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ABSTRACT 25 

Human CtIP plays a critical role in homologous recombination (HR) by promoting the resection of DNA 26 

double-strand breaks. Moreover, CtIP maintains genome stability through protecting stalled replication 27 

forks from nucleolytic degradation. However, the upstream signaling mechanisms governing the 28 

molecular switch between these two CtIP-dependent processes remain largely elusive. Here, we show 29 

that phosphorylation of CtIP by the p38a stress kinase and subsequent PIN1-mediated CtIP cis-to-trans 30 

isomerization is required for fork stabilization but dispensable for HR. We found that stalled forks are 31 

degraded in cells expressing non-phosphorylatable CtIP or lacking PIN1-p38a activity, while expression of 32 

a CtIP trans-locked mutant overcomes the requirement for PIN1-p38a in fork protection. We further 33 

reveal that Brca1-deficient mammary tumor cells that have acquired PARPi resistance regain 34 

chemosensitivity after PIN1 or p38a inhibition. Collectively, our findings identify the PIN1-p38-CtIP 35 

signaling pathway as a critical regulator of replication fork integrity. 36 
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INTRODUCTION 38 

The maintenance of genome stability relies on the accurate completion of DNA replication during S-phase. 39 

The progression of replication forks can be impeded by many internal and external events such as DNA 40 

damage and depletion of nucleotide precursors, causing the accumulation of single-stranded DNA and 41 

triggering replication stress, a crucial vulnerability of cancer cells1. Numerous factors have been implicated 42 

in the protection and recovery of stalled replication forks to prevent their collapse into highly mutagenic 43 

DNA double-strand breaks (DSBs)2. This includes proteins involved in homologous recombination (HR), 44 

most notably BRCA1 and BRCA2, which protect nascent DNA from degradation by the MRE11 45 

exonuclease3. Moreover, we have recently uncovered a key role for CtIP in the protection of stalled forks 46 

from nucleolytic degradation by DNA2, through a mechanism that acts independently from its well-47 

established DSB end resection function4,5. Accordingly, CtIP-T847A and -S327A phosphomutants defective 48 

in MRE11-RAD50-NBS1 (MRN) and BRCA1 interaction6–8, respectively, and thus, in HR, are proficient in 49 

fork protection. In contrast, CtIP nuclease-defective mutants proficient in DNA-end resection and HR were 50 

shown to cause fork degradation upon replicative stress4. However, the regulatory mechanisms mediating 51 

CtIP’s role in fork protection have remained largely elusive. 52 

PIN1 is a unique phosphorylation-specific peptidyl-prolyl cis-to-trans isomerase reported to act as a 53 

molecular switch and pivotal modulator of multiple cellular processes. Consistently, aberrant PIN1 activity 54 

has been linked to a plethora of human pathologies, including cancer and neurodegeneration9,10. Through 55 

proteomics, we previously identified several prominent DNA damage response factors as potential PIN1 56 

interaction partners, including BRCA1 and CtIP11. We further demonstrated that PIN1 can bind to two 57 

conserved phosphorylated S/T-P motifs (pS276 and pT315) but preferentially isomerizes the pS276-P277 58 

peptide bond in CtIP. This conformational change ultimately regulates CtIP protein turn-over, thereby 59 

fine-tuning DNA-end resection11. While we could reveal CDK2 as the major kinase responsible for CtIP-60 

T315 phosphorylation during S and G2 phase, the proline-dependent kinase phosphorylating CtIP at S276 61 
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has not yet been identified. In addition to the canonical ATM and ATR signaling pathways, the stress-62 

induced p38 mitogen-activated kinase (p38 MAPK) family has been reported to contribute to cell cycle 63 

arrest in response to genotoxic agents12,13. Notably, p38α, the best characterized and ubiquitously 64 

expressed isoform of the p38 MAPK family, was reported to restrain chromosome instability in mammary 65 

tumor cells and to phosphorylate several S/T-P motifs in recombinant CtIP14.  66 

Here, we report that CtIP phosphorylation by p38α kinase at S276 followed by PIN1-mediated cis-to-trans 67 

isomerization of the pS276/P277 peptide bond is necessary for the protection of stalled forks from 68 

nucleolytic degradation, but dispensable for HR. Expression of CtIP-S276A or inhibition of PIN1/p38α 69 

activity trigger forks degradation. We find that PIN1/p38α-mediated CtIP isomerization is critical for CtIP 70 

accumulation at stalled forks. Finally, we reveal that Brca1-deficient mammary tumor cells, that acquired 71 

resistance to PARP inhibitor via CtIP-dependent restoration of fork stability, regain chemosensitivity after 72 

PIN1 or p38α inhibition. Collectively, we define the p38α-PIN1-CtIP phosphorylation-isomerization 73 

cascade as a crucial regulatory mechanism preserving replication fork integrity. 74 

 75 

RESULTS 76 

Isomerization of the phospho-S276-P277 motif in CtIP protects stalled forks from nucleolytic 77 

degradation 78 

In our past studies, we have identified CtIP as a target of PIN1 isomerization and demonstrated that CtIP 79 

depletion triggers DNA2-dependent fork degradation in a BRCA1-independent manner4,11. However, the 80 

mechanism underlying CtIP-mediated fork protection remained unknown.  81 

This prompted us to investigate the potential role of CtIP isomerization in fork protection. We first 82 

performed DNA fiber spreading assays upon treatment with the ribonucleolde reductase inhibitor and 83 

replication stalling agent hydroxyurea (HU) to measure fork degradation in cells stably expressing different 84 

siRNA-resistant GFP-CtIP variants, established previously11. We observed that, unlike wild-type (wt) CtIP, 85 
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phosphomutants defective in PIN1 binding (T315A), isomerization (S276A) or both (S276A/T315A) failed 86 

to restore fork stability (Figure 1A). Moreover, temporary inhibition of DNA2 nuclease activity as well as 87 

depletion of the SMARCAL1 DNA translocase alleviated degradation of HU-stalled forks in cells expressing 88 

isomerization-defective CtIP mutants (Figures 1B, 1C and S1A). These results are consistent with our 89 

previous findings showing that CtIP prevents extensive nascent strand degradation by DNA2 after fork 90 

reversal4 and suggest that PIN1-CtIP interaction is required to maintain fork stability in cells experiencing 91 

replication stress. We next wanted to assess more directly whether cis to trans prolyl-peptide bond 92 

isomerization at the pS276-P277 motif in CtIP is critical for replication fork protection. Therefore, we 93 

generated U2OS cells inducibly expressing GFP-tagged trans-locked mutants of CtIP, in which P277 was 94 

substituted with alanine, either alone (P277A) or in combination with S276A (S276A/P277A). First, we 95 

analyzed CtIP-S276 phosphorylation and CtIP-PIN1 interaction in cells expressing P277A mutants and 96 

found that both events are strongly impaired (Figures S1B and S1C), indicating a critical role for P277 in 97 

S276 phosphorylation, and, consequently, in PIN1 binding. Remarkably, however, employing two 98 

alternative experimental approaches to analyze fork stability, expression of CtIP trans-locked variants 99 

(P277A or S276A/P277A) rescued fork degradation in CtIP-depleted cells, indicating that forced trans-100 

geometry of the P277 peptide bond can compensate for the lack of S276 phosphorylation and PIN1 101 

binding (Figure 1D and S1D). Notably, the observed differences in fork stability between CtIP mutant cells 102 

could not be attributed to differences in CtIP protein stability (Figure S1E). 103 

We have previously demonstrated that engineered U2OSCas9/CtIP cells, lacking two out of three existing CtIP 104 

gene copies, are largely proficient in resecting DSBs and HR but display replication stress-associated 105 

phenotypes comparable to those detected in CtIP-depleted cells, including nascent strand degradation 106 

and elevated levels of chromatin-bound RPA following HU treatment4. Using quantitative image-based 107 

cytometry (QIBC), we observed that stable expression of CtIP-wt in U2OSCas9/CtIP cells alleviated HU-108 

induced RPA hyperaccumulation on chromatin, whereas the CtIP-S276A phosphomutant did not. 109 
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Complementing the hypomorphic cells with the CtIP-S276A/P277A trans-locked mutant, however, 110 

restored chromatin-bound RPA levels comparable to CtIP-wt cells, indicating that CtIP isomerization limits 111 

the accumulation of RPA on single-stranded DNA due to replication stress (Figures S1F and S1G). 112 

Excessive nucleolytic resection of reversed forks hinders the faithful completion of DNA replication during 113 

S-phase, which can potentially cause chromosomal aberrations. Consistent with a role for CtIP 114 

isomerization in maintaining genome stability in response to replication stress, we detected a significantly 115 

higher frequency of HU-induced chromosomal aberrations in CtIP-depleted cells, which was rescued by 116 

the expression of CtIP-wt or -S276A/P277A trans-locked variants, but not by the S276A phosphomutant 117 

(Figures 1E, S1H and S1I). Collectively, our findings implicate cis-to-trans isomerization of the CtIP pS276-118 

P277 peptide bond as a critical step in preventing the nucleolytic degradation of nascent DNA after 119 

replication stress.  120 

 121 

PIN1-catalyzed CtIP isomerization is required for fork protection but dispensable for HR 122 

To further corroborate the contribution of CtIP isomerization by PIN1 in fork stabilization, we made use 123 

of KPT-6566, a selective and covalent prolyl isomerase PIN1 inhibitor15. We found that 1 hour 124 

pretreatment of cells with KPT-6566 induced fork degradation in a dose-dependent manner without 125 

affecting CtIP protein stability (Figures S2A and S2B). PIN1-mediated BRCA1 isomerization was previously 126 

reported to protect forks from MRE11-dependent degradation16. In agreement with that study, we found 127 

that combined treatment of cells with KPT-6566 and mirin, an inhibitor of MRE11 3ʹ–5ʹ exonuclease 128 

aclvity17, restored fork stability (Figure 2A). Strikingly, co-treatment with NSC-105808, a selective and 129 

potent DNA2 nuclease inhibitor18, also rescued fork degradation (Figure 2A), indicating that PIN1 activity 130 

counteracts both MRE11- and DNA2-mediated resection of regressed DNA arms at stalled forks, and 131 

suggesting that both BRCA1 and CtIP functions at stalled forks are regulated by phosphorylation-132 

dependent isomerization. To dissect the specific role of CtIP isomerization in this scenario, we assessed 133 
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HU-induced fork degradation in cells harboring different CtIP variants and pretreated with the PIN1 134 

inhibitor. Interestingly, expression of the CtIP S276A/P277A trans-locked mutant resulted in a significant, 135 

yet incomplete restoration of fork stability (Figure 2B), consistent with a scenario in which PIN1 inhibition 136 

simultaneously compromises BRCA1- and CtIP-mediated fork protection pathways. Therefore, expression 137 

of CtIP S276A/P277A was unable to rescue fork stability in BRCA1-depleted cells (Figures 2C and S2C). 138 

We have previously shown that PIN1 fine-tunes the balance between HR and non-homologous end-joining 139 

(NHEJ) primarily through modulating CtIP turnover via phosphorylation-mediated ubiquilnalon and 140 

subsequent proteasomal degradalon11. Moreover, Luo et al. reported that all-trans retinoic acid (ATRA), 141 

another PIN1 inhibitor leading to PIN1 degradation, disrupts HR and sensitizes breast cancer cells to PARP 142 

inhibition due to decreased BRCA1 protein stability19. In agreement with this study, treatment of 143 

U2OS/DR-GFP cells with 10 µM of the PIN1 inhibitor KPT-6566 led to a significant defect in HR repair 144 

activity (Figure S2D). To examine the direct contribution of CtIP isomerization to HR, we performed DSB 145 

repair reporter assays in CtIP-depleted U2OS/DR-GFP cells transfected with siRNA-resistant FLAG-CtIP 146 

variants (S2E). Strikingly, we found that HR repair was efficiently and equally rescued by expression of 147 

CtIP-wt or any of the CtIP isomerization mutants, but not by expression of a T847A phosphomutant 148 

defective in stimulating the MRN endonuclease activity that initiates DNA end resection (Figure 2D)20. 149 

Moreover, CtIP isomerization mutants, but not the CtIP-S327A phosphomutant8, were proficient in BRCA1 150 

interaction (Figure S2F). Finally, expression of CtIP trans-locked mutants failed to restore HR deficiency in 151 

PIN1-inhibited cells (Figure S2G), suggesting that impaired BRCA1 (but not CtIP) isomerization contributes 152 

to HR deficiency caused by PIN1 inhibition. 153 

To further distinguish the specific function of CtIP-S276 phosphorylation-dependent isomerization in 154 

promoting fork protection versus DNA end resection, we performed in vitro nuclease assays with 155 

recombinant human CtIP and MRN purified from insect cells20. Treatment of CtIP-wt and -S276A with l-156 

phosphatase resulted in the disappearance of an electrophoretic mobility shift, confirming that both 157 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 26, 2024. ; https://doi.org/10.1101/2024.06.25.600562doi: bioRxiv preprint 

https://doi.org/10.1101/2024.06.25.600562
http://creativecommons.org/licenses/by-nc/4.0/


 8 

variants exist as phosphorylated forms (pCtIP) after the purification procedure (Figure 2E). Importantly, 158 

both pCtIP-wt and pCtIP-S276A stimulated the MRN endonuclease, while lacking any detectable intrinsic 159 

nuclease activity (Figure 2F). Together, our findings demonstrate that PIN1-mediated CtIP isomerization 160 

at the pS276-P277 motif is critically required for fork protection, but dispensable for DSB resection and 161 

HR.  162 

 163 

Stress-activated p38α kinase protects stalled forks from degradation by facilitating CtIP isomerization 164 

We have previously demonstrated that pT315 serves as the major CtIP binding site of PIN1, but that CtIP 165 

isomerization by PIN1 exclusively happens at the pS276-P277 motif11. In addition, using individual 166 

phospho-specific CtIP antibodies, we found that treatment of cells with roscovitine, a non-selective 167 

CDK1/2 inhibitor, impaired T315 (but not S276) phosphorylation, suggesting that a different proline-168 

dependent kinase is acting upstream to phosphorylate S276 and facilitate CtIP isomerization in response 169 

to replication stress11.  170 

We noticed that the region encompassing S276-P277 is highly conserved in mammalian CtIP orthologs 171 

and matches the consensus sequence for members of the mitogen-aclvated protein kinase (MAPK) 172 

family, especially that of p38α (encoded by MAPK14) (Figure S3A). It has been repeatedly reported that 173 

HU treatment induced activation of p38 MAPKs in S-phase synchronized cells, as measured by 174 

phosphorylation of p38 itself (at T180/Y182) and of MK2, a bona fide downstream p38 substrate21–23. 175 

Moreover, p38α was shown to directly phosphorylate CtIP on several S/T-P sites in in vitro kinase assays, 176 

including S27614. These findings prompted us to investigate whether p38α interacts with CtIP and 177 

participates in CtIP-S276 phosphorylation following DNA replication stress.  178 

First, we performed Myc-trap pulldowns from HEK293T cells transfected with Myc-p38α and found that 179 

p38α associates with CtIP but not with Mre11 (Figure 3A). We confirmed CtIP-p38α interaction using a 180 

reciprocal approach, retrieving Myc-p38α via immunoprecipitation of endogenous CtIP from HEK293T 181 
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lysates (Figure S3B). To investigate the role of p38α in CtIP phosphorylation, we performed an anti-182 

phospho-CtIP (S276) immunoprecipitation in non-synchronized U2OS cells expressing GFP-CtIP wt treated 183 

with HU alone or in combination with PH-797804, an ATP-competitive, selective p38α/b kinase inhibitor24. 184 

Western blotting of the immunoprecipitates revealed a moderate increase in CtIP-S276 phosphorylation 185 

upon HU treatment, which was reduced upon concomitant p38α inhibition, both events coinciding with 186 

p38α activation levels detected in the input samples (Figure 3B). To corroborate this result, we performed 187 

GFP-trap assays in the same cells but this time co-treated with the VHL-based PROTAC compound NR-11c, 188 

specifically targeting p38α for proteasomal degradation25. Probing the pulldowns with the anti-phospho-189 

CtIP (S276) antibody confirmed that p38α mediates HU-induced phosphorylation of CtIP at S276 (Figure 190 

S3C). Notably, both experiments revealed the presence of CtIP-pS276 in absence of HU, suggesting basal 191 

S276 phosphorylation by p38α (or another proline-directed kinase) in our engineered U2OS osteosarcoma 192 

cell line. In accordance with this, we observed p38α phosphorylation in untreated cells (Figure 3B). This 193 

could be explained by GFP-CtIP overexpression upon doxycycline addition already releasing a cellular 194 

stress signal that is sufficient for p38α activation even in unperturbed conditions. As CtIP-PIN1 interaction 195 

relies in part on S276 phosphorylation (Figure S1C), we reasoned that p38α inhibition should similarly 196 

impair PIN1-CtIP interaction. Indeed, GFP-trap assays revealed that the binding of FLAG-CtIP-wt to GFP-197 

PIN1 is reduced in cells treated with the p38α inhibitor, to levels comparable to that of FLAG-CtIP-S276A 198 

(Figure 3C).  199 

It has been previously reported that Mapk14 delelon (p38αD) in mouse mammary tumor cells results in 200 

a higher frequency of fork stalling14. However, the funclon of p38α in fork protection during acute HU-201 

induced replication stress has to our knowledge never been elucidated. Thus, we next evaluated fork 202 

degradation upon p38α inhibition or degradation. Remarkably, we found that treatment of U2OS cells 203 

with either PH-797804 or NR-11c resulted in HU-induced fork degradation (Figure 3D). Moreover, siRNA-204 

mediated depletion of p38α in U2OS resulted in significant fork degradation, consistent with a prominent 205 
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role of p38α in fork stabilization in response to replication stress (Figure S3D). We earlier showed that 206 

expression of the CtIP trans-locked mutant resulted in a partial restoration of fork stability in PIN1-207 

inhibited cells (Figure 2B). Remarkably, expressing CtIP-S276A/P277A in p38α-depleted cells fully restored 208 

fork protection, indicating a key function of p38α-mediated CtIP phosphorylation in preserving fork 209 

integrity upon HU-induced replication stress (Figures 3E and S3E). Consistent with a conserved function 210 

of the PIN1-p38α-CtIP signaling axis in fork protection, we found that both PIN1 and p38α inhibition 211 

induced fork degradation in spontaneously immortalized primary mouse embryonic fibroblasts (MEFs) 212 

(Figures 3F and S3F). Finally, we observed that HU-induced nascent strand degradation in Pin1 knockout 213 

MEFs was not further enhanced upon pre-treatment with the p38α inhibitor, indicating that PIN1 and 214 

p38α most likely act in the same fork protection pathway. 215 

 216 

PIN1 and p38α are required for CtIP enrichment at HU-arrested forks  217 

Having established that CtIP cis-to-trans isomerization at the S276-P277 motif by the collaborative action 218 

of p38α and PIN1 is required for fork protection, we next sought to determine whether the conformational 219 

change affects CtIP loading and accumulation on stalled replication forks. To test this hypothesis, we 220 

employed in situ analysis of protein interactions at DNA replication forks (SIRF) using pulsed Edu-CtIP 221 

proximity ligation assay (PLA) reactions (CtIP-SIRF)26,27. Notably, only PLA signals in cells with comparable 222 

EdU intensities were considered to ensure that observed changes in the number of PLA signals/cell did 223 

not relate to changes in EdU incorporation between the different experimental conditions. We first 224 

performed CtIP-SIRF in unperturbed U2OS cells and could readily detect nuclear PLA signals (Figure 4A), 225 

indicating CtIP loading nearby normal ongoing replication forks, as previously reported28. After HU 226 

treatment, we observed a significant increase in PLA signals, indicating CtIP accumulation at stalled forks 227 

(Figure 4A). Interestingly, CtIP loading to stalled forks was impaired when cells were pre-treated with the 228 

PIN1 inhibitor prior to addition of HU (Figure 4A). Similar results for CtIP-SIRF in response to HU are 229 
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obtained when U2OS cells were pre-treated with the p38α inhibitor (Figure 4B), substantiating the 230 

importance of PIN1-p38α signaling in facilitating the assembly of CtIP at stalled replication forks. Lastly, 231 

we performed SIRF assays in HU-treated cells expressing GFP-tagged CtIP variants (Figure S4A) and 232 

observed that the S276A phosphomutant displayed significantly reduced numbers of PLA foci, which were 233 

restored to wild-type levels in the S276A/P277A trans-locked mutant (Figure 4C). To rule out a more 234 

general role of CtIP isomerization in the recruitment to sites of DNA damage, we monitored GFP-CtIP 235 

accumulation at microlaser-induced DSBs. However, we could not observe any major differences in the 236 

assembly of GFP-CtIP at DSBs in cells either treated with the PIN1 inhibitor or expressing the 237 

isomerization-defective CtIP mutants (Figures S4B and S4C). Together, our data reveal a prominent role 238 

for PIN1-p38α-mediated CtIP isomerization in efficient loading of CtIP at sites of stalled DNA replication. 239 

 240 

Inhibition of PIN1 or p38α overcomes chemoresistance in Brca1-deficient mammary tumor cells.  241 

Recent work discovered that a large fraction of mammary tumors from KB1P (K14cre;Trp53F/F;Brca1F/F) 242 

mice with acquired PARP inhibitor (PARPi) resistance featured downregulated expression of the non-243 

essential histone variant H2AX29,30. Unexpectedly, subsequent elucidation of the underlying molecular 244 

mechanism of PARPi resistance in this model revealed strongly enhanced association of CtIP at stalled 245 

forks, ultimately restoring fork integrity in absence of functional BRCA129. Therefore, we reasoned that 246 

Brca1-deficient KB1P tumor cells represent an interesting system to further substantiate our results. As 247 

shown previously29, SIRF analysis revealed significantly higher levels of spontaneous and HU-induced CtIP 248 

PLA foci in H2AX-depleted KB1P cells compared to cells transduced with a non-targeting (NT) gRNA (Figure 249 

5A). Remarkably, pre-treatment with either PIN1 or p38α inhibitor, strongly abrogated CtIP association 250 

with stalled forks in both KB1P-derived cell lines (Figure 5A), substantiating the crucial role of PIN1 and 251 

p38α in CtIP isomerization to promote efficient localization of CtIP to sites of stalled forks. 252 
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The development of PARPi resistance poses a great clinical challenge for the treatment of BRCA1/2-253 

deficient tumors31. In recent years, several distinct mechanisms underlying PARPi resistance have been 254 

identified, including restoration of fork protection, providing new therapeutic strategies to potentially 255 

overcome PARPi resistance. Based on our findings, we therefore speculated whether the use of PIN1 or 256 

p38α inhibitors might represent such an opportunity. Strikingly, we observed that treatment with PIN1i 257 

significantly restored sensitivity to the PARPi Olaparib in H2AX-depleted KB1P cells (Figure 5B). As shown 258 

previously, we found that H2AX-deficient KB1P cells exhibit increased cellular resistance to chronic HU 259 

treatment (Figure S5A)29. Also here, PIN1 inhibition rendered BRCA1- and H2AX-deficient cells HU 260 

sensilve (Figure S5A). These findings reveal an unprecedented BRCA1- and HR-independent role of PIN1 261 

in promoting chemoresistance, most likely through mediating CtIP-dependent restoration of fork 262 

protection in this context. 263 

Finally, and consistent with an important role of p38α in promoting CtIP-dependent fork protection, 264 

combined treatment with the p38α inhibitor PH-797804 significantly restored both Olaparib and HU 265 

sensitivity in H2AX-deficient KB1P cells (Figures 5C and S5B). Collectively, these data corroborate the 266 

important role of PIN1-p38α signaling in promoting CtIP association with stalled forks and confirm a 267 

BRCA1-independent role of CtIP in fork stabilization that is governed by CtIP isomerization. 268 

 269 

DISCUSSION 270 

We previously reported a distinct role for CtIP in the replication stress response by protecting regressed 271 

nascent DNA arms at forks from excessive digestion by the DNA2 nuclease4. While we could demonstrate 272 

that CtIP’s function in promoting DSB resection and HR repair is dispensable for fork stabilization, a broad 273 

understanding of the molecular mechanisms regulating CtIP-mediated fork protection remained to be 274 

established. Here, we reveal a critical role for phosphorylation-dependent prolyl isomerization of CtIP to 275 

protect HU-stalled forks from deleterious degradation. Based on our previous and present results, we 276 
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propose a model in which CDK-mediated phosphorylation of CtIP-T315 during unperturbed S-phase 277 

enables PIN1 to recognize CtIP through its WW-phospho-binding domain. Subsequently, when cells are 278 

exposed to acute replication stress, p38α kinase phosphorylates CtIP at S276 to facilitate PIN1-mediated 279 

cis-to-trans isomerization of the S276-P277 peptide bond. This conformational change is required for 280 

efficient CtIP enrichment near stalled replication forks, which ultimately leads to the protection of nascent 281 

DNA at reversed forks from nucleolytic attack by DNA2 (Figure 6). Altogether, our data highlight CtIP 282 

isomerization as a molecular switch activating CtIP’s function in protecting reversed forks from nucleolytic 283 

degradation without compromising the resection and HR repair of DSBs.  284 

 285 

Phosphorylation-dependent CtIP isomerization triggered by PIN1 and p38α promotes fork integrity 286 

Earlier work from the Morris group demonstrated that fork protection by the BRCA1-BARD1 complex 287 

relies on PIN1-mediated isomerization of the BRCA1 pS114-P115 motif, which aids RAD51 recruitment to 288 

stalled forks, limiting nucleolytic processing of nascent DNA by MRE1116. Consistent with this work, we 289 

previously demonstrated that CtIP and BRCA1 act in separate fork protection pathways and synergistically 290 

alleviate replication stress-induced genomic instability, by restraining DNA2 and MRE11 fork resection 291 

activities, respectively4. We now provide evidence that, although counteracting fork degradation via two 292 

biochemically separable mechanisms, PIN1-mediated isomerization acts as a common upstream 293 

regulatory component controlling both CtIP- and BRCA1-dependent fork protection functions. 294 

Accordingly, we found that fork degradation induced by chemical inhibition of PIN1 isomerase activity is 295 

significantly, albeit not fully, rescued by the expression of a CtIP trans-locked mutant, indicating that 296 

BRCA1-mediated fork protection may be concomitantly compromised in this context.  297 

Our previous work indicated that CDK-mediated T315 phosphorylation is a prerequisite for PIN1 298 

recognition, while S276 phosphorylation is required for CtIP isomerization at the pS276-P277 site and 299 

mediated by a hitherto unknown proline-directed kinase. The MAPK family member p38α was reported 300 
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to be activated in response to various sources of cellular stress, ranging from physiological situations (e.g. 301 

cell differentiation) to a wide range of exogenous and endogenous triggers, such as hyperosmolarity, 302 

oxidalve stress or DNA damage32. For example, after exposure to ultraviolet (UV) radiation, p38α was 303 

reported to collaborate with CHK1 in the activation of the S-M checkpoint to prevent premature mitotic 304 

entry before completion of DNA replication33. This task was shown to gain even greater importance in 305 

p53-deficient cells, where ATM/ATR-dependent activation of p38α secures cell cycle arrest and cell 306 

survival in response to cisplatin, doxorubicin or camptothecin exposure12. Here, we uncover an 307 

unprecedented role for p38α in counteracting the degradation of HU-stalled forks through 308 

phosphorylating CtIP at S276, a requirement for subsequent cis-to-trans isomerization of the pS276-P277 309 

prolyl peptide bond. Despite the presence of CtIP-pS276 in untreated conditions, we observed a further 310 

increase in S276 phosphorylation after HU exposure, which returned to control levels upon concomitant 311 

p38α inactivation, indicating that replication stress-induced CtIP-S276 phosphorylation relies on p38α. 312 

Importantly, our experiments were performed in non-synchronized U2OS cells, whereas robust activation 313 

of p38α was previously observed only when DNA-damaging agents were added in S-phase23. Strikingly, 314 

expression of the CtIP-S276A/P277A trans-locked variant completely restored fork stability in p38α-315 

depleted cells, underscoring p38α-mediated S276 phosphorylation as a critical event in fork protection.  316 

 317 

Inhibition of the PIN1-p38α signaling axis restores chemosensitivity in Brca1-deficient mammary tumor 318 

cells 319 

We previously demonstrated that combined depletion of CtIP and BRCA1 in U2OS cells provokes elevated 320 

levels of chromosomal instability, which are most likely attributed to the persistence of replication-321 

associated DNA lesions4. Furthermore, reduced survival of BRCA1-deficient but not BRCA1-proficient 322 

cancer cells upon treatment with a CtIP-stapled peptide inhibitor suggested a synthetic sick relationship 323 

between BRCA1 and CtIP34. Recent work from Dibitetto and colleagues revealed that H2AX loss restores 324 
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replication fork protection in Brca1-deficient mammary tumor cells via CtIP hyperaccumulation at stalled 325 

forks, resulting in PARPi resistance29. Consequently, CtIP inhibition using stapled peptides provoked fork 326 

degradation and restored chemosensitivity29. We now provide evidence that CtIP enrichment at HU-327 

stalled forks in Brca1-deficient mouse tumor cells is compromised by PIN1 or p38α inhibition, indicating a 328 

pivotal role for the PIN1-p38α-CtIP signaling cascade as a critical regulator of fork stability in cells lacking 329 

functional BRCA1.  330 

PIN1 ablation was previously reported to sensitize BRCA1-proficient breast cancer to PARPi as a result of 331 

impaired HR19. Here, we reveal that PIN1 and p38α inhibition restored Olaparib and HU sensitivity of 332 

Brca1-/-;H2afx-/- tumor cells that have acquired chemoresistance via restoration of fork protection but are 333 

still defective in HR. We observed a more pronounced effect of PIN1 inhibition in restoration of 334 

chemosensitivity compared to p38α inhibition, suggesting that besides BRCA1-BARD1 and CtIP, PIN1 is 335 

likely to engage more substrates than p38α implicated in fork protection. An interesting factor could be 336 

PTIP, which we identified in our previous proteomics analysis as a potential PIN1 interactor11. Work from 337 

the Nussenzweig group has shown that PTIP accumulates at sites of replication stalling and deposits 338 

MRE11 on stalled forks35. Accordingly, they found that PTIP loss promotes fork stability and 339 

chemoresistance in BRCA1-deficient cells though inhibition of MRE11-dependent fork degradation35. 340 

Taken together, PTIP’s function in response to replication stress might be negatively affected by 341 

isomerization and, thus, PIN1 inhibition could result in upregulated PTIP activity, resulting in MRE11 342 

hyperaccumulation at stalled forks.  343 

Finally, our findings also highlight that targeting the PIN1-p38α-CtIP axis might represent a promising 344 

therapeutic approach for BRCA1-mutated cancer that acquired chemoresistance. This strategy could also 345 

be relevant for pancreatic adenocarcinoma (PDAC), where PIN1 and p38 overexpression, as well as CtIP 346 

gene amplification, are frequently observed and found to correlate with poor prognosis36–42. Given the 347 

high prevalence of KRAS gain-of-function mutations in PDAC patients43, which endows those cancer cells 348 
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with the ability to tolerate high levels of DNA damage and replication stress, we reason that targeting the 349 

PIN1-p38α-CtIP axis in pancreatic cancer may facilitate the development of improved therapies. 350 

 351 

  352 
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METHODS 353 

Cell culture 354 

U2OS and HEK293T, MEF and MEF Pin1-/- cells were grown in Dulbecco’s modified Eagle’s medium (DMEM, 355 

Thermo Fisher Scientific) supplemented with 10% fetal calf serum (FCS; GIBCO/Thermo Fisher Scientific) 356 

and 1% penicillin-streptomycin (Sigma-Aldrich). MDA-MB-436 cells were maintained in RPMI medium 357 

supplemented with 10% FCS and 1% penicillin-streptomycin.  Cell lines were grown at 37° C in a humidified 358 

atmosphere with 6% CO2. 359 

KB1P-G3 (Trp53 -/- ;Brca1 -/- and Trp53 -/-;Brca1 -/-;H2afx -/-) cells were derived from KB1P mammary 360 

tumors as previously described29 and were grown at 37° C in 3% O2 in DMEM Nutrient mixture F-12 361 

(Thermo Fisher Scientific) supplemented with 10% FCS, 1% penicillin-streptomycin, 5 ng/ml cholera toxin 362 

(Sigma-Aldrich), 5 μg/ml insulin (Sigma-Aldrich) and 5 ng/ml murine Epidermal Growth Factor (mEGF, 363 

Sigma-Aldrich). U2OS stably expressing GFP-empty vector (ev), GFP-CtIP-wt, S276A, T315A and 364 

S276A/T315A were generated as previously described5. U2OS cells inducibly expressing GFP-CtIP wt, 365 

S276A, P277A and S276A/P277A were generated as described below.  366 

 367 

Generation of U2OS GFP-CtIP doxycycline inducible cell lines  368 

The Flp-In T-Rex system was used to generate U2OS cell lines stably expressing different siRNA-resistant 369 

GFP-CtIP constructs under the control of doxycycline-inducible promoter like described before44. In brief, 370 

U2OS Flp-In T-Rex cells were transfected with expression vectors pcDNA5/FRT/TO-GFP-CtIP wt, S276A, 371 

P277A and S276A/P277A and the Flp recombinase expression plasmid, pOG44, mixed in a 1:9 ratio using 372 

FuGENE6 Transfection Reagent. Cells were plated 24 h post transfection. The next day, the medium was 373 

supplemented with 250 μg/mL hygromycin B (InvivoGen) and 15.5 μg/mL blasticidin S (InvivoGen). GFP-374 

positive bulk cultures were sorted using a BD FACSAria III cell sorter (Flow Cytometry Facility, University 375 

of Zurich). Sorted cell lines were tested for expression and nuclear localization of the transgene-products 376 
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via immunofluorescence microscopy and western blotting analysis. Induclon of GFP-CtIP expression was 377 

performed by growing the inducible cell lines for 24 h in medium supplemented with 1 μg/ml of 378 

doxycycline. 379 

 380 

Generation of U2OS GFP-CtIP hypomorphic cells 381 

U2OSCas9/CtIP cell lines stably expressing GFP-tagged wt and mutant CtIP were generated as previously 382 

described4. Briefly, U2OSCas9/CtIP cells were transfected with the appropriate plasmids and with a 383 

puromycin resistant cassette containing pcDNA5/TO vector in a 5:1 ratio. Selection of GFP-positive cells 384 

was performed complementing the medium with 1 μg/mL puromycin (InvivoGen/LabForce). GFP-positive 385 

bulk cultures were tested for expression and nuclear localization of the transgene-products by 386 

immunofluorescence microscopy and western blotting analysis.  387 

 388 

Plasmids and cloning 389 

DNA primers used for cloning and sequencing were obtained from Microsynth (Balgach, Switzerland). 390 

pEGFP-C1 plasmids containing CtIP wt and S327A were previously described45. The pEGFP-C1 plasmid 391 

containing CtIP-S276A, P277A and S276A/P277A were generated by site-directed mutagenesis. 392 

pcDNA5/FRT/TO-GFP expressing CtIP-wt has been previously described44. The S276A, P277A and 393 

S276A/P277A mutants of CtIP in pcDNA5/FRT/TO-GFP vector were generated by site-directed 394 

mutagenesis. The FLAG-CtIP wt and T847A expression vectors were described previously44,46. The S276A, 395 

P277A and S276A/P277A mutants of CtIP in the FLAG vector were generated by site-directed mutagenesis. 396 

All constructs were verified by sequencing. Primers used for site-directed mutagenesis are reported below 397 

with 5’ to 3’ orientation:  398 

CtIP_S276A _Forward: AAGGTCCCATGGCCCCCCTTGGTGATGAGCTCTAC 399 

CTIP_S276A _Reverse: CACCAAGGGGGGCCATGGGACCTTGAGTTTCAGA 400 
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CtIP_P277A_Forward: CATGAGCGCTCTTGGTGATGAGCTCTACCACTGTC 401 

CtIP_P277A_Reverse: CCAAGAGCGCTCATGGGACCTTGAGTTTCAG 402 

CtIP_S276A/P277A_Forward: CCATGGCTGCCCTTGGTGATGAGCTCTACCAC 403 

CtIP_S276A/P277A_Reverse: CAAGGGCAGCCATGGGACCTTGAGTTTCAG 404 

 405 

siRNA transfections and sequences  406 

siRNA oligos were transfected using Lipofectamine RNAiMAX (Invitrogen) according to manufacturer’s 407 

instructions, at a final concentration of 10 nM or 40 nM. Experiments were performed 48 h post siRNA 408 

transfection.  409 

 410 

Drug treatments 411 

The following compounds were used at the indicated final concentrations: hydroxyurea (HU, 80 µM in 412 

colony formation assay, 2 mM and 8 mM in DNA fibers and SIRF, 5 mM in metaphase spreads), 413 

cycloheximide (100 µg/mL), mirin (25 µM in DNA fibers), DNA2i NSC-105808 (2 µM in DNA fibers), PIN1i 414 

KPT-6566 (2.5 and 7.5 µM in colony formation assay and 5 and 10 µM in DNA fibers, HR assays and laser 415 

micro-irradiation), p38ai PH-797804 (1 µM in DNA fibers, SIRF and immunoprecipitation, 10 µM in colony 416 

formation assay ), p38a Protac NR-11c (1 µM in DNA fibers and immunoprecipitation), Olaparib (75 nM 417 

in colony formation assay).  418 

 419 

Immunoblotting and triton extraction 420 

For western blotting analysis, cell extracts were prepared in Laemmli buffer (4% SDS, 20% glycerol, 120 421 

mM Tris-HCl pH 6.8). Chromatin-enriched lysates were performed as previously described45. In brief, cells 422 

were washed with cold PBS and incubated 5min at 4°C with pre-extraction buffer (25 mM HEPES pH 7.4, 423 

50 mM NaCl, 1 mM EDTA, 3 mM MgCl2, 300 mM sucrose, 0.5% Triton X-100 and protease inhibitors). 424 
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Adherent cellular material was collected in Laemmli buffer. After heat-denaturation of the chromatin 425 

enriched fraction, lysates were sonicated and analyzed by western blotting. 426 

For immunoblotting proteins were resolved by SDS–PAGE and transferred to nitrocellulose membranes. 427 

Membranes were incubated at 4°C overnight with the appropriate primary antibodies and 1 h at room 428 

temperature (RT) with secondary antibodies. Proteins were then visualized with the Advansta 429 

WesternBright ECL reagent and the VilberLourmat Fusion Solo S imaging system.  430 

 431 

Immunoprecipitation  432 

For immunoprecipitation (IP) , GFP-Trap and Myc-Trap (ChromoTek, proteintech) cells were lysed in NP-433 

40 extraction buffer [50 mM Tris-HCl, pH 7.5, 120 mM NaCl, 1 mM EDTA, 6 mM EGTA, 15 mM sodium 434 

pyrophosphate and 1 % NP-40 supplemented with phosphatase inhibitors (20 mM NaF, 1 mM sodium 435 

orthovanadate) and protease inhibitors (1 mM benzamidine and 0.1 mM PMSF, Protease inhibitor 436 

cocktail, Sigma-Aldrich)]. Cell lysates were incubated with Benzonase (Merck) for at least 30 min at 4 °C 437 

cleared by centrifugation and protein concentration was determined by Bradford assay (Bio-Rad).  438 

1-2mg of cleared lysates were incubated with ChromoTek GFP/Myc-Trap Agarose beads (proteintech) for 439 

2h and washed three times with NTEN300 buffer (0.5% NP-40, 0.1 mM EDTA, 20 mM Tris-HCl pH 7.4, 440 

300 mM NaCl) or three times with NP-40 extraction buffer and once with TEN100 buffer (20 mM Tris-HCl 441 

pH 7.4, 0.1 mM EDTA and 100 mM NaCl).  442 

For endogenous IPs lysates were incubated at 4°C overnight with 1 ug of antibody per milligram of lysates. 443 

Protein A beads (GE Healthcare) were added afterwards for 2 h and washed as described above. 444 

Complexes bound to beads were boiled in SDS sample buffer and analyzed by SDS–PAGE followed by 445 

western blotting analysis as described above. 446 

 447 

Antibodies 448 
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For DNA fiber assay the following antibodies are used: mouse anti-BrdU/IdU 1:80, BD Biosciences 347580; 449 

Rat anti-BrdU/CldU 1:400, Abcam ab6326; goat anti-mouse Alexa Fluor™ 488 1:250, Thermo Fisher 450 

Scientific; donkey anti-rat Cy3 1:250, Jackson ImmunoResearch.  451 

For SIRF the following antibodies are used: rabbit anti-CtIP 1:100, Bethyl Laboratories #A300-488A; mouse 452 

anti-Biotin 1:200, #200-002-211, Jackson Immuno Research; rabbit anti-Biotin 1:1000, A150-109A, Bethyl; 453 

mouse anti-GFP 1:100, Roche 11814460001 IgG1κ clones 7.1 and 13.1; goat anti-mouse Alexa Fluor™ 488 454 

1:1000, Thermo Fisher Scientific #A11029 and goat anti-rabbit Alexa Fluor™ 546 1:1000, Thermo Fisher 455 

Scientific #A11010.  456 

For QIBC the following antibodies are used: rabbit anti-RPA32 1:500, Abcam ab76420; donkey anti-rabbit 457 

Alexa Fluor™ 647 1:500, Thermo Fisher Scientific #A31573.  458 

For immunoblotting the following antibodies are used: mouse anti-Myc (9E10) 1:500, Thermo Fisher 459 

Scientific MA1-980; mouse anti-CtIP (D4) 1:250, Santa Cruz sc-271339; rabbit anti-CtIP (D76F7) 1:1000, 460 

Cell Signaling #9201; rabbit anti-pS276-CtIP 1:200 custom made with Eurogentec with synthetic 461 

phosphopeptides (KLH-coupled) corresponding to residues surrounding S276 (ETQGPMpSPLGDEL)11; 462 

mouse anti-Mre11 1:1000 Genetex #GTX70212; mouse anti-p38a 1:1000 Cell Signaling #9217; rabbit anti-463 

p38a 1:1000 Cell Signaling #9218; rabbit anti-Phospho-p38 MAPK T180/Y182 Cell Signaling #9211; mouse 464 

anti-FLAG M2 1:1000, Sigma-Aldrich F1804; rabbit anti-Lamin B1 1:1000 ab16048; mouse anti-Tubulin 465 

1:20’000 Sigma-Aldrich #T9026; rabbit anti-GFP 1:1000, Abcam ab290; mouse anti-GFP (B2) 1:500, Santa 466 

Cruz sc-9996; rabbit anti-Cyclin D1 1:1000, Cell Signaling #2922; rabbit anti-SMARCAL1 1:1000, Abcam 467 

ab154226; mouse anti-GAPDH 1:40’000, Millipore MAB374; mouse anti-BRCA1 (D9) 1:50, Santa Cruz sc-468 

6954. 469 

 470 

DNA fiber analysis 471 
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DNA fiber analyzes were performed as described previously47,48. In brief, non-synchronized U2OS cells 472 

were labeled with CldU (33 μM) for 30 min, followed by IdU (340 µM) for 30 min before incubation with 473 

HU for 4 h. Alternatively, cells were labeled with CldU for 20 min, subsequently treated with HU for 2 h 474 

and chased with IdU for 40 min before harvesting in PBS. Cells lysis was performed (lysis buffer: 200 mM 475 

Tris-HCl (pH 7.4), 50 mM EDTA, 0.5% SDS) and DNA fibers were stretched onto glass slides, air-dried at RT 476 

for 30 min and fixed in Methanol:Acetic acid in a 3:1 ratio (Merck) at 4°C overnight. Fibers were rehydrated 477 

in PBS before denaturation with 2.5 M HCl for 1 h, washed with PBS and blocked with 2% BSA in PBS+0.1% 478 

Tween 20 for 45 min. The CldU and IdU tracks were immunostained using anti-BrdU primary and 479 

corresponding secondary antibodies. Coverslips were mounted using ProLong Gold Antifade Mountant 480 

(Life Technologies). Images were acquired on a Leica DMI 6000 fluorescence microscope using 63x 481 

objective and analyzed using Fiji software49. 482 

 483 

Metaphase spreads 484 

Metaphase spreads were performed as described previously50. Briefly, 0.1 µg/mL colcemid was added to 485 

the cells 2 h prior harvesting by trypsinization. Cell pellets were resuspended in 5 ml of hypotonic solution 486 

(potassium chloride 75 mM) and incubated at 37°C for 30 min for swelling. Cells were then fixed a first 487 

time for 3 min with 5% acetic acid and then two times for 10 min with ethanol-acetic acid in a 3:1 ratio. 488 

Fixed cells were gently resuspended in fixative solution to achieve optimal cell density before dropping 489 

onto glass slides. Slides were mounted using Vectashield® Mounting Media (Vector Laboratories) 490 

containing 4’,6-Diamidino-2-Phenylindole Dihydrochloride (DAPI). Fluorescent images were acquired 491 

using a Leica DMI 6000 fluorescence microscope with 63x objective. 492 

 493 

HR reporter assay 494 
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HR reporter assay was carried out as described previously11,51. In brief, U2OS EGFP-HR were seeded into 495 

10 cm dishes and transfected with siRNA control (siCNTL) or targelng CtIP (siCtIP). AÄer 24 h, cells were 496 

seeded into 12-well plate. The next day, cells were transfected with pcDNA3 or I-SceI expression plasmid 497 

(pCBASce) and FLAG-ev (empty vector), FLAG-CtIP-wt, S276A, P277A, S276A/P277A and T847A using 498 

jetPrime transfeclon reagent (Polyplus). For the experiments shown in figure S2D and S2G, cells were 499 

directly seeded into 12-well plates and treated with PIN1i KPT-6566 3 h before transfeclon with pcDNA3 500 

or I-SceI expression plasmid (pCBASce) and the indicated FLAG-CtIP constructs. For all experiments, 501 

medium was exchanged 4 h aÄer transfeclon and cells were harvested 48 h post-transfeclon. As read 502 

out for HR, GFP expression was measured by flow cytometry using AÇune Nxt Flow Cytometer equipped 503 

with a 488 nm laser and 530/30 band-pass filter. A minimum of 20’000 events per sample were recorded.  504 

 505 

Expression and purification of recombinant proteins 506 

The CtIP-S276A variant was prepared by mutating the respective wild-type pFB-2xMBP-CtIP-10xhis 507 

plasmid by QuickChange site-directed mutagenesis kit following manufacturer’s instructions (Agilent 508 

Technology). The wild-type protein, as well as the point mutant, were expressed in Sf9 insect cells in SFX 509 

Insect serum-free medium (Hyclone) using the Bac-to-Bac expression system (Invitrogen), according to 510 

manufacturer’s recommendations. Purification was performed by affinity chromatography exploiting the 511 

N-terminal maltose-binding protein (MBP)-tag and the C-terminal 10xhis-tag52. For expression of 512 

phosphorylated CtIP (pCtIP) variants, Sf9 cells were treated with 50 nM Okadaic acid (APExBIO) to 513 

preserve proteins in their phosphorylated state, and 1 μM camptothecin (Sigma) to further activate 514 

protein phosphorylation cascade. The MRN complex was prepared using the 3xflag-tag at the C-terminus 515 

of RAD50.  516 

 517 

Preparation of oligonucleotide-based substrate 518 
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All oligonucleotides were purified by polyacrylamide gel electrophoresis and purchased from Eurogentec. 519 

The labeling of oligonucleotides at the 5'-end was carried out by T4 polynucleotide kinase (New England 520 

Biolabs) and [γ-32P] ATP (Hartmann Analytic). To prepare quadruple blocked 70-bp long DNA substrate, 521 

PC210 and PC211 oligonucleotides were used, as described previously53.  522 

 523 

Endonuclease assay with recombinant proteins  524 

Endonuclease assays (15 μl volume) were performed in nuclease buffer containing 25 mM Tris-HCl pH 7.5, 525 

5 mM magnesium acetate, 1 mM manganese acetate, 1 mM dithiothreitol (DTT), 1 mM ATP, 0.25 mg/ml 526 

BSA (New England Biolabs) and 1 nM oligonucleotide-based DNA substrate (in molecules). The reactions 527 

were supplemented with 15 nM monovalent streptavidin and incubated for 5 min at RT to block the 528 

biotinylated ends of the DNA substrates. The recombinant proteins were then added to the reactions on 529 

ice and samples were incubated at 37°C for 2 h. Reactions were stopped by adding 0.5 μl 530 

ethylenediaminetetraacetic (0.5 M EDTA) and 1 μl Proteinase K (19 mg/ml, Roche), and incubated at 50°C 531 

for 30 min. Finally, 16.5 μl loading buffer (5% formamide, 20 mM EDTA, bromophenol blue) was added to 532 

all samples and the products were separated on 15% polyacrylamide denaturing urea gels (19:1 533 

acrylamide-bisacrylamide, Bio-Rad). The gels were fixed in fixing solution (40% methanol, 10% acetic acid, 534 

5% glycerol) for 30 min at room temperature and dried on a 3MM Chr paper (Whatman). The dried gels 535 

were exposed to storage phosphor screen (GE Healthcare) and scanned by a Typhoon Phosphor Imager 536 

(FLA 9500, GE Healthcare). 537 

 538 

SIRF (in Situ analysis of protein Interactions at DNA Replication Forks) 539 

SIRF assay was performed as previously reported26,27. Briefly, cells were seeded on coverslips and, after 540 

24 h, pulsed-labelled with 25μM EdU for 10 min. Afterwards, cells were washed three times with PBS to 541 

remove the EdU and either incubated with HU and the indicated inhibitors or immediately pre-extracted 542 
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and fixed (for untreated samples). Pre-extraction was performed with CSK buffer containing 0.5% of 543 

Triton™ X-100 (Sigma-Aldrich) on ice for 5 min and fixation was done with 4% Paraformaldehyde at RT for 544 

15 min. Coverslips were then washed with PBS and stored overnight at 4°C. The following day, EdU was 545 

chemically linked to Biotin-azide using the Click-iT™ Reaction Kit (Thermo fisher scientific) for 1 h at 37°C. 546 

In situ proximity ligation assay (PLA) was performed using Duolink PLA technology (Sigma-Aldrich) 547 

according to the manufacture instructions. In brief, coverslips were blocked for 1h at 37°C with blocking 548 

solution, followed by incubation with primary antibodies for 2 h at RT. After primary antibody incubation, 549 

coverslips were washed with Wash Buffer A (0.01 M Tris, 0.15 M NaCl and 0.05% Tween 20) for 5 min at 550 

RT and incubated for 1 h at 37°C with Duolink anti-Mouse PLUS and anti-Rabbit MINUS PLA probes. After 551 

three wash steps in Wash Buffer A for 5 min, PLA probes were ligated for 30 min at 37°C. Coverslips were 552 

then washed three times 5 min in Wash Buffer A. Amplification was performed using the ‘Duolink In Situ 553 

Detection Reagents FarRed’ (Sigma-Aldrich) at 37°C for 100 min. After amplification, coverslips were 554 

washed twice in Wash Buffer B (0.2 M Tris and 0.1 M NaCl) for 10 min and incubated for 30 min at 37°C 555 

with the appropriate secondary antibody. Coverslips were then washed twice with Wash Buffer B and 556 

once in 0.01x Wash Buffer B for 1 min. Finally, coverslips were mounted using Vectashield® Mounting 557 

Media (Vector Laboratories) containing DAPI, sealed and imaged on a Leica DMI 6000 fluorescence 558 

microscope using a 63x objective. Analysis of PLA foci in EdU positive cells was performed using 559 

CellProfiler.  560 

 561 

Laser micro-irradiation coupled live cell imaging 562 

Cells were seeded on a glass-bottom chambered coverslip (Ibidi), treated with 10 µM 5-bromo-2’-563 

deoxyuridine for 24 h. Samples were imaged on an inverted confocal spinning disk microscope [Olympus 564 

IX83] equipped with CSU-W1 unit [Yokogawa, Japan] SoRa disk for super resolution imaging, using a 60X 565 

[Olympus, Japan] objective, under controlled temperature (37°C) and CO2 (5%) (Cellvivo incubation 566 
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system).  Additionally, cells were irradiated with a pulsed 355 nm laser [UGA 42 Caliburn, Rapp 567 

OptoElectronic, Wedel, Germany]. Cells were imaged with a 488nm laser, the emission wavelength range 568 

was 500-550 nm (BP 525/50). Time-lapse images were capture for the indicated time intervals.  569 

The media used during the live imaging is the Gibco™ FluoroBrite™ DMEM complemented with 10% FCS 570 

(GIBCO) and 1% penicillin-streptomycin (Sigma-Aldrich). The signal intensity of the irradiated path was 571 

calculated using ImageJ software.  572 

 573 

High-content microscopy and quantitative image-based cytometry (QIBC) 574 

U2OS and U2OSCas9/CtIP cell lines stably expressing GFP-tagged WT and mutant CtIP or transfected with the 575 

indicated siRNAs were grown on sterile 12mm glass cover slips. Typically, after indicated treatment or 576 

siRNA transfection, cells were then fixed in 3% formaldehyde for 15 min at room temperature, washed 577 

once in PBS, permeabilized for 5 min at room temperature in 0.2% Triton™ X-100 (Sigma-Aldrich) in PBS, 578 

washed twice in PBS and incubated in blocking solution (filtered DMEM containing 10%FBS and 0.02% 579 

Sodium Azide) for 15 min at room temperature. To detect chromatin-associated RPA2 levels, cells were 580 

pre-extracted in 0.2% Triton™ X-100 in PBS for two min on ice prior to formaldehyde fixation. For antibody 581 

staining, cells were incubated in blocking solution with primary antibodies for 2 h at room temperature, 582 

washed three times with PBS and incubated with secondary antibodies in blocking solution for 1h at room 583 

temperature. Cells were washed once with PBS and incubated for 10 min with DAPI (0.5 mg/ml) in PBS at 584 

room temperature. Following three washing steps in PBS, coverslips were briefly washed with distilled 585 

water and mounted on 5 ml Mowiol-based mounting media [Mowiol 4.88 (Calbiochem) in Glycerol/TRIS)].  586 

Automated multichannel wide-field microscopy for high-content imaging and quantitative image-based 587 

cytometry (QIBC) was performed using the Olympus ScanR System as described previously54. Images were 588 

analyzed with the inbuilt Olympus ScanR Image Analysis Software Version 3.3.0, a dynamic background 589 

correction was applied, and nuclei segmentation was performed using an integrated intensity-based 590 
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object detection module based on the DAPI signal. All downstream analyzes were focused on properly 591 

detected nuclei containing a 2C-4C DNA content as measured by total and mean DAPI intensities. 592 

Fluorescence intensities were quantified and are depicted as arbitrary units. Color-coded scatterplots of 593 

asynchronous cell populations were generated with Spotfire data visualization software (TIBCO Spotfire 594 

10.10.1.7). Within one experiment, similar cell numbers were compared for the different conditions. For 595 

visualizing discrete data in scatterplots, mild jittering (random displacement of data points along discrete 596 

data axes) was applied to demerge overlapping data points. Representative scatterplots and 597 

quantifications of independent experiments, typically containing several thousand cells each, are shown.  598 

 599 

Colony formation assay 600 

KB1P cells were seeded in 6-well plates at 4,000 cells/well to assess survival upon treatment with Olaparib 601 

or HU. Cells were either mock treated (DMSO) or treated with the indicated concentrations of Olaparib, 602 

HU, PIN1 inhibitor KPT-6566 or p38a inhibitor PH-797804 the day of seeding. The treatment lasted for the 603 

whole duration of the experiment and was refreshed twice a week. After 10 days of growth, cells were 604 

fixed with crystal violet solution [0.5% crystal violet and 20% ethanol (w/v)]. Plates were scanned and 605 

survival was analyzed with the ImageJ plugin Colony Area using the parameter colony intensity as readout.  606 

 607 

Quantification and Statistical Analysis 608 

For QIBC analysis a total of 20 images with 20x objective were acquired in an unbiased fashion from 609 

asynchronous cell population. Typically, between 1000 and 3000 cells per condition were analyzed, and 610 

representative single cell data of cell cohorts of comparable size are shown as one-dimensional cell cycle-611 

resolved scatterplots. Fluorescence intensities were quantified and are depicted as arbitrary units. Color-612 

coded scatterplots of asynchronous cell populations were generated with Spotfire data visualization 613 

software (TIBCO). Within one experiment, similar cell numbers were compared for the different 614 
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conditions. For visualizing discrete data in scatterplots, mild jittering (random displacement of data points 615 

along discrete data axes) was applied in order to demerge overlapping data points. Representative 616 

scatterplots and quantifications of independent experiments are shown.  617 

Statistical analyses were performed using GraphPad Prism (GraphPad Software Inc). For HR assay and 618 

colony formation assay p values were calculated with the unpaired t-test. When comparing more than 619 

two groups, one-way ANOVA was used. For DNA fibers experiments a minimum of 110 fibers were scored 620 

per sample. Each experiment was repeated at least twice, and representative experiments are shown. The 621 

samples were subjected to a Mann-Whitney analysis. In all cases: ****P ≤ 0.0001; ***P ≤ 0.001; **P ≤ 622 

0.01; *P ≤ 0.05, ns, non-significant. 623 

  624 
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FIGURE LEGENDS 869 

Figure 1. CtIP cis-to-trans isomerization protects stalled forks from nucleolytic degradation. 870 

(A) Fork degradation was evaluated upon HU treatment in U2OS cells depleted of endogenous CtIP and 871 

stably expressing either GFP empty vector (ev), or siCtIP-resistant GFP-CtIP wild-type (wt), S276A, T315A, 872 

and S276A/T315A variants. Representative DNA fiber images are shown (top). (B) Fork degradation was 873 

evaluated upon HU treatment in U2OS cells depleted of endogenous CtIP and stably expressing siCtIP-874 

resistant GFP-CtIP wt or S276A/T315A variants. In addition, cells were either mock-treated or treated with 875 

the DNA2 inhibitor NSC-105808 (2 µM, simultaneously with HU). (C) Fork degradation was evaluated upon 876 

HU treatment in U2OS cells inducibly expressing siCtIP-resistant GFP-CtIP wt or S276A variants and 877 

depleted of endogenous CtIP alone, or co-depleted of CtIP and SMARCAL1. (D) Fork degradation was 878 

evaluated upon HU treatment in U2OS cells depleted of endogenous CtIP and inducibly expressing siCtIP-879 

resistant GFP-CtIP wt, S276A, P277A, or S276A/P277A (trans-locked) variants. (A-D) Box and whisker plots 880 

of IdU/CldU-tract length ratios for individual replication forks are shown. Numbers indicated above the 881 

individual plots represent the mean ratios ± standard deviation. Schematics of the CldU/IdU pulse-882 

labelling protocol are shown (top). (E) Metaphase spread analysis upon HU treatment of U2OS cells 883 

depleted of endogenous CtIP and inducibly expressing siCtIP-resistant GFP-CtIP wt, S276A, or 884 

S276A/P277A (trans-locked) variants. Chromatid breaks, fusions and radials were scored. Total 885 

chromosomal aberrations per metaphase are shown. The mean (red line) with standard deviation of 886 

biological triplicates is shown.  887 

 888 

Figure 2. CtIP isomerization by PIN1 promotes fork stability but is dispensable for HR. 889 

(A) Fork degradation was evaluated upon HU treatment in U2OS cells pre-treated with the PIN1 inhibitor 890 

KPT-6566 (10 µM) alone or in combination with either the Mre11 inhibitor Mirin (25 µM) or the DNA2 891 

inhibitor NSC-105808 (2 µM). (B) Fork degradation was evaluated upon HU treatment in U2OS cells 892 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 26, 2024. ; https://doi.org/10.1101/2024.06.25.600562doi: bioRxiv preprint 

https://doi.org/10.1101/2024.06.25.600562
http://creativecommons.org/licenses/by-nc/4.0/


 37 

depleted of endogenous CtIP and inducibly expressing siCtIP-resistant GFP-CtIP wt, S276A or 893 

S276A/P277A trans-locked mutant. In addition, cells were either mock-treated or treated with the PIN1 894 

inhibitor KPT-6566 (10 µM, 1 h before labelling). (C) Fork degradation was evaluated upon HU treatment 895 

in U2OS cells inducibly expressing siCtIP-resistant GFP-CtIP wt or S276A/P277A trans-locked mutant and 896 

depleted of endogenous CtIP alone, or co-depleted of CtIP and BRCA1. (A-C) Box and whisker plots of 897 

IdU/CldU-tract length ratios for individual replication forks are shown. Numbers indicated above the 898 

individual plots represent the mean ratios ± standard deviation. Schematics of the CldU/IdU pulse-899 

labelling protocol are shown (top). (D) HR efficiency was evaluated in U2OS DR-GFP cells depleted for 900 

endogenous CtIP and transfected with either empty vector (ev) or indicated siCtIP-resistant FLAG-CtIP 901 

constructs. Cells were co-transfected with the I-SceI expression plasmid and harvested at 48h post-902 

transfection and analyzed by flow cytometry for GFP signal. Data are shown as percentage of GFP-positive 903 

cells. (E) Electrophoretic mobility of recombinant CtIP wild-type (wt) and S276A either not-treated or 904 

treated with λ phosphatase. (F) Endonuclease assay with recombinant MRN complex and either 905 

phosphorylated CtIP wt or phosphorylated S276A variant on a 5ʹ end-labelled 70 bp-long double-stranded 906 

DNA substrate blocked at both ends with streptavidin. The quantitation (cleavage, %) is an average from 907 

three independent experiments. Schematic of the substrate and endonucleolytic cleavage is shown (top).  908 

 909 

Figure 3. HU-activated p38α phosphorylates CtIP at S276 and facilitates CtIP-dependent fork protection. 910 

(A) Myc-Trap of HEK293T cells transfected with Myc-p38α. Whole-cell lysates (input) and 911 

immunoprecipitates were analyzed by western blotting using specific antibodies. (B) Immunoprecipitation 912 

(IP) of CtIP-pS276 from U2OS cells inducibly expressing GFP-CtIP either mock-treated or treated with HU 913 

(2 mM, 4h). Where indicated, cells were treated with the p38α inhibitor PH-797804 (1 µM, 24h before 914 

HU). Whole-cell lysates (input) and immunoprecipitates were analyzed by western blotting using specific 915 

antibodies. Densiometric quantification of CtIP band in the IP is shown (% indicates CtIP band intensity vs 916 
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IgG band intensity). (C) GFP-Trap of HEK293T cells co-transfected with GFP-PIN1 and indicated FLAG-CtIP 917 

variants. 24h post-transfection, cells were either mock-treated or treated with the p38α inhibitor PH-918 

797804 (1 µM) for 24h. Whole-cell lysates (input) and immunoprecipitates were analyzed by western 919 

blotting using specific antibodies. (D) Fork degradation was evaluated upon HU treatment in U2OS cells 920 

either treated with the p38α inhibitor PH-797804 (1 µM, 24h before HU) or with the p38α PROTAC NR-921 

11c (1 µM, 24h before HU). Western blotting of lysates from the same experiment is shown below. (E) 922 

Fork degradation was evaluated upon HU treatment in U2OS cells inducibly expressing siCtIP-resistant 923 

GFP-CtIP wt or S276A/P277A trans-locked mutant and depleted of endogenous CtIP alone, or co-depleted 924 

of CtIP and p38α. (F) Fork degradation was evaluated upon HU treatment in wild-type mouse embryonic 925 

fibroblasts (MEFs) and Pin1-/- MEFs, pre-treated either for 24h with the p38α inhibitor PH-797804 (1 µM) 926 

or for 1h with the PIN1 inhibitor KPT-6566 (10 µM). (D-F) Box and whisker plots of IdU/CldU-tract length 927 

ratios for individual replication forks are shown. Numbers indicated above the individual plots represent 928 

the mean ratios ± standard deviation. Schematics of the CldU/IdU pulse-labelling protocol are shown 929 

(top). 930 

 931 

Figure 4. PIN1 and p38α activities are required for CtIP accumulation at stalled replication forks. 932 

(A) CtIP SIRF assay in U2OS cells pulsed-labelled with EdU (25 µM) for 10 min followed by treatment with 933 

HU (2mM) for 4h. Where indicated cells were treated with the PIN1 inhibitor KPT-6566 (10 µM, 1h before 934 

EdU labelling). (B) CtIP SIRF assay in U2OS cells pulsed-labelled with EdU (25 µM) for 10 min followed by 935 

treatment with HU (2mM) for 4h. Where indicated cells were treated with the p38α inhibitor PH-797804 936 

(1 µM, 24h before EdU labelling). (C) GFP-CtIP SIRF assay in U2OS cells inducibly expressing siCtIP-resistant 937 

GFP-CtIP wt, S276A or S276A/P277A trans-locked mutant and depleted of endogenous CtIP. Cells were 938 

pulsed-labelled with EdU (25 µM) for 10 min followed by treatment with HU (2mM) for 4h. (A-C) Dot plots 939 

show the number of PLA foci and the median from at least 120 EdU-positive cells. Representative images 940 
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are shown on top of each figure. Scale bars, 10 μm.  941 

 942 

Figure 5. PIN1 or p38α inhibition impairs CtIP accumulation at stalled forks and overcomes Olaparib 943 

resistance in Brca1-/- tumor cells. 944 

(A) CtIP SIRF assay in KB1P-derived Trp53-/-; Brca1-/- and Trp53-/-; Brca1-/-; H2afx-/- cells, either mock-945 

treated or treated with the PIN1 inhibitor KPT-6566 (10 µM) for 1h, or with the p38α inhibitor PH-797804 946 

(1 µM) for 24h. Cells were pulse-labelled with EdU (25 µM) for 10 min followed by treatment with HU (8 947 

mM) alone or in combination with the PIN1 or p38α inhibitors for 6h. Dot plots show the number of PLA 948 

foci and the median from at least 150 EdU-positive cells. Representative images are shown on the right. 949 

Scale bars, 10 μm. (B) Colony formation assay was performed in same cells as in (A), either mock-treated 950 

or treated with the PIN1 inhibitor KPT-6566 (2.5 μM) and with the PARP inhibitor Olaparib (75 nM) for 10 951 

days. (C) Colony formation assay was performed in same cells as in (A), either mock-treated or treated 952 

with the p38α inhibitor PH-797804 (10 μM) and with the PARP inhibitor Olaparib (75 nM) for 10 days. (B 953 

and C) Plotted values are mean ± standard deviation of three biological replicates. Representative images 954 

are shown (top). 955 

 956 
Figure 6. Schematic model depicting the role of PIN1-p38α-CtIP signaling in fork protection.  957 

During unperturbed S-phase, CDK2-mediated phosphorylation of T315 promotes PIN1 binding to CtIP. In 958 

response to replication stress, p38α kinase phosphorylates CtIP at S276. Subsequently, PIN1 catalyzes the 959 

cis-to-trans isomerization of the pS276-P277 peptide bond, ensuring accumulation of CtIP at stalled forks. 960 

Ultimately, this phosphorylation-isomerization cascade promotes CtIP-dependent protection of nascent 961 

DNA from DNA2-mediated nucleolytic processing, thereby maintaining of genome stability.  962 

  963 
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SUPPLEMENTAL INFORMATION LEGENDS 964 

Figure S1 (Related to Figure 1). 965 

(A) Western blotting of lysates from U2OS cells inducibly expressing GFP-CtIP wt or S276A and depleted 966 

of endogenous CtIP alone, or co-depleted of CtIP and SMARCAL1. (B) GFP-Trap of U2OS cells inducibly 967 

expressing GFP-CtIP variants and depleted of endogenous CtIP. Whole-cell lysates (input) and 968 

immunoprecipitates were analyzed by western blotting using specific antibodies. (C) GFP-Trap of HEK293T 969 

cells co-transfected with GFP-PIN1 and indicated FLAG-CtIP variants. Whole-cell lysates (input) and 970 

immunoprecipitates were analyzed by western blotting using specific antibodies. (D) Fork degradation 971 

was evaluated upon HU treatment in U2OS cells depleted of endogenous CtIP and stably expressing 972 

indicated GFP-CtIP variants. Box and whisker plots of CldU-tract length for individual replication forks are 973 

shown. Numbers indicated above the individual plots represent the mean tract length ± standard 974 

deviation. Schematics of the CldU/IdU pulse-labelling protocol are shown (top). (E) Western blotting of 975 

lysates from U2OS cells inducibly expressing GFP-CtIP wt, S276A and S276A/P277A trans-locked mutant 976 

were either mock-treated or treated with HU (2 mM) for 4h. Cells were then released into fresh medium 977 

supplemented with cycloheximide (CHX, 100 µg/ml) for 6h, and lysates were analyzed by western blotting 978 

with the indicated antibodies. (F) Western blotting of chromatin-enriched lysates of U2OSCas9/ev and 979 

U2OSCas9/CtIP cells complemented with indicated GFP-CtIP variants. (G) Quantitative image-based 980 

cytometry (QIBC) of chromatin-loaded RPA2 in U2OSCas9/ev and U2OSCas9/CtIP cells complemented with 981 

indicated GFP-CtIP variants and treated or not with HU (2 mM for2h). Chromatin-bound RPA2 mean 982 

intensities are plotted and color-coded. The mean (solid line) and standard deviation (dashed line) are 983 

indicated. n > 1’500 cells per condition from minimum of two biological replicates. (H) Western blotting 984 

of lysates from U2OS cells inducibly expressing indicated GFP-CtIP variants and depleted of endogenous 985 

CtIP as employed in the metaphase spread analysis. (I) Representative images of HU-induced 986 
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chromosomal aberrations typically observed in U2OS cells transfected with siCtIP or of CtIP-depleted cells 987 

expressing siRNA-resistant CtIP-S276A.  988 

 989 

Figure S2 (Related to Figure 2). 990 

(A) Fork degradation was evaluated upon HU treatment in U2OS cells pre-treated for 1h with the PIN1 991 

inhibitor KPT-6566. Box and whisker plots of IdU/CldU-tract length ratios for individual replication forks 992 

are shown. Numbers indicated above the individual plots represent the mean ratios ± standard deviation. 993 

Schematics of the CldU/IdU pulse-labelling protocol are shown (top). (B) Western blotting of lysates from 994 

U2OS cells were either mock-treated, treated with HU (2mM, 4h) or with HU and PIN1 inhibitor (10µM, 995 

1h before HU treatment). Cells were then released into fresh medium supplemented with cycloheximide 996 

(CHX, 100 µg/ml) for the indicated time points and analyzed using specific antibodies. (C) Western blotting 997 

of lysates from U2OS cells inducibly expressing indicated GFP-CtIP variants and depleted of endogenous 998 

CtIP alone or in combination with BRCA1 depletion and analyzed using specific antibodies. (D) HR 999 

efficiency was evaluated in U2OS/DR-GFP cells mock-treated or treated for 3h with the indicated 1000 

concentrations of the PIN1 inhibitor KPT-6566 before transfection with the I-SceI expression plasmid. Cells 1001 

were harvested at 48h post-transfection and analyzed by flow cytometry for GFP signal. Data are shown 1002 

as percentage of GFP-positive cells. (E) Western blotting of lysates from U2OS/DR-GFP cells depleted for 1003 

endogenous CtIP and transfected with either empty vector (ev) or indicated FLAG-CtIP constructs. (F) GFP-1004 

Trap of HEK293T cells transfected with indicated GFP-CtIP variants. Whole-cell lysates (input) and 1005 

immunoprecipitates were analyzed by western blotting using specific antibodies. (G) HR efficiency was 1006 

evaluated in U2OS/DR-GFP cells mock-treated or treated with the PIN1 inhibitor KPT-6566 3h before co-1007 

transfection with the I-SceI expression plasmid and indicated FLAG-CtIP constructs. Cells were harvested 1008 

at 48h post-transfection and analyzed by flow cytometry for GFP signal. Data are shown as percentage of 1009 

GFP-positive cells. Western blotting of lysates from the same experiment is shown below. 1010 
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 1011 

Figure S3 (Related to Figure 3). 1012 

(A) Multiple sequence alignment of the CtIP region containing S276. The full consensus sequence for p38α 1013 

substrates is shown below (modified from Johnson et al., 202355). (B) Immunoprecipitation of endogenous 1014 

CtIP from HEK293T cells transfected with Myc-p38α. Whole-cell lysates (input) and immunoprecipitates 1015 

were analyzed by western blotting using specific antibodies. The * indicates an unspecific band. (C) GFP-1016 

Trap of U2OS cells inducibly expressing GFP-CtIP and treated with HU (2 mM, 4h). Where indicated, cells 1017 

were treated with the p38α PROTAC NR-11c (1 µM, 24h before HU). Whole-cell lysates (input) and 1018 

immunoprecipitates were analyzed by western blotting using specific antibodies. Densiometric 1019 

quantification of CtIP-pS276 band in the GFP-Trap is shown (% indicate CtIP-pS276 band intensity vs CtIP 1020 

band intensity). (D) Fork degradation was evaluated upon HU treatment in U2OS cells depleted of either 1021 

endogenous CtIP or p38α. Box and whisker plots of IdU/CldU-tract length ratios for individual replication 1022 

forks are shown. Numbers indicated above the individual plots represent the mean ratios ± standard 1023 

deviation. Schematics of the CldU/IdU pulse-labelling protocol are shown (top). Western blotting of 1024 

lysates from the same experiment is shown below. (E) Western blotting of lysates from cells used in figure 1025 

3E. (F) Western blotting of lysates from wild-type mouse embryonic fibroblasts (MEFs) and Pin1-/- MEFs. 1026 

 1027 

Figure S4 (Related to Figure 4). 1028 

(A) Western blotting of lysates from U2OS cells inducibly expressing indicated GFP-CtIP variants and 1029 

depleted of endogenous CtIP as employed in the SIRF analysis of figure 4C. (B) Laser micro-irradiation was 1030 

performed in U2OS cells inducibly expressing GFP-CtIP wt treated with the PIN1 inhibitor (10 µM, 2h prior 1031 

to laser micro-irradiation). Cells were grown in the presence of 5’-bromo-2’-deoxyuridine (BrdU) for 24h 1032 

before micro-irradiation. Bottom: graph depicts GFP-CtIP intensity normalized on GFP pre-irradiation 1033 

levels. Data are shown as mean ± standard deviation (n = 3). Representative images are shown (top, scale 1034 
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bars, 10 μm). (C) Laser micro-irradiation was performed in U2OS cells inducibly expressing GFP-CtIP wt, 1035 

S276A and S276A/P277A trans-locked mutant depleted for endogenous CtIP. The next day cells were 1036 

grown in the presence of BrdU for 24h before micro-irradiation. Two time points 5 and 15 minutes were 1037 

taken after laser beam irradiation in live cell imaging. Bottom: Graph depicts GFP-CtIP intensity normalized 1038 

on GFP pre-irradiation levels. Data are shown as mean ± standard deviation (n = 3). Representative images 1039 

are shown (top, scale bars, 10 μm).  1040 

 1041 

Figure S5 (Related to Figure 5). 1042 

(A) Colony formation assay was performed in KB1P-derived Trp53-/-; Brca1-/- and Trp53-/-; Brca1-/-; H2afx-/- 1043 

cells, either mock-treated or treated with the PIN1 inhibitor KPT-6566 (7.5 μM) and HU (80 μM) for 10 1044 

days. (B) Colony formation assay was performed in same cells as in (A), either mock-treated or treated 1045 

with the p38α inhibitor PH-797804 (10 μM) and HU (80 μM) for 10 days. (A and B) Plotted values are mean 1046 

± standard deviation of three biological replicates. Representative images are shown (top). 1047 
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