
least be partially due to MDM2-mediated PARP1 degradation,
which would prevent cytotoxic PARP1 trapping on the chromatin.
Fork reversal and PRIMPOL-mediated repriming are two alternative mechanisms by which cells cope with obstacles to leading
DNA strand synthesis. Our results strongly suggest that MDM2
accumulation tilts the balance toward repriming. In the context
of repeated genotoxic stress, in a BRCA-deficient background,
PRIMPOL activity protects replication forks against DNA degradation (Quinet et al., 2020), and MDM2 might then support this
protective function. PRIMPOL expression is induced by the kinase ATR (Quinet et al., 2020), a principal transducer of the replication stress signal (Saldivar et al., 2017). ATR might promote
repriming via p53 phosphorylation and consequent MDM2 induction (Tibbetts et al., 1999). PRIMPOL activation by p53 and
MDM2 could thus explain the lengthening of labeled DNA tracks
in TP53 wild-type cells compared with their TP53-null counterparts upon DNA damage (Yeo et al., 2016).
In addition to providing negative feedback on p53, MDM2
emerges as a determinant of genome dynamics. By antagonizing
the predominant PARP, it tips the balance between fork reversal
and progression toward the latter, acting as a central switch to
govern the DNA replication machinery.
Limitations of the study
Two intrinsic limitations apply to the interpretation of our data.
First, RECQ1 and PRIMPOL are required for upregulated fork
progression upon enhancing MDM2 levels; however, we do not
know whether both factors act on the same replication fork or

(C) MN formation in H1299 cells subjected to OE of Ctrl plasmid (pCMV), MDM2 (pCMV-MDM2), and MDM2 central domain mutant (pCMV-D222–325) as
described in (A). MNs were quantified as described above in five independent experiments.
(D) Quantification of MNs in SJSA-1 cells treated with Nutlin (20 mM) for 24 h. Statistical analysis and quantification were performed, considering four independent
experiments and as indicated above.
(E) Treatment protocol. SJSA-1 cells were synchronized by double thymidine block. 2 h prior to release, cells were treated with MI-1061 (1 mM), MD-224 (1 mM), or
the PARPi olaparib (10 mM). At release from the second thymidine block, cells were also treated with CPT (50 nM, 4 h).
(F) Annexin V-PI staining after treatment as described in (E) and 24 h of drug washout. One of four independent experiments with similar outcome is shown. Unpaired Student’s t test was used for statistical analysis: **p % 0.01, ***p < 0.001.
(G) Well confluency (percent) upon treatment as shown in (E) and after 7 days of drug washout. One of three independent experiments with three technical
replicates with similar outcome is shown. Unpaired Student’s t test was used for statistical analysis: *p % 0.05, **p % 0.01, ***p < 0.001.
(H) Model of PARP1 regulation by MDM2 at stalled DNA replication forks. Obstacles to replication can lead to fork reversal. When MDM2 levels are low, PARP1
antagonizes RECQ1 by PARylation, delaying re-initiation of replication (left panel). When MDM2 is induced (e.g., by p53 activation), PARP1 is inactivated, allowing
RECQ1 to resolve reversed forks and PRIMPOL to reprime DNA synthesis downstream of the replication obstacle (right panel). The model was created using
BioRender.com.

Cell Reports 39, 110879, May 31, 2022 13

ll
OPEN ACCESS

Article

whether we are observing two distinct fork populations that proceed with enhanced efficiency by two different mechanisms.
Second, we are mostly studying p53-induced MDM2. This has
the advantage of observing MDM2 in a physiological context,
but it makes it more difficult to distinguish the activities of p53
and MDM2. Because of a negative regulatory feedback loop,
both gene products are intimately linked in their levels and activity. Therefore, we cannot easily exclude that p53 or some of its
target gene products other than MDM2 may also contribute to
progression of replication forks. Still, use of a PROTAC to eliminate MDM2 strongly suggests that MDM2 plays a major role in
regulation of fork reversal in the context of a p53 response.
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Donkey anti-mouse IgG, HRP conj.

Jackson ImmunoResearch Labs

Cat# 715-036-150; RRID:AB_2340773

Donkey anti-rabbit IgG, HRP conj.

Jackson ImmunoResearch Labs

Cat# 711-036-152; RRID:AB_2340590

Goat anti-rat IgG, HRP conjugated

Jackson ImmunoResearch Labs

Cat# 112-035-003; RRID:AB_2338128

Nutlin-3a

BOC Sciences

Cat# B0084-425358

Camptothecin

Sigma-Aldrich

Cat# C9911

PDD 00017273, PARGi

Tocris

Cat# 5952

MI-1061

Hoelzel

Cat# HY-125858

MD-224

Hoelzel

Cat# HY-114312

Olaparib, PARPi

Selleckchem

Cat# S1060

MG-132

Millipore

Cat# 474791

ABT-737

Selleckchem

Cat# ABT-737

Z-VAD-FMK (zVAD)

Enzo Life Sciences

Cat# ALX-260-020-M005

5-Chloro-20 -deoxyuridine

Sigma-Aldrich

Cat# C6891

5-Iodo-20 -deoxyuridine

Sigma-Aldrich

Cat# I7125

Chemicals, peptides, and recombinant proteins

(Continued on next page)
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5-ethynyl-2 -deoxyuridine

Thermo Fisher Scientific

Cat# A10044

Hygromycin B

Thermo Fisher Scientific

Cat# 10687010

Trizol

Life Technologies

Cat# 15596018

0

Protein G Sepharose

GE Healthcare Life Science

Cat# 17061805

5-ethynyl-20 -deoxyuridine

Thermo Fisher Scientific

Cat# A10044

AlexaFlour594 picolyl-azide

Jena Biosciences

Cat# CLK-1296-1

CuSO4

Jena Biosciences

Cat# CLK-MI004

Tris(3-hydroxypropyltriazolylmethyl)amine

Jena Biosciences

Cat# 762342

Na-Ascorbate

Jena Biosciences

Cat# CLK-MI005

Propidium Iodide (PI)

Thermo Fisher Scientific

Cat# P3566

Hoechst 33342

Thermo Fisher Scientific

Cat# H3570

DAPI

Thermo Fisher Scientific

Cat# 62248

Cycloheximide

Sigma-Aldrich

Cat# C7698

Thymidine

Sigma-Aldrich

Cat# 855006

PARP1 (human recombinant protein)

Enzo Life Sciences

Cat# ALX-201-063-C020

MDM2 (human recombinant protein)

Abcam

Cat# ab82080

Duolink In Situ Detection Reagents

Sigma-Aldrich

Cat# DUO92007

Lipofectamine 3000 transfection reagent

Thermo Fisher Scientific

Cat# L3000015

Annexin V-FITC Apoptosis Detection Kit

Thermo Fisher Scientific

Cat# ICT-9124

Critical commercial assays

Experimental models: Cell lines
Human: H1299

ATCC

Cat# CRL-5803; RRID:CVCL_0060

Human: RPE

ATCC

Cat# CRL-4000; RRID:CVCL_4388

Human: MCF7

ATCC

Cat# HTB-22; RRID:CVCL_0031

Human: SJSA-1

ATCC

Cat# CRL-2098; RRID:CVCL_1697

siRNA PRIMPOL#1

Thermo Fisher Scientific

Cat# s47416

siRNA PRIMPOL#2

Thermo Fisher Scientific

Cat# s47417

siRNA PRIMPOL#3

Thermo Fisher Scientific

Cat# s47418

siRNA RECQ1#1

Thermo Fisher Scientific

Cat# s11903

siRNA RECQ1#2

Thermo Fisher Scientific

Cat# s11904

siRNA MDM2 #1

Thermo Fisher Scientific

Cat# s8629

siRNA MDM2 #2

Thermo Fisher Scientific

Cat# s224037

siRNA MDM2 #3

Thermo Fisher Scientific

Cat# s4390828

siRNA PUMA

Thermo Fisher Scientific

Cat# s25841

siRNA Scrambled #1

Thermo Fisher Scientific

Cat# s4390844

siRNA Scrambled #2

Thermo Fisher Scientific

Cat# s4390847

36B4 forward primer
50 -GATTGGCTACCCAACTGTTG-30

This study

N/A

36B4 reverse primer
50 -CAGGGGCAGCAGCCACAAA-30

This study

N/A

PUMA forward primer
50 -GCCAGATTTGTGAGACAAGAGG-30

This study

N/A

PUMA reverse primer
50 -CAGGCACCTAATTGGGCTC-30

This study

N/A

Oligonucleotides

Recombinant DNA
pCMV6-XL5 empty control (plasmid)

Origene

Cat# PCMV6XL5

pCMV MDM2 (plasmid)

B. Vogelstein (Oliner et al., 1993)

N/A

pCMV-PARP1-3xFlag-WT (plasmid)

T.W. Muir (Liszczak et al., 2018)

Addgene Cat# 111575
(Continued on next page)

Cell Reports 39, 110879, May 31, 2022 e2

ll
OPEN ACCESS

Article

Continued
REAGENT or RESOURCE

SOURCE

IDENTIFIER

pcHDM D222-325 (plasmid)

J. Chen (Chen et al., 1993)

N/A

pcHDM D58-90 (plasmid)

J. Chen (Chen et al., 1993)

N/A

pCMV MDM2 mtRING (plasmid)

B. Vogelstein (Roth et al., 1998)

N/A

pCMV MDM2 C305F (plasmid)

Y. Zhang (Meng et al., 2015)

N/A

pCMV MDM2 6-339

J. Chen (Chen et al., 1993)

N/A

pCMV-GFP

L. Cepko (Matsuda and Cepko, 2004)

Addgene Cat# 11153

Prism v. 5.04

GraphPad

N/A

Prism v. 9.00

GraphPad

N/A

ImageJ

NIH

N/A

Fiji v2.0.0

NIH

N/A

Image Lab v. 5.2.1

Bio Rad

N/A

Software and algorithms

RESOURCE AVAILABILITY
Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Matthias
Dobbelstein (mdobbel@uni-goettingen.de).
Materials availability
This study did not generate new unique reagents.
Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.
d This paper does not report original code.
d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell culture
The human non-small cell lung cancer cell line H1299, the human osteosarcoma cell line SJSA-1, and the human breast cancer cell
line MCF-7 were maintained in Dulbecco’s modified Eagle’s medium (DMEM, 31600091, Thermo Fisher Scientific) supplemented
with 10% Fetal Bovine Serum (ACSM0190, Anprotec), 50 U/mL Penicillin, 50 mg/mL Streptomycin (15140122, GIBCO) and 2 mM
Glutamine (25030024, GIBCO). The non-tumorigenic human retinal pigment epithelial RPE cells were cultured in DMEM as above,
supplemented with 10 mg/mL Hygromycin (10687010, Thermo Fisher Scientific) for hTERT activation. Hygromycin was removed
from culturing medium 24 h prior to experiments. All cell lines were cultured at 37 C with 5% CO2 and routinely tested for mycoplasma contamination.
Cells were treated with Nutlin-3a (B0084-425358, BOC Sciences), Camptothecin (C9911, Sigma-Aldrich), PDD 00017273 (5952,
Tocris), MI-1061 (HY-125858, Hölzel), MD-224 (HY-114312, Hölzel), Olaparib (S1060, Selleckchem), MG-132 (474791, Millipore),
ABT-737 (S1002, Selleckchem), zVAD (ALX-260-020-M005, Enzo Life Sciences), cycloheximide (62248, Thermo Fisher Scientific).
Double thymidine block for cell cycle synchronization was performed adding 2 mM of thymidine (855006, Sigma-Aldrich) for 16 h,
followed by thymidine wash out. After 8 h a second thymidine treatment (2 mM, 16 h) was applied.
Transfections were performed using Lipofectamine 3000 transfection reagent (Thermo Fisher Scientific) according to manufacturer
instructions. Cells were reverse transfected with final siRNA concentration of 10 nM siRNA against PRIMPOL (#1 s47416, #2 s47417,
#3 s47418, Thermo Fisher Scientific), RECQ1 (#1 s11903, #2 s11904, Thermo Fisher Scientific), MDM2 (#1 s8629, #2 s224037, #3
4390828, Thermo Fisher Scientific), PUMA (s25841, Thermo Fisher Scientific) or scrambled siRNA controls (s4390844, s4390847,
Thermo Fisher Scientific). Cells were transfected to overexpress the following plasmids: pCMV6-XL5 empty control (Origene,
#PCMV6XL5), pCMV MDM2 (Oliner et al., 1993), pCMV-PARP1-3xFlag-WT (Addgene, #111575) (Liszczak et al., 2018), pcHDM
D222-325 (Chen et al., 1993), pcHDM D58-90 (Chen et al., 1993), pCMV MDM2 mtRING (Roth et al., 1998), pCMV MDM2 C305F
(Meng et al., 2015), pCMV MDM2 6-339 (Chen et al., 1993), pCMV GFP (Addgene, #11153) (Matsuda and Cepko, 2004). Medium
was refreshed after 6 h, and cells were harvested for experiments 24 and 48 h post-transfection.
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METHOD DETAILS
DNA fiber assay
DNA fiber assays were carried out as previously described (Köpper et al., 2013). Newly synthetized DNA was labeled with 5-chloro-2deoxyuridine (CldU, 25 mM, Sigma-Aldrich) for 20 min, followed by 5-iodo-2-deoxyuridine (IdU, 25 mM, Sigma-Aldrich) for 1 h. Cells
were lysed by spreading buffer (200 mM Tris pH 7.4, 50 mM EDTA, 0.5% SDS), and DNA fibers were spread on glass slides prior to
fixation in a solution of methanol and acetic acid (Roth). After DNA denaturation by 2.5 M HCl (Sigma-Aldrich), CldU- and IdU-labelled
tracts were detected by immunostaining, using antibodies that were originally developed against BrdU. These were mouse anti-BrdU
(B44, BD Biosciences) and rat anti-BrdU (BU1/75, ICR1, Abcam). Then, Alexa Fluor 488-conjugated goat anti-mouse IgG and Alexa
Fluor 555-conjugated goat anti-rat IgG (Thermo Fisher Scientific) were used as secondary antibodies. DNA fibers were visualized by
fluorescence microscopy (Axio Scope A1 microscope, Zeiss) and analyzed with ImageJ.
Immunoblot analysis
Cells were harvested in protein lysis buffer, i.e. 20 mM Tris-HCl pH 7.5, 10 mM NaCl, 1 mM NaCl, 10 mM EDTA, 1% Triton-X 100, 1%
deoxycholate salt, 0.1% SDS, 2 M urea, and protease inhibitors (pepstatin, leupeptin hemisulfate, aprotinin, AppliChem). The samples were briefly sonicated to disrupt DNA-protein complexes. Total protein concentration was measured using a BCA protein assay
kit (Thermo Fisher Scientific). The samples were boiled in Laemmli buffer at 95 C for 5 min, and equal amounts of proteins were separated by SDS-PAGE. Subsequently, proteins were transferred onto a nitrocellulose membrane, blocked in 5% (w/v) non-fat milk
(Roth) in TBS containing 0.1% Tween-20 (AppliChem) for 1 h and incubated with the primary antibodies at 4 C overnight.
Membranes were then incubated with peroxidase (HRP)-conjugated secondary antibodies (Jackson ImmunoResearch Labs) and
the proteins were detected using either Super Signal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific) or Immobilion Western Substrate (Millipore).
Co-immunoprecipitation (Co-IP)
For in vitro co-IP, purified proteins were incubated at 4 C overnight on a rotator in co-IP buffer (50 mM Tris, pH 7.5, 300 mM NaCl, 1%
NP-40), followed by overnight incubation with 2 mg anti-PARP1 antibody and 30 min incubation with Protein G Sepharose (GE Healthcare) (4 C). Beads were washed 5 times with co-IP buffer.
For in vivo Co-IP, cells were washed with cold PBS followed by lysis in Co-IP Buffer (50 mM Tris, pH 7.5, 300 mM NaCl, 1% NP-40),
supplemented with protease inhibitors (11836153001, Roche). Homogenized cell lysate was precleared with Protein G Sepharose
(GE Healthcare), followed by overnight incubation with 2 mg of the precipitating antibody. Samples were then incubated with Protein
G Sepharose for coupling with the primary antibody for 2 h (4 C) and then washed 8 times with Co-IP Buffer.
For both in vitro and in vivo co-IP, beads were re-suspended in 3x Laemmli Buffer and boiled for 10 min at 95 C to release precipitated protein. Immunoprecipitates were subjected to SDS-PAGE and immunoblot analysis. The following antibodies were used for
all precipitations: PARP1 (ALX-210-302-R100, Enzo Life Sciences), MDM2 (IF2 OP46, Millipore), IgG rabbit (ab171870, Abcam),
b-galactosidase mouse (Z378B, Promega).
RNA extraction, reverse transcription, and real time quantitative PCR
Total RNA was extracted from cells using TRIzol (Invitrogen). mRNA was reverse-transcribed using oligo-dT and random nonamers
as primers, followed by qRT-PCR analysis using SYBR Green (Invitrogen). Gene expression levels were normalized to the mRNA from
the gene 36B4, and the analysis was conducted using the DDCt method.
Immunofluorescence staining
Cells were grown in 8-well permanox slides (177445, Nunc) fixed with 3.7% PFA in PBS for 30 min before being permeabilized with
0.5% Triton-X-100 (AppliChem) in PBS for 30 min. Cells were treated with blocking buffer (10% FCS in 0.1% Tween-PBS) for 10 min
at room temperature, followed by incubation with primary antibodies at 4 C, overnight. After washing with PBS (3 3 10 min), slides
were incubated with secondary antibody and 40 ,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich) for 1 h at room temperature.
Following washes in PBS (3 3 10 min), the chambers were removed, and slides were mounted onto coverslips using fluorescent
mounting medium (S302380-2, DakoCytomation). Images were acquired using a Zeiss Axio Scope.A1 fluorescence microscope
equipped with an Axio Cam MRc/503 camera using a 40x magnification, and further analyzed with ImageJ. The DAPI signal was
used to create binary images (segmentation) to define the nuclear area as region of interest (ROI). These ROIs were then used to
quantify the nuclear signal of the other channels. Single nuclei mean gray values are represented on dot plots.
Proximity ligation assay
Cells were grown in 12-well slides (81201, Ibidi) and following treatment or transfection, cells were fixed and permeabilized as
described above, and subjected to the PLA assay using the Duolink In Situ Detection Reagents Orange (DUO92007, Sigma-Aldrich)
in a humid chamber. Briefly, after blocking samples were incubated with primary antibodies anti-MDM2 antibody (IF2 OP46, Millipore), anti-PARP1 antibody (ab22724, Abcam) overnight at 4 C. This was followed by incubation with PLA probes (DuolinkTM In
Situ PLA Probe Anti-Mouse PLUS DUO92001, DuolinkTM In Situ PLA Probe Anti-Rabbit MINUS DUO92005) for 1 h, at 37 C while
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shaking. Ligase was then added to hybridized PLA probes to generate a closed circle (60 min at 37 C), before DNA amplification for
100 min at 37 C while shaking. After performing the PLA protocol, cells were counterstained with DAPI, the plastic chambers were
removed and the slides were mounted onto coverslips using fluorescent mounting medium (S302380-2, DakoCytomation). Images
were acquired and analyzed as described for immunofluorescence staining.
EdU incorporation and staining for identification of cells in S-phase
EdU (5-ethynyl-20 -deoxyuridine, Thermo Fisher Scientific) was diluted in DMSO to a final concentration of 10 mM. Cells were grown
and transfected in 8-well permanox slides (177445, Nunc) and EdU was added to growing cultures to a final concentration of 10 mM
for 30 min. Following fixation with 3.7% PFA in PBS (30 min, at room temperature) and permeabilization with 0.5% Triton-X-100 in
PBS (30 min, at room temperature), the following reagents were added to 100 mM Na-phosphate buffer (pH 7) in order to perform the
click chemistry reaction: 5 mM AlexaFlour594 picolyl-azide (Jena Biosciences, #CLK-1296-1), 100 mM CuSO4 (Jena Biosciences,
#CLK-MI004) in 500 mM Tris(3-hydroxypropyltriazolylmethyl)amine (THPTA; Sigma-Aldrich, #762342), 5 mM Na-Ascorbate (Jena
Biosciences, #CLK-MI005). Click chemistry was performed at RT, for 1 h, followed by 3 3 10 min washes in PBS. Immunofluorescence was consecutively carried on as described above.
Cell death and cell proliferation assays
Cell death was studied by performing Annexin V-Propidium Iodide (PI) staining. Annexin V-FITC Apoptosis Detection Kit (ICT-9124,
Biozol) was used according to manufacturer instructions, with the addition of PI (10 mg/mL, Thermo Fisher Scientific), Hoechst 33342
(100 mg/mL, Thermo Fisher Scientific). For cellular proliferation analysis cells were plated at low density (2000 cells/well) in 96-well
plates (CLS3603, Merck). Cellular proliferation was measured by bright field microscopy at the indicated time points quantifying
the percentage of surface occupied by adherent cells over the total surface. For imaging and analysis Celigo Adherent Cell Cytometer
(Nexcelom Bioscience) was used.
Electron microscopy
Asynchronous and subconfluent H1299 cells were transfected with the empty vector pCMV-XL5 (control) or the expression plasmid
pCMV-MDM2 WT. After 24 h, the cells were treated with 200 nM of CPT (Sigma-Aldrich) for 1 h. Asynchronous and subconfluent
SJSA-1 cells were treated with Nutlin (20uM, BOC Sciences) or DMSO for 6 h. CPT was then added at the concentration of
500 nM for 1 h. Cells were collected, resuspended in ice-cold PBS and crosslinked with 4,50 ,8-trimethylpsoralen (10 mg/mL final concentration), followed by irradiation pulses with 365 nm monochromatic UV light (UV Stratalinker 1800; Agilent Technologies). For DNA
extraction, cells were lysed (1.28 M sucrose, 40 mM Tris-HCl [pH 7.5], 20 mM MgCl2, and 4% Triton X-100; Qiagen) and digested
(800 mM guanidine–HCl, 30 mM Tris-HCl [pH 8.0], 30 mM EDTA [pH 8.0], 5% Tween-20, and 0.5% Triton X-100) at 50 C for 2 h
in the presence of 1 mg/mL proteinase K. The DNA was purified using chloroform/isoamyl alcohol (24:1) and precipitated in 0.7 volume of isopropanol. Finally, the DNA was washed with 70% EtOH and resuspended in 200 mL TE (Tris-EDTA) buffer. 100 U of restriction enzyme (PvuII high fidelity, New England Biolabs) were used to digest 6 mg of mammalian genomic DNA for 5 h. RNase A (R5503,
Sigma–Aldrich) to a final concentration of 250 ug/mL was added for the last 2 h of this incubation. The digested DNA was purified
using the Silica Bead DNA Gel Extraction Kit (Thermo Fisher Scientific). The Benzyldimethylalkylammonium chloride (BAC) method
was used to spread the DNA on the water surface and then load it on carbon-coated 400-mesh nickel grids (G2400 N, Plano Gmbh).
Subsequently, DNA was coated with platinum using a High Vacuum Evaporator BAF060 (Leica). The grids were scanned using a
transmission electron microscope (Tecnai G2 Spirit; FEI; LaB6 filament; high tension %120 kV) and images were acquired with a
side mount charge-coupled device camera (2600 3 4000 pixels; Orius 1000; Gatan, Inc.) and processed with DigitalMicrograph
Version 1.83.842 (Gatan, Inc.). For each experimental condition at least 70 DNA replication fork molecules were analyzed in two
different biological replicates by using ImageJ.
GST pull-down assay
For in vitro MDM2-PARP1 binding assays, 1.5 mM of GST-SUMO tagged HA-MDM2 or GST (as control) were incubated 10 min on ice
in binding buffer (2 mM MgCl2 and 1 mM DTT) with 2 mM of recombinant PARP1 prior to the addition of 10 mL Glutathion-Sepharose
4B (17-0756-01, Cytiva ) pre-equilibrated in binding buffer. The mixtures were incubated for 3 h at room temperature in an overhead
shaker, followed by 4 washing steps with 200 mL washing buffer (1x PBS, 1 mM DTT). Bound proteins were eluted twice by incubating
beads with 25 mL elution buffer (1x PBS and 40 mM GSH pH 7.6). Eluates were combined and electrophoresed on 10% SDS gels
followed by Western blot analysis against p53 (DO-I Calbiochem Cat: OP43-20UG (ASK07) Lot: 489202-25), GST (SAB5300159,
Sigma-Aldrich) or PARP1 (ALX-804-211-R050, F1-23 Enzo Life Sciences). For generation of recombinant PARP1, His-tagged
PARP1 was expressed and purified as previously described (Kruger et al., 2020; Langelier et al., 2011).
In vitro ubiquitination assay
0.25 mM p53 or PARP1 were incubated with 100 nM UBA1, 0.5 mM UbcH5b, 0.35 mM MDM2 in 25 mM Tris- HCl pH 7.5, 50 mM NaCl,
1 mM DTT, 2 mM ATP, 2 mM MgCl2 at 37 C for the times indicated. Reactions were started by the addition of 39 mM Ub and stopped
by the addition of 5x Laemmli stop buffer. Reaction mixtures were subjected to SDS-PAGE followed by Western blot analysis against
p53 (DO-I Millipore, OP43-20UG (ASK07) Lot: 489202-25) or PARP1 (ALX-804-211-R050, F1-23 Enzo Life Sciences).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics
Statistical testing was performed using GraphPad Prism Software. Unpaired Student’s t-test was used for statistical analysis of
immunofluorescence staining, PLA, Cycloheximide (CHX) chase analysis, cell death, cell proliferation analysis. For DNA fiber assays
and fork symmetry analysis, Mann–Whitney U test was used. Ns, not significant; *p-value%0.05; **p-value%0.01; ***p-value%0.001;
****p-value < 0.0001. All of the statistical details can be found in the figure legends.
Immunofluorescence staining quantification
Fluorescence intensity quantification was performed in an automated fashion using the following macro on Fiji:
#prior running the macro, open all RAW files (.czi) and use command ‘‘Images to Stack’’.
open(‘‘Stack of all images from same experiment, DAPI + POI IF’’);
run(‘‘Subtract Background.’’, ‘‘rolling=500 stack’’);
run(‘‘Split Channels’’);
selectWindow(‘‘Stack with DAPI’’);
//run(‘‘Threshold.’’);
setAutoThreshold(‘‘Otsu dark’’);
setOption(‘‘BlackBackground’’, true);
run(‘‘Convert to Mask’’, ‘‘method=Otsu background=Dark black’’);
run(‘‘Analyze Particles.’’, ‘‘size=80-Infinity exclude include add stack’’);
roiManager(‘‘Select’’, newArray(#select ROIs));
selectWindow(‘‘Stack with POIs IF’’);
roiManager(‘‘Measure’’);
Quantification of micronuclei
Micronuclei were stained with DAPI and identified using the Fiji Cell Counter plug-in according to the following criteria: the micronucleus has a diameter of less than 1/3 of the corresponding nucleus; it is contained in the same cytoplasm as the corresponding nucleus; it presents circular or oval shape (circularity 1.0); and its intensity is comparable to the corresponding nucleus. In overexpression experiments, exclusively GFP/MDM2/flag-PARP1 positive cells were considered for quantification. The index of micronuclei
was obtained by dividing all micronuclei by the number of cells per sample.
DNA fibers and fork symmetry quantification
Newly synthetized DNA track length in micrometers was calculated measuring the fiber length in pixel and converting it to micrometers using the conversion factor: 1 pixel = 5.7 mm, as previously described (Köpper et al., 2013). Fiber length in micrometers can be
converted to kb using the conversion factor 1 mm = 2.59 kb (Henry-Mowatt et al., 2003).
Symmetry of bidirectional forks was analyzed considering only fibers containing three labels, i.e. fibers showing the first label
(CldU) in the middle and the second label (IdU) at both sides. We measured the length of the two IdU-labeled tracks and calculated
the ratio by dividing the length of the longer track by that of the shorter one.
Western blot quantification
Western blot analysis and quantification was performed using Image Lab (Bio Rad). The total amount of signal for pixels within each
band was quantified, normalized to the housekeeping gene GAPDH, and then plotted in graphs using GraphPad Prism Software.
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