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Abstract 26 

Translesion DNA Synthesis (TLS) and homologous recombination (HR) cooperate during S-27 

phase to safeguard replication forks integrity. Thus, the inhibition of TLS becomes a 28 

promising point of therapeutic intervention in HR-deficient cancers, where TLS impairment 29 

might trigger synthetic lethality (SL). The main limitation to test this hypothesis is the 30 

current lack of selective pharmacological inhibitors of TLS.  Herein, we developed a 31 

miniaturized screening assay to identify inhibitors of PCNA ubiquitylation, a key post-32 

translational modification required for efficient TLS activation. After screening a library of 33 

627 kinase inhibitors, we found that targeting the pro-survival kinase AKT leads to strong 34 

impairment of PCNA ubiquitylation. Mechanistically, we found that AKT-mediated 35 

modulation of PCNA ubiquitylation after UV requires the upstream activity DNA-PKcs, 36 

without affecting PCNA-ubiquitylation levels in unperturbed cells. Moreover, we confirmed 37 

that persistent AKT inhibition blocks the recruitment of TLS polymerases to sites of DNA 38 

damage and impairs DNA replication forks processivity after UV irradiation, leading to 39 

increased DNA replication stress and cell death. Remarkably, when we compared the 40 

differential survival of HR-proficient vs HR-deficient cells, we found that the combination of 41 

UV irradiation and AKT inhibition leads to robust SL-induction in HR-deficient cells.  We link 42 

this phenotype to AKT ability to inhibit PCNA ubiquitylation, since the targeted knockdown 43 

of PCNA E3-ligase (RAD18) and a non-ubiquitylable (PCNA K164R) knock-in model 44 

recapitulate the observed SL-induction. Collectively, this work identifies AKT as a novel 45 

regulator of PCNA ubiquitylation and provides the proof-of-concept of inhibiting TLS as a 46 

therapeutic approach to selectively kill HR-deficient cells submitted to replication stress.  47 
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Introduction 48 

The mono-ubiquitylation of PCNA (ubi-PCNA) steeply increases after  treatment with DNA 49 

damaging agents that induce DNA replication fork stalling, like hydroxyurea, methyl 50 

methanesulfonate, cisplatin, aphidicolin and UV irradiation 1–5. Ubi-PCNA, along with the 51 

specialized ubiquitin-binding domains present in the Y-family of polymerases 6, are key 52 

players in translesion DNA synthesis (TLS) across damaged DNA templates 7. Several 53 

regulatory factors of ubi-PCNA and TLS have been identified and characterized, like p21, 54 

REV1, USP1 and Spartan 8–10. However, there is a lack of selective pharmacological inhibitors 55 

of TLS that could be used to explore the therapeutic potential of TLS inhibition. While some 56 

efforts have been made to identify selective inhibitors of TLS polymerases 11, there are no 57 

universal TLS inhibitors available. Our previous work with the PCNA-interacting domain of 58 

p21 shows that this region blocks PCNA interaction with all the TLS polymerases tested, 59 

including Pol eta, Pol iota, Pol kappa and REV1, triggering replication forks stalling and 60 

genome instability 12. Thus, the global and upstream interference of TLS may have a more 61 

robust biological effect than the individual targeting of each TLS polymerase. A central 62 

hypothesis of this work is that a way to selectively impair TLS, without impacting on critical 63 

housekeeping functions of PCNA would be to inhibit PCNA ubiquitylation. Hence, we 64 

designed a screening focused on the modulation of PCNA ubiquitylation. We evaluated a 65 

library of kinase inhibitors and identified AKT as a regulator of PCNA ubiquitylation. 66 

AKT is an iconic pro-survival kinase that controls essential cellular functions such as growth, 67 

proliferation, apoptosis and metabolism 13. In fact, even before the vast repertoire of AKT 68 

targets were identified, multiple groups independently demonstrated the central 69 
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involvement of AKT in promoting cell survival 14.  AKT has a well-established anti-apoptotic 70 

function, operating both directly, through the phosphorylation of relevant targets such as 71 

BAD and  caspases, and indirectly, through the transcriptional modulation of pro-survival or 72 

pro-apoptotic genes such as IKK/NF-κB and MDM2/p53 15. Herein, we describe a new role 73 

for AKT in the regulation of PCNA ubiquitylation and TLS. We also show that AKT inhibitors 74 

can be used to achieve selective killing of HR-deficient cells in a manner that depends on 75 

their ability to inhibit PCNA ubiquitylation.   76 
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Results 77 

1- Development of a miniaturized western blot-based screening method to identify 78 

PCNA ubiquitylation inhibitors. 79 

The mono ubiquitylated form of PCNA (ubi-PCNA) can be detected by classical western blot 80 

using antibodies against total PCNA. However, since the proportion of ubi-PCNA to total-81 

PCNA is low, the detection of ubi-PCNA requires the loading of high protein concentrations, 82 

which implies working with samples from 24 MW formats or larger (supp Fig 1A). Moreover, 83 

in conditions where the amounts of ubi-PCNA are remarkably lower (i.e. unperturbed or 84 

inhibited conditions), the detection of ubi-PCNA requires even larger samples and long 85 

exposure times with classical chemiluminescence methods. While such types of 86 

experiments are suitable for fundamental research of PCNA biology, they do not provide 87 

either the sensitivity range nor the throughput capacity required for screening purposes. In 88 

this work, we developed a detection method of ubi-PCNA using two monoclonal PCNA 89 

antibodies. We used a novel antibody that detects ubi-PCNA in combination with an 90 

antibody that detects total-PCNA (Fig 1A and Supp. Fig 1B).  For the detection and 91 

quantification of each PCNA form we employ LI-COR technology (Odyssey CLX), which 92 

provides a wide sensitivity range for quantification with very low background. This setup 93 

allowed us to perform western blots with samples obtained from a single 96 well, making it 94 

possible to detect up to a 5-fold induction of ubi-PCNA levels after 12 h of UV irradiation 95 

(Fig 1A).  The calibration of the method was performed using non-specific PCNA 96 

ubiquitylation inhibitors, such as Epoxomicin and MG132 (Fig 1A). These drugs inhibit the 97 

proteasome, thus causing accumulation of ubiquitylated proteins and depleting the free 98 
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ubiquitin required for normal ubiquitylation reactions 16. The use of a U2OS stable cell line 99 

expressing iRFP and the automatic capture of brightfield images were utilized as quality 100 

controls to monitor cell number, intra-well distribution, edge effects and general 101 

cytotoxicity (Figure 1B), allowing to screen 80 compounds per 96 MW plate (Figure 1C).  102 

2- Screening with a library of kinase inhibitors 103 

With the goal of identifying novel druggable targets to inhibit PCNA ubiquitylation we 104 

performed a screening using a library of 627 ATP-competitive kinase inhibitors provided by 105 

GlaxoSmithKline (PKIS2: The Public Kinase Inhibitor Set 2). As shown in Figure 1B, the 106 

screening was carried out combining each inhibitor at 1 μM with 15J/m2 of UV irradiation.  107 

The cut-off to define a hit was a decrease in the ratio of ubi-PCNA/total-PCNA greater than 108 

3 standard deviations of the average of the 8 UV control samples from each screening plate. 109 

22 hits were identified using this cut-off (Fig 1D). The analysis of databases such as PubChem 110 

and ChEMBL, as well as recent publications using the PKIS library allowed us to determine 111 

the putative target/s for the top list of hits (Supp table 1).   112 

Among the 22 hits, two related AKT inhibitors (GSK1581428A and GSK1389063A) were 113 

identified. For simplicity, we called these compounds C11 and G8 respectively, due to their 114 

position on the screening plates (Supp Fig 2A). Early validation experiments confirmed that 115 

these compounds were strong inhibitors of PCNA ubiquitylation, leading to ubi-PCNA levels 116 

in UV-irradiated cells that were close to the non-irradiated samples (Fig 2A and Supp Fig 117 

2B).  The analysis of phospho- and total-AKT confirmed that C11 and G8 were in fact ATP-118 

competitive inhibitors of AKT, promoting both the accumulation of inactive pAKT and the 119 

degradation of total AKT (Fig 2B), as it was previously reported for other ATP-competitive 120 
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AKT inhibitors 17,18. In the following experiments, the analysis was focused on C11 due to its 121 

remarkable activity and dose response behavior (supp Fig 2B). To rule out potential off-122 

target effects and to assess whether the impairment of PCNA ubiquitylation was indeed a 123 

consequence of AKT inhibition, we also evaluated three commercially available AKT 124 

inhibitors with different chemical backbones: MK-2206, AZD5363 and GSK690693 (Supp Fig 125 

2C). In all cases, AKT inhibitors significantly impaired PCNA ubiquitylation (Fig 2C). We also 126 

confirmed that AKT activity was substantially impaired, since the downstream targets 127 

pGSK3b and pPRAS40 abruptly decreased after the treatment with these compounds (Fig 128 

2C). Among these inhibitors, MK-2206 is particularly relevant since it has an allosteric 129 

mechanism of action. Such activity was confirmed when analyzing pAKT levels. It was clear 130 

that in contrast to the ATP-competitive type of inhibitors that trigger the accumulation of 131 

inactive pAKT, MK-2206 abrogated the phosphorylation of AKT, yet leading to similar 132 

inhibition of GSK3β and PRAS40 phosphorylation (Fig 2C).  133 

To get genetic evidence to further support the involvement of AKT in the regulation of PCNA 134 

ubiquitylation we used siRNAs against AKT. Consistently, targeted AKT silencing 135 

recapitulated the effects of pharmacological AKT inhibition, thus confirming AKT 136 

participation PCNA ubiquitylation (Fig 2D). Together, the experiments of pharmacological 137 

AKT inhibition and siRNA led to the conclusion that AKT promotes PCNA ubiquitylation after 138 

UV irradiation. 139 

 140 

 141 
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3- AKT promotes the induction of PCNA ubiquitylation after UV but does not modulate 142 

PCNA ubiquitylation in unperturbed cells. 143 

To get further insight into the signaling axis in which AKT promotes the ubiquitylation of 144 

PCNA, we explored the inhibition of multiple kinases that could be involved in the direct or 145 

indirect activation of AKT in response to UV. Unsurprisingly, the inhibition of the widely 146 

characterized upstream kinase PI3K led to a strong inhibition of PCNA ubiquitylation (Fig 147 

3A). This result clearly demonstrates that if pAKT levels are depleted, the induction of ubi-148 

PCNA after UV irradiation is critically impaired. PI3K is involved in AKT activation in response 149 

to several physiological ligands19, but was not directly linked to AKT activation after 150 

genotoxic stimuli. Therefore, we explored the DNA damage response Kinases ATM, ATR and 151 

DNA PKcs. Interestingly, while both ATM and ATR inhibition did not block the induction of 152 

PCNA ubiquitylation after UV, the inhibition of DNA PKcs impaired PCNA ubiquitylation (Fig 153 

3A). DNA PKcs inhibition also showed an additive effect when combined with a suboptimal 154 

dose of the AKT inhibitor C11 (Fig 3B), thus suggesting that both kinases are part of the 155 

same cellular response to promote PCNA ubiquitylation. Given that AKT is a direct 156 

phosphorylation target of DNA PKcs in response to UV irradiation 20, this set of findings 157 

indicate that UV-induced DNA damage might be the trigger that activates AKT to promote 158 

PCNA ubiquitylation. In line with this notion, we observed that none of the inhibitors that 159 

blocked the induction of PCNA ubiquitylation after UV (including the potent AKT inhibitor 160 

C11) were able to alter the basal levels of PCNA ubiquitylation of unperturbed cells (Fig 3C). 161 

This conclusion was further supported by experiments using siRNAs against the PCNA  de-162 

ubiquitinase USP121. Under unperturbed conditions, knockdown of USP1 led to a substantial 163 
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increase of PCNA ubiquitylation, which was only slightly attenuated by AKT inhibition (Fig 164 

3D). Therefore, we concluded that AKT is required for efficient PCNA ubiquitylation in 165 

response to the replication stress induced by UV irradiation. 166 

4- AKT inhibition impairs the recruitment of the Translesion DNA Synthesis polymerase η 167 

to damaged DNA sites. 168 

The next important step was to confirm if the blockage of PCNA ubiquitylation triggered by 169 

AKT inhibition suffices to alter functional parameters of Translesion DNA Synthesis (TLS).  170 

Since ubi-PCNA is required for efficient targeting of TLS polymerases to sites of DNA damage 171 

22, we initially studied the recruitment of the TLS polymerase η to Damaged DNA sites. To 172 

analyse such recruitment in large cell populations, we first cloned a hydrophilic linker (H) 173 

between Pol η and GFP, which allowed the expression of high levels of exogenous Pol η 174 

without apparent toxicity. Then, we generated a cell line that stably expresses GFP-H-Pol η 175 

using lentiviral transduction and puromycin selection (supp Fig 3A). With this cell line, two 176 

complementary approaches were used to study the recruitment of Pol η to damaged sites: 177 

1) local UV irradiation through polycarbonate shields and 2) total UV irradiation followed 178 

by Triton extraction. The use of polycarbonate shields with 5 μm pores allows the irradiation 179 

of discrete areas within the nuclei (Fig 4A), which can be identified by immunofluorescence 180 

with antibodies against one of the main types of UV-induced DNA lesions: the cyclobutane 181 

pyrimidine dimers (CPDs). Then, within those damaged areas we studied the efficiency of 182 

recruitment of GFP-H-Pol η with or without AKT inhibition. While in control conditions GFP-183 

H-Pol η recruitment was observed in essentially every CPD-positive cell, less than 50% of 184 

CPD-positive cells showed detectable GFP-H-Pol η recruitment when AKT was inhibited (Fig 185 
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4B). To confirm this result, we used a method based on total UV irradiation (Fig 4C). In this 186 

case the complete MW plate was irradiated with a lower UV dose and, prior to fixation, the 187 

cells were treated with a short pulse of PBS containing 0.1% Triton. As such, the chromatin 188 

bound fraction of GFP-H-Pol η remains loaded at DNA damage areas while the soluble 189 

fraction is washed away. To quantify the total GFP-H-Pol η fluorescence from the cells, we 190 

developed an Image J Macro that uses DAPI for nuclei identification and segmentation. 191 

After using this Macro to quantify several images of each condition, we concluded that AKT 192 

inhibition severely impairs GFP-H-Pol η chromatin retention after UV irradiation (Fig 4D). 193 

Thus, AKT inhibition impairs two functional parameters of TLS: PCNA ubiquitylation and TLS 194 

polymerases recruitment to DNA damage sites. 195 

The data available so far indicated that TLS is impaired when AKT is inhibited after UV 196 

irradiation. To obtain further evidence to consolidate this conclusion, we performed DNA 197 

combing experiments to study DNA replication fork processivity after UV. If TLS activation 198 

is affected after AKT inhibition, DNA replication fork processivity should be impaired. 199 

Sequential pulses of CldU and IdU were performed in UV-irradiated cells (Fig 4E). The 200 

measurement of the track length of dual color DNA fibers allowed us to determine the 201 

relative processivity of DNA replication forks. We observed a significant decrease in the 202 

average speed of ongoing DNA elongation when UV irradiated cells were treated with AKT 203 

inhibitors (Fig 4F). Such impaired processivity of replication forks is in line with the effect of 204 

AKT inhibition on ubi-PCNA levels and on the recruitment of the TLS polymerase η to 205 

damaged sites (Figs 2 and 4). Together, these results indicate that TLS activity after UV 206 
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depends on AKT function, and therefore, that AKT inhibition could be used to inhibit TLS 207 

activation. 208 

5- AKT inhibition induces replication-associated DNA damage and cell death after UV.   209 

 Since AKT promotes TLS activation, we figured that AKT inhibition in UV-irradiated cells 210 

should lead to increased replication stress, DNA damage and potentially cell death. To test 211 

this hypothesis, we first explored the phosphorylation of histone H2AX as a broad marker 212 

of DNA damage. Interestingly, while γH2AX did not increased after AKT inhibition in non-213 

irradiated cells, it significantly increased after UV irradiation (Fig 5A and supp Fig 3B), thus 214 

suggesting that the increased H2AX phosphorylation in these cells could be linked to the 215 

inhibition of TLS. Cell cycle analysis revealed that AKT inhibition did not induced a 216 

substantial change in the profile of non-irradiated cells (Fig 5B), triggering only a small 217 

increase in the sub-G1 population (Fig 5B). As expected, UV irradiation led to a noticeable 218 

accumulation of cells in S-phase as a result of replication stress (Fig 5B). Remarkably, when 219 

UV irradiation was combined with AKT inhibition, a substantial increase in the sub-G1 220 

population was observed (Fig 5B), thus suggesting the rapid activation of the apoptotic 221 

program in these cells.  The confirmation of cell death induction by UV irradiation combined 222 

with AKT inhibition was performed using the cell death stain sytox red, which showed a 223 

pronounced decrease of cell viability (Fig 5C). Taken together, these experiments confirmed 224 

that AKT inhibition is more toxic in the context of UV irradiation, presumably due to its 225 

impact on PCNA ubiquitylation and TLS activation.                                   226 

                                                                                                                                                                                                                                                                                                                                                                                                                                       227 
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6- AKT inhibition after UV triggers synthetic lethality in homologous recombination 228 

deficient cells 229 

The main goal of this work was to perform proof-of-concept experiments to test the 230 

hypothesis that inhibiting PCNA ubiquitylation should become increasingly toxic in cellular 231 

backgrounds with deficient homologous recombination repair (HR). To test this, we used a 232 

method developed in our lab, in which HR-proficient and HR-deficient cells are co-cultured 233 

in the same well, followed by the quantification of the percentage of cells of each 234 

population that survive the treatment (Fig 6A).  In this experimental setting, HR-deficiency 235 

in isogenic genetic backgrounds is artificially induced by lentiviral transduction of shRNAs 236 

against BRCA1. The downregulation of BRCA1 was assessed by western blot and the 237 

inhibition of HR was confirmed using the direct repeats method from Maria Jasin´s Lab 238 

(Supp Fig 4A and B). Since HR-proficient (shSCR) and HR-deficient cells (shBRCA1) are tagged 239 

with different fluorescent proteins, the relative viability of both cell populations is 240 

determined at the end of the experiment by cell counting using automated flow cytometry 241 

(Fig 6A). This assay allows to discriminate if a given treatment (or a combinations of 242 

treatments) is equally or selectively toxic for a given genetic background (Fig 6A). As a 243 

positive control of synthetic lethality induction we used Olaparib (Fig 6B), a well 244 

characterized PARP inhibitor that induce SL in HR-deficient cells 23. Remarkably, when 245 

combining UV irradiation and AKT inhibition, a strong induction of SL was observed in a UV-246 

dose dependent manner using C11 and other AKT inhibitors (Fig 6C). To exclude potential 247 

artifacts derived from the co-culture of BRCA1-proficient and deficient populations we also 248 

performed a clonogenic assay using single cell cultures.  We observed a decreased 249 
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clonogenic potential in C11-treated HR-deficient cells when compared to C11-treated HR 250 

proficient cells (Fig 6D).  251 

To validate this SL phenotype in different genetic backgrounds, we performed survival 252 

experiments with multiple pairs of isogenic and non-isogenic cell lines (HR-proficient vs HR-253 

deficient). We used a pair of triple negative breast cancer cell lines (MDA-MB 231-BRCA1wt 254 

vs MDA-MB 436-BRCA1KO), a set of wt MEF (shSCR vs shBRCA1), a hamster BRCA2 KO cell 255 

line with its reconstituted counterpart (VC8 vs VC#13) and a pair HCT116 cells (shSCR vs 256 

shBRCA2). A sine qua non to use these cell lines was the selective sensitivity to Olaparib in 257 

the BRCA-deficient counterpart of each pair (supp Fig 4C). In all cell lines, AKT inhibition 258 

impaired PCNA ubiquitylation induction (Fig 6E) and triggered SL in the HR-deficient 259 

counterpart of each cell pair after UV (Optimal SL doses are depicted in Fig 6F and full dose-260 

response panels in supp Fig 4C).  261 

Taken together, these results allowed us to conclude that AKT inhibition in the context of 262 

UV irradiation triggers synthetic lethality in HR-deficient cells.  263 

7- Direct inhibition of PCNA ubiquitylation is synthetic lethal in HR-deficient cells 264 

submitted to replication stress 265 

While our data clearly showed that AKT inhibition impairs PCNA ubiquitylation (Fig 2) and 266 

triggers SL in HR-deficient backgrounds after UV (Fig 6), a direct causality between ubi-PCNA 267 

decrease and SL induction cannot to be claimed given the multiple roles of AKT in cell 268 

survival pathways13. Hence, we used additional experimental models to study the 269 

contribution of PCNA ubiquitylation to the cell survival of UV-irradiated HR-deficient cells. 270 

Our initial approach was to downregulate RAD18, the E3-ligase in charge of PCNA mono-271 
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ubiquitylation24. We used a lentiviral shRNA transduction protocol to knockdown RAD18. 272 

We tested 4 different shRNA sequences and selected two that promoted strong RAD18 273 

downregulation and that severely impaired PCNA ubiquitylation after UV (Fig 7A and B). 274 

Then, we adapted our SL induction assay to assess the impact of RAD18 knockdown in the 275 

differential survival linked to UV irradiation and HR proficiency (Figure 7C). Increased 276 

sensitivity to UV in shRAD18-transduced cells was observed exclusively in the HR-deficient 277 

cell line, but not in the isogenic HR-proficient cell line (Fig 7D and supp Fig 4D). While this 278 

result indicates that the inhibition of PCNA ubiquitylation could be triggering SL in HR-279 

deficient cells exposed to UV, the fact that RAD18 might be ubiquitylating other HR relevant 280 

targets complicates the drawing of a simple cause-effect conclusion. Therefore, we also 281 

used a Knock-in MEF model, where wt PCNA was replaced by a non-ubiquitylable version 282 

harboring the point mutation K164R25. We first confirmed that PCNAK164R cells do not 283 

display induction of PCNA ubiquitylation after UV (Fig 7E). Later on, we performed survival 284 

experiments in which BRCA1 was downregulated by lentiviral shRNAs in both PCNAWT and 285 

PCNAK164R MEFs. Remarkably, a strong SL induction was observed in BRCA1-deficient 286 

PCNAK164R cells (Fig 7F).  These results consolidate our findings that ubi-PCNA impairment 287 

leads to SL induction in HR-deficient cells, and demonstrates that a targeted blockage of 288 

PCNA ubiquitylation by different experimental approaches suffices to induce SL. While 289 

these data put forward a novel therapeutic strategy to selectively kill HR-deficient cells, an 290 

obvious limitation from these experiments is that UV irradiation cannot be used as a 291 

sensitizer in a clinical setup. Thus, we decided to evaluate cisplatin, a well characterized 292 

replication stress inducer that requires active TLS for DNA damage processing 26. Strikingly, 293 
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the HR-deficient counterpart of both shRAD18 transduced cells and PCNAK164R MEF 294 

displayed increased sensitivity to cisplatin (Fig 7G and H, respectively). Collectively, these 295 

results unveil the potential of inhibiting PCNA ubiquitylation as a therapeutic strategy to 296 

sensitize HR-deficient cells to treatments that induce replication stress and activation of 297 

TLS. 298 

  299 
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Discussion 300 

A new function for AKT in the promotion of cell survival: the regulation of DNA damage 301 

tolerance. 302 

A central regulatory affair for cell survival is to balance DNA repair and apoptosis induction 303 

in response to DNA damage load. Since DNA damage is an unceasing threat arising from 304 

both endogenous and exogenous sources 27, DNA repair pathways are unable to cope with 305 

every single DNA damage event in real time, in particular at sensitive points of the cell cycle 306 

such as S-phase 28. Hence, a series of specialized mechanisms have evolved to deal with 307 

unrepaired DNA damage in S-phase to promote cell survival and to increase the time-frame 308 

for DNA repair mechanisms to attend the damage, which are collectively referred as DNA 309 

damage tolerance pathways 22,29. The most well characterized tolerance pathways are 310 

template switch and TLS, two related mechanisms to deal with damaged DNA in S-phase 311 

which share a common player: ubiquitylated PCNA 30. While TLS involves mono ubi-PCNA 312 

and template switch involves poly ubi-PCNA, the poly-ubiquitylation of PCNA requires the 313 

initial mono-ubiquitylation at the same K164 residue 30.  Thus, the inhibition of PCNA mono-314 

ubiquitylation also implies the inhibition of PCNA poly-ubiquitylation, and the potential 315 

impairment of both DNA damage tolerance pathways.  316 

The findings of this paper unveil a novel pro-survival role for AKT, the modulation of PCNA 317 

ubiquitylation. Our data not only consistently demonstrate such new role by 318 

pharmacological and siRNA-mediated inhibition of AKT (Fig 2 and Supp Fig 2), but also prove 319 

that blocking PCNA ubiquitylation through AKT inhibition modifies functional parameters of 320 

TLS, such as TLS polymerases recruitment to damage sites, replication forks processivity, 321 
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replication stress induction and cell survival after UV irradiation (Figs 4 and 5). Regarding 322 

the upstream players of AKT activation in the context of replication stress, there is 323 

compelling evidence suggesting that the master DNA Damage Response (DDR) kinase DNA-324 

PKcs regulates AKT through direct phosphorylation at Ser 473 in response to ionizing DNA 325 

damage 31–33 and UV irradiation 20.  Our results indicate that DNA PKcs is the DDR kinase 326 

that might be coordinating AKT activation to promote PCNA ubiquitylation in response to 327 

UV. Given the results with the inhibitor LY294002 (Fig 3A), we cannot exclude that PI3K also 328 

participates in the same or a parallel pathway that DNA PKcs in response to replication 329 

stress. Nonetheless, a clear conclusion from our results is that the basal levels of PCNA 330 

ubiquitylation are not affected by any of these kinases, including AKT itself (Fig 3C). Thus, it 331 

is feasible that a replication stress-triggered axis involving DNA PKcs and AKT is activated to 332 

promote PCNA ubiquitylation and TLS when damaged DNA accumulate in cells.   333 

An important question that remains open for future studies is the identity of the 334 

downstream AKT targets responsible of promoting PCNA ubiquitylation, and whether this 335 

occurs directly through the phosphorylation of relevant substrates by AKT or if it requires a 336 

more complex signaling cascade. Potential starting points for this research are some of the 337 

kinases identified as hits in the screening performed herein, such as IKK and p38 338 

(supplementary table 1). Nonetheless, omics approaches such as RNAseq or phosphor-339 

proteomics comparing UV-irradiated +/- AKT inhibitors will most likely be required to tackle 340 

this issue in a more comprehensive manner.  It will also be important to study in more detail 341 

the TLS regulatory proteins RAD18 and REV1 since two lines of evidence suggest that an axis 342 

involving AKT/REV1/RAD18 could modulate PCNA ubiquitylation. First, a recent report 343 
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showed that increased REV1 levels boost PCNA ubiquitylation after UV irradiation through 344 

the direct interaction with RAD18 34. Second, the deletion mutant of yeast AKT homolog 345 

Sch9 displays reduced levels of REV1 and impaired TLS 35. 346 

In this paper we establish for the first time a connection between AKT and DNA damage 347 

tolerance through TLS activation. Interestingly, AKT has also been linked to the modulation 348 

of DNA repair pathways to promote cell survival yet compromising genome stability, which 349 

can be considered as additional DNA damage tolerance strategies.  One clear example is the 350 

modulation of mismatch repair (MMR) by AKT, through the control of the stability and 351 

localization of the MMR protein hPMS2 36. Since the induction of apoptosis by base adducts 352 

like O6MeG requires active MMR, the attenuation of MMR by AKT might promote cell 353 

survival in this context, yet increasing the chances of acquiring mutations 37. Another 354 

example of the activation of error-prone DNA repair mediated by AKT to promote cell 355 

survival is the stimulation of non-homologous end joining, NHEJ,  by collaborating with DNA 356 

PKcs (reviewed in 37). Hence, our work builds up on an emerging role for AKT and DNA PKcs 357 

in DNA damage tolerance, which will be of great importance to understand the mechanisms 358 

that govern the choice between cell survival and cell death triggered in response to DNA 359 

damage. 360 

 361 

TLS inhibition as a novel therapeutic strategy against HR-deficient cancers. 362 

Reports by many different groups showed that PCNA ubiquitylation and ubiquitin binding 363 

domains on TLS polymerases are less critical for cell survival in mammalian cells than in 364 

yeast. On the one hand, it was reported by different groups that to boost the sensitivity 365 
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associated with TLS inhibition in different cellular models, a concomitant inhibition of 366 

checkpoint activation by caffeine treatment is required 38,39, thus showing that the 367 

intricated DDR network in mammals is able to buffer TLS impairment. On the other hand, 368 

critical evidence of the relevance of PCNA ubiquitylation came with the generation of a 369 

mammalian knock-in model of non-ubiquitylable PCNA 25,40. The PCNA K164R MEFs 370 

obtained showed increased -yet moderate- UV sensitivity when compared to wt MEFs, in 371 

particular at low UV doses 40. Such mild UV-triggered sensitivity observed in mammalian 372 

cells in comparison to the extreme phenotype observed in yeast 1, along with the central 373 

housekeeping roles of PCNA in DNA replication 41,42, discouraged the field from further 374 

exploring the therapeutic potential of targeting PCNA ubiquitylation. However, the 375 

possibility that some genetic backgrounds could depict enhanced sensitivity to TLS 376 

inhibition remained almost completely unexplored. In such context, the driving hypothesis 377 

of this work was that the UV sensitivity associated to PCNA ubiquitylation inhibition could 378 

become much stronger in DNA repair-deficient contexts. In particular, we were interested 379 

in exploring HR-deficient contexts, due to the complementary and compensatory role that 380 

HR plays with TLS during replication stress 28. Moreover, recent reports revealed that HR 381 

deficiency is a much more widely spread feature of human cancers than anticipated 23,43, 382 

and therefore it is a niche of critical importance for drug discovery and for the design of 383 

novel therapeutic strategies.  384 

The rationale we followed was that the sole inhibition of TLS would be insufficient to trigger 385 

substantial lethality of HR-deficient cells, and therefore should be combined with 386 

replication stress inducers such as UV or cisplatin. When we inhibited PCNA ubiquitylation 387 
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by AKT inhibition, RAD18 knockdown or using a knock-in model of non-ubiquitylable PCNA, 388 

we observed synthetic lethality (SL) induction in BRCA-deficient cells (Figs 6 and 7), thus 389 

indicating that the targeted inhibition of DNA damage tolerance pathways is selectively 390 

toxic when cells are deficient in homologous recombination. These results are promising 391 

and put forward the use of pharmacological TLS inhibitors as sensitizers of widely used 392 

replication poisons such as cisplatin, which are currently the standard of care for HR-393 

deficient cancers 23. Moreover, these findings also suggest that PCNA ubiquitylation 394 

inhibitors would be of therapeutic utility to counteract the resistance to cisplatin, which has 395 

been linked in the past to the overexpression of TLS polymerases 44–46. While some currents 396 

efforts to inhibit TLS by targeting TLS polymerases have been reported 11, we believe that 397 

inhibiting PCNA ubiquitylation should have a more robust effect on TLS inhibition, since it 398 

would have a universal effect on the recruitment of TLS polymerases. This notion is 399 

supported by our previous work with the TLS inhibitor p21, which is able to block the 400 

recruitment of all TLS polymerases to DNA damage sites, thus impacting on TLS efficiency 401 

12,47. Taken together, our data put forward a novel model of synthetic lethality induction 402 

with great therapeutic potential against HR-deficient cancer cells, where TLS inhibition can 403 

act as a strong sensitizer for the specific killing of cells submitted to replication stress. 404 

Excitingly, in this context our findings also propose a new therapeutic utility for AKT 405 

inhibitors that are currently in clinical trials 48,49, which might be used in combination with 406 

replication stress inducers in patient cohorts with known HR deficiencies.   407 
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Materials and methods 408 

DNA constructs, shRNA and siRNA 409 

The parental GFP-Polη plasmid was a gift from Dr. Alan Lehmann. GFP-H-Polη was obtained 410 

by cloning a flexible hydrophilic linker between Polη and GFP using XhoI restriction site 50. 411 

For stable expression, GFP-H-Polη was cloned into pLenti (w175-1) vector through BamHI 412 

and XbaI restriction sites. shRAD18 lentiviral vectors were purchased from Origene (#1: 413 

TL302132C; #2: TL302132B; #3: TL302132D; #4: TL302132A). shBRCA1 (TRCN0000010305, 414 

Sigma-Aldrich) was cloned into pLKO.1-TRC vector through EcoRI and AgeI restriction sites; 415 

and shSCR-pLKO.1 was purchase from Addgene (ID#1864). The siRNA duplexes used (Cell 416 

Signaling Technology) were: siSCR (control) 6568S and siAKT 6211S. 417 

Antibodies  418 

Primary antibodies used were: α-ubiquityl-PCNA (D5C7P; Cat# 13439), α-PCNA (PC-10; Cat# 419 

2586), α-pan-Akt (Cat# 4691), α-phospho-Akt (Ser473; Cat# 9271), α-phospho-GSK3B (Ser9; 420 

Cat# 9336), α-phospho-PRAS40 (Thr246; Cat# 2997), α-RAD18 (Cat# 9040) and α-SMC-1 421 

(Cat# 4802) from Cell Signaling Technology; α-BRCA1 (Ab-1) from Oncogene Research; α-422 

PCNA (PC-10, Cat# sc-56) from SCBT; α-γH2AX (Cat# 05-636-1) from Millipore; α-CPD (Cat# 423 

NMDND001) from Cosmo Bio; α-Tubulin (Cat# T9026) from Sigma-Aldrich. Secondary 424 

antibodies used were: α-mouse Alexa Fluor 594 from Jackson ImmunoResearch; goat α-425 

mouse IRDye 680RD (Cat# P/N 925-68070) and goat α-rabbit IRDye 800CW (Cat# P/N 925-426 

32211) from LI-COR Biosciences. Nuclei were stained with DAPI  (Cat# D9542) from Sigma-427 

Aldrich. 428 

Cell culture, transfections and UV irradiation.  429 
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U2OS, MDA-MB 231 and 436 cell lines were acquired from ATCC. U2OS cells stably 430 

expressing DR-GFP were kindly provided by M. Jasin54. PCNA wt and PCNA K164R MEF cell 431 

lines were previously described by H. Jacobs25. HCT116p21-/- were kindly provided by B. 432 

Vogelstein. V-C8 cell lines were supplied by B. Lopez. U2OS cell lines were cultured in DMEM 433 

medium (Thermo Fisher Scientific) supplemented with 5% FBS (GIBCO). Remaining cell lines 434 

were cultured in DMEM medium supplemented with 10% FBS. HEK293T cells were 435 

transfected to obtain virus particles using JetPrime (Polyplus-transfection) according to 436 

manufacturer’s instructions. siRNAs (100–200 nM) were transfected into cells at 40% 437 

confluence, using JetPrime (Polyplus-transfection). Local and global UV irradiation was 438 

performed as previously described 51. All the cell lines used in this work were negative for 439 

mycoplasma contamination. 440 

Protein analysis 441 

For direct western blot analysis, samples were lysed in commercial Laemmli buffer (BioRad) 442 

with reducing agent 2-mercaptoethanol. The detection and quantification were performed 443 

with Odyssey Clx System (LI-COR Biosciences) through the Image Studio Software.  444 

Immunofluorescence and image analysis 445 

Immunofluorescence and CPD staining were performed as described previously 51. For GFP-446 

H-Pol η foci detection, cells were pre-extracted with 0.1% Triton for 5 min on ice prior 447 

fixation. This method allows detection of only well-assembled foci. Images were captured 448 

using an optical microscope equipped with a motorized stage (Leica DMI 8). To quantify the 449 

total GFP or γH2AX fluorescence, an Image J Macro was developed using DAPI for nuclei 450 

identification and segmentation.  451 
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Cell-cycle and cell death analysis. 452 

For cycle analysis, cells were prepared as described previously 52. SYTOX Red (Thermo Fisher 453 

Scientific) was used for dead cell staining according as previously described 53. Stained 454 

samples were subjected to FACS (Attune NxT, Thermo Fisher Scientific) and data were 455 

analyzed using FlowJo software (FlowJo LLC). When indicated, the profiles shown were 456 

obtained by gating the positive cells by dual-channel FACS analysis. 457 

Preparation and immunolabelling of DNA combing  458 

DNA combing was performed according to our previously described protocol12 with 459 

modifications. Briefly, cells were irradiated with 15 J/m2 UVC and treated or not with C11 460 

(0.5 µM). After 16 h of treatment, cells were pulse labeled with CldU (20 mM) for 10 min, 461 

washed twice, and incubated with IdU (200 mM) for additional 30 min (200 mM). DNA fibers 462 

were visualized using a Zeiss Axioplan confocal microscope. Images were analyzed using 463 

Zeiss LSM Image Browser software. Only bi-colored fibers were quantified to ensure that 464 

only active replication forks, but neither terminations nor recently fired origins, were 465 

analyzed. 466 

Clonogenic assay 467 

750 HCT116p21-/- shSCR or shBRCA1 cells were plated in a 96 MW format. Cells were treated 468 

with a combination of AKT inhibition (C11 0.1 uM) and UV irradiation and after 6 days the 469 

survival fraction was stained with crystal violet. 470 

 471 

Homologous recombination analysis 472 
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We used an HR assay generated previously in U2OS cells containing an integrated HR 473 

reporter substrate DR-GFP 54 with some modifications described previously 52 .  474 

Statistical analysis 475 

All experiments were performed by duplicate or triplicate. Graphs and statistical analysis 476 

were performed using GraphPad Prism 5.0 (GraphPad Software), applying two-sided 477 

Student’s t-test and ANOVA test as appropriate. Bars represent the mean value ± s.d. Other 478 

calculations were performed using Microsoft Excel 2003.  479 

 480 
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Figure legends 833 

Figure 1: Miniaturized western blot setup to perform a screening of PCNA ubiquitylation 834 

inhibitors. A) U2OS cells were UV-irradiated (15 J/m2) and treated for 12 h with the proteasome 835 

inhibitors Epoxomicin and MG-132. The western blot was performed with two monoclonal 836 

antibodies to simultaneously detect total PCNA (in red) and ubi-PCNA (in green) using a LICOR 837 

Odyssey infrared scanner. The ratios of ubi-PCNA/total PCNA were normalized to the highest 838 

induction of ubi-PCNA in the non-treated (NT) UV-irradiated sample. B) 3 days detailed protocol 839 

to screen for PCNA ubiquitylation inhibitors, showing the quality controls to ensure 840 

reproducibility and robustness of PCNA ubiquitylation induction: i) use of an infrared scanner to 841 

confirm the homogenous distribution of cells in the wells across the entire plate before the 842 

addition of the screening compounds ; ii) Automatized capture of a low magnification brightfield 843 

image at the center of each well  as a control of the general cytotoxicity of every treatment ; iii) 844 

Lysis in benzonase w/o boiling of the samples and direct loading of the samples to the SDS Page 845 

gelC) Layout of the 96 multi-well (MW) plates used in the screening, showing the disposition of 846 

the non-irradiated and UV-irradiated controls. 80 Kinase inhibitors per plate were evaluated and 847 

8 mini-western blots were run in parallel with the 12 samples from each plate row. D) Results of 848 

the screening with 627 kinase inhibitors from the PKIS2 library, tested at 1 μM. The distribution 849 

of the normalized ubi-PCNA/total PCNA ratios is shown. The dotted line represents the threshold 850 

of 3 standard deviations that allowed the identification of 22 hits.  851 

 852 

Figure 2: AKT inhibition impairs PCNA ubiquitylation. A) U2OS cells were UV-irradiated (15J/m2) 853 

and treated for 12 h with the indicated inhibitors at 1 μM. The western blot shows the strong 854 
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PCNA ubiquitylation inhibitory activity found in two structurally related hits: C11 (compound #: 855 

GSK1581428A) and G8 (compound #: GSK1389063A). The graph in the lower panel shows the 856 

quantification of three independent experiments. Statistical analysis was performed using 857 

ANOVA with Tukey Kramer post-test (***: p ≤ 0.001).  B) U2OS cells were treated as in A) and 858 

western blots with specific antibodies were performed to study pAKT, total AKT and p-GSK3β 859 

levels. α-tubulin was used as a loading control. C) U2OS cells were pre-treated  for 12 hours using 860 

0.5 uM C11 and 5 uM of the structurally unrelated AKT inhibitors: MK-2206 (Merck), AZD5363 861 

(AstraZeneca), GSK690693 (GlaxoSmithKline). After UV, all these inhibitors were used at 20 uM 862 

and C11 was used at 1 uM. The normalized ubi-PCNA/total PCNA ratios are shown below the 863 

PCNA panel. pAKT, AKT, p-GSK3β and p-PRAS40 western blots were performed at 3 and 12 h post-864 

treatment to confirm the AKT inhibitory activity of each compound. D) U2OS cell were 865 

transfected with two concentrations of siRNAs. 48 h later cells were UV-irradiated, and after 12h 866 

samples were processed for quantification of PCNA ubiquitylation by western blot. A western 867 

blot for pan-AKT was performed to confirm the siRNA mediated knockdown. The normalized ubi-868 

PCNA/total PCNA ratios are shown below the PCNA panel. 869 

 870 

Figure 3: AKT inhibition impairs PCNA ubiquitylation only in the context of replication stress.  871 

A) U2OS cells were pre-treated overnight with the indicated kinase inhibitors: PI3K inhibitor 872 

(LY294002 50 uM), ATR inhibitor (VE-821 1 uM), ATM inhibitor (KU-55933 1 uM), DNA PKcs 873 

inhibitor (NU7026 20 uM) and AKT inhibitor (C11 1 uM). Cells were then submitted to UV 874 

irradiation (15 J/m2), and 12 h in the presence of the inhibitors at the same concentrations, 875 

samples were processed by WB for the quantification of ubi/PCNA. B) U2OS cells were treated in 876 
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parallel and in combination of suboptimal doses of the AKT inhibitor C11 (0.1 uM) and the optimal 877 

dose of the DNA PKcs inhibitor NU7026 (20 uM). 12 hs after UV irradiation (15 J/m2) samples 878 

were processed by WB for the quantification of ubi/PCNA. C) U2OS cells were treated overnight 879 

with the optimal dose of each kinase inhibitor (LY294002 50 uM, NU7026 20 uM and C11 1 uM) 880 

followed by sample processing for WB in unperturbed conditions. D) U2OS cells were transfected 881 

with 75 nM of siRNA against USP1. 48 h later cells were treated with C11 1 uM and after 12h 882 

samples were processed for quantification of PCNA ubiquitylation by western blot.  883 

 884 

Figure 4: AKT inhibition impair TLS activation markers and replication fork processivity. A) 885 

Schematic representation of the local UV irradiation method using 5 μm micropore filters as UV 886 

shields. B) U2OS cells stably transduced with GFP-H-Pol η were pre-treated with the AKT inhibitor 887 

C11 (0.5 μM) for 10 h and locally UV-irradiated (100 J/m2) in discrete areas of the nuclei as 888 

indicated in A). Immediately after irradiation cells were re-incubated with the AKT inhibitor for 4 889 

h and fixed.  IFs were performed to detect cyclobutane pyrimidine dimers (CPDs), which 890 

delimitate the damaged DNA areas. The quantification was performed by counting the CPDs 891 

positive cells that show focal accumulation of GFP-H-Pol η. The results of three independent 892 

experiments are shown, in which at least 200 cells/condition were analyzed. C) Schematic 893 

representation of the global UV irradiation method. D) U2OS cells stably transduced with GFP-H-894 

Pol η were UV irradiated (40 J/m2) and incubated with C11 (0.5 μM). 4 h later, immediately prior 895 

to fixation, cells were treated with PBS 0.1% Triton to wash out the soluble fraction of GFP-H-Pol 896 

η. An Image J macro was developed to unbiasedly quantify the remaining GFP-H-Pol η fraction in 897 

each experimental condition. DAPI staining was used to segment the nuclei and at least 1000 898 
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cells/condition were analyzed. The right panel shows the average of three independent 899 

experiments. E) Detailed DNA combing protocol used to evaluate the effect of AKT inhibition on 900 

the processivity of replication forks submitted to UV irradiation. Only bi-color fibers were 901 

measured to ensure that only active replication replication forks were analyzed F) DNA bi color 902 

fibers were imaged in each condition using confocal microscopy and were manually measured 903 

using Image J. The total length of 200 DNA fibers/condition are shown on the right panel. 904 

Statistical analysis shown in Figure B, D and F were performed using the T- test (**: p ≤ 0.01; ***: 905 

p ≤ 0.001). 906 

 907 

Figure 5: AKT inhibition triggers replication stress-associated DNA damage and cell death after 908 

UV irradiation. A) U2OS cells were UV irradiated (15 J/m2) and 24 h later cells were fixed and 909 

γH2AX immunostaining was performed. An Image J macro was developed to quantify only the 910 

nuclear γH2AX signal using DAPI for segmentation. Two doses of the AKT inhibitor C11 were used. 911 

The right panel show the average of two independent experiments were at least 100 cells 912 

/condition were analyzed. Statistical analysis was performed using ANOVA with Tukey Kramer 913 

post- test (*: p ≤ 0.05). B) U2OS cells were UV-irradiated (15 J/m2) and treated with C11 (0.5 uM). 914 

24 h later cells were processed for cell cycle analysis by flow cytometry using propidium iodide 915 

(PI). Cell cycle analysis was performed using Flowjo Tree Star, Inc. software. The right panel show 916 

the determination of the relative % of each cell cycle phase, including the apoptotic sub-G1 917 

population. C) U2OS cells were UV irradiated (15 J/m2) and treated with the AKT inhibitor C11 918 

(0.5 uM). 24 h later cells were stained using the dead cells stain Sytox red and cells were 919 
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immediately processed by flow cytometry. The % of live and dead cells was determined for each 920 

condition.  921 

 922 

Figure 6: AKT inhibition is synthetic lethal with the homologous recombination deficiency 923 

induced by BRCA1 knockdown. A)  Experimental layout and detailed protocol used to assess 924 

synthetic lethality (SL) induction using a co-culture method of HR+ and HR- isogenic HCT116p21-/- 925 

cell lines, generated by lentiviral transduction of shRNAs against BRCA1. Each cell line co-926 

expresses a different fluorescent protein: shSCR (CFP) and shBRCA1 (iRFP). Equal numbers of 927 

both isogenic cells were then plated in triplicates in 96 MW plates and combinations of increasing 928 

UV doses with AKT inhibitors were performed. 6 days post treatment the co-cultured population 929 

was counted and categorized by the differential expression of fluorescent proteins using 930 

automated flow cytometry with an autosampler. The remaining % of each cell population was 931 

determined and the ratio of HR-/HR+ cells was calculated.  The relative survival of each cell 932 

population in comparison to the untreated controls was determined to calculate SL induction by 933 

the different treatments. B)  Positive control to calibrate the robustness of the SL induction assay 934 

at 6 days using the PARP inhibitor Olaparib (0.1 μM), which is selectively toxic against the HR- 935 

population. C)  Determination of SL induction using HR+ (shSCR) and HR- (shBRCA1) isogenic 936 

HCT116p21-/- cells in a dose-response UV irradiation curve combined with three AKT inhibitors 937 

after 6 days of treatment: C11 (0.1 uM), MK-2206 (1 uM) and AZD5363 (1 uM). Statistical analysis 938 

shown in Figure B and C was performed using ANOVA (*: p ≤ 0.05; **: p ≤ 0.01; ***: p ≤ 0.001).  939 

D) Clonogenic experiments comparing HCT116p21-/- shSCR vs. shBRCA1 cells treated with the 940 

combination of AKT inhibition (C11 0.1 uM) and UV irradiation. Duplicates of each treatment are 941 



35 
 

displayed. 750 cells were plated in a 96 MW format and after 6 days the survival fraction was 942 

stained with crystal violet. E) Control WBs confirming the efficient impairment of PCNA 943 

ubiquitylation after UV triggered by AKT inhibition for every cell line used to validate the 944 

induction of SL. In the case of mouse and hamster cells (MEF and V-C8), the detection of PCNA 945 

ubiquitylation was performed using the total PCNA antibody (PC-10) because the Ubiquityl-PCNA 946 

antibody (D5C7P) only reacts with human samples. F)  Determination of SL induction using HR+ 947 

and HR- cells (BRCA1  or BRCA2 deficient) at the optimal UV irradiation dose in combination with 948 

the AKT inhibitor C11 (1 uM). A pair of triple negative breast cancer cell lines (MDA-MB 231-949 

BRCA1wt vs MDA-MB 436-BRCA1KO), a set of wt MEF (shSCR vs shBRCA1), a hamster BRCA2 KO 950 

cell line with its reconstituted counterpart (VC8 vs VC#13) and a pair of HCT116p21-/-  cells (shSCR 951 

vs shBRCA2) were used. Statistical analysis shown in panels B, C and F was performed using 952 

ANOVA (*: p ≤ 0.05; **: p ≤ 0.01; ***: p ≤ 0.001).  953 

 954 

Figure 7: Abrogation of PCNA ubiquitylation triggers synthetic lethality in HR-deficient cells 955 

submitted to replication stress. A) HCT116p21-/- cells were transduced with 4 different shRNAs 956 

against RAD18 at increasing multiplicities of infection (MOI). 72 h later cells were processed for 957 

western blot to detect RAD18. B) HCT116p21-/- cells were transduced with the most efficient 958 

RAD18 shRNAS (#1 and #4).  After 72 h, cells were UV irradiated (15 J/m2) and the induction of 959 

PCNA ubiquitylation was analyzed by western blot 12 h later. C) Detailed protocol used to assess 960 

SL induction after RAD18 knockdown. Cells were plated in 6MW plates and transduced with 961 

lentiviral shRNAs #1 or #4. 48 h later cells were re-plated into a 96 MW format. 24 h later cells 962 

were UV irradiated.  6 days post UV irradiation the determination of SL induction using HR+ and 963 
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HR- cells was performed by calculating the relative survival of the cells transduced with the shRNA 964 

against RAD18 in comparison to the non-transduced cells. Such differential analysis was possible 965 

by gating the transduced population due to the concomitant expression of GFP with the shRNAs. 966 

D) HR+ and HR- cells were transduced with shRNA #1 using the protocol detailed in C. The relative 967 

survival of the transduced population was calculated using the non-irradiated population as 968 

control.  A dose response UV curve was performed, and samples were processed using 8 969 

experimental replicates. E) PCNA wt and PCNA K164R mouse embryonic fibroblasts (MEFs) were 970 

UV-irradiated (40 J/m2). 12 h after UV irradiation samples were processed for WB and ubi-PCNA 971 

induction was assessed using a monoclonal antibody that detects mouse PCNA. F) PCNA wt and 972 

PCNA K164R MEFs were transduced with shRNAs against murine BRCA1. Each set of cells were 973 

UV-irradiated following a dose response curve with or without treatment with the AKT inhibitor 974 

C11. After 6 days the relative survival of each cell population was determined using automated 975 

flow cytometry. G) HR+ and HR- cell pairs were treated with cisplatin and after 1 h the culture 976 

media was replaced. The relative survival of the different HR- vs HR+ pairs was assessed 6 days 977 

later H) PCNA wt and PCNA K164R MEFs were treated with cisplatin and after 1 h the culture 978 

media was replaced. The relative survival of the different HR- vs HR+ pairs was assessed 6 days 979 

later. Statistical analysis shown in panels D, F, G and H was performed using ANOVA (*: p ≤ 0.05; 980 

**: p ≤ 0.01; ***: p ≤ 0.001). 981 

  982 

Supplementary Figure 1: Single antibody vs dual antibody detection of total and ubi-PCNA.  983 

A) U2OS cells were grown in a 24 MW format. 100K cells were seeded per 24 well. 24 h later cells 984 

were UV-irradiated (40 J/m2) and 4 or 8 h post UV cells were processed for WB. Sample lysis was 985 
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performed with Laemmli-buffer, collected in 1.5 ml tubes and boiled for 15 minutes. The total 986 

sample volume for each treatment was loaded in a WB and PCNA and ubi-PCNA detection was 987 

performed using a monoclonal antibody against PCNA (clone PC10). B) U2OS cells were grown in 988 

a 96 MW format. 30K cells were seeded per 96 well. 24 h later samples were UV irradiated (40 989 

J/m2) and 4 h post UV samples were processed for WB. Sample lysis was performed in the same 990 

MW plate using benzonase (250U/mL). Loading of WB gels was performed directly from the 96 991 

MW plate without boiling. The total sample volume from each well was loaded and the detection 992 

of PCNA and ubi-PCNA was performed by the simultaneous incubation with two monoclonal 993 

antibodies from cell signaling (mouse α PCNA, clone PC10, and rabbit α ubi-PCNA clone D5C7P). 994 

  995 

Supplementary Figure 2: Identification and validation of the AKT inhibitors GSK1581428A and 996 

GSK1389063A. A) Screening results of the 96 MW plate containing compounds GSK1581428A 997 

and GSK1389063A, which were named C11 and G8 respectively, due to their positions in the 998 

plate. The quantification was performed using the software of the LICOR Odyssey infrared 999 

scanner and the inhibitory capacity of the compounds was calculated by comparing to the 1000 

normalized values of the 8 non-treated (UV-irradiated) of the plate. B) U2OS cells were UV 1001 

irradiated (15 J/m2) and treated with increasing doses of compound C11, from 0.1 μM to 1 μM.  1002 

12 h later, the inhibition of PCNA ubiquitylation and AKT activation were analyzed by western 1003 

blot.  1004 

 1005 

Supplementary Figure 3: Tools to validate TLS impairment after AKT inhibition. A) U2OS cells 1006 

were either transiently transfected or stably transduced with GFP-H- Pol η using lentiviral vectors. 1007 
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A low magnification image (20 X) using a fluorescence microscope was taken to show the 1008 

homogeneity and levels of GFP-H- Pol η in each case. The transient expression was evaluated 1009 

after 48 h and the stable expression was evaluated two weeks after lentiviral transduction and 1010 

puromycin selection. B) DAPI images corresponding to Figure 4A, which were used to segment 1011 

the nuclei prior to γH2AX quantification. 1012 

 1013 

Supplementary Figure 4: Induced HR deficiencies in the isogenic cell lines generated to evaluate 1014 

the impact of impaired PCNA ubiquitylation. A) Western blot showing the efficiency of BRCA1 1015 

knockdown using a lentiviral shRNA approach. The pair of isogenic HCT116p21-/- cells obtained 1016 

(shSCR and shBRCA1) were used in all the experiments shown in Figures 6 and 7. B) HR deficiency 1017 

triggered by the same shRNA used in A) tested with the DR-GFP method. The right panel shows 1018 

the normalized quantification of HR efficiency in shSCR vs shBRCA1 cells. C) SL induction 1019 

experiments showing the complete UV dose response curve of the experiment shown in Figure 1020 

6F. D) Results of the survival experiment using the RAD18 shRNA #4, performed in parallel with 1021 

shRNA #1 (shown in Figure 7D). Statistical analysis shown in panels C and D was performed using 1022 

ANOVA (*: p ≤ 0.05; **: p ≤ 0.01; ***: p ≤ 0.001). 1023 
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