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Abstract

The DNA damage tolerance (DDT) network allows DNA replication to continue in the presence 
of replication blocking structures and lesions. Distinct DDT pathways can be activated by 
damage-inducible mono- and poly-ubiquitination of the DNA-clamp PCNA at lysine residue 
164 (PCNA-Ub and PNCA-Ubn, respectively). Besides PCNA-Ub, the translesion synthesis 
(TLS) polymerase REV1 has been implicated in recruiting and activating other TLS 
polymerases that can bypass the DNA lesions. To determine the genetic link and relevance 
of these DDT pathways, we derived and analyzed mouse embryonic fibroblasts (MEFs) with 
PcnaK164R/K164R and/or Rev1-/- mutations. Remarkably, the combined defect of these pathways 
revealed the first synthetic lethal interaction in the DDT system. Trp53 inactivation could 
rescue the synthetic lethality, providing a opportunity to analyze the consequences of a 
combine defect and identify remaining DDT activities. The combined DDT defects strongly 
impair the recruitment of TLS polymerases and increases replication stress and secondary 
DNA damage. Remarkably only in the compound mutants, POLI accumulated in nuclear foci, 
implicating the existence of an alternative recruitment pathway for POLI. Taken together, 
the capacity to tolerate DNA damage is an essential part of the DNA damage response 
network. PCNA K164- and REV1-dependent DDT serve non-epistatic DDT pathways to limit 
damage-induced replication-stress responses and genetic instability caused by replicative 
impediments.
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Introduction

In order to maintain genetic integrity, cells evolved a versatile DNA damage response network 
which can repair or tolerate DNA lesions to preserve genetic information, and - if the damage 
is too extensive - force the system into growth arrest, senescence, or apoptosis (Ghosal and 
Chen, 2013, Sale et al., 2012). As DNA lesions usually arise in one of the two complementary 
strands, the cells evolved several repair modes like base excision repair, nucleotide excision 
repair, and mismatch repair, which can detect and remove specific lesions or mismatches. 
To restore an intact double-stranded DNA, the re-synthesis of the remaining single-stranded 
gap strongly relies on the integrity of the complementary DNA template strand. During DNA 
replication, the two complementary strands become separated, therefore the system cannot 
access the intact complementary strand directly, prohibiting canonical repair pathways of 
DNA lesions are located in the single stranded DNA of the replication fork. These lesions 
can stall the proofread-capable, damage-intolerant, replicative DNA polymerases δ and ε 
on the lagging and leading strand, respectively. To avoid a prolonged stalling and potential 
collapse of the replication fork and risk more harmful secondary lesions, cells are equipped 
with several DDT pathways. DDT enables replication to continue opposite DNA lesions, 
thereby stabilizing the replisome, although often at the expense of accuracy (Moldovan et 
al., 2007, Friedberg, 2005). In addition, DDT resembles an essential intermediate step in 
the repair of interstrand crosslink (ICL) repair (Niedernhofer et al., 2005). Principally four 
distinct modes of DDT are distinguished to date, (i) direct translesion synthesis opposite 
the lesion (‘on the fly’ TLS), (ii) repriming behind the damaged template followed by gap 
filling TLS (‘post-replicative’ TLS) or followed by homology directed repair of the remaining 
gap (iii) direct template switching (TS), taking advantage of the intact template of the sister 
chromatid, or (iv) fork reversal (FR), which is the remodelling of replication forks into four-
way junctions (Sale et al., 2012, Pilzecker et al., 2017, Vujanovic et al., 2017). TLS relies 
on the recruitment of specialized DNA-damage tolerant, Y-family DNA polymerases eta 
(POLH), iota (POLI), kappa (POLK) and REV1 that can insert nucleotides directly opposite 
specific lesions, such as non-instructive abasic sites (Friedberg, 2005, Ohmori et al., 2001, 
Sale et al., 2012). The required polymerase switch from a replicative POLD or POLE to a 
damage-tolerant TLS polymerase is facilitated by damage-induced mono-ubiquitination of 
PCNA K164 (PCNA-Ub) (Hoege et al., 2002, Moldovan et al., 2007, Ulrich, 2007, Stelter 
and Ulrich, 2003, Bienko et al., 2005, Kannouche et al., 2004, Hendel et al., 2011, Krijger 
et al., 2011). TS and FR depend on damage-induced poly-ubiquitination of the DNA-clamp 
PCNA (PCNA-Ubn) at lysine residue 164 and avoid the lesion by continuing DNA synthesis 
on the intact template of the sister chromatid. While frequent in yeast, PCNA-Ubn formation 
occurs less frequent in vertebrates, suggesting that fork reversal and template switching 
occur less frequent upon UV exposure in mammals (Krijger et al., 2011, Wit et al., 2015). 
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Repriming can be performed by PRIMPOL on the leading strand (Pilzecker et al., 2016, 
García-Gómez et al., 2013, Bianchi et al., 2013, Mourón et al., 2013). Besides PCNA-Ub, 
the TLS polymerase REV1 itself has been implicated in the recruitment and activation of 
other Y-family TLS polymerases (Guo et al., 2003, Ohashi et al., 2004, Tissier et al., 2004, 
Friedberg et al., 2005). The C-terminal region of vertebrate REV1 interacts with POLK, 
POLH and POLI, as well as POLZ through its REV7 subunit (Sale et al., 2012) (Ross et al., 
2005). REV1 also interacts with PCNA, and mono-ubiquitination of PCNA enhances this 
interaction, which requires a functional BRCT domain located near its N terminus (Guo et 
al., 2006) 
 To determine the contribution of PCNA-Ub, PCNA-Ubn, and REV1 in facilitating DDT in 
a genetically well-defined mammalian setting, we introduced a PcnaK164R/K164R;Rev1-/- double 
mutation (PcnaKR;Rev1-/-) into the mouse germline (Langerak et al., 2007) (Buoninfante et 
al., under revision). Remarkably, in contrast to wild-type and both single mutants, primary 
Pre-B cell cultures and mouse embryonic fibroblasts (MEFs) could not be established 
from double mutant embryos. In line, primary MEFs deficient for PCNA K164 and REV1 
experienced strong DNA damage responses. A release of the DNA damage response 
checkpoint by Trp53 knock down was able to prohibit DNA damage induced apoptosis and 
cell cycle arrest. Having bypassed the novel synthetic lethality in the DDT system, enabled 
us to investigate the molecular details of the timing of PCNA K164- and REV1-dependent 
DDT activation in the mammalian system. Inactivation of these DDT pathways revealed a 
reduced replication speed, high level of replication stress, and impaired recruitment of TLS 
polymerases. Remarkably, only double mutant PcnaKR;Rev1-/-;Trp53kd MEFs were found to 
increase the number of polymerase iota (POLI) foci, both in the presence and absence of 
exogenous DNA damage, indicating the existence of a novel TLS recruitment mode, that 
allows local accumulation of POLI independently of PCNA-Ub and REV1. This pathway 
appeared particularly relevant if the others were inactive. Our experiments establish a non-
epistatic and synthetic lethal interaction between PCNA K164 and REV1 dependent DDT 
in limiting replication stress. This novel synthetic lethality can open therapeutic windows for 
cancer patients with defined cancer-specific defects in the DDT system.
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Results

A synthetic lethality in the DDT system: PCNA K164 and REV1 control non-epistatic DDT 
pathways
DDT allows replication in presence of DNA lesions, preventing prolonged fork stalling and 
the potentially deleterious effects of replication fork collapse. To enable a detailed analysis 
on the cellular and molecular consequences of genetically defined DDT defects we set out 
to establish primary cell cultures obtained from PcnaK164R and Rev1-/- mice intercrosses. 
While Pre-B cell cultures from single mutants expanded like WT controls, pre-B cells 
from double-mutant E14.5 fetal livers could not be established. Likewise, primary non-
transformed double-mutant MEF cultures could not be established, revealing a synthetic 
lethal interaction of these DDT pathways (Figure 1A). Upon exposure to exogenous DNA 
damage, i.e. UV-C induced DNA lesions, already single mutant cells were found highly 
sensitive and failed to proliferate, as measured by IncuCyte® (Figure 1B). Since double 
mutants MEFs did not expand, replication stress associated with severely compromised 
DDT was expected to result in fork collapses and concomitantly DNA double strand breaks 
(DSBs). To measure the formation of DSBs, we applied the neutral Comet assay (Figure 
1C). In the absence of exogenous DNA damage, double mutant and Rev1 mutant primary 
MEFs had significantly higher levels of DSBs compared to WT and PcnaKR cells. Comparing 
the Rev1-/- single mutant with the double mutant condition, did not reveal a significant 
difference, although a clear trend indicated that double mutants MEFs accumulate more 
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Figure 1. Proliferative fitness in the absence of PCNA K164 and REV1 dependent DDT. (A) 
Primary MEFs were seeded at 300 cells/well in 96 well plate and monitored the proliferation capacity. 
Kinetic measures of the number of cells were recorded over time (4 hours intervals) and plotted as % 
confluence. n = 3 wells per data point. Mean ± s.d. of one of two representative experiments involving 
two independent cell lines per condition. Genotypes are indicated and corresponding colors apply to 
all the sub-figures. (B) As in Figure 1A, but cells were exposed to 4 J/m2 UV-C prior to seeding. (C) 
Olive Tail moments obtained from primary MEFs cultured in low oxygen conditions. Dot plots represent 
independent nuclei, horizontal bars denote the median. For each condition, 50 cells were analyzed 
using the CASP software. One of three comparable experiments is shown. 
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breaks. These data suggest that primarily REV1 counteracts DSB formation downstream of 
replication blocking lesions.

Trp53 knock down rescues the synthetic lethality in the DDT system 
Given the role of DDT in limiting replication stress associated DNA damage response, 
we considered that inactivation of the Trp53 controlled DNA damage checkpoint, may 
rescue the synthetic lethality of the double mutant MEFs. Indeed, in the absence of TRP53 
expression, double-mutant (PcnaKR;Rev1-/-;Trp53kd) MEFs proliferated normally under 
standard in vitro conditions (Figure 2A). This opened the possibility to study the contribution 
of REV1 and PCNA K164 dependent DDT pathways in alleviating replication stress induced 
by exogenous DNA damage. We exposed Trp53kd cells to increasing doses of cisplatin, a 
widely used chemotherapeutic drug that generates inter- and intra-strand crosslinks (ICLs) 
and measured the proliferation capacity by IncuCyte. Our studies indicated that replication 
stress inflicted by very low doses of cisplatin impaired the proliferation of Trp53kd double 
mutants MEFs. While PCNA K164 and REV1 dependent DDT appeared equally relevant in 
resisting a low dose of cisplatin, at increasing doses PCNA K164 dependent DDT appeared 
most relevant in tolerating cisplatin induced lesions (Figure 2C-D-E-F).

Non-epistatic relation between PCNA K164 and REV1 dependent DDT in limiting replication 
stress responses
To understand the contribution of PCNA K164 and REV1 dependent DDT in limiting 
replication stress responses, we measured the formation of subnuclear H2AX foci using 
confocal microscopy, conventional marker for many types of DNA damage (Celeste et al., 
2003, Schultz et al., 2000). Of note, in the absence of any external damaging agent, the 
number of γH2AX foci in the single mutants and even more in the double-mutant cells 
was found increased, a finding in accordance with the synthetic lethality and primarily non-
epistatic relation between PCNA K164 and REV1 dependent DDT pathways. Apparently, 
Trp53kd double mutant cells accumulate DNA damage from endogenous replication 
impediments. Six hours after UV-C exposure PcnaKR;Trp53kd and PcnaKR;Rev1-/-;Trp53kd 
MEFs were found to develop a similar stress response, that was clearly above the Rev1-/-

;Trp53kd and WT;Trp53kd condition. To study the formation of DSBs (Panier and Boulton, 
2014) upon UV-C induced DNA damage in DDT proficient and defective conditions, we 
determined the number of p53-binding protein 1 (53BP1) foci. While 53BP1 foci were more 
infrequent than γH2AX foci, the formation of UV-C induced DSBs directly correlated with the 
DDT defect (Figures 3A-B). 
 To investigate the timing of PCNA-Ub and REV1 in limiting replication stress responses, 
we measured γH2AX formation by immunoblotting (Figures 3D-3E). Interestingly, PCNA 
K164 dependent DDT was most relevant in suppressing the accumulation of γH2AX at 
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Figure 2. Proliferative fitness in the absence of PCNA K164 and REV1 dependent DDT upon 
cisplatin treatment. (A) As in 1A but using Trp53kd MEFs. Inactivation of TRP53 completely rescued 
the proliferation disadvantage of double mutant cells. (B-F) Trp53kd MEFs were exposed to different 
concentration of cisplatin as indicated and the kinetic of the growth was recorded over time by Incucyte®.
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6-hour time point, while REV1 dependent DDT appeared to be key in suppressing the 
γH2AX accumulation at 24-hour time point. Of note, the double-mutant MEFs behaved 
like a combination of the congenic controls. In line with the independence of these 
pathways, these kinetic differences imply that the PCNA K164-dependent DDT precedes 
REV1-dependent DDT in these experimental settings, further supporting the non-epistatic 
relationship between these DDT pathways. 
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Figure 3. DNA damage response in absence of DDT. (A-B) Quantification by ImageJ of γH2AX 
and 53BP1 foci on double mutants and control Trp53kd MEFs exposed to (A) 0 J/m2 or (B) 15 J/m2 of 
UV-C 6 hours after treatment. The data indicate the number of yH2AX or 53BP1 foci per cell measured 
from a representative  experiment. Three independent experiments have been performed. n > 100 
cells per  condition were analyzed. A clear increase in γH2AX and 53BP1 was found in PcnaKR;Rev1-/-

;Trp53kd and PcnaKR;Trp53kd cells. (C) γH2AX induction by UV-C (15J/m2) treatment at 0, 2, 6 and 24 
hours. Immunoblot of the whole cell lysates was performed. (D) γH2AX quantification by Image Studio 
Software of Trp53kd MEFs treated with 15J/m2 dose of UV-C or mock treated. Cells were harvested at 
indicated time points. Data were normalized to actin levels. Average of three independent experiments. 
* P<0.05 PcnaKR;Trp53kd vs Rev1-/-;Trp53kd at 6 hours, * P<0.05 Rev1-/-;Trp53kd vs PcnaKR;Trp53kd at 
24 hours, ** P<0.01 PcnaKR;Rev1-/-;Trp53kd vs WT;Trp53kd at 6 and 24 hours). P values are based on 
Unpaired t test with Welch’s correction.
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Contribution of DDT pathways in replication fork progression
To study the direct consequence of these specific DDT defects on DNA replication we 
performed DNA fiber assays. This assay enables the visualization and analyses of 
individual replicons (Petermann et al., 2010) (Figure 4A-B). Analyzing replication under 
standard culture conditions, we observed a significant delay in the replication speed, which 
was unique for the PcnaKR;Rev1-/-;Trp53kd setting (Figure 4C). UV-C damage resulted in 
a lower IdU:CldU ratio, indicative of replication fork stalling, although without increasing 
the frequency of newly fired replication origins. However, while consistent with previous 
results, PcnaKR;Trp53kd MEFs behaved like WT (P= 0.52), the lack of REV1 resulted in a 
decreased IdU/CldU ratio, which was even more pronounced in compound mutant MEFs (P 
< 0.05, PCNAKR;Rev1-/- vs Rev1-/-) (Figure 4D) (Wit et al., 2015). Apparently, REV1 plays a 
determining role in maintaining fork stability also, but not exclusively, “on the fly”. Therefore, 
only in absence of REV1, PCNAK164-modification contributes to fork progression. 

A

WT PcnaKR Rev1-/- PcnaKR

Rev1-/- 
WT  PcnaKR Rev1-/- PcnaKR

Rev1-/- 

-3

-2

-1

0

1

2

Id
U

:C
ld

U
 ra

tio
 (L

og
 2

)

****

****

- UV + UV

*

WT PcnaKR Rev1-/- PcnaKR

Rev1-/- 

0.0

0.5

1.0

1.5

2.0

2.5

R
ep

lic
at

io
n 

sp
ee

d 
(k

b/
m

in
) ***

D

B

20 min 20 min

+/- UV

Ongoing fork

Replication stall

ratio green:red = 1:1

ratio green:red = 1:2

C

Fiber lenght (μm) = CldU/10,1

Fiber lenght (kb) = lenght (μm)* 2,59 

Replication speed (kb/min) = lenght (kb)/ min

Figure 4. DDT and replication fork progression. (A) Schematic representation of the DNA fiber 
labeling experiment. The upper panel represents the two labeling periods and ongoing replication fork 
with the ratio of CldU-labeled tract to IdU-labeled tract being 1:1. The lower panel illustrates a replication 
stall during the second labeling period showing a ratio of 2:1. (B) Scheme representing DNA fiber 
analysis conversion. (C) Replication speed. Trp53kd MEFs were first labelled with CldU for 20 min and 
then 20 min with IdU. The lengths of CldU tracks were measured and the average replication speed 
(kb/min, error bar indicates standard deviation) on non-damaged template is displayed. (D) Analysis of 
IdU:CldU ratios in Log2 scale of mock and UV-C-treated double mutants and control Trp53kd MEFs. At 
least 50 DNA fibers were analyzed per experiment. A representative experiment of two is shown, each 
of them involved two independent cell lines per genotype. P values are based on Mann-Whitney test, * 
P<0.05, ** P<0.01, *** P<0.001, **** P <0.0001. 
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Defective recruitment of Y-family TLS polymerases in PcnaKR; Rev1-/-;Trp53kd MEFs: POLI 
is only recruited in the absence of functional DDT
PCNA-Ub and the C-terminal portion of REV1 have been implicated in the recruitment of 
Y-family TLS polymerases (Guo et al., 2003, Moldovan et al., 2007, Haracska et al., 2006), 
however their relative contribution remained undetermined. N-terminal eGFP-fusions of all 
Y-family members of TLS polymerases were expressed in WT, single-, and double-mutant 
MEFs. Using confocal microscopy, we demonstrate that upon UV-C exposure POLH is 
efficiently recruited by PCNA-Ub but interestingly a small subset of cells recruited POLH 
independently from PCNA-Ub and REV1 (Figure 5A). In contrast, POLK recruitment requires 
either PCNA-Ub or REV1, since no POLK foci were detected in PcnaKR;Rev1-/-;Trp53kd cells 
(Figure 5B).  These and our previous findings imply that PCNA-Ub predominates in recruiting 
POLH or POLK into UV-C or MMS induced foci (Krijger et al., 2011, Wit et al., 2015). Of 
note, as shown in Figure 5C, REV1 foci formation is regulated also by PCNA-Ub, as eGFP-
REV1 was able to rescue the lack of REV1 in Rev1-/-;Trp53kd cells but not in PcnaKR;Rev1-

/-;Trp53kd cells. Remarkably, POLI was exclusively recruited in a subset of double mutants 
MEFs, independently from UV-C exposure (Figures 5D-F). Apparently PCNA-Ub and REV1 
can actively prevent the formation of POLI foci. These data implicate the existence of an 
alternative mode of TLS recruitment that, apparently, is insufficient to backup PCNA K164 
and REV1 dominated DDT. Overall, our data revealed a dominant role of PCNA-Ub and a 
minor role for REV1 in recruiting members of the Y-family TLS polymerases into subnuclear 
UV-C-induced foci. 
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Figure 5. Y-family TLS recruitment by PCNA K164 and REV1. Impaired recruitment of POLH, 
POLK and REV1 but not POLI in double mutant Trp53Kd MEFs. (A-D) Quantification of eGFP-TLS 
polymerases foci by ImageJ. Trp53kd MEFS expressing eGFP-POLH polymerase (A), eGFP-POLK 
(B), eGFP-REV1 (C), and eGFP-POLI (D) were exposed to UV-C (15 J/m2) or mock treated, fixed 
after 6 h and analyzed by confocal microscopy. Data indicated are the mean ± s.d. of two independent 
experiments performed with two independent cell lines (n > 100 cells). P values were determined using 
Mann-Whitney test, * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001. (E) Representative images of 
WT, PcnaKR, Rev1-/-, and PcnaKR;Rev1-/-;Trp53kd MEFs expressing eGFP fusions of the indicated TLS 
polymerases. The cells were mock treated, fixed in 4% PFA and subsequently analyzed by confocal 
microscopy. (F) As in E, but now cells were exposed to 15 J/m2 UV-C and fixed in 4% PFA after 6 hours.
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Discussion

In this study, we exploited the cellular and molecular consequences of the combined absence 
of PCNA K164 and REV1 dependent DDT in primary cell cultures derived from E14.5 WT, 
single, and double mutant embryos. PCNA K164 and REV1 dependent DDT provide critical 
contributions in limiting replication stress responses (Hoege et al., 2002, Ghosal and Chen, 
2013, Zeman and Cimprich, 2014). Besides structural impediments in the DNA template, 
they enable replicative bypass of a wide range of DNA lesions generated from endogenous 
and exogenous insults (Waters et al., 2009, Zeman and Cimprich, 2014). Numerous studies 
have described the importance of these pathways independently, yet, a combined defect in a 
defined non-tumorigenic mammalian setting has not been reported. So far, a PcnaKR;Rev1-/- 
double mutation was only accomplished in the chicken DT40 B cell lymphoma line 
(Edmunds et al., 2008). To study the consequences of a PcnaKR;Rev1-/- compound mutation 
in a genetically defined, non-transformed mammalian setting, we generated a new Rev1 

knock-out  mouse model using CRISPR/Cas9 approach. Intercrossing of this genetically 
modified mouse model (GEMM) of Rev1 with our established PcnaKR GEMM enabled us to 
derive primary cells from E14.5 embryos.
 Here, we reveal that the lack of DDT severely compromises the in vitro growth of 
primary cells and due to a synthetic lethal relation of PCNA K164 and REV1. This is in 
line with the evidence that the double inactivation of PCNA-Ub and REV1-dependent DDT 
is embryonic lethal (Buoninfante et al., under revision).  We observed that primary cells 
from single mutants are highly sensitive to UV-C, in line with previously reports (Edmunds 
et al., 2008, Yoon et al., 2015). Furthermore, we found high level of endogenous DNA 
damage in absence of functional DDT as shown by the neutral comet assay, which detects 
exclusively DNA DSBs. Apparently, DDT actively counteracts DSB formation, exercising a 
protective role in genome maintenance. The embryonic lethality and the selective failure to 
establish stable compound mutant primary pre-B cell and MEF cultures in vitro highlighted 
the non-epistatic relation between PCNA K164 and REV1 dependent DDT pathways and 
the crucial relevance of DDT as part of the DNA damage response system (Buoninfante et 
al., under revision). Because the synthetic lethality strongly compromises the growth of the 
non-transformed primary cells, the number of analyses that could be performed in primary 
double mutant MEFs was severely limited. The critical role of TRP53 in mediating DNA 
damage response, regulating cell cycle, and tumor prevention led us to inactivate TRP53 in 
primary MEFs. Knock down of TRP53 rescued the synthetic lethality, allowing stable growth 
of the double mutants MEFs. 
 Given the function of DDT in the ICL repair (Ceccaldi et al., 2016), we tested the 
proliferating capacity of Trp53kd PcnaKR; Rev1-/- MEFs to different cisplatin concentrations. 
At relatively low cisplatin doses, REV1 and PCNA K164 contribute in the same way to protect 
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cells from DNA damage; interestingly, at higher doses of cisplatin, PCNA K164 appeared to 
be the main factor in counteracting ICLs. 
 Next, we tested whether the high levels of DNA damage registered in the double mutant 
primary cells were also present in the Trp53kd system. As expected, double mutant cells still 
experience more yH2AX foci compared to the WT and to the single mutants, although the 
number of yH2AX and 53BP1 foci dramatically increased in the double mutants when we 
stressed the cells with an exogenous source of DNA damage, i.e. UV-C.  
 It has been reported that REV1 has a central role in maintaining replication fork 
progression at stalled fork and PCNA K164 in post replicative gap filling in DT40 chicken 
cells (Edmunds et al., 2008). To investigate if this also holds for MEFs, we performed a 
time course experiment where we exposed cells to UV-C damage and we detected yH2AX 
formation. Our data indicate a distinct timing of DDT activation by PCNA K164 or REV1, 
suggesting that a late function of REV1 occurs at 24 hours post UV-C exposure, while PCNA 
K164 only plays a role on the fly, to continue replication in the presence of impediments in 
the template. Of interest, Rev1-/-; Trp53kd cells have a lower IdU/CldU ratio of DNA fibers 
compared to WT; and PcnaKR;Trp53kd MEFS, in line with what has been described by others 
(Temviriyanukul et al., 2012, Yoon et al., 2015, Edmunds et al., 2008), indicating that REV1 
exert a function also ‘on the fly’, and it is critical for the early protection of stalled replication 
forks and in preventing DSB formation.
 Here, we delineated the role of PCNA K164 and REV1 in recruiting other Y family 
TLS polymerases via the ubiquitinated lysine residue 164 of PCNA or by REV1.  By 
overexpressing EGFP-fusions of Y family polymerases we were able to understand how 
the TLS recruitment is regulated in presence or absence of UV-C induced lesions. We first 
analyzed EGFP-POLH foci formation and observed, surprisingly, that a very small subset 
of double mutant cells is still capable of recruiting POLH foci even in absence of PCNA 
K164 ubiquitination and REV1. This suggests that an alternative unknown mode of TLS 
recruitment is possible, although it is relatively inefficient, given the low number of POLH 
foci. In the absence and presence of UV-C induced DNA damage, POLK foci formation was 
almost lacking in the compound mutant MEFs. In addition, we were able to detect POLI 
foci exclusively in the double mutant cells. The POLI recruitment was independent from UV 
damage. This finding supports the hypothesis that an alternative mode of TLS recruitment 
does exist and if so, it is predominantly active when the other two conventional pathways are 
not available. The fact that POLI recruitment was hardly observed in the other conditions, 
contrasts previous findings by Kanouche et al. (2002) (Kannouche et al., 2002), describing 
the co-localization of POLH and POLI foci in human XP-V cells. At present, it is still unclear 
which type of lesions POLI bypasses, some work suggested oxidative lesions (Petta et 
al., 2008) or ribonucleotide misincorporations (Donigan et al., 2014). However, POLI 
recruitment could also depend on  the sequence context (Vaisman et al., 2003). Overall our 
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TLS recruitment analyses indicates that PCNA K164 is the main factor involved in recruiting 
Y family TLS polymerases. Future work is required to  identify the factor/s responsible for 
the alternative TLS recruitment into foci.  Our recent findings on tumor-specific DDT defects 
dictate responsiveness to cisplatin (O.A. Buoninfante et al., Oncotarget in press), indicate 
potential translational applications of this novel synthetic lethality for cancer therapy. 
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EXPERIMENTAL PROCEDURES
Timed matings 
The generation of PCNAK164R  and REV1 mice is described elsewhere (Langerak et al., 2007) 
(Buoninfante et al., under revision). Mating of PCNAKR/+ Rev1+/- and PCNAKR/+ Rev1-/- females 
were set up with corresponding males to obtain Pcna+/+ Rev1+/+, PcnaKR/KR Rev1+/+, PCNA+/+ 
Rev1-/-, PCNAKR/KR Rev1 -/- mutants. Females were checked for the presence of a vaginal 
plug the following morning, which was considered day E0.5. Females were euthanized at 
E14.5 to isolate MEFs and fetal livers from all the genotypes.

Primary cell isolation and cell culture
Primary MEFs and fetal livers were isolated from E14.5 embryos intercrosses of 
PcnaKR/+ Rev1+/- and of PcnaKR/+ Rev1-/- mice. Pre-B cells were generated from single cell 
suspensions of fetal livers grown on lethally irradiated ST2 cells in complete medium 
(IMDM, supplemented with 8% fetal calf serum (FCS), penicillin/streptomycin (100 units ml-1) 
and β-mercaptoethanol (55 µM) containing IL-7, according to (Rolink et al., 1991). Primary 
MEFs were cultured under 5% CO2 with low (3%) oxygen tension at 37◦C. To immortalize 
MEF, primary MEF cultures were transduced with a lentivirus encoding a p53- targeting 
shRNA (Dirac and Bernards, 2003).

Proliferation assay
Viable primary MEFs or Trp53kd MEFs were seeded at the concentration of 300 cells per 
well in 96 well plates. The cells were allowed to grow for 8 days or 10 days in IncuCyte® 
(Essenbioscience) under standard tissue culture conditions. For proliferation assays in 
presence of UV-C, primary cells were first exposed to 4 J/m2 UV-C, washed once with 
PBS, trypsinized and plated at the concentration of 300 cells per well in 96 well plates. For 
IncuCyte® assay in presence of cisplatin, Trp53kd MEFs were seeded at concentration 
of 300 cells/well in 96 well plate and allowed to grow in presence of different cisplatin 
concentrations (0.05, 0.1, 0.2, 0.4, 0.8 µM) or mock treated and used as controls. Images 
were taken every 4 hours and results analyzed as percentage of confluence. 

Neutral Comet assay
Neutral comet assays were performed according to (Olive and Banath, 2006). Briefly, 8 
* 103 cells were diluted in 0.4 mL of PBS and were added to 1.2 mL of 1% low-gelling-
temperature agarose (Sigma). Subsequently, the cell suspension was transferred onto 
pre-coated slides (Menzel-Glaser). Cell lysis was performed in neutral lysis solution (2% 
sarkosyl, 0.5 M Na2EDTA, 0.5 mg/mL proteinase K) at pH 8.0 overnight at 37°C. Slides 
were washed three times with neutral rinse and electrophoresis buffer (90 mM Tris, 90 mM 
boric acid, 2 mM Na2EDTA) at pH 8.5, and electrophoresis was performed in neutral rinse 
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and electrophoresis buffer for 25 min at 20 V. Nuclei were stained with 2.5 mg/mL propidium 
iodide (Invitrogen) in distilled water for 20 min. Pictures of individual cells were taken with a 
Zeiss AxioObserver Z1 inverted microscope equipped with a cooled Hamamatsu ORCA AG 
black-and-white CCD camera, and were analyzed with CASP software (http://www.casplab.
com). The P-value was measured using Unpaired t test with Welch’s correction. 

Immunofluorescence and quantitative image analysis of yH2AX and 53BP1 foci
For the detection of γH2AX and 53BP1 foci, MEFs were grown on coverslips. After washing 
in PBS, cells were permeabilized in 0.5% Triton X-100 in PBS on ice for 10 min, followed 
by fixation in 4% paraformaldehyde in PBS at room temperature for 15 min. Coverslips 
were blocked in PBS containing 2% BSA (PBS+) for 30 min at room temperature, and 
incubated with γH2AX and 53BP1 specific primary antibodies in PBS+ for 4 h at room 
temperature. Next, they were washed three times for 5 min in PBS+ and incubated with 
Alexa Fluor 488- and Alexa Fluor 568-conjugated secondary antibodies (Thermo Fisher 
Scientific) for 45 min at room temperature. Coverslips were washed in PBS+ two times 
and PBS once. Nuclei were stained using 0,72 µM DAPI (Sigma-Aldrich) for 1 min at room 
temperature. Coverslips were mounted using Fluoro-Gel (Electron Microscopy Sciences). 
Confocal images were acquired at a 40x magnification with a confocal laser microscope 
system (SP2 AOBS; Leica) with LCS software by sequential scanning. Fiji software (version 
2.0) was used for quantitative image analysis. The DAPI was used to select the nuclei of the 
cells in the field. For semi-automatic counting of γH2AX and 53BP1 foci, the Macro Script 
Analyze_foci_in_nuclei_fixed 3.72.ijm was used, kindly provided by Bram van den Broek 
(NKI Digital Microscopy facility) (Xu, 2015). Two independent experiments with two cell lines 
were performed and at least 200 cells were counted per genotype and experiment. Data 
were analyzed using Prism6 (GraphPad Software).

Sample preparation and immunoblotting 
To detect γH2AX, 7.5 × 105 MEFs were seeded in a 10-cm dish. One day later, the cells were 
mock treated or exposed to 15 J/m2 UV-C without medium and harvested at the indicated 
time points by scraping on ice. The cell pellet was snap frozen in liquid nitrogen and stored 
at −80◦C. For whole cell extract preparation, cell pellets were thawed on ice and lysed in 50 
μl RIPA buffer (25mM TrisHCl (pH 7.6), 150mM NaCl, 1% NP- 40, 1% sodium deoxycholate 
and 0.1% SDS) containing 1mM phenylmethylsulfonyl fluoride (PMSF), 1x protease inhibitor 
cocktail (Roche), 1x PhosStop (Roche), and incubated for 30 min on ice, sonicated for 
10 min and centrifuged for 10 min at maximum speed (4◦C). The protein concentration in 
the supernatant was determined by the Bradford method. Immunoblotting was performed 
according to standard protocols. NuPAGE 4–12% gels (Invitrogen) were used for protein 
separation. Antibodies used were: mouse anti-γH2AX, 1:1000 (clone JBW301 Millipore); 
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mouse anti-βActin, 1:10 000 (clone C4, MAB1501R, Millipore) and goat anti-mouse- IRDye 
680RD (Licor).

DNA fiber analysis
7.5 × 104 MEFs were seeded in each well of a 6-well plate and cultured overnight in MEF 
medium. Prior to UV-C exposure (40 J/m2), MEFs were incubated in medium containing 
25 M 5-Chloro-2-deoxyuridine (CldU) for 20 min at 37°C. After UV-C exposure, medium 
containing 500 M 5-Iodo-2-deoxyuridine (IdU) was added, resulting in a final concentration 
of 250 M IdU and 12.5 M CldU. After 20 min at 37°C, cells were trypsinized, 2 μl of a 
suspension of 3 × 105 MEFs ml-1 was spotted onto a microscope slide, incubated for 5 min 
and lysed with 7 μl lysis buffer (200 mM Tris-HCl pH7.4, 50 mM EDTA, 0.5% SDS) for 3 
min. Slides were tilted to 15° to allow the DNA to run down the slide. Next, slides were air 
dried and subsequently mixed in methanol-acetic acid (3:1). After rehydration, fixed DNA 
fibers were denatured in 2.5M HCl for 75 min. Incorporation of CldU was detected using 
rat-anti-BrdU antibodies (1:500; BU1/75, AbD Serotec) and Alexa fluor-555-labelled goat-
anti-rat antibodies (1:500; Molecular Probes), whereas incorporated IdU was detected using 
mouse-anti-BrdU antibodies (1:750; Clone B44, BD) and Alexa fluor-488-labelled goat-anti-
mouse antibodies (1:500; Molecular Probes). Finally, slides were mounted in Fluoro-Gel 
(Electron Microscopy Sciences). Microscopy was performed using a fluorescent microscope 
(Zeiss). 

UV-induced TLS polymerase foci formation
The generation of WT;Trp53kd, PcnaKR;Trp53kd, Rev1-/-;Trp53kd and PcnaKR;Rev1-/-;Trp53kd 
MEFs containing eGFP-POLH, eGFP-POLK, eGFP-REV1 or eGFP-POLI is described 
elsewhere (Krijger et al., 2011, Prakash et al., 2005). Per well 1.5 × 105 MEFs were seeded 
on a glass coverslip in 6-well plate. 24 hours later, the cells were irradiated with 15J/m2 
UV-C (254 nm, UV-C irradiation chamber, Dr Gröbel UV-Elektronik, GmbH, Germany) or 
mock treated. The cells were incubated for 6 hours under standard culturing conditions, 
after which the cells were washed with PBS and fixed in 4% paraformaldehyde in PBS 
dissolved for 15 min. Cells were washed with PBS, DNA was stained with DAPI 0,72 µM 
after which the coverslips were mounted in Fluoro- Gel (Electron Microscopy Sciences). 
Microscopy was performed using a confocal microscope (Zeiss). Image analysis was done 
using Fiji software with Macro Analyze_foci_in_nuclei_fixed 3.72.ijm provided by Bram van 
den Broek (NKI Digital microscopy facility). At least 250 cells were analyzed per genotype.

Statistical analysis
To assess the statistical significance of our data we used the t-test or Mann–Whitney U test 
(*P < 0.05, **P < 0.01, *** P < 0.001, **** P < 0.0001) by Prism 6 (Graphpad). No statistical 
methods were used to predetermine sample size.
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Figure S1. DNA damage response images of DDT impaired cells. γH2AX and 53BP1 foci on double 
mutants and control Trp53kd MEFs exposed to 15 J/m2 of UV-C and measured at time point 0.
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Figure S1. DNA damage response images of DDT impaired cells in response to UV. γH2AX and 
53BP1 foci on double mutants and control Trp53kd MEFs exposed to 15 J/m2 of UV-C after 6 hours.
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