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p53 orchestrates DNA replication restart homeostasis by suppressing mutagenic
RADS52 and POL6 pathways
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Genes and Chromosomes

Figure 1. With one supplement p53 promotes efficient replication restart of stalled DNA forks. (A) Representative image of DNA fibers. The number of
stalled forks (# stalled/(# stalled +#restarted) or newly initiated origins ((# CldU/(# stalled +# restarted +#new) is obtained in the following panels. (B)

Figure 1 continued on next page

Roy et al. eLife 2018;7:e31723. DOI: https://doi.org/10.7554/eLife.31723

20f 16


https://doi.org/10.7554/eLife.31723

e LI FE Research article Genes and Chromosomes

Figure 1 continued

HAP-1 p53 null cells (C) primary MEF with GOF p53 R172P (apoptosis deficient, mildly tumor prone) and p53 R172H (apoptosis deficient, strongly tumor
prone), (D, E) primary MEF with p53 S47 (apoptosis and greatly transcription proficient) and null for p53 (for better comparison WT p53 of (C) is re-
plotted, shady blue), and (F) human H1299 cells with inducible p53 WT or S47. Error bars represent the SEM. Significance values are derived from
student T-test analysis.

DOI: https://doi.org/10.7554/eLife.31723.003

Roy et al. eLife 2018;7:e31723. DOI: https://doi.org/10.7554/eLife.31723 3of 16


http://dx.doi.org/https://doi.org/10.7554/eLife.31723.003Figure%201.With%20one%20supplement%20p53%20promotes%20efficient%20replication%20restart%20of%20stalled%20DNA%20forks.%20(A)%20Representative%20image%20of%20DNA%20fibers.%20The%20number%20of%20stalled%20forks%20(#%20stalled/(#%20stalled%20+#restarted)%20or%20newly%20initiated%20origins%20((#%20CldU/(#%20stalled%20+#%20restarted%20+#new)%20is%20obtained%20in%20the%20following%20panels.&x00A0;(B)%20HAP-1%20p53%20null%20cells%20(C)%20primary%20MEF%20with%20GOF%20p53%20R172P%20(apoptosis%20deficient,%20mildly%20tumor%20prone)%20and%20p53%20R172H%20(apoptosis%20deficient,%20strongly%20tumor%20prone),%20(D,%20E)%20primary%20MEF%20with%20p53%20S47%20(apoptosis%20and%20greatly%20transcription%20proficient)%20and%20null%20for%20p53%20(for%20better%20comparison%20WT%20p53%20of%20(C)%20is%20re-plotted,%20shady%20blue),%20and%20(F)%20human%20H1299%20cells%20with%20inducible%20p53%20WT%20or%20S47.%20Error%20bars%20represent%20the%20SEM.%20Significance%20values%20are%20derived%20from%20student%20T-test%20analysis.
https://doi.org/10.7554/eLife.31723
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Figure 1—figure supplement 1. Mutant p53 exhibits unconvenional replication restart. (A) DNA fibers analysis of newly initiated forks of p53 null and
WT HAP-1 cells with replication stalling (HU, 200 mM). (B) DNA fibers analysis of newly initiated forks of primary MEF with WT, GOF p53 R172P and p53
R172H cells with replication stalling (HU, 300 mM). (C) Expression of p53 S47 and p53 WT suppress proliferation compared to primary MEF without p53
as measured by MTT proliferation assay, consistent with intact cell cycle checkpoint functions in the mutant. (D) Doxycycline induced expression of WT
and mutant p53 S47 in H1299 cells.
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http://dx.doi.org/https://doi.org/10.7554/eLife.31723.004Figure%201&x2014;figure%20supplement%201.Mutant%20p53%20exhibits%20unconvenional%20replication%20restart.(A)%20DNA%20fibers%20analysis%20of%20newly%20initiated%20forks%20of%20p53%20null%20and%20WT%20HAP-1%20cells%20with%20replication%20stalling%20(HU,%20200%20mM).&x00A0;(B)%20DNA%20fibers%20analysis%20of%20newly%20initiated%20forks%20of%20primary%20MEF%20with%20WT,%20GOF%20p53%20R172P%20and%20p53%20R172H%20cells%20with%20replication%20stalling%20(HU,%20300%20mM).%20(C)%20Expression%20of%20p53%20S47%20and%20p53%20WT%20suppress%20proliferation%20compared%20to%20primary%20MEF%20without%20p53%20as%20measured%20by%20MTT%20proliferation%20assay,%20consistent%20with%20intact%20cell%20cycle%20checkpoint%20functions%20in%20the%20mutant.%20(D)%20Doxycycline%20induced%20expression%20of%20WT%20and%20mutant%20p53%20S47%20in%20H1299%20cells.
https://doi.org/10.7554/eLife.31723
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Figure 2. With one supplement p53 promotes replication-dependent genomic stability. (A) Cellular sensitivity to replication stalling with hydroxyurea
(HU) in H1299 cells. (B) Cellular sensitivity to replication stalling with mitomycin C (MMC) in H1299 cells. (C) Experimental scheme and representative
image of micronuclei; Scored are EdU-positive cells with micronuclei only that were in S-phase during replication stalling with HU and that are blocked
during cytokinesis immediately following the offending S-phase. (D) Micronuclei in primary p53 R172P and R172H MEF and (E) human H1299 p53 WT,
S47 and null cells. Error bars represent the SEM. Significance values are derived from student T-test analysis.
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http://dx.doi.org/https://doi.org/10.7554/eLife.31723.005Figure%202.With%20one%20supplement%20p53%20promotes%20replication-dependent%20genomic%20stability.(A)%20Cellular%20sensitivity%20to%20replication%20stalling%20with%20hydroxyurea%20(HU)%20in%20H1299%20cells.%20(B)%20Cellular%20sensitivity%20to%20replication%20stalling%20with%20mitomycin%20C%20(MMC)%20in%20H1299%20cells.%20(C)%20Experimental%20scheme%20and%20representative%20image%20of%20micronuclei;%20Scored%20are%20EdU-positive%20cells%20with%20micronuclei%20only%20that%20were%20in%20S-phase%20during%20replication%20stalling%20with%20HU%20and%20that%20are%20blocked%20during%20cytokinesis%20immediately%20following%20the%20offending%20S-phase.%20(D)%20Micronuclei%20in%20primary%20p53%20R172P%20and%20R172H%20MEF%20and%20(E)%20human%20H1299%20p53%20WT,%20S47%20and%20null%20cells.%20Error%20bars%20represent%20the%20SEM.%20Significance%20values%20are%20derived%20from%20student%20T-test%20analysis.
https://doi.org/10.7554/eLife.31723
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Figure 2—figure supplement 1. p53 null MCF10A cells show similar sensitivity to mitomycin C compared to WT
p53 MCF10A cells.

DOI: https://doi.org/10.7554/eLife.31723.006
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http://dx.doi.org/https://doi.org/10.7554/eLife.31723.006Figure%202&x2014;figure%20supplement%201.p53%20null%20MCF10A%20cells%20show%20similar%20sensitivity%20to%20mitomycin%20C%20compared%20to%20WT%20p53%20MCF10A%20cells.
https://doi.org/10.7554/eLife.31723
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Figure 3. With one supplement p53 promotes recruitment of chromatin remodeler and MRE11 to stalled replication forks. (A) iPOND
(immunoprecipitation of biotinylated EJU-DNA) assay of p53, PCNA and ORC2 in HEK293 cells. No click reaction omits biotin and serves as negative
control. E, EdU pulse (10 uM, 10 min), E-Thy, EdU pulse followed by thymidine chase (10 uM), E-HU, EJU pulse followed by hydroxyurea (500 uM).
Values are relative p53 band intensities normalized to ORC2 band intensities. (B) Schematic and representative image of SIRF (In Situ Interactions at
Replication Forks) assay for interactions between protein and nascent DNA in single cells: nascent DNA is pulse-labeled with EdU a protein of interest
is crosslinked to the DNA immediately following the EdU pulse. Alternatively, EdU is washed out and cells are incubated with HU (200-400 uM HU)
before crosslinking. Proximity ligation assay (PLA) amplification with antibodies against EJU and the protein of interest will result in a signal only if
interactions between the nascent DNA and the protein of interest are in close proximity. No signal is produced if the cell has not incorporated EdU. (C)
Quantitation of SIRF assay of epigenetic remodeler MLL3 at unchallenged replication forks and (D) at HU stalled replication forks (yellow x) in HAP-1
p53 null and WT cells. (E) Quantitation of SIRF assay of MRE11 at HU stalled replication forks in HAP-1 p53 null and WT cells. Bars represent the mean
and the 95% confidence interval. Significance values are derived from student T-test analysis normalized to the respective EAU-PLA intensities

(Supplementary file 1).
DOI: https://doi.org/10.7554/elife.31723.007
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http://dx.doi.org/https://doi.org/10.7554/eLife.31723.007Figure%203.With%20one%20supplement%20p53%20promotes%20recruitment%20of%20chromatin%20remodeler%20and%20MRE11%20to%20stalled%20replication%20forks.(A)%20iPOND%20(immunoprecipitation%20of%20biotinylated%20EdU-DNA)%20assay%20of%20p53,%20PCNA%20and%20ORC2%20in%20HEK293%20cells.%20No%20click%20reaction%20omits%20biotin%20and%20serves%20as%20negative%20control.%20E,%20EdU%20pulse%20(10%20&x03BC;M,%2010%20min),%20E-Thy,%20EdU%20pulse%20followed%20by%20thymidine%20chase%20(10%20&x03BC;M),%20E-HU,%20EdU%20pulse%20followed%20by%20hydroxyurea%20(500%20&x03BC;M).%20Values%20are%20relative%20p53%20band%20intensities%20normalized%20to%20ORC2%20band%20intensities.%20(B)%20Schematic%20and%20representative%20image%20of%20SIRF%20(In%20Situ%20Interactions%20at%20Replication%20Forks)%20assay%20for%20interactions%20between%20protein%20and%20nascent%20DNA%20in%20single%20cells:%20nascent%20DNA%20is%20pulse-labeled%20with%20EdU%20a%20protein%20of%20interest%20is%20crosslinked%20to%20the%20DNA%20immediately%20following%20the%20EdU%20pulse.%20Alternatively,%20EdU%20is%20washed%20out%20and%20cells%20are%20incubated%20with%20HU%20(200&x2013;400%20&x03BC;M%20HU)%20before%20crosslinking.%20Proximity%20ligation%20assay%20(PLA)%20amplification%20with%20antibodies%20against%20EdU%20and%20the%20protein%20of%20interest%20will%20result%20in%20a%20signal%20only%20if%20interactions%20between%20the%20nascent%20DNA%20and%20the%20protein%20of%20interest%20are%20in%20close%20proximity.%20No%20signal%20is%20produced%20if%20the%20cell%20has%20not%20incorporated%20EdU.%20(C)%20Quantitation%20of%20SIRF%20assay%20of%20epigenetic%20remodeler%20MLL3%20at%20unchallenged%20replication%20forks%20and%20(D)%20at%20HU%20stalled%20replication%20forks%20(yellow%20x)%20in%20HAP-1%20p53%20null%20and%20WT%20cells.%20(E)%20Quantitation%20of%20SIRF%20assay%20of%20MRE11%20at%20HU%20stalled%20replication%20forks%20in%20HAP-1%20p53%20null%20and%20WT%20cells.%20Bars%20represent%20the%20mean%20and%20the%2095%%20confidence%20interval.%20Significance%20values%20are%20derived%20from%20student%20T-test%20analysis%20normalized%20to%20the%20respective%20EdU-PLA%20intensities%20(Supplementary%20file%201).
https://doi.org/10.7554/eLife.31723
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Figure 3—figure supplement 1. Quantitation of MRE11-SIRF in unperturbed HAP-1 p53 null and WT cells. Bars
represent the mean and the 95% confidence interval. Significance values are derived from student T-test analysis
normalized to the respective EAU-PLA intensities (Supplementary file 1).

DOI: https://doi.org/10.7554/eLife.31723.008
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http://dx.doi.org/https://doi.org/10.7554/eLife.31723.008Figure%203&x2014;figure%20supplement%201.Quantitation%20of%20MRE11-SIRF%20in%20unperturbed%20HAP-1%20p53%20null%20and%20WT%20cells.Bars%20represent%20the%20mean%20and%20the%2095%%20confidence%20interval.%20Significance%20values%20are%20derived%20from%20student%20T-test%20analysis%20normalized%20to%20the%20respective%20EdU-PLA%20intensities%20(Supplementary%20file%201).
https://doi.org/10.7554/eLife.31723
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Figure 4. With one supplement p53 inhibits RAD52 usage at stalled replication forks. (A) Quantitation of SIRF assay of RAD51 at HU stalled replication
forks in HAP-1 p53 null and WT cells and (B) p53 null, R175H and R273H complemented Saos-2 cells, and U20S cells. (C) Quantitation of SIRF assay of
RADS2 at HU stalled replication forks in HAP-1 p53 null and WT cells (MFI, mean fluorescence intensity) and (D) WT p53 or p53 R248W-expressing

Figure 4 continued on next page

Roy et al. eLife 2018;7:e31723. DOI: https://doi.org/10.7554/eLife.31723

9 of 16


https://doi.org/10.7554/eLife.31723

e LI F E Research article Genes and Chromosomes

Figure 4 continued

HCT116 cells. (E) Western blot of RAD52 with and without HU (200 uM) in p53 null and WT HAP-1 cells, and WT p53 or p53 R248W-expressing HCT116
cells. Bars represent the mean and the 95% confidence interval. Significance values are derived from student T-test analysis normalized to the
respective EJU-PLA intensities (Supplementary file 1).

DOI: https://doi.org/10.7554/eLife.31723.009
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http://dx.doi.org/https://doi.org/10.7554/eLife.31723.009Figure%204.With%20one%20supplement%20p53%20inhibits%20RAD52%20usage%20at%20stalled%20replication%20forks.(A)%20Quantitation%20of%20SIRF%20assay%20of%20RAD51%20at%20HU%20stalled%20replication%20forks%20in%20HAP-1%20p53%20null%20and%20WT%20cells%20and%20(B)%20p53%20null,%20R175H%20and%20R273H%20complemented%20Saos-2%20cells,%20and%20U2OS%20cells.%20(C)%20Quantitation%20of%20SIRF%20assay%20of%20RAD52%20at%20HU%20stalled%20replication%20forks%20in%20HAP-1%20p53%20null%20and%20WT%20cells%20(MFI,%20mean%20fluorescence%20intensity)%20and%20(D)%20WT%20p53%20or%20p53%20R248W-expressing%20HCT116%20cells.%20(E)%20Western%20blot%20of%20RAD52%20with%20and%20without%20HU%20(200%20&x03BC;M)%20in%20p53%20null%20and%20WT%20HAP-1%20cells,%20and%20WT%20p53%20or%20p53%20R248W-expressing%20HCT116%20cells.%20Bars%20represent%20the%20mean%20and%20the%2095%%20confidence%20interval.%20Significance%20values%20are%20derived%20from%20student%20T-test%20analysis%20normalized%20to%20the%20respective%20EdU-PLA%20intensities%20(Supplementary%20file%201).
https://doi.org/10.7554/eLife.31723
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Figure 4—figure supplement 1. RAD52-SIRF is upregulated in mutant p53 cells. (A) Quantitation of SIRF assay of RAD51 at HU stalled replication forks
in p53 R248W and WT p53 HCT116 cells. (B) Quantitation of SIRF assay of RAD51 at HU stalled replication forks in p53 S47 and WT p53 H1299 cells. (C)
Representative images of SIRF assay of RAD52 in HAP-1 cells at low (0.2 mM) and high (4 mM) HU concentrations show preferential binding of RAD52
at stalled forks with low HU concentrations compared to high HU concentrations, which are more favorable for break formation. Images are
representative images from Fig. 4C (D) Quantitation of SIRF assay of RAD52 at HU stalled replication forks in p53 R175H, p53 R273H and p53 null Saos-
2 sarcoma cells, and WT p53 U20S sarcoma cells. (E) Quantitation of SIRF assay of RAD52 at HU stalled replication forks in p53 S47 and WT p53 H1299
cells. Bars represent the mean and the 95% confidence interval. Significance values are derived from student T-test analysis normalized to the
respective EJU-PLA intensities (Supplementary file 1).
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http://dx.doi.org/https://doi.org/10.7554/eLife.31723.010Figure%204&x2014;figure%20supplement%201.RAD52-SIRF%20is%20upregulated%20in%20mutant%20p53%20cells.(A)%20Quantitation%20of%20SIRF%20assay%20of%20RAD51%20at%20HU%20stalled%20replication%20forks%20in%20p53%20R248W%20and%20WT%20p53%20HCT116%20cells.&x00A0;(B)%20Quantitation%20of%20SIRF%20assay%20of%20RAD51%20at%20HU%20stalled%20replication%20forks%20in%20p53%20S47%20and%20WT%20p53%20H1299%20cells.%20(C)%20Representative%20images%20of%20SIRF%20assay%20of%20RAD52%20in%20HAP-1%20cells%20at%20low%20(0.2%20mM)%20and%20high%20(4%20mM)%20HU%20concentrations%20show%20preferential%20binding%20of%20RAD52%20at%20stalled%20forks%20with%20low%20HU%20concentrations%20compared%20to%20high%20HU%20concentrations,%20which%20are%20more%20favorable%20for%20break%20formation.%20Images%20are%20representative%20images%20from%20Fig.%204C%20(D)%20Quantitation%20of%20SIRF%20assay%20of%20RAD52%20at%20HU%20stalled%20replication%20forks%20in%20p53%20R175H,%20p53%20R273H%20and%20p53%20null%20Saos-2%20sarcoma%20cells,%20and%20WT%20p53%20U2OS%20sarcoma%20cells.%20(E)%20Quantitation%20of%20SIRF%20assay%20of%20RAD52%20at%20HU%20stalled%20replication%20forks%20in%20p53%20S47%20and%20WT%20p53%20H1299%20cells.%20Bars%20represent%20the%20mean%20and%20the%2095%%20confidence%20interval.%20Significance%20values%20are%20derived%20from%20student%20T-test%20analysis%20normalized%20to%20the%20respective%20EdU-PLA%20intensities%20(Supplementary%20file%201).
https://doi.org/10.7554/eLife.31723
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Figure 5. With one supplement p53 inhibits POL8 usage at stalled replication forks. (A) Quantitation of WT p53 or p53 S47 interaction with POL6 by
PLA in H1299 cells with or without HU (200 uM) and MRE11 inhibitor PFM39 (100 uM). (B) Quantitation of SIRF assay of POL6 at HU stalled replication
forks in HAP-1 p53 null and WT cells. Bars represent the mean and the 95% confidence interval. Significance values are derived from student T-test
analysis normalized to the respective EJU-PLA intensities (Supplementary file 1).
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http://dx.doi.org/https://doi.org/10.7554/eLife.31723.011Figure%205.With%20one%20supplement%20p53%20inhibits%20POL&x03B8;%20usage%20at%20stalled%20replication%20forks.(A)%20Quantitation%20of%20WT%20p53%20or%20p53%20S47%20interaction%20with%20POL&x03B8;%20by%20PLA%20in%20H1299%20cells%20with%20or%20without%20HU%20(200%20&x03BC;M)%20and%20MRE11%20inhibitor%20PFM39%20(100%20&x03BC;M).%20(B)%20Quantitation%20of%20SIRF%20assay%20of%20POL&x03B8;%20at%20HU%20stalled%20replication%20forks%20in%20HAP-1%20p53%20null%20and%20WT%20cells.%20Bars%20represent%20the%20mean%20and%20the%2095%%20confidence%20interval.%20Significance%20values%20are%20derived%20from%20student%20T-test%20analysis%20normalized%20to%20the%20respective%20EdU-PLA%20intensities%20(Supplementary%20file%201).
https://doi.org/10.7554/eLife.31723
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Figure 5—figure supplement 1. PLA assay between RAD52 and POL® in p53 R248W and WT p53 HCT116 cells.
Bars represent the mean and the 95% confidence interval. Significance values are derived from student T-test

analysis normalized to the respective EJU-PLA intensities (Supplementary file 1).
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http://dx.doi.org/https://doi.org/10.7554/eLife.31723.012Figure%205&x2014;figure%20supplement%201.PLA%20assay%20between%20RAD52%20and%20POL&x03B8;%20in%20p53%20R248W%20and%20WT%20p53%20HCT116%20cells.Bars%20represent%20the%20mean%20and%20the%2095%%20confidence%20interval.%20Significance%20values%20are%20derived%20from%20student%20T-test%20analysis%20normalized%20to%20the%20respective%20EdU-PLA%20intensities%20(Supplementary%20file%201).
https://doi.org/10.7554/eLife.31723
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Figure 6. POLO and RAD52 mutation signatures are upregulated in p53-defective breast cancers. (A) Hierarchical clustering of cosmic mutation
signatures in p53-defective breast cancer from TCGA database. (B) Comparison of frequencies of cosmic signature found unregulated in p53-defective

breast cancer with frequencies found in p53 proficient breast cancers. Cosmic signature in TCGA samples were analyzed by Cosine similarity; Similarity
cutoff 0.617, z-score >1.96.
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http://dx.doi.org/https://doi.org/10.7554/eLife.31723.013Figure%206.POL&x03B8;%20and%20RAD52%20mutation%20signatures%20are%20upregulated%20in%20p53-defective%20breast%20cancers.(A)%20Hierarchical%20clustering%20of%20cosmic%20mutation%20signatures%20in%20p53-defective%20breast%20cancer%20from%20TCGA%20database.%20(B)%20Comparison%20of%20frequencies%20of%20cosmic%20signature%20found%20unregulated%20in%20p53-defective%20breast%20cancer%20with%20frequencies%20found%20in%20p53%20proficient%20breast%20cancers.%20Cosmic%20signature%20in%20TCGA%20samples%20were%20analyzed%20by%20Cosine%20similarity;%20Similarity%20cutoff%200.617,%20z-score&x00A0;%3E1.96.
https://doi.org/10.7554/eLife.31723
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Figure 6—figure supplement 1. Cosmic mutational signatures of mutant p53 breast cancers. (A) Color key histogram showing the distribution of the
similarity score. (B) Hierarchical clustering of cosmic mutation signatures in p53 defective and proficient breast cancer from TCGA database.
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http://dx.doi.org/https://doi.org/10.7554/eLife.31723.014Figure%206&x2014;figure%20supplement%201.Cosmic%20mutational%20signatures%20of%20mutant%20p53%20breast%20cancers.%20(A)%20Color%20key%20histogram%20showing%20the%20distribution%20of%20the%20similarity%20score.&x00A0;(B)%20Hierarchical%20clustering%20of%20cosmic%20mutation%20signatures%20in%20p53%20defective%20and%20proficient%20breast%20cancer%20from%20TCGA%20database.
https://doi.org/10.7554/eLife.31723
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Figure 7. Model for p53-mediated pathway homeostasis p53 is implicated as a keystone protein that is part of a larger replication restart network. p53
mutations, defects or MRE11 defects tip the replication pathway homeostasis toward increased mutagenic RAD52/POL8pathways at unprotected
stalled forks, such as reversed replication forks, and resulting in deletion and point mutations.
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http://dx.doi.org/https://doi.org/10.7554/eLife.31723.015Figure%207.Model%20for%20p53-mediated%20pathway%20homeostasis%20p53%20is%20implicated%20as%20a%20keystone%20protein%20that%20is%20part%20of%20a%20larger%20replication%20restart%20network.%20p53%20mutations,%20defects%20or%20MRE11%20defects%20tip%20the%20replication%20pathway%20homeostasis%20toward%20increased%20mutagenic%20RAD52/POL&x03B8;pathways%20at%20unprotected%20stalled%20forks,%20such%20as%20reversed%20replication%20forks,%20and%20resulting%20in%20deletion%20and%20point%20mutations.
https://doi.org/10.7554/eLife.31723

