s1dLIOSNUBIA JoyINy sispund DN 8doin3 ¢

s1dLosnuUep JoyIny sispund DN adoin3 ¢

Europe PM C Funders Group
Author Manuscript
DNA Repair (Amst). Author manuscript; available in PMC 2017 March 15.

Published in final edited form as:
DNA Repair (Amst). 2016 April ; 40: 67—76. doi:10.1016/j.dnarep.2016.02.002.

The role of HERC2 and RNF8 ubiquitin E3 ligases in the
promotion of translesion DNA synthesis in the chicken DT40 cell
line

Mohiuddin®, Shunsuke Kobayashi?, Islam Shamima Keka?2, Guillaume Guilbaud®, Julian
SaleP, Takeo Narita®®, H. Ismail Abdel-Aziz®f, Xin Wang?, Saki Ogawa?, Hiroyuki
Sasanuma?, Roland Chiu€, Vibe H. Oestergaardd, Michael Lisbyd, and Shunichi Takeda®”

aDepartment of Radiation Genetics, Kyoto University Graduate School of Medicine, Yoshida
Konoe, Sakyo-ku, Kyoto 606-8501, Japan °PMedical Research Council Laboratory of Molecular
Biology, Hills Road, Cambridge, CB2 0QH, UK cUniversity College Groningen, University of
Groningen, 9718 BG Groningen, Hoendiepskade 23-24, The Netherlands 9Department of Biology,
University of Copenhagen, DK-2200, Copenhagen N, Denmark ¢Department of Proteomics, The
Novo Nordisk Foundation Center for Protein Research, Faculty of Health and Medical Sciences,
University of Copenhagen, Denmark fFaculty of Medicine, Seuz Canal University, circular road
Ez-Eldeen, Ismailia, 41522, Egypt

Abstract

The replicative DNA polymerases are generally blocked by template DNA damage. The resulting
replication arrest can be released by one of two post-replication repair (PRR) pathways,
translesion DNA synthesis (TLS) and template switching by homologous recombination (HR).
The HERC2 ubiquitin ligase plays a role in homologous recombination by facilitating the
assembly of the Ubc13 ubiquitin-conjugating enzyme with the RNF8 ubiquitin ligase. To explore
the role of HERC2 and RNF8 in PRR, we examined immunoglobulin diversification in chicken
DT40 cells deficient in HERC2 and RNF8. Unexpectedly, the HERC2”7- and RNF&”" cells and
HERC27/RNF8”- double mutant cells exhibit a significant reduction in the rate of
immunoglobulin (1g) hypermutation, compared to wild-type cells. Further, the HERC2”-and
RNF8”- mutants exhibit defective maintenance of replication fork progression immediately after
exposure to UV while retaining proficient post-replicative gap filling. These mutants are both
proficient in mono-ubiquitination of PCNA. Taken together, these results suggest that HERC2 and
RNF8 promote TLS past abasic sites and UV-lesions at or very close to stalled replication forks.
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Introduction

Replication involves a complex and fragile enzymatic reaction that can readily be disrupted
by template DNA damage. To restart arrested replication, cells have evolved two post-
replicational repair (PRR) pathways, translesion synthesis (TLS) and template switching by
homologous recombination (HR). HR facilitates transient switching of replication from the
damaged template strand to the newly synthesized sister chromatid [1-6]. In addition to
template switching by HR, replication blockage is released by employing specialized TLS
polymerases such as DNA polymerases nj and ¢ (Poln and PolC) [7-9]. The deployment of
the Y-family TLS polymerases is controlled by PCNA ubiquitination at K164 and by the
non-catalytic function of the Y-family polymerase REV1 [10-13]. RAD18 ubiquitin ligase is
responsible for the mono-ubiquitination in Saccharomyces cerevisiae, the chicken DT40 B
lymphocyte cell line and mammalian cells [10-14].

HERC2 is a HECT domain E3 ubiquitin ligase and one of the largest genes in the vertebrate
genome. It has been shown to play a role in control of nucleotide excision repair by
ubiquitinating and degrading XPA [15,16]. It also plays a role in double strand break repair
by facilitating the assembly of the Ubc13 ubiquitin-conjugating enzyme with the ubiquitin
ligase RNF8 [17,18]. HERC?2 also associates with RNF168, another ubiquitin ligase
operating downstream of RNF8 in DSB repair [17,19-21]. RNF168 amplifies the RNF8-
dependent histone ubiquitination by targeting H2A-type histones and by promoting the
formation of lysine 63-linked ubiquitin conjugates [19,20]. These modifications orchestrate
the accumulation of 53BP1 and BRCAL to DNA lesions [19,20]. A recently published study
showed that RNF8 but not RNF168 is responsible for the K63-linked ubiquitination of H1-
type linker histones [22]. While the contribution of HERC2 to the ubiquitination response to
DNA double strand breaks and HR-mediated DSB repair has been established, its role in
restoring stalled replication forks has not been explored. Indeed, it remains unclear whether
RNF8 is involved in DNA damage response other than DSB repair.

The chicken DT40 B lymphocyte cell line provides a unique opportunity to specifically
analyze the involvement of DNA damage repair proteins in PRR pathways (Fig. S1) through
examination of the immunoglobulin variable (Ig V) gene diversification during /n vitro
culture [23]. This diversification is driven by release of abasic site-mediated replication
blocks either by TLS, which results in non-templated point mutations, or by HR, which
drives gene conversion with a set of homeologous pseudogenes [9,24]. These diversification
processes are initiated by deamination of deoxycytidine by activation-induced deaminase
(AID) to generate uracil [25,26], which is subsequently excised, leaving an abasic site [27—
29]. TLS releases replication forks stalling at abasic sites, leading to Ig V non-templated
mutations at G/C pairs (Ig hypermutation) [30-34]. Both gene conversion tracts and the
spectrum of non-templated point mutations can be evaluated by identifying Ig V nucleotide
sequence variations during clonal expansion of DT40 cells.

In this study, we show that HERC2”7-, RNF&8”- and HERCZ2"-/RNF8”- cells all exhibit a
several-fold decrease in the rate of Ig hypermutation. The HERC2”-and RNFS8”- mutants are
also defective in the maintenance of replication fork progression immediately after exposure
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of cells to UV. These data are consistent with HERC2 and RNF8 promoting TLS past abasic
sites at or very close to stalled replication forks.

2 Materials and Methods

2.1 Cell culture

RADI18", RAD18"/RNF8", RNF&8’, RNF8/C395F RAD18"/RNF8/C59F DTAQ cells
[21,35] and HERCZ27-, HERCZ2”-/RNF8”’ DT40 cells [21] were previously generated. Cells
were cultured in the same manner as described previously [36].

2.2 Cell survival assay

Cells were treated with each DNA-damaging agent in 1 ml of medium using 24-well plates
and incubated at 39.5°C for 48 h. We transferred 100 pl of cell culture to 96-well plates and
measured the amount of ATP using Cell Titer Glo (Promega), according to the
manufacturer’s instructions. The P-value of figure 1B and 1C were calculated by Student’s #
test [37].

2.3 Ectopic expression of AID by retroviral infection

An AlD-encoding retrovirus was used to infect DT40 as described before [32,33,38].
Briefly, the recombinant plasmid encoding mono-cistronic A/D and GFP genes, was co-
transfected with pCL-Ampho in human 293T cells in order to produce a retrovirus capable
of infecting DT40 cells. Following retroviral infection of DT40 cells, we evaluated ectopic
expression of AID by flow cytometric measurement of GFP expression, and chose five
clones from each genotype, expressing comparable levels of GFP. Individual cells were
grown clonally following limiting dilution, and expanded for two weeks to analyze Ig V.
diversification.

2.4 Analysis of Ig V; diversification

Genomic DNA was extracted from independent clones and the V,_segment was amplified
by PCR using primers 5’-CAGGAGCTCGCGGGGCCGTCACTGATTGCCG-3’ and 5’-
GCGCAAGCTTCCCCAGCCTGCCGCCAAGTCCAAG-3’ to facilitate cloning into
pCR2.1. The V; segment was then sequenced using M13 forward and reverse primers. The
method for classification of gene conversion and non-templated single base substitution was
previously described [9,30,33]. Since the rate of Ig V diversification in wild-type cells
slightly differed in two sets of experiments due to a variation of ectopic AID expression, we
calculated Ig V diversification rate in each genotype relative to that in wild-type cells.

2.5 Analysis of PCNA mono-ubiquitination

For the detection of PCNA mono-ubiquitination, 1x108 cells were UV irradiated (30 J/m?),
lysed 1 h post-treatment with 50 pl of Laemmli Sample buffer (Bio-lad), boiled for 5 min
and kept on ice. 20 pl of the sample was run in a 12% gradient gel, after which the proteins
were electroblotted onto a PVDF membrane. The following antibodies were used: mouse
monoclonal PCNA PC10 (Santa Cruz), monoclonal anti-p-actin (Sigma), and anti-mouse
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IgG HRP-linked (GE-Healthcare). Proteins were visualized using Super Signal West Pico
Chemiluminescent Substrate (Thermo).

Ubiquitinated PCNA was quantified from the image of the western blot using ImageJ
software. First, the background noise was subtracted from all other values. In the second
step, the signals for each sample on the anti-PCNA blot at the positions of ubiquitinated
PCNA were normalized according to the signals obtained from the anti-B-actin blot, to
account for sample loading variations. In the last step, all values were normalized to the
value of ubiquitinated PCNA in untreated wild-type cells, and set to 1.00.

2.6 Measurement of the size of newly synthesized DNA strands following UV irradiation

To analyze the size of the nascent DNA following UV irradiation, cells were irradiated with
UV light (5 J/m?), incubated for 20 min, and then pulse-labeled with [methyl-14C]
thymidine (10 pCi/ml) for 20 min. In a pulse-chase experiment, the pulse-labeled cells were
incubated 3 h further in the chase medium. Samples were sedimented on 5-20% alkaline
sucrose gradients.

Cells were harvested and layered on the alkaline sucrose density gradient as follows. Cell-
lysis solution (0.6 M KOH, 2.0 M KCI, 10 mM EDTA, and 1% N-lauroylsarcosine), 1%
sucrose in Ca?*, Mg2*-free phosphate- buffered saline (CMF-PBS), and the cell suspension
were layered in series on top of a pre-formed alkaline 5-20% sucrose gradient (0.3 M KOH,
2.0 M KCI, 1 mM EDTA, and 0.1% N-lauroylsarcosine) with alkaline 80% sucrose as a
cushion at the bottom. The gradient was centrifuged at 6,000 rpm (4,320xg) for 15.6 h at
15°C in a Beckman SW50.1 rotor. The gradient was fractionated from the bottom by drop-
counting onto 3 MM paper circles (Whatman) using a peristaltic pump. The paper circles
were dried, immersed in cold 5% trichloroacetic acid, washed with ethanol and then with
acetone, dried, and then tested for radioactivity in a toluene-based scintillator. These
experiments were repeated at least twice, and equivalent profiles were obtained.

2.7 Dynamic molecular combing and immunofluorescent detection

Cells were sequentially labeled for 15 min with 25 uM IdU and for 15 min with 25 uM
CldU. UV treated cells were irradiated at 20 J/m?2 prior to the CldU treatment. At the end of
the labeling period (30 min), cells were placed in ice cold 1x PBS and centrifuged at 250xg
for 5 min at 4°C, washed and resuspended in PBS. The cell suspension was spotted onto
Superfrost slides and lysed with 0.5 % SDS in 200 mM Tris-HCI (pH 5.5) and 50 mM
EDTA (5 min, at room temperature). Slides were tilted at 15° to horizontal, allowing the
DNA to run slowly down the slide. Slides were then air dried and fixed in 3:1 methanol/
acetic acid, and stored at 4°C before immunolabeling. 1dU, CldU, DNA revelations and
analysis were performed as described [39], with the following minor modifications: the
DNA was denatured for 55 minutes in 2.5 N HCI, and CldU was detected using rat anti-
BrdU (ABD Serotec, Raleigh, NC) at a 1/750 dilution. A stretching factor of 2.6 for
conversion from um to kb was applied, as previously described [40]. Slides were mounted in
10% 1X PBS and 90% glycerol, kept at -20°C and imaged using a Nikon C1-si confocal
microscope.
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3 Results

3.1 Theloss of RNF8 increases sensitivity of RAD18” cells to MMS and UV

HERC2” and RNF8”- DT40 cells are sensitive to camptothecin, a topoisomerase 1 poison,
indicating that the two ubiquitin ligases are involved in repair of DSB repair by HR [21,35].
We extended this analysis by measuring the sensitivity of HERC27-, RNF8”-and HERC2”/
RNF8”- cells to cisplatin, methyl methanesulfonate (MMS) and UV (Fig. S2). We failed to
detect any significant sensitivity of the mutant cells to these three DNA-damaging agents.
Disruption of RNF168, another ubiquitin ligase operating downstream of RNF8 and HERC2
in DSB repair [21], also showed no sensitivity to these agents (Fig. S2). We then tested
whether the loss of RNF8 increased cellular sensitivity to these DNA damaging agents in the
RAD18-deficient background. RAD18”- cells are hyper sensitive to a variety of DNA
damaging agents, which is consistent with the critical role of RAD18 in TLS as well as HR
[12,13,35,41]. RAD18"/RNF8” cells are more sensitive to cisplatin, MMS and UV than are
RAD18" cells (Fig. 1). Thus, significant contribution of RNF8 to DNA damage tolerance is
masked by RAD18 in DT40 cells. A previous report indicates that a non-catalytic role of
RNF8 may contribute to cellular responses to DSBs including DSB repair by HR [35,42]. To
address this non-catalytic role, we analyzed the effect of the RNVFE/C398F mutation, which
inactivates the ubiquitin ligase activity of RNF8. RAD18”/RNF8”- cells show more
sensitivity to MMS and UV in comparison with RAD187-/RNF8/C39%F cells (Fig. 1),
supporting the contribution of the non-catalytic role to DNA damage tolerance. More
importantly, RAD18"-/RNF8/C3%F cells show significantly higher sensitivity to the DNA-
damaging agents in comparison to RAD18”- cells (Fig. 1). We conclude that the ubiquitin
ligase activity of RNF8 contributes to DNA damage tolerance possibly through promotion of
TLS.

3.2 Significant decreases in the rate of Ig V non-templated single base substitutions in
the HERC27- and RNF8”- mutants

To explore the role of HERC2 and RNF8 in PRR, we examined TLS-dependent Ig
hypermutation in the DT40 clones. We ectopically expressed an A/D transgene by retrovirus
infection. The resulting extensive deamination of deoxycytidine by AID allows for very
sensitive detection of TLS events in the 1g VV segment [32]. We then examined nucleotide
sequences of Ig V/, segments in AlD-expressing clones derived from wild-type, RNF&”,
RAD18", RAD18"/RNF8", RAD18" /RNF8/C3%F, HERC2"", HERC2""/RNF&” and
RNF168" cells (Fig. S3). The rate of Ig gene conversion was decreased four to five fold in
both RNVF&”-and HERCZ”- mutants compared to wild-type cells (Fig. 2A and B). HERC27/
RNF8” cells showed virtually the same phenotype as any single mutants (Fig. 2A and B).
This observation agrees with the fact that these two ubiquitin ligase enzymes work together
to promote HR [17,18].

Next we analyzed the rate of TLS dependent Ig V nontemplated mutation. The rate of the
nontemplated mutagenesis was significantly decreased in HERC2”- and RNF8”- mutants,
both alone and in combination, compared to wild type (Fig. 2A and B), with no impact on
the mutation spectrum (Fig. 2C). RNFE7C39F cells exhibited a similar decrease in the rate
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of 1g hypermutation (Fig. 2A and B). Thus, HERC2 and RNF8 appear to also play a role in
releasing replication blockage by promoting TLS in DT40 cells.

3.3 Intact PCNA mono-ubiquitination in HERC27- and RNF87- mutants

We analyzed the mono-ubiquitination of PCNA following UV irradiation.
PCNAKIEIR/KIGIR cells were analyzed as a negative control. As expected, the loss of Rad18
resulted in a substantial decrease in UV-induced PCNA mono-ubiquitination, but not
complete loss as previously reported [43], whereas the loss of RNF8 or HERC2 had no
prominent effect on mono-ubiquitination (Fig. 3A, B and S4). Moreover, the loss of RNF8
had no detectable impact on the PCNA mono-ubiquitination even in RAD18” cells (Fig.
3C). These observations indicate that neither RNF8 nor HERC2 contributes to the mono-
ubiquitination of PCNA. This conclusion does not agree with that of a previous report [44].
Thus, RNF8 and HERC2 promote TLS past abasic sites in the Ig V diversification most
likely by ubiquitinating molecule(s) other than PCNA. It remains elusive why
PCNAKI64R/KIG4R cells showed higher sensitivity than RAD187 cells (Fig. 1).

3.4 HERC2 and RNF8 are not required to promote the filling of post-replicative gaps

We analyzed the requirement of HERC2 and RNF8 for post-replicative gap filling by
alkaline sucrose gradient sedimentation of 3H pulse-labeled DNA (Fig. 4A) [7,45]. In the
absence of UV irradiation, newly synthesized DNA in HERCZ2”-and RNF&”- clones was
comparable to that of wila-type cells (data not shown). However, following UV irradiation,
neither HERC27-, RNF8”-nor HERC2//RNF8”- cells exhibited any detectable reduction in
the joining of the labeled nascent fragments into high molecular weight replicons in
comparison with wild-type cells (Fig. 4B: pulse-label, grey line; 3 h chase, black circle).
Similarly, REVI7-and POLZ7- (REV3”) cells can proficiently reconstitute higher
molecular weight DNA following UV irradiation [46,47]. These data contrast with the
defective post-replicative gap filling observed in POLH"-, RAD18” and PCNAKI64R/K164R
DT40 cells [7]. Thus, unlike RAD187 and PCNAKIG4R/KIEAR cells, neither HERCZ2”~ nor
RNF8”- cells are deficient in the filling of post-replicative gaps at UV-damage sites.

3.5 HERC2’ and RNF8' mutant cells have normal velocity of unperturbed DNA
synthesis and comparable unidirectional fork movement

In order to determine the background levels, we examined the kinetics of unperturbed DNA
replication using molecular combing (Fig. 5). The replication rate for wild-type, HERCZ2"-
and RNF&” cells in unperturbed conditions was not significantly different at 0.87 + 0.04
kbp/min, 0.91 £ 0.04 kbp/nin and 0.94 + 0.05 kbp/min respectively (Fig. 5B). This is
consistent with the observation that HERC2 and RNF8 are not essential for unperturbed
DNA replication (Fig. 4). Thus, loss of RNF8 or HERC2 does not attenuate global
progression of DNA replication forks on undamaged DNA templates. Moreover, both
HERC2” and RNF8”- mutant cells did not exhibit significant increases in the proportion of
unidirectional forks (16.35% in HERCZ2”- and 14.95% in RNF8”- cells as comparable to
14.02% in wild-type cells), in which one of the two forks heading away from a presumed
origin is missing (Table 1) [47] and exhibited the same inter-origin distances (Fig. 5C).
Thus, RNF8 and HERC2 appear not be play any major role in maintaining DNA replication
during a physiological cell cycle.

DNA Repair (Amst). Author manuscript; available in PMC 2017 March 15.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Mohiuddin et al.

Page 7

3.6 HERC2 and RNF8 are required to maintain replication fork progression on UV
damaged DNA

There are two temporally-separated modes of lesion bypass in DT40 cells [7]. One is
responsible for filling post-replicative gaps at UV-damage sites, while the other functions at
or very close to stalled replication forks and maintains normal fork progression on UV-
damaged template DNA strands. Both modes contribute to TLS dependent Ig V
hypermutation. The former and latter modes can be evaluated by the alkaline sucrose
gradient sedimentation of newly replicated DNA (Fig. 4) and DNA molecular combing (Fig.
6), respectively. The mono-ubiquitination of PCNA by Rad18 is required for the post-
replicative gap filling mode, while loss of REV1 predominantly affects replication fork
progression on damaged templates [7,48]. Having shown above (Figure 4) that neither
HERC2 nor RNF8 are required for post-replicative filling of gaps opposite UV lesions, we
examined their impact on fork progression in isolated DNA fibres. We labeled nascent
strands with 1dU for 15 minutes, irradiated the cells with 20 J/m? UV, and then continued
labeling the nascent strands with CIdU (Fig. 5A). After DNA combing, we measured the
tracts of CldU and IdU and calculated the ratio between them to allow comparison of the
total DNA synthesized before and after UV exposure on a fork-by-fork basis. We plotted the
data as a percentage (Fig. 6A, B, and C) and cumulative percentage (Fig. 6D) of forks at
each ratio. In contrast with RAD18”- and PCNAKIGIR/KIGIR ce|ls [7], HERCZ2”- and
RNF8”- clones are unable to maintain DNA replication fork progression to the same extent
as wild-type cells. Consistent with this result, following UV irradiation, HERCZ2”- and
RNF8”- clones showed significantly reduced average fork speeds (Fig. 5D) and increased
proportion of unidirectional forks (Table 1). We therefore conclude that HERC2 and RNF8
are required for the release of replication blockage by TLS in DT40 cells. Unlike Rad18,
RNF8 and HERC?2 are both required to maintain replication fork progression at UV
damaged DNA but not for the filling of post-replicative gaps.

4 Discussion

In this study, we have uncovered a role for HERC2 and RNF8 in the promotion of TLS in
the chicken DT40 cell line. Thus, HERC2 and RNF8 are required for efficient PRR in
addition to DSB repair. RNF8 functions independently of the RAD18 ubiquitin ligase in
DNA damage response, since RAD18”/RNF8” cells showed significantly higher sensitivity
to cisplatin, MMS and UV in comparison with RAD18”-and RNF&” cells (Fig. 1). The
different roles of RAD18 and HERC2/RNF8 in TLS are substantiated by the observations
that RAD18 ubiquitinates lysine 164 of PCNA and thereby facilitates post-replicative gap
filling (Fig. 4), while HERC2 and RNF8 play the essential role in efficient TLS by operating
at or close to replication forks (Fig. 6) without affecting the ubiquitination of PCNA (Fig. 3).

Given this apparent role in TLS and the prominent defect in maintenance of replication fork
progression after UV irradiation (Fig. 6) exhibited by the HERC2”-and RNF8”’- mutants, it
is rather unexpected that neither exhibit significant sensitivity to the DNA-damaging agents
(Fig. S1). In fact, the phenotype of these two mutants is in marked contrast with that of
REVI cells, which are hypersensitive to cisplatin, MMS and UV, deficient in maintaining
replication fork progression after UV irradiation and proficient in post-replicative gap filling
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[7,49]. Thus, the hypersensitivity of REVZ7 cells may not be simply attributable to a defect
in maintaining replication fork progression. In other words, even when replication fork
blockage at UV lesions is not restored within the 15 minutes CldU-labeling time after UV
irradiation (Fig. 5A), the vast majority of the blockage might be eventually restored during
the G, phase. This idea is supported by the previous reports that although TLS normally
operates during the S phase in Saccharomyces cerevisiae, limiting the functionality of TLS
to the Go/M phase does not decrease the efficiency of TLS or cellular tolerance to exogenous
DNA damage [50,51]. Accordingly, the significantly higher sensitivities of RAD187/
RNF8” cells to cisplatin, MMS and UV in comparison with RAD18”- cells (Fig. 1) can be
explained by combined defects in both TLS operating immediately after DNA replication
and TLS for filling post-replicative gap during the G, phase.

Both HERC2”7- and RNF8”- mutants showed a several fold decrease in the rate of Ig
hypermutation (Fig. 2), indicating that they promoted TLS past abasic sites. Since RNF8 has
both catalytic and non-catalytic roles in DNA damage responses [35,42], we also examined
Ig hypermutation in RNVFE7C39F cells, where the C398F mutation specifically inactivated
the ubiquitination activity of RNF8 [35]. The phenotypic similarity between RNF8/C396F
and RNF8”- cells indicated the catalytic role of RNF8 is responsible for the promotion of
TLS past abasic sites. Deficiency of RNF8 in HERC2”- cells did not further reduce the rate
of 1g hypermutation, indicating that HERC2 and RNF8 might operate in the same pathway,
consistent with their role in HR [17]. Nonetheless, we must interpret the data very carefully
to conclude an epistatic relationship between different ubiquitination enzymes. This is
because an excess amount of DNA damage at the 1g V segment can cause cell death in TLS-
deficient cells, possibly leading to an over-estimation of the actual number of non-templated
mutations by analyzing only surviving cells. In summary, HERC2 and RNF8 promote TLS
in the DT40 cell line probably through a collaboration of the two ubiquitination enzymes, as
HERC2 activates RNF8 in DSB repair [17,18].

Similar to REV1, HERC2 and RNF8 are important for maintaining fork progression on
damaged DNA but not for the filling of post-replicative gaps [31,52]. It is thus attractive to
speculate that the two proteins may cooperate to restart replication forks by recruiting REV1
to stalled replication forks. One possible scenario is that HERC2 and RNF8 might facilitate
the ubiquitination of REV1, since at least two studies have indicated that the direct
conjugation of REV1 to ubiquitin [53,54]. Another possible scenario is that HERC2 and
RNF8 might facilitate the ubiquitination of POLD3 [55], which is subjected to
ubiquitination. Furthermore, similar to REV1, the non-essential subunit of replicative
polymerase &, POLD3, significantly contributes to maintenance of fork progression on
damaged DNA but not for the filling of post-replicative gaps [47]. However, the phenotype
of HERC2”- and RNF8”- mutants in Ig V diversification is somewhat different from that of
REVI7-or POLD3”- mutants. The point mutation spectrum in HERCZ2”-and RNF8”
mutants is comparable to that in wild-type cells (Fig. 2C), while inactivation of REV1
strongly reduces point mutation from C/G to G/C [56]. HERCZ2”-and RNF8”’ mutants are
deficient also in 1g gene conversion (Fig. 2B), while POL D3~ cells show the up-regulation
of 1g gene conversion [47]. In summery, the regulation of REV1 or POLD3 by HERC2/
RNF8 does not fully explain Ig V diversification shown in Fig. 2. Future studies will clarify
substrates for HERC2 and RNF8 in promotion of TLS.
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AID activation-induced deaminase
DSB double strand break
HR homologous recombination

IgV gene immunoglobulin variable gene

MMS methyl methanesulfonate

PCNA proliferating cell nuclear antigen

XPA xeroderma pigmentosum complementation group A
PRR post-replication repair

TLS translesion DNA synthesis
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Fig. 1. Cellular Sensitivity to DNA-damaging agents.

(A-C) Cellular sensitivity to cisplatin (A), UV (B), and MMS (C) was analyzed. Survival
rate was calculated as the percentage of surviving cells treated with DNA-damaging agents
relative to the untreated surviving cells. The concentration or dose is displayed on the x-axis
on a linear scale, while the survival rate is displayed on the y-axis on a logarithmic scale. ~-
values were calculated by Student’s t-test. Lethal dose 30% (LD30) is the concentration of
DNA damaging agents that reduces cellular survival to 30% relative to cells non-treated with
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DNA damaging agents. LD30 was calculated by the statistics software, R. Error bars show
the standard deviation of the mean of at least three independent experiments.
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Fig. 2. Theimportant role of HERC2 and RNF8in TLS past abasic sitesduring Ig Vy,
hyper mutation.

(A) Clones over-expressing AID were expanded for two weeks before isolating genomic
DNA and sequencing the V, segment. Charts displaying the frequency of each type of
mutation. Segment size indicates the proportion of cells in which the number of mutations
stated outside the chart had occurred. The total number of sequences analyzed is shown in
the centre of the chart. PM = Point mutation/non-templated single base substitution; AMB =
Ambiguous; GC = Gene conversion. (B) The rate of point mutation/non-templated single
base substitution (PM) events in wild-type cells were set to 1.00 and all values were
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normalized to the value of wild-type cells and are indicated with standard error. (C) Pattern
of point mutation in the indicated cell lines. Tables showing the pattern of mutation in each
line, given a percentage of mutations observed.
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Fig. 3. Neither HERC2 nor RNF8 isrequired for the mono-ubiquitination of PCNA in UV-
irradiated cells.

(A) Analysis of ubiquitination of PCNA. Cells were irradiated with 30 J/m? UV and then
incubated for 1 h. Protein extracts were prepared in native conditions for mono-
ubiquitination, and analyzed by gel-electrophoresis followed by western blotting using an
anti-PCNA antibody. (B) Quantification of ubiquitinated PCNA by immunoblotting. The
values for ubiquitinated PCNA were calculated as described in the Materials and Methods.
Error bars indicate standard deviation (SD). (C) Analysis of ubiquitination of PCNA in
RAD18" and RAD18"-/RAD18" cells as in fig. 3A.
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Fig. 4. Intact post-replicative gap filling in HERC2 cdlls.
(A) Schematic diagram of post-replicative gaps filling at UV-damage sites. (B) Indicated
cells were irradiated with UV (5 J/m2) and pulse-labelled with [methyl-14C] thymidine for
20 min and either lysed immediately or chased for 3 h in fresh medium containing 10 uM

unlabeled thymidine before lysis. Samples were separated on 5-20 % alkaline sucrose

gradient sedimentation.
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Fig. 5. HERC2 and RNF8 are dispensable to maintain the velocity of unperturbed DNA
synthesis.

(A) Schematic of treatment with UV and pulse labeling with 1dU and CldU are shown.
Representative image showing stained DNA fibres. (B) Replication fork lengths were
obtained by converting the IdU track sizes in UM to kb and analyzed in the indicated cell
types. 1dU track lengths are calculated by dividing the track lengths by the labeling time and
depicted above the track lengths. More than 100 forks were calculated in each cell types.
The P-values were calculated by Student’s t-test (C) Indicated cell lines were left untreated
and DNA fibres were analyzed for inter-origin distances (I0Ds). IODs were measured as the
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distance between two adjacent initiation sites during 1dU pulse, and average values are
indicated in kb. Over 50 fibers were analyzed in measurement of IODs. The P-values were
calculated by Student’s t-test. (D) CIdU track lengths were analyzed in the indicated cell
types as previous. The P-values for Student’s t-test were *p<0.001. (E) Indicated cell lines
were treated with UV and DNA fibres were analyzed for inter-origin distances (I0ODs) as
previous.
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Fig. 6. RNF8 and HERC2 work together to maintain replication fork progression on UV
damaged DNA.

(A-C) Replication stalling in response to 20 J/m? UV (red bars) or sham irradiation (blue
bars) in WT (A), HERC2/(B) and RNF8”- (C) cell lines. Each data set is derived from
measurement of at least 100 forks. (D) The data for cells carrying the indicated genotypes
was plotted as a cumulative percentage (y-axis) of forks at each ratio (x-axis). The P-values
of the Kolmogorov—Smirnov test for ratio distribution of each mutant for UV compared to
sham treatment are *p<0.002 and **p<0.001.
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Proportion of unidirectional forks. Proportion of unidirectional forks in indicated cells with and without UV

Table 1

irradiation was analyzed by molecular combing.

Cell Type | UV | % of unidirectional forks
Wild-type | - 14
+ 18
RNF8* - 15
+ 21
HERC2" | - 16
+ 25

DNA Repair (Amst). Author manuscript; available in PMC 2017 March 15.



	Abstract
	Introduction
	Materials and Methods
	Cell culture
	Cell survival assay
	Ectopic expression of AID by retroviral infection
	Analysis of Ig Vλ diversification
	Analysis of PCNA mono-ubiquitination
	Measurement of the size of newly synthesized DNA strands following UV irradiation
	Dynamic molecular combing and immunofluorescent detection

	Results
	The loss of RNF8 increases sensitivity of RAD18-/- cells to MMS and UV
	Significant decreases in the rate of Ig V non-templated single base substitutions in the HERC2-/- and RNF8-/- mutants
	Intact PCNA mono-ubiquitination in HERC2-/- and RNF8-/- mutants
	HERC2 and RNF8 are not required to promote the filling of post-replicative gaps
	HERC2-/- and RNF8-/- mutant cells have normal velocity of unperturbed DNA synthesis and comparable unidirectional fork movement
	HERC2 and RNF8 are required to maintain replication fork progression on UV damaged DNA

	Discussion
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Table 1

