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General IntroductIon 

adapted from:  Peter H.L. Krijger, Ursula Storb and Heinz Jacobs. 
Error-prone and Error-free Resolution of AID lesions in SHM; 

Chapter 6 in DNA deamination and the Immune System. Series on molecular medicine, 
Vol. 3. London, UK, Imperial College Press, 2010. ISBN -101-84816-592-7.
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1
geneRation of high affinity antiBodies

In 1890 it was shown that resistance to diphtheria and tetanus results from 
the formation of substances that circulate in the blood of immunized animals 
(Silverstein, 1985).  These substances are now known as antibodies and are widely 
used in the diagnostics and treatment of many different diseases (Nelson et al., 
2010). Antibodies consist of two identical immunoglobulin heavy chains and 
light chains and are produced by B cells, a specialized cell of our immune system 
(fig. 1). The amino-terminal or variable region of the antibody is responsible 
for antigen binding, while the carboxy-terminal or constant region determines 
the effector function and tissue localisation. As each B cell can only produce 
antibodies with a single specificity, but an organism can generate antibodies 
against an unlimited range of antigens, Lederberg proposed over 50 years 
ago that B cells undergo a high frequency of (genome wide) somatic mutation 
to create a virtual unlimited antibody repertoire with a size-limited genome 
(Lederberg, 1959). While antibody diversification is now known to occur initially 
during early B cell development by V(D)J recombination of the immunoglobulin 
(Ig) genes (Tonegawa, 1983) (fig. 1), it has been established that the generation 
of high affinity antibodies in activated mature B cells critically depends on a 
continuous neo-Darwinian maturation and evolution of antibody specificities by 
somatic hypermutation (SHm) of the variable region of Ig genes and antigen-
mediated selection. (Di Noia and Neuberger, 2007;Neuberger, 2008). Both SHm 
and selection take place in germinal centers (GC), highly dynamic structures 
formed within secondary lymphoid organs shortly after activation of B cells by 
binding of their antibody to an antigen (Rajewsky, 1996;Victora et al., 2010). In 
addition to SHm, GC B cells can undergo class switch recombination (CSR) to 
replace the Ig heavy chain constant region for a downstream constant region 
(i.e. IgG, IgA or Ige), to generate an antibody with a different effector function. 
(Stavnezer et al., 2008). Thus, over a short period after first encounter with 
antigen, low-affinity antibodies specific for the antigen can be transformed into 
high-affinity antibodies, usually of an IgG, IgA, or Ige isotype. 

shm and csR: it all staRts with dna deamination

SHm and CSR are initiated by the activation-induced cytidine deaminase (AID), 
an enzyme found to be differentially expressed in B cells of the GC (muramatsu 
et al., 2000). AID deaminates cytosine (C) to uracil (U) within single stranded 
DNA (Pham et al., 2003;Chaudhuri et al., 2003;Dickerson et al., 2003;Ramiro 
et al., 2003), showing a preference for WRC motifs (W=A/T, R=purine). As AID 
targets both DNA strands in vivo (Dorner et al., 1998;milstein et al., 1998), 
the hotspot motif of antibody hypermutation WRCY (Y=pyrimidine), might be 
explained by deamination of a substrate that contains overlapping WRC motifs 
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on opposite DNA strands by different subunits of an AID oligomer (Rogozin and 
Kolchanov, 1992;Beale et al., 2004). While the primary lesion is restricted to 
cytosine deamination, SHm occurs equally efficient at G/C and A/T basepairs. 
During the last decennium, humans, mice, and cell lines carrying defined genetic 
alterations in DNA repair and DNA damage tolerance elements have revealed 
detailed insights into the molecular pathways controlling the generation of 
defined point mutations in hypermutating Ig genes. The combination of these 
pathways enables hypermutating B cells to generate the entire spectrum of 
nucleotide substitutions at a rate of one per thousand bases per generation, six 
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VDJ Recombination
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Somatic Hypermutation

J

V D J Sµ SγV Cµ CγJ
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**

C
onstant

Variable
* * * *

SHM CSR

Figure 1.

fig.1. VdJ recombination, shm and csR. During early B cell development the primary 
B cell repertoire is generated by recombination of the V(D)J gene segments encoding 
for the variable domain of the heavy chain. for simplicity recombination of the VJ genes 
of the light chain is not depicted. Upon antigen binding, B cells can undergo multiple 
rounds of somatic hypermutation and selection to increase the affinity of the antibody for 
the cognate antigen. In addition, B cells can undergo class switch recombination, which 
involves replacement of the Ig heavy chain constant region for a downstream constant 
region.
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orders of magnitude greater than spontaneous mutagenesis. To establish these 
point mutations at and around the initial U lesion, B cells proved to be highly 
creative in transforming established DNA repair pathways into effective mutator 
pathways. The mutagenic transformation of these faithful repair pathways 
appears to depend strongly on a family of specialized DNA polymerases with 
defined error signatures. To date, three main mutation pathways have been 
identified that contribute to the mutagenic processing of U generated by AID 
(figure 2). This chapter focuses on the role of these pathways and present 
knowledge/models regarding their (in)dependence in establishing specific point 
mutations. In addition, we here focus on the regulatory aspects controlling the 
establishment of defined mutations. 

diRect RePlication acRoss the uRacil:  
g/c tRansitions

Besides intentional cytosine deamination of Ig genes by AID in hypermutating B 
cells, spontaneous cytosine deamination occurs frequently and is one of the most 
common lesions in our genome. If not removed timely from the genome, a uracil 
is highly mutagenic. During DNA synthesis a U in the template strand will instruct 
DNA polymerases to incorporate an Adenine (A), causing G to A and C to T 
transitions. In agreement with this notion, bacteria defective in removing U from 
their genome have a high rate of spontaneous G/C to A/T transitions (Duncan 
and miller, 1980). first data suggesting a role of this mutation pathway during 
SHm was provided by the observation that expression of AID in these bacteria 
resulted in an increase of G/C to A/T transitions (Petersen-mahrt et al., 2002). 
The significance of this pathway was further corroborated in mice defective in 
the removal of U (Shen et al., 2006;Rada et al., 2004). In these mice, the base 
exchange pattern of mutated Ig genes was extremely compromised, showing only 
G/C transitions. These data clearly revealed a major pathway in the generation 
of G/C transition mutations and strongly suggested that the remaining point 
mutations of the hypermutation spectrum require further modifications of the 
initial U lesion (figure 2, left panel). In fact, as outlined below SHm critically 
depends on two generic DNA repair factors, capable of recognizing U in the 
DNA,  the base excision repair  (BeR) factor Ung and the mismatch repair (mmR) 
factor mutSa (figure 2, middle and right panel, respectively).
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figure 2. the three pathways of shm downstream of aid. AID deaminates C to 
U. Three error prone repair pathways can process the U: I.) Left panel: Direct replication 
across U; a U in the template strand instructs a template T leading to the generation of 
G/C to A/T transitions (TS). II.) middle panel: Ung2 dependent SHm; upon removal of the 
U by Ung2 an abasic site (AP site, indicated by a star) is generated. Replication across 
this Ung2-dependent, non-instructive AP site generates G/C transitions and transversions 
(TV). Rev1 generates G to C transversions. Other unknown polymerases (?) generate G/C 
transversions and possibly transitions. A minority of A/T mutations (~10%) is generated 
downstream of Ung2 and depend on Polh and possibly PCNA-Ub. III.) Right panel: mutSa-
dependent SHm; the U/G mismatch generated by AID can also be recognized by mutSa.  
mutSa, an unknown 5’ endonuclease and exo1 generate a large gap. This mutSa/exo1-
dependent gap triggers the Rad6 pathway, leading to monoubiquitination of PCNA 
(PCNA-Ub), which in turn recruits the A/T mutator Polh to generate A/T mutations.
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ung dePendent shm acRoss aP sites:  
g/c tRansVeRsions and tRansitions 

To maintain the integrity of the genome, U and other highly mutagenic base 
modifications can effectively be removed by a multistep repair process, known as 
base excision repair (BeR). BeR is initiated by a family of highly efficient, partially 
redundant DNA-glycosylases capable of recognizing and removing modified bases 
from our genome. DNA-glycosylases catalyze the hydrolysis of the N-glycosidic 
bond that links the base to the deoxyribose-phosphate backbone. After the base 
excision step, the DNA duplex now harbors an apurinic or apyrimidinic, i.e. an AP 
site in its backbone, which is also known as abasic site. The repair of AP sites, the 
common product of glycosylase action, requires a second class of BeR enzymes 
known as AP endonucleases, APe1 and APe2 in mammals, which generate nicks 
in the duplex DNA by hydrolysis of the phosphodiester bond immediately 5’ to the 
AP site. In mammalian cells, further processing involves DNA polymerase b (Polb). 
Polb has two enzymatic activities, a large C-terminal DNA polymerase domain 
and a small N-terminal DNA-deoxy-ribophosphodiesterase (dRpase). While the 
dRpase activity of Polb makes a second nick to remove the AP deoxyribose, the 
polymerase activity fills up the single nucleotide gap. While the lack of an intrinsic 
proof reading activity renders Polb error prone (1-2 misinsertions per 10000), 
accuracy might be gained at the level of DNA ligation and postreplicative mmR 
(Kunkel, 1985;friedberg et al., 2006). In addition to this short patch BeR pathway 
(1nt), the nature of the DNA glycosylase and/or lesion may require an alternative 
pathway of BeR, known as long patch BeR. Long patch BeR involves the flap-
endonuclease 1 (feN1), which after displacement of the strand containing the 
modified base (flap) makes an incision to generate a long single-strand patch 
(2-8nt). Repair synthesis of this long patch requires components of the replication 
machinery such as Pold and Pole, the DNA sliding clamp Proliferating Cell Nuclear 
Antigen (PCNA) as well as DNA ligase 1. Given the accuracy of Pold, and Pole, 
long patch BeR is effective in maintaining genome integrity after base damage. 
Besides replicative DNA polymerases, Polb may also contribute to long patch BeR, 
(Podlutsky et al., 2001;Singhal and Wilson, 1993).

In mammals, four DNA glycosylases have been identified that can hydrolyze U 
from the DNA backbone: Uracil-DNA glycosylase (UNG), SmUG DNA glycosylase 
(SmUG1), methyl-binding domain glycosylase 4 (mBD4), and thymine DNA 
glycosylase (TDG) (Krokan et al., 2002). Although redundant in their enzymatic 
activity in vitro, only UNG appears to be essential during SHm (Bardwell et al., 
2003;Di Noia et al., 2006;Rada et al., 2004;Rada et al., 2002). Two alternative 
splice variants of UNG exist, a mitochondrial (UNG1) and a nuclear (UNG2). Ung 
mutant B cells lack most G/C transversions (Rada et al., 2002). These transversions 
do not depend on Polb, as Polb deficient B cells mutate normally (esposito et al., 
2000). The role of the APe endonucleases during SHm is unknown, as APe1 
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deficiency causes early embryonic lethality (Xanthoudakis et al., 1996). most 
likely, during SHm AP sites are not always removed prior to replication or repair 
synthesis. As AP sites are non-instructive they cause replicative DNA polymerases 
to stall. To continue DNA synthesis across an AP site specialized polymerases are 
recruited (see below) that tolerate such blocking lesions and thereby generate 
G/C transversion as well as transition mutations (figure 2, middle panel). Besides 
APe the mre11/Rad50/Nbs1 (mRN) complex has been proposed to initiate 
mutagenesis by cleaving AP sites (Larson et al., 2005;Yabuki et al., 2005). As 
the resulting ends cannot be extended by high-fidelity DNA polymerases, it has 
now been suggested that error prone DNA polymerases take over to introduce 
mutations when filling the gap. future studies in mRN deficient cells should 
clarify the relevance of this pathway in SHm.

mutsa dePendent shm at mmR gaPs: 
a/t mutations

Cytosine deamination in the DNA helix generates a U:G mismatch. Besides BeR, 
the U:G mismatch can be processed by DNA mismatch repair (mmR) (Wilson 
et al., 2005;Schanz et al., 2009). mmR is an evolutionarily conserved process 
that normally corrects mismatches that have escaped proofreading during DNA 
replication. The mmR process involves a complex interplay of mmR-specific 
proteins with the replication and/or recombination machinery (Jiricny, 1998). 
mmR is initiated by the binding of the mismatch-recognition factors, mutSa 
(mSH2/mSH6 complex) to single base mismatches or mutSb (mSH2/mSH3 
complex) to insertion/deletion loops that arise during recombination or from 
replication. mammalian mmR is proposed to initiate at strand discontinuities, 
such as nicks or gaps that are distal to the mispair (modrich, 2006;Schanz et 
al., 2009)  The recruitment of mutL homologues (mutLa: mLH1-PmS2 complex; 
mutLb: mLH1-PmS1 complex) stabilizes the mismatch-bound mutSa complex and 
appears to prohibit sliding of mutS. exonuclease-1 (exo1) mediated degradation 
of the error-containing strand depends on an incision 5’ of the mismatch. This 
incision may involve the nuclease activity of PmS2 (Kadyrov et al., 2006) or an 
alternative nuclease. Once the mismatch is removed, resynthesis of the degraded 
region by a DNA polymerase, followed by sealing of the remaining nick by DNA 
ligase, completes the repair process.

Remarkably, given the protective nature of mmR in preventing mutations 
arising from mismatched non-Watson-Crick base pairs, early studies in mismatch 
repair mutant mice revealed a selective role of the mismatch recognition complex 
mutSa as well as exo1 in establishing somatic mutation at template A/T around the 
initial U:G mismatch. Interestingly, while mSH2, mSH6 and exo-1 deficient B cells 
lack 80-90% of all A/T mutations, the SHm phenotype appears less pronounced 
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or even normal in B cells lacking other mmR components such as PmS2, mLH1, 
mLH3 and mSH3 (Rada et al., 1998;Wiesendanger et al., 2000;Bardwell et al., 
2004;martomo et al., 2004;Phung et al., 1998;Phung et al., 1999;ehrenstein et 
al., 2001;Winter et al., 1998;Jacobs et al., 1998;frey et al., 1998). These data 
suggest that during SHm, selective components of the mismatch repair machinery 
are required to generate a single strand gap. In contrast to conventional, 
postreplicative mmR, the gap filling process during SHm appears to employ error 
prone TLS polymerase(s) that generate predominantly A/T mutations (figure 2, 
right panel). At present the identity of the incision maker 5’ to the mismatch, 
which is required for exo1 is unknown. UNG2/APe has been proposed (Schanz 
et al., 2009), but given the fact that A/T mutations are mainly unaffected in 
Ung deficient B cells (Rada et al., 2002;Krijger et al., 2009), alternative uracil 
glycosylases might take over.  

ung dePendent a/t mutations and mutsa 
dePendent g/c mutations

The above mentioned observations have resulted in a model in which there 
is a strict separation between the mutSa- and Ung-dependent pathways in 
establishing mutations at template A/T and G/C respectively. However, as msh2 
and msh6 deficient mice show a more restricted targeting of G/C mutations in 
the V region (martomo et al., 2004;Delbos et al., 2007;frey et al., 1998;Rada et 
al., 1998), mutSa may also be involved in the generation of G/C mutations. In 
addition, a significant fraction of A/T mutations (10-20%) are found in mSH2 
deficient GC B cells (but not in UNG2/mSH2 double deficient B cells), indicating 
that UNG2 dependent mutagenesis generates A/T mutations independent 
of mutSa (Rada et al., 2004). Whether UNG2-dependent A/T mutations are 
generated during long patch BeR, i.e. within the strand containing the AP site, 
or alternatively during the extension phase of TLS across the AP site is currently 
unknown. mice deficient for feN1 are embryonic lethal, and analysis of B cells 
from mice expressing a hypomorph variant of feN1 showed no SHm phenotype 
(Larsen et al., 2008), conditional knock out mice or deficient cell lines will have 
to be generated to reveal a function of this pathway in SHm. 

tRanslesion synthesis dna PolymeRases

To explain the unusual high mutation rate of SHm, error prone polymerases were 
postulated about half a century ago (Brenner and milstein, 1966) . Yet, only 
during the last two decades the existence of error prone TLS DNA polymerases 
was revealed. Their characterization in vitro and in vivo indicated an error rate that 
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easily matches the one of SHm. In higher eukaryotes, TLS is carried out primarily 
by the Y family polymerases Polh,  Poli,  Polk and Rev1, the B family member 
polz  (Prakash et al., 2005;Guo et al., 2009). In addition other polymerases 
have been identified to display TLS activity (Table 1). TLS polymerases share the 
unique capacity to bypass DNA lesions, i.e. they can continue replication in the 
presence of noninstructive or misinstructive DNA lesion that otherwise may stall 
the replicative Pole and Pold. In general, TLS is thought to proceed in a two-step 
mode (Shachar et al., 2009;Johnson et al., 2000;Ziv et al., 2009) 1.) Incorporation 
of nucleotide(s) directly opposite of the lesion. 2.) elongation from the distorted 
or bulky non-Watson-Crick base pairs by an extender TLS polymerase. A 
prerequisite for TLS is the lack of proofreading activity by TLS polymerases. Once 
extended, proofreading proficient high fidelity DNA polymerase cannot detect 
the tolerated lesion any longer and resumes DNA synthesis. While the capacity 
of TLS polymerases to accommodate non Watson-Crick base pairs within their 
catalytic center is beneficial regarding the accurate replication across specific 
modified bases, it also makes TLS polymerases highly mutagenic when replicating 

table 1. DNA polymerases in higher eukaryotes

family Pol function

A Polg mitochondrial DNA replication 
Polq TLS (?)

BeR (?) 
Poln TLS (?)

B Pola Replication priming 
Pold Replication 
Pole Replication 
Polz TLS

SHm (? - Reduced mutations in ko) 
X Polb BeR

Poll BeR
NHeJ(V(D)J recombination)
TLS (?)

Polm NHeJ (VJ recombination), TLS (?) 
TdT V(D)J recombination

Y Polh TLS
SHm (A/T mutations)
homologous recombination 

Poli TLS
Rev1 TLS

SHm  (C>G and G>C)
Polk TLS

NeR
SHm  (Backup Polh, A/T mutations)
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across undamaged DNA or other lesions (Jansen et al., 2007;Prakash et al., 
2005). Since each polymerase displays its own mutagenic signature, alterations 
in the mutation spectrum can often be attributed retrospectively to the absence 
of or failure in activating specific polymerases. This preference has been highly 
beneficial regarding the identification of DNA polymerases involved in SHm. 

Polh
Polh, a polymerase that is absent or hypomorph in patients with the variant 
form of Xeroderma Pigmentosum (XP-V) (Johnson et al. 1999)(masutani et al., 
1999b), is highly efficient and error-free when replicating UV-induced cyclobutane 
pyrimidine dimers (CPDs), the oxidative lesion 8-oxodeoxyguanosine (8-oxo-dG) 
and cisplatin-induced GG intrastrand crosslinks (Johnson et al., 1999;mcCulloch 
et al., 2004a;matsuda et al., 2000;Shachar et al., 2009;mcCulloch et al., 
2004b;Vaisman et al., 2000;Haracska et al., 2000). The observations that XP-V 
patients are hypersensitive and hypermutable to UV damage, associated with 
a strong predisposition to skin cancer (masutani et al., 1999a;Johnson et al., 
1999) indicate that at least in the context of UV-induced DNA damage, other 
TLS polymerases are non-redundant with Polh activity in vivo. In contrast, Polh is 
error-prone when replicating undamaged DNA, a feature employed during SHm as 
indicated by the significant reduction in mutations at A/T base pairs in B cells from 
XP-V patients (Zeng et al., 2001) and mouse models defective for Polh (Delbos 
et al., 2005;martomo et al., 2005). Consistent with these in vivo data, Polh has 
a preference to insert mismatched nucleotides opposite template T (Rogozin et 
al., 2001). These data suggest that Polh is required to generate A/T mutations 
downstream of mutSa. In addition to its role downstream of mutSa, Polh is 
responsible for the remaining A/T mutations downstream of UNG2, as deduced 
from SHm analysis in mSH2 and mSH2/Polh-deficient mice (Delbos et al., 2007). 

Polk
In vitro experiments have shown that purified Polk efficiently and accurately 
bypasses benzo[a]pyrene-guanine (BP-G) adducts (Zhang et al., 2000). The 
observation that Polk deficient cells, are sensitive and hypermutable to BP-G 
suggests that these properties are also employed by Polk to bypass across BP-G 
adducts in vivo (Ogi et al., 2002). The sensitivity of Polk deficient cells to UV radiation 
(Schenten et al., 2002;Ziv et al., 2009), is more difficult to understand as in vitro 
the enzyme does not support TLS across CPD or [6-4] photoproducts (the other 
main type of UV induced DNA damage). There are however indications, that Polk 
might function in extending from bypassed UV lesions (Washington et al., 2002) 
and removal of UV lesions by Nucleotide excision Repair (Ogi et al., 2010;Ogi 
and Lehmann, 2006). Polk seems not essential for somatic hypermutation in Polk 
deficient mice (Schenten et al., 2002; Shimizu et al., 2003). However, the residual 
A/T mutations found in Polh deficient B cells have been demonstrated to depend 
on Polk and at least a third yet unidentified polymerase (faili et al., 2009). This 
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observation is compatible with the error-signature of Polk in vitro (Ohashi et al., 
2000). Apparently, Polk can substitute Polh whereas other polymerases of the 
Y-family, for example Rev1, cannot, as revealed by the normal generation of G to 
C transversions in Polh deficient mice (see below). 

Rev1 
Rev1 is selective in its nucleotide incorporation activity as it only incorporates 
dCmP and therefore in its strictest sense should be regarded as a deoxycytidyl 
transferase rather than a bona fide DNA polymerase. In vitro, Rev1 is able to 
efficiently and specifically insert dCmP opposite an AP site or a uracil residue, but 
not opposite a CPD or a [6–4] photoproduct (Nelson et al., 1996;masuda et al., 
2002;masuda et al., 2001;Lin et al., 1999). The sensitivity of Rev1 mutant cells 
to UV radiation (Simpson and Sale, 2003;Jansen et al., 2009;Jansen et al., 2006) 
has therefore been linked to a structural role of Rev1 (Nelson et al., 2000;Ross 
et al., 2005;masuda et al., 2009). As the C-terminal region of ReV1 can interact 
with Polh, Poli, Polk and the noncatalytic ReV7 subunit of Polz (murakumo et al., 
2001;Ohashi et al., 2004;Guo et al., 2003), Rev1 have been proposed to direct 
TLS polymerases for bypass of UV lesions, which would explain the important 
role of Rev1 in DNA damage-induced mutagenesis (Lawrence, 2002;Jansen et 
al., 2006;Jansen et al., 2009;friedberg, 2005). Consistently, the Rev1 C-terminal 
interaction region is required for resistance to DNA-damaging agents in chicken 
DT40 cells (Ross et al., 2005). In addition to the C-terminal interaction region 
Rev1 harbors a BRCA1 C-terminal (BRCT) domain in its N-terminus (Gerlach 
et al. 1999). This domain is required for (mutagenic) TLS and resistance to UV 
irradiation and other DNA-damaging agents (Lawrence, 2002;Jansen et al., 
2005). BRCT domains have been identified in many cell cycle and DNA repair 
proteins (Huyton et al., 2000), and are thought to mediate protein interactions 
by binding to proteins that are phosphorylated by the DNA damage-activated 
protein kinases ATR and ATm (Yu et al., 2003). It has been shown that Rev1 could 
bind PCNA via this domain, (Guo et al., 2006a;Jansen et al., 2007). future studies 
should reveal whether other proteins, like for example the 9-1-1 complex (see 
below) are bound by the BRCT domain of Rev1 (Jansen et al., 2007).

B cells derived from Rev1 deficient and catalytic mutant mice as well as 
chicken DT40 cells indicated a role for the catalytic activity of Rev1 in SHm 
(Jansen et al., 2006;Ross and Sale, 2006;masuda et al., 2009;Arakawa et al., 
2006). In agreement with the reported in vitro ability of Rev1 to bypass AP sites 
lesion (Nelson et al., 1996), C to G and G to C transversions are reduced in Rev1 
mutant B cells. While in chicken DT40 B cells Rev1 is required for the generation 
of most of the C to G and G to C transversions, Rev1 seems to generate only 
part of these mutations in mammalian B cells, indicating that other polymerases 
can make these transversions in the absence of Rev1. While the BRCT domain of 
Rev1 was shown to regulate TLS of AP sites in yeast (Haracska et al. 2001), the 
BRCT domain is dispensable during SHm (Jansen et al. 2005). furthermore, as 
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A/T mutations are still present in Rev1 deficient B cells (Jansen et al., 2006), the 
C-terminal polymerase binding region of Rev1 is dispensable for most Polh and 
Polk activity during SHm.

Poli
Observations that ‘knock-down’ of Poli greatly increases the sensitivity of cells to 
oxidizing agents (Petta et al., 2008),  that Poli displays  BeR activity in vitro and 
in vivo (Petta et al., 2008;Bebenek et al., 2001) and accurately bypasses 8-oxo-G 
(12), have implicated Poli in the protection against oxidative stress. In addition, 
in vitro and in vivo studies have indicated a role for Poli in bypassing both CPD 
and (6–4) PP (Tissier et al., 2000;Ziv et al., 2009;Yoon et al., 2010;Johnson et 
al., 2000). Poli deficiency does nor result in a survival disadvantage after UV 
radiation in Polh proficient cells, however it does result in higher sensitivity 
and hypomutability to UV in the absence of Polh in some (Gueranger et al., 
2008;Dumstorf et al., 2006;Ziv et al., 2009), but not all (Ohkumo et al., 2006;Ziv 
et al., 2009) studies. moreover, the absence of Poli increased the onset of UV-
induced skin cancers in Polh deficient mice (Dumstorf et al., 2006;Ohkumo et 
al., 2006). So while Poli may protect against UV radiation in vivo, the mutagenic 
bypass of these lesions by Poli and other polymerases may result in cancer as seen 
in XP-V patients. Given the extreme low-fidelity of Poli when copying undamaged 
DNA, Poli has been proposed as a candidate TLS polymerase in SHm. In vitro Poli 
prefers to insert a G rather than an A opposite of T (Zhang et al. 2000)(Johnson 
et al., 2000;Tissier et al., 2000). In addition Poli has a preference to insert either 
G or T residues opposite of AP sites (Zhang et al. 2001). While incorporation of 
G opposite of an AP site will faithfully restore the initial AID induced lesion, the 
introduction of a T will result in C to A and G to T transversions. Actually, the TLS 
polymerase(s) involved in establishing these transversions during SHm remain to 
be identified. No changes in SHm were observed in B cells derived from a 129/J-
mouse strain that carries a spontaneous nonsense mutation in the Poli gene 
(mcDonald et al. 2003). Western blot analysis on testis extracts indeed showed 
the absence of Poli in this strain. Nevertheless, it has been described that there 
may be tissue specific and functional alternative splice forms of Poli, and ‘Poli 
activity’ seems to be retained in brain extract from this mouse strain (Gening et 
al. 2006). In this context, 129/J-derived B cells should be tested for the presence 
of hypomorph versions of Poli. At present, one cannot formally exclude that Poli 
is involved in SHm. Analysis of B cells derived from mouse mutants carrying a 
targeted deletion of Poli will solve this issue. 

Polz
Polz is a heterodimer composed of a catalytic Rev3 and structural Rev7 protein 
that extends efficiently from mispaired primer termini on undamaged DNA 
(Gan et al., 2008), and is the only polymerase who’s deficiency in mammals is 
embryonic lethal (Bemark et al., 2000;Kajiwara et al., 2001;Kawamura et al., 
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2001;Van Sloun et al., 2002;Wang et al., 2002). Rev3 deficient chicken DT40 
B cells revealed a central role of Rev3 in maintaining genome stability. Beside 
a defect in TLS, these cells showed reduced gene targeting efficiencies and a 
significant increase in the level of genomic breaks after ionizing radiation (Sonoda 
et al., 2003). In mammals Rev3 has been suggested to be essential for the bypass 
of 6-4 PP during the repair of post replicative gaps, while mostly dispensable for 
the bypass of CPDs. (Jansen et al 2009). These observations are consistent with 
results obtained from a plasmid gap assay, in which TLS across 6-4PP strongly 
depends on Rev3, but not across CPDs (Shachar et al., 2009). Interestingly, TLS 
across AP site was only 2 fold reduced in Rev3 deficient cells in this assay. While 
together with Rev1, Polz is responsible for the majority of DNA damage-induced 
and spontaneous mutations in yeast and mammals (Lemontt, 1971;Gan et al., 
2008) it is currently unknown whether Polz is involved in SHm. A ‘knock down’ 
of the catalytic subunit Rev3 in human B cells or in transgenic mice revealed a 
decrease in the frequency of somatic hypermutation (Diaz et al., 2001; Zan et al., 
2001). Consistently, in vivo gene ablation of Rev3 in mature B cells reduced the 
frequency of somatic mutations (Schenten et al., 2009). As the pattern of SHm 
was unaffected, these results could imply that Polz during SHm is involved in 
all mutations. However as at least G/C transitions do not completely depend on 
Polz, the observed phenotype is at least partly caused by the enormous sensitivity 
of cells to Rev3 ablation. 

Other TLS polymerases: Poll, Polm, Polq and Poln
In addition to the above mentioned polymerases, Poll, Polm, Polq and Poln have 
shown translesion activity in vitro. While Poll and Polm appear dispensable 
for SHm (Bertocci et al., 2002) (Lucas et al., 2005), a role for Polq was initially 
proposed by the labs of Casali and O-Wang. In vitro Polq is capable of direct 
catalytic bypass of abasic sites, strongly favoring dAmP (Seki et al., 2004). While 
the lab of Casali reported a dramatic decrease in the frequency of mutations and 
an increase in G/C transitions, the lab of O-Wang reported that Polq deficient 
mice had only a mild reduction in the number of mutations and an increase 
in G to C transversions. In addition, the O-Wang group analyzed SHm in mice 
expressing a catalytically inactive Polq and found an actual decrease in mutations 
at template G/C. Given these striking differences, the Gearhart group recently 
reexamined this issue in Polq deficient mice and Polq/Polh double deficient mice. 
Based on the frequency and spectra of the mutations they observed, Polq has 
no major role in somatic hypermutation (martomo et al., 2008;masuda et al., 
2006;Zan et al., 2005;masuda et al., 2005). The only non-replicative polymerases 
not tested for its role in SHm is Poln due to the lack of a of Poln deficient mouse 
model (marini et al., 2003). In vitro the vast majority of errors made by Poln 
reflect misincorporation of dTmP opposite template G, while its error signature 
across AP site is currently unknown. 
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In summary, only Polh and Rev1 appear to have non-redundant functions in 

establishing most A/T mutations and G to C transversions, respectively. Other TLS 
polymerases are likely involved and might compensate the absence of others. 
The diversity of structurally related TLS polymerases raises a central question: 
What regulates the activation of TLS polymerases during SHm? 

Regulating tls By Pcna uBiquitination 

Non-instructive DNA lesions cause problems for high fidelity polymerases and lead 
to replication fork stalling. If the “stalling” lesion is not repaired, the replication 
fork may collapse (Tercero & Diffley 2001). Such a collapse can generate double 
strand breaks, which can in turn trigger cell death (mcGlynn & Lloyd 2002). 
To maintain genomic integrity and prevent the generation of death signals by 
secondary lesions, eukaryotic cells are equipped with DNA damage tolerance (DDT) 
pathways to continue replication without an a priori repair of the initial lesion 
(friedberg, 2005). Cells are equipped with two alternative DNA damage tolerance 
pathways: TLS (damage bypass) and homology-dependent damage avoidance 
(HDA; all mechanisms that rely on a homologous donor; this includes strand 
transfer from the donor (homologous recombination), and template switching, 
in which the information is copied from the donor) (friedberg 2005; Haracska 
et al. 2001; Lawrence 1994; murli & Walker 1993). HDA uses intact DNA of the 
sister chromatid or the homologous chromosome to continue replication and is 
therefore mainly error free (Zhang & Lawrence 2005). As mentioned previously, 
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figure 3. Pcna modification and functions in S. cerevisiae. In the absence of DNA 
damage, S. cerevisiae PCNA is SUmOylated at K164 or K127 (not depicted), which inhibits 
homologous recombination during replication by recruiting Srs2. Upon fork stalling PCNA 
is monoubiquitinated at K164 by Rad6/Rad18 to activate direct translesion synthesis 
across the stalling lesion. Alternatively PCNA can be further polyubiquitinated by Ubc13/
mms2/Rad5 to stimulate template switching.
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TLS enables direct replication across the damaged template and depending on 
the type of damage and the TLS polymerase involved, can be highly error prone. 

Studies in S. cerevisiae identified that both modes of lesion bypass appear 
to be controlled by specific posttranslational modifications of the homotrimeric 
DNA sliding clamp PCNA (fig.3). PCNA is an essential binding platform for 
numerous proteins involved in DNA replication, repair, and cell cycle regulation. 
PCNA tethers DNA polymerases to their substrate and thereby serves as a critical 
processivity factor for DNA synthesis (moldovan et al., 2007). During replication, 
the replicative polymerases bind PCNA through its PIP (PCNA-interacting peptide) 
box (Warbrick 1998). When the high fidelity replication machinery is stalled upon 
encountering a lesion, PCNA becomes monoubiquitinated (PCNA-Ub) at lysine 
residue 164 (PCNAK164) by the ubiquitin-conjugating/ligating complex Rad6/Rad18 
(e2/e3)  (Hoege et al. 2002). In addition, the heterodimeric e2 ubiquitin conjugase 
consisting of Ubc13 and mms2 cooperates with the RING finger e3 ligase Rad5 
in specific lysine 63-linked polyubiquitination of PCNA-Ub (PCNA-Ubn). Besides 
ubiquitination, modification of PCNA by the small ubiquitin-like modifier SUmO 
occurs by Ubc9 and Siz1 at K164 and K127  in S. cerevisiae (Hoege et al., 2002). 
As deletion of Polh, Rev1 and Polz does further sensitize Rad5- and Siz1-deficient 
strains, but not Rad6 and PCNAK164R mutant strains to UV radiation (Stelter and 
Ulrich, 2003;Lawrence and Christensen, 1976;mcDonald et al., 1997;Hoege et 
al., 2002), it is now generally accepted that in S. cerevisiae PCNA-Ub is essential 
for activation of TLS-dependent damage tolerance, while PCNA-Ubn activates 
HDA. In agreement, PCNA-Ub is a prerequisite for Polz- and Rev1-dependent, 
damage-induced mutagenesis (Lawrence and Christensen, 1976;Stelter and 
Ulrich, 2003), while PCNA-Ubn deficient strains show an increased TLS-mediated 
spontaneous and damage-induced mutagenesis (Broomfield et al., 1998;Brusky 
et al., 2000;Johnson et al., 1992). PCNA-SUmO is most prominent during S 
phase and unlike ubiquitination is not markedly enhanced in the presence of 
DNA-damaging agents. It has been suggested that PCNA-SUmO recruits Srs2 to 
the replication fork, a helicase that inhibits homologous recombination (Pfander 
et al., 2005;Papouli et al., 2005;Haracska et al., 2004), and hereby regulates 
the Rad5 mediated error-free pathway (Branzei et al., 2008) and prevents 
unwanted recombination during replication stalling. However, in the absence 
of RAD6 dependent DDT the suppression of homologous recombination makes 
yeast even more sensitive to replication-stalling agents and replication error-
prone due to an increased contribution of Polz. Thus in contrast to damage-
induced mutagenesis, both mono-ubiquitin and SUmO conjugation to PCNA 
can contribute to the activation of Polz for spontaneous mutagenesis (Hastings 
et al., 1976;Stelter and Ulrich, 2003;Quah et al., 1980), although PCNA-SUmO 
most likely in an independent manner.
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Pcna modification in higheR eukaRyotes

Like in S. cerevisiae, UV-irradiation in higher eukaryotes lead to PCNA-Ub at 
the conserved K164 residue (Kannouche et al. 2004). As mammalian cells and 
chicken DT40 cells impaired for PCNA ubiquitination are sensitive to replication 
fork blocking lesions (Watanabe et al., 2004;Arakawa et al., 2006;Niimi et al., 
2008), it has been suggested that, like in yeast, TLS in higher eukaryotes strongly 
depends on PCNA-Ub. In agreement, PCNA-Ub in mammals increases its affinity 
for Polh, Poli and Rev1 (Watanabe et al., 2004;Kannouche et al., 2004;Bienko et 
al., 2005;Plosky et al., 2006;Guo et al., 2006b), which is believed to depend on 
the Ub-binding domain (UBD) of TLS polymerases (Bienko et al., 2005). In line with 
these observations, the recruitment of TLS polymerases to sites of UV damage 
is impaired in cells lacking Rad18 or when the UBDs are mutated (Watanabe et 
al., 2004;Bienko et al., 2005;Guo et al., 2008;Guo et al., 2006b;Plosky et al., 
2006). In contrast, Rev1 was observed to act mainly independently of PCNA-Ub 
in chicken DT40 cells to recover from UV induced replication blocks (edmunds et 
al., 2008), while the dependence of Rev1 on PCNA-Ub in mammals is currently 
unknown. furthermore, the involvement of PCNA-Ub and the UBD in regulating 
Polh in mammals has recently been questioned. The bypass of a CPD lesion was 
shown to be as efficient in cell extracts of Rad18-deficient cells as in wild-type 
(WT) cell extracts (Schmutz et al., 2010). furthermore, Lehmann, et al. suggested 
that PCNA-Ub is not required for Polh accumulation into foci, but only increases 
the residence time of Polh within foci (Sabbioneda et al., 2008) and proposed 
a model in which the UBD domain is targeted to an unknown protein, which 
results in loading of Polh to PCNA-Ub (Gohler et al., 2011). In contrast,  Prakash, 
et al. indicated that not all conserved residues in the UBD domain effect Polh 
function, suggesting that Ub binding by the UBD of Polh is dispensable for its 
activation (Acharya et al., 2008;Acharya et al., 2010). 

PolyuBiquitination of Pcna in higheR 
eukaRyotes 

Like in yeast, damage-inducible PCNA-Ubn has been observed, although to a 
lesser extent, in mammals (Chiu et al., 2006), and was found to be mediated by 
two Rad5 orthologs, HLTf and SHPRH. Like Rad5, both SHPRH and HLTf physically 
interact with the RAD6/RAD18 and UBC13/mmS2 complexes and promote 
PCNA polyubiquitination at K164 in a RAD18-dependent manner (motegi et 
al., 2006;motegi et al., 2008;Unk et al., 2006;Unk et al., 2008). The role for 
PCNA-Ubn in mammals is currently unknown, however depletion of either SHPRH 
or HLTf in human cells increases the sensitivity to methyl methanesulfonate (mmS) 
and enhances genomic instability. These data implicate a role for PCNA-Ubn in 
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mammalian DNA damage tolerance. furthermore, in human fibroblasts the 
reduced expression of mmS2 and the inhibition of K63 polyubiquitination 
have been shown to increase the frequency of UV-induced mutations (Li et al., 
2002;Chiu et al., 2006), suggesting that like in yeast PCNA-Ubn prevents TLS-
mediated mutagenesis.

sumoylation of Pcna in higheR eukaRyotes 

While the minor SUmO conjugation site of PCNAK127 is not conserved in higher 
eukaryotes, SUmOylation of PCNA has been detected at K164 in chicken DT40 
cells (Arakawa et al., 2006). It is currently unknown what the consequences of 
this modification are in DT40 cells and whether PCNA-SUmO occurs in mammals. 
furthermore, no homologs of Srs2 have been identified in higher eukaryotes, 
although other helicases have been identified that could substitute Srs2 by 
inhibiting HR in mammalian cells (marini and Krejci, 2010).

shm at temPlate a/t RequiRes Pcna 
modification in mammals

To determine whether PCNA modification regulates the generation of somatic 
mutations in hypermutating B cells, PCNA mutant mice that contain a lysine 
164 to arginine mutation (PCNAK164R) have been analyzed for SHm. Analysis of 
the mutation spectrum of Ig genes in B cells from these knock-in mice revealed 
a ten-fold reduction in A/T mutations (Langerak et al., 2007). In agreement, 
PCNA knock-out mice reconstituted with a PCNAK164R transgene showed a 
reduction of A/T mutations in Ig genes (Roa et al., 2008). These data suggest 
that most A/T mutations are regulated by PCNA-Ub. As A/T mutations depend 
mainly on polymerase h (and in it’s absence polymerase k and at least a third 
yet unidentified polymerase (faili et al., 2009), these data suggest that during 
mSH2-dependent SHm, and possibly during Ung2-dependent SHm, both Polh 
and Polk depend on PCNA-Ub to establish most A/T mutations. Interestingly, 
it has been suggested that PCNA-Ubn in B cells suppresses mutagenesis during 
SHm, similar to PCNA-Ubn in yeast during spontaneous and damage-induced 
mutagenesis (motegi et al., 2008). However, as this study was performed in a B 
cell line in which only a minority of the mutations are known to be at template 
A/T and the mutation spectrum in this study was not determined, the underlying 
mechanism is currently unclear.
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Pcna-uB indePendent g/c tRansVeRsions 
duRing shm

While most A/T mutations depend on PCNA-Ub, the generation of G/C 
transversions is not impaired in PCNAK164R mutant B cells. Given the role for the 
TLS polymerase Rev1 in generating G to C transversions during SHm (Jansen et al., 
2006;Ross and Sale, 2006), these findings exclude a role of PCNA-Ub in activating 
Rev1 and all other yet unidentified ‘G/C transverters’ during SHm in mammals. In 
agreement, damage tolerance mediated by Rev1 was found to be independent 
of PCNA-Ub in the chicken DT40 B cell line (edmunds et al., 2008). In contrast, in 
DT40 cells, Rev1 depends on PCNA-Ub to generate G to C transversions during 
SHm (Arakawa et al., 2006). How G to C transversions are controlled during SHm 
in mammals is currently unknown, however as both the Rad9-Rad1-Hus1 complex 
(9-1-1) and the fanconi Anemia pathway have been reported to regulate TLS, 
analysis of these pathways may reveal the answer to this question.

Regulating tls By 9-1-1

The heterotrimeric 9-1-1 complex is structurally very similar to PCNA (Dore et al., 
2009) and is loaded by Rad17 onto DNA in response to replication fork stalling 
where it triggers the activation of the cell cycle checkpoint and possibly DNA 
repair in both yeast and higher eukaryotes (Bermudez et al., 2003;Volkmer and 
Karnitz, 1999;Bai et al., 2010;Parrilla-Castellar et al., 2004). Interestingly, in yeast 
the 9-1-1 complex is also required for DNA damage-induced mutagenesis, possibly 
by its direct interaction with Polk and Polz (Kai and Wang, 2003;Sabbioneda et 
al., 2005). Whether the 9-1-1 complex regulates TLS during DDT and SHm in 
mammals is currently unknown. Deficiency of Rad17, or any member of the 9-1-1 
complex is embryonic lethal in mice, and results in cell death in mouse embryonic 
fibroblast (Hopkins et al., 2004;Weiss et al., 2000;Budzowska et al., 2004). In 
contrast, mouse embryonic stem cells deficient for Rad9, chicken DT40 B cells 
deficient for Rad9 or Rad17 and Hus1 mouse embryonic fibroblasts deficient for 
p21 can be grown in culture, although these cell lines are hypersensitive to UV, 
mmS and HU (Weiss et al., 2000;Hopkins et al., 2004;Kobayashi et al., 2004). 
These observations indicate that in higher eukaryotes the 9-1-1 complex is not 
required for cell survival per se, but is essential under replication stalling conditions. 

Regulating tls By the fa Pathway

fanconi anemia (fA) is an autosomal recessive genetic disorder, which at the 
cellular level is characterized by a hypersensitivity to DNA cross-linking agents 
such as cisplatin (Kee and D’Andrea, 2010). How the fA pathway mediates 
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resistance to cross-links is largely unknown. Current models suggest that after 
replicative DNA polymerases are stalled at a DNA cross-link, fANCD2 and fANCI 
become monoubiquitinated by the fA core complex. The fA core complex 
consists of eight essential fA proteins, fANCA, -B, -C, -e, -f, -G, -L, -m, and 
two fA-Associated Proteins fAAP100 and fAAP24. fANCD2 was shown to 
stimulate incision of one of the strands containing the cross-link and to recruit 
TLS polymerases to enable a direct replicative bypass (Knipscheer et al., 2009). 
In agreement, the TLS polymerases Rev1 and Rev3 have been demonstrated to 
act synergistically with the fA pathway in cross-link repair in chicken DT40 B cells 
(Niedzwiedz et al., 2004). Interestingly, it has been reported that chicken DT40 B 
cells deficient for members of the fA pathway show a decrease in SHm (Yamamoto 
et al., 2005;Niedzwiedz et al., 2004). Although the precise mechanism for the 
decrease in the accumulation of non-templated mutations is currently unclear, it 
is intriguing to speculate that the fA pathway may regulate TLS polymerases like 
Rev1 during SHm to generate these mutations.

scoPe of this thesis

This thesis focuses on the regulation of TLS polymerases during DDT and especially 
its mutagenic function during SHm of immunoglobulin genes.  While the first 
part (chapters 2 –6) of this thesis addresses the role of specific post-translational 
modifications of lysine residue 164 in PCNA (PCNAK164) in controlling SHm, DDT, 
and meiosis, the second part (chapter 7-9) addresses PCNAK164 independent,  
regulatory aspects of SHm and DDT. In chapter 2, we first determined where in 
the previously described SHm pathways (fig 2) PCNAK164 dependent mutations 
are located and what the contributions of msh2 and Ung2 are (Chapter 2). We 
next investigated whether the two known mammalian homologs of Rad5, SHPRH 
and HLTf, responsible for polyubiquitination of PCNA regulate mutagenesis 
during SHm, and whether they are essential for survival upon DNA damaging 
agents in mammals (Chapter 3). In Chapter 4 and 5, we investigated the role 
of PCNA modification in mammalian DDT. Specifically we questioned whether 
PCNA modification is essential for polymerase h function upon UV damage, 
and TLS in general across specific lesions. In addition we determined the role 
of PCNA modification in regulating polymerase h during SHm. In Chapter 6, 
we examined why PCNAK164R mutant mice display severe defects in germ cell 
development by analyzing the function and nature of the PCNA modification in 
spermatogenesis in more detail. In the last chapters we study the contribution of 
the msh2 pathway (Chapter 7), the fanconi Anermia pathway (Chapter 8) and 
the proposed topological counterpart of PCNAK164 in the 9-1-1 complex (Chapter 
9) during SHm. finally, a general discussion of the preceding chapters and their 
relation to published literature is presented in Chapter 10.
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aBstRact

During somatic hypermutation (SHm) B cells introduce mutations into their 
immunoglobulin genes to generate high affinity antibodies. Current models 
suggest a separation in the generation of G/C transversions by the Ung2 
dependent pathway and the generation of A/T mutations by the msh2/PCNA-Ub 
dependent pathway. It is currently unknown whether these pathways compete 
to initiate mutagenesis and whether PCNA-Ub functions downstream of Ung2. 
furthermore, these models do not explain why mice lacking msh2 have a more 
than two-fold reduction in the total mutation frequency. Our data indicate that 
PCNA-Ub is required for A/T mutagenesis downstream of both msh2 and Ung2. 
furthermore, we provide evidence that both pathways are non-competitive to 
initiate mutagenesis and even collaborate to generate half of all G/C transversions. 
These findings significantly add to our understanding of SHm and necessitate an 
update of present SHm models. 

2
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intRoduction

To generate high affinity antibodies, germinal center (GC) B cells are enabled 
to introduce point mutations into the variable region of their rearranged 
immunoglobulin (Ig) genes. This process of somatic hypermutation (SHm) occurs 
at an astonishing rate of one per thousand bases per generation, six orders of 
magnitude greater than spontaneous mutagenesis (Di Noia and Neuberger, 
2007). SHm is initiated by the activation-induced cytidine deaminase (AID), an 
enzyme found to be differentially expressed in B cells of the GC (muramatsu et 
al., 2000). AID deaminates cytosine (C) to uracil (U) within single stranded DNA, 
and targets both DNA strands in the variable and switch regions of Ig genes. To 
establish point mutations at and around the U, three alternative pathways can 
handle this initial lesion (figure 1). 1.) Replication across a U instructs a template 
thymidine (T) to DNA polymerases and generates G/C to A/T transitions (Rada et 
al., 2004;Shen et al., 2006). 2.) The U can be excised from the DNA backbone by 
the base excision repair (BeR) protein uracil-DNA glycosylase (Ung2), an abasic 
or apyrimidinic (AP) site is generated causing replicative DNA polymerases to 
stall. To continue replication, specialized translesion synthesis (TLS) polymerases 
can be recruited, enabling a direct replicative bypass of AP sites. As AP sites 
are non-instructive, these TLS polymerases generate G/C transversions and may 
contribute to G/C transitions (Ung2 dependent SHm). Accordingly, Ung mutant 
B cells lack most G/C transversions (Rada et al., 2002). 3.) Alternatively, the U 
can be recognized as a U:G mismatch by the mismatch repair complex msh2-
msh6, resulting in exonuclease 1 (exo-1) activation and the formation of a single-
stranded gap around the initial mismatch. Interestingly, msh2, msh6 and exo-1 
deficient B cells lack 80-90% of all A/T mutations, suggesting that the gap filling 
process is executed by TLS polymerases predominantly generating A/T mutations 
(msh2 dependent SHm) (Rada et al., 1998;Wiesendanger et al., 2000;Bardwell 
et al., 2004). As a significant fraction of A/T mutations (10-20%) are found in 
msh2 deficient GC B cells, but not in Ung2/msh2 double deficient GC B cells, 
Ung2 dependent mutagenesis generates the above mentioned fraction of A/T 
mutations (Rada et al., 2004). Whether Ung2 dependent A/T mutations are 
generated during long patch BeR, i.e. within the strand containing the AP site, 
or alternatively during the extension phase of TLS across the AP site is currently 
unknown. In summary, these data suggest a specific role of these pathways in 
recruiting and activating selective TLS polymerases to establish defined mutations. 
The combination of these pathways enables hypermutating B cells to generate 
the entire spectrum of nucleotide substitutions.  

In contrast to replicative DNA polymerases, TLS polymerases lack proofreading 
activity. The capacity of TLS polymerases to accommodate non Watson-Crick 
base pairs within their catalytic center is beneficial regarding the accurate 
replication across modified bases, such as UV-C induced cyclic pyrimidine 
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dimers by polymerase h. However, TLS polymerases are highly mutagenic 
when replicating across undamaged DNA and defined lesions such as AP sites 
(Jansen et al., 2007;Prakash et al., 2005). Since each polymerase displays its 
own mutagenic signature, alterations in the mutation spectrum can often be 
attributed retrospectively to the absence of, or failure in activating specific 
polymerases. The Y-family of DNA polymerases comprises four members, 
of which at least polymerase h, Rev1 and to some degree polymerase k, are 
implicated in SHm. Rev1 deficient B cells display reduced frequencies of G/C 
to C/G transversions (Jansen et al., 2006;Ross and Sale, 2006), suggesting 
Rev1 to function downstream of Ung2. In agreement, Rev1 is an effective 
cytidyl transferase when bypassing abasic sites in vitro (Nelson et al., 1996). In 
contrast, polymerase h is ineffective in handling abasic sites (Haracska et al., 
2001), and preferentially inserts mismatched nucleotides opposite template T 
(Rogozin et al., 2001). Consistent with these in vitro data, the mutation spectra 
of polymerase h deficient B cells from human and mice lack a significant fraction 
of A/T mutations, suggesting polymerase h to be employed mainly downstream 
of msh2 (Zeng et al., 2001;Delbos et al., 2005;martomo et al., 2005). In addition 
to its role downstream of msh2, polymerase h was responsible for the remaining 
A/T mutations downstream of Ung2, as shown in msh2 deficient mice (Delbos 
et al., 2007a). While the lack of polymerase k had no effect on SHm (Schenten 
et al., 2002), polymerase k was found to generate A/T mutations in case of 
polymerase h deficiency (faili et al., 2009). Thus polymerase k can substitute 
polymerase h, whereas Rev1 cannot, as revealed by the normal generation of G 
to C transversions in polymerase h deficient mice. 

The question remains, how and when these error prone polymerases become 
employed to establish specific nucleotide substitutions. During replication, the 
DNA sliding clamp proliferating cell nuclear antigen (PCNA) functions as a critical 
processivity factor by tethering the DNA polymerases to the DNA template. 
Studies in yeast and subsequently in mammalian cells revealed an important 
role for site specific monoubiquination of PCNA at lysine 164 (PCNA-Ub) in 
recruiting and activating TLS polymerases upon replication fork stalling (Hoege et 
al., 2002;Kannouche et al., 2004;Stelter and Ulrich, 2003). In mice and chicken 
DT40 B cells homozygous for a PCNAK164R mutation, we and others recently 
demonstrated a critical role for PCNA-Ub in SHm (Arakawa et al., 2006;Langerak 
et al., 2007;Roa et al., 2008). As shown in memory B cells of PCNAK164R knock 
in mice, the failure to modify PCNA at lysine 164 caused a 10-fold decrease in 
mutations at template A/T, normally accounting for 50% of all mutations in wild 
type mice. This decrease was accompanied by an overall 25% reduction in the 
mutation frequency. The lack of A/T mutations indicated a role for PCNA-Ub 
downstream of msh2. In strong contrast, data from DT40 cells suggested a 
role for PCNA-Ub in generating the vast majority of G/C transversions, placing 
PCNA-Ub downstream of Ung2.  
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To dissect the role of PCNA-Ub in Ung2 and msh2 dependent SHm, we 
intercrossed the PCNAK164R knock-in strain of mice with mice deficient for Ung 
or msh2. Comparing the efficacy of Ung2 and msh2 dependent mutagenesis 
revealed that both pathways strongly depend on PCNA-Ub to generate mutations 
at template A/T but not at G/C. furthermore, in addition to its role in the 
generation of A/T mutations, we identified a previously unknown role for msh2 in 
generating fifty percent of all G/C transversions. finally, we provide evidence for 
the employment of Ung2 and msh2 in a non-competitive manner in processing 
uracils downstream of AID, supporting the idea of a temporal separation of these 
pathways (Weill and Reynaud, 2008).
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figure 1. current model: Pathways of shm downstream of aid. The three pathways, 
1.) Replication across U, 2.) Ung2 dependent SHm, 3. msh2 dependent SHm. Transitions 
and transversions are abbreviated as TS and TV respectively. Known and unknown (?) 
polymerases invovled in the generation of specific mutations are indicated.
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table 1. shm frequencies in Jh4 introns of gc B cells

 WT K164R Ung K164R x Ung Msh2 K164R x Msh2 
number of mice 5 5 2 2 3 3 
number of mutated sequences 234 183 76 90 114 90 
total mutations 1083 563 442 290 216 181 
total bp sequenced 115695 93356 39049 46008 58049 45647 
mutations/bp (%) 0.9 (0.6-1.5) 0.6 (0.4-0.7) 1.1 (1.0-1.3) 0.6 (0.6-0.7) 0.4 (0.3-0.4) 0.4 (0.3-0.5) 
 

Results and discussion

We previously reported on the analysis of SHm in the JH4 intronic region of 
memory B cells from homozygous PCNAK164R mice (Langerak et al., 2007). As 
memory B cells compromised for SHm might resemble a selected pool of cells that 
have compensated their defect by entering additional rounds of GC reactions, the 
mutation frequency in these cells does not provide a good measure for the efficacy 
in generating point mutations during SHm. To study the impact of PCNA-Ub on 
the generation of somatic mutations more directly, we here analyzed unselected 
Peyer’s patch GC B cells of PCNAK164R mutant mice. To dissect the contribution of 
PCNA-Ub in establishing mutations downstream of Ung2 and msh2, we studied 
the intercrosses of PCNAK164R knock-in mice with Ung or Msh2 mutant mice.

Wild-type (WT), single and double mutant mice were analyzed for non 
selected mutations in rearranged JH4 intronic regions. Compared to WT mice, 
both PCNAK164R and msh2 single mutants showed a reduction of 36% and 61%, 
respectively in the mutation frequency (0.94%, 0.60% and 0.37%, respectively; 
table 1). The decreased mutation frequency is further revealed by the changes 
in mutation load between the different strains of mice (supplemental figure 1). 
Given the fact that both PCNA-Ub and msh2 play a critical role in the generation 
of A/T mutations, the 1.7-fold difference in the mutation frequencies between 
PCNAK164R (0.60%) and msh2 (0.37%) mutant B cells is quite striking. This 
difference might be attributed to a selective growth/survival disadvantage of 
msh2 deficient B cells, to a significant contribution of msh2 to G/C mutations, 
and/or to suppression of G/C mutations by PCNA-Ub (see below). In addition, a 
marginal increase in the mutation frequency and mutation load in Ung deficient 
GC B cells was detected (1.13% vs 0.94%), (table 1 and supplemental figure 1). 
This latter finding is consistent with previous publications (Rada et al., 2002;Rada 
et al., 1998) and suggest that the 20% higher mutation frequency in Ung 
deficient mice is caused by partial Ung-dependent BeR in WT mice, implicating 
a role for Ung in error-free repair of AID created uracils in Ig genes. Alternatively 
accurate replication of a proportion of AP sites might occur, i.e. the insertion 
of a G opposite an AP site. furthermore, the mutation frequency in GC B cells 
of PCNAK164R/Ung double mutant mice resembled that of the PCNAK164R single 
mutants (0.63% vs. 0.60%), while the frequency detected in the PCNAK164R/msh2 
mutant mice resembled that of the msh2 single mutants (0.40% vs. 0.37%).   
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to to to
n= 1083 A T G C Total A T G C Total A T G C Total

A - 136 175 71 382 - 12.6 16.2 6.6 35.3 - 11.5 14.7 6.0 32.2
T 69 - 47 101 217 6.4 - 4.3 9.3 20.0 5.0 - 3.4 7.4 15.8
G 173 45 - 99 317 16.0 4.2 - 9.1 29.3 14.2 3.7 - 8.1 26.1
C 34 105 28 - 167 3.1 9.7 2.6 - 15.4 5.3 16.3 4.3 - 25.9

n= 563 A T G C Total A T G C Total A T G C Total
A - 7 4 6 17 - 1.2 0.7 1.1 3.0 - 0.9 0.5 0.8 2.3
T 3 - 3 3 9 0.5 - 0.5 0.5 1.6 0.4 - 0.4 0.4 1.1
G 192 57 - 84 333 34.1 10.1 - 14.9 59.1 25.6 7.6 - 11.2 44.4
C 25 150 29 - 204 4.4 26.6 5.2 - 36.2 6.4 38.4 7.4 - 52.3

n= 216 A T G C Total A T G C Total A T G C Total
A - 5 2 1 8 - 2.3 0.9 0.5 3.7 - 1.7 0.7 0.3 2.8
T 0 - 2 2 4 0.0 - 0.9 0.9 1.9 0.0 - 0.6 0.6 1.2
G 89 10 - 19 118 41.2 4.6 - 8.8 54.6 30.3 3.4 - 6.5 40.2
C 7 67 12 - 86 3.2 31.0 5.6 - 39.8 4.5 43.5 7.8 - 55.8

n= 181 A T G C Total A T G C Total A T G C Total
A - 0 0 2 2 - 0.0 0.0 1.1 1.1 - 0.0 0.0 0.8 0.8
T 0 - 0 1 1 0.0 - 0.0 0.6 0.6 0.0 - 0.0 0.3 0.3
G 70 12 - 14 96 38.7 6.6 - 7.7 53.0 27.4 4.7 - 5.5 37.6
C 5 73 4 - 82 2.8 40.3 2.2 - 45.3 3.7 54.5 3.0 - 61.2

n= 442 A T G C Total A T G C Total A T G C Total
A - 28 57 24 109 - 6.3 12.9 5.4 24.7 - 5.4 10.9 4.6 20.9
T 23 - 12 49 84 5.2 - 2.7 11.1 19.0 3.9 - 2.0 8.3 14.2
G 147 3 - 1 151 33.3 0.7 - 0.2 34.2 28.1 0.6 - 0.2 28.8
C 0 97 1 - 98 0.0 21.9 0.2 - 22.2 0.0 35.8 0.4 - 36.1

n= 290 A T G C Total A T G C Total A T G C Total
A - 1 0 0 1 - 0.3 0.0 0.0 0.3 - 0.2 0.0 0.0 0.2
T 0 - 0 2 2 0.0 - 0.0 0.7 0.7 0.0 - 0.0 0.4 0.4
G 164 0 - 0 164 56.6 0.0 - 0.0 56.6 40.4 0.0 - 0.0 40.4
C 1 122 0 - 123 0.3 42.1 0.0 - 42.4 0.5 58.4 0.0 - 58.9
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figure 2. mutations in rearranged Jh4 intronic sequences from wt and Pcnak164R, 
msh2, ung, Pcnak164R x ung and Pcnak164R x msh2 mutant mice. (A) Pattern of nucle-
otide substitution. Values are expressed as the total numbers of mutations and percentage 
of total mutations before and after correction for base composition. (B). Relative contribu-
tion of A/T mutations, G/C transitions and G/C transversions. Values are expressed as the 
percentage of total mutations. The number of mice analyzed is indicated in table 1.
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A/T mutations downstream of Ung2 and Msh2 depend on PCNA-Ub
Comparing the mutation profiles (figure 2), both PCNAK164R and msh2 mutant 
B cells exhibit a strong reduction in all A/T mutations, while Ung2 deficient B 
cells lacked most C/G transversion mutations, as previously described (Rada 
et al., 2002;Rada et al., 1998;Langerak et al., 2007). When comparing msh2 
to PCNAK164R/msh2 mutant B cells, it becomes clear that Ung2 dependent A/T 
mutations, which have recently been shown to be introduced by polymerase h 
(Delbos et al., 2007b), disappear almost completely in PCNAK164R/msh2 mutant 
GC B cells, indicating that most Ung-dependent A/T mutations require PCNA-Ub 
to activate polymerase h (figure 2). 

To analyze the role of PCNA-Ub in msh2 dependent mutagenesis, we 
compared SHm in B cells from Ung mutant and Ung/PCNAK164R double mutant 
mice. While polymerase h has been proven to be responsible for the introduction 
of most A/T mutations downstream of msh2, the lack of polymerase h revealed 
that the remaining A/T mutation activity depends on polymerase k and at least 
a third yet unidentified polymerase (faili et al., 2009). The combined failure in 
removing uracils by Ung2 and the ubiquination of PCNA resulted in a mutation 
spectrum in which almost all mutations (99.3%) were G/C transition mutations, 
a finding comparable to Ung/msh2 double mutants previously described (Rada 
et al., 2004;Shen et al., 2006). These data indicate that during msh2 dependent 
SHm both TLS polymerases h and k depend on PCNA-Ub to establish most A/T 
mutations. In summary, we like to suggest a model in which PCNA-Ub acts 
downstream of both msh2 and Ung2 to ensure that TLS polymerases h (and in 
it’s absence also polymerase k) are recruited to introduce mutations at template 
A/T and high fidelity polymerases are prohibited from error-free replication of 
intact A/T templates. The remaining A/T mutations (3.4%) found in the PCNAK164R 
mutant might be generated in a PCNA-Ub independent manner by polymerase  
h, polymerase k or a yet unidentified polymerase. future intercrosses between 
PCNAK164R mutant, polymerase  h, and polymerase k deficient mice should help 
to distinguish between these possibilities. 

PCNA-Ub suppresses selectively G/C transitions but not transversions.
To determine the contribution of PCNA-Ub in generating G/C transitions and 
transversions, the mutation frequencies for each individual base substitution 
in GC B cells from WT and PCNAK164R mice were compared (figure 3 and S2). 
Interestingly, the generation of G/C transitions was increased in PCNAK164R 
mutant B cells, suggesting that PCNA-Ub normally counteracts/suppresses 
the accumulation of G/C transition mutations. These data suggest a model in 
which the U containing strand is removed and PCNA-Ub is required to recruit 
a polymerase that insert a C opposite the G on the other strand. In contrast to 
G/C transitions, the generation of G/C transversions occurred equally efficient 
in PCNAK164R mutant GC B cells.  Given the role for the TLS polymerase Rev1 
in generating G to C transversions during SHm (Jansen et al., 2006;Ross and 
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Sale, 2006), these findings exclude a role of PCNA-Ub in activating Rev1 and all 
other yet unidentified G/C transverters during SHm in mammals. In agreement, 
damage tolerance mediated by Rev1 was found to be independent of PCNA-Ub 
in the chicken DT40 B cell line (edmunds et al., 2008). Surprisingly, in PCNAK164R 
mutant DT40 cells, Rev1 depends on PCNA-Ub in generating G to C transversions 
during SHm (Arakawa et al., 2006). These results further indicate a specific role 
of PCNA-Ub in stimulating selectively A/T but not G/C mutations downstream of 
Ung2 and msh2.

Distribution of mutations in GC B cells
To compare the distribution of mutations of WT, single or double mutant GC B 
cells, we plotted the frequency of G/C and A/T mutations as percentage of total 
mutations against the nucleotide position within the JH4 intronic region (figure 
4). As mentioned before, A/T mutations were strongly reduced in msh2 and 
PCNAK164R single and double mutant B cells. Comparing the distribution of G/C 
mutations, except for some previously defined hotspots (Delbos et al., 2007a;frey 
et al., 1998;martomo et al., 2004;Rada et al., 1998), no difference was observed 
regarding the overall distribution of the remaining G/C mutations in msh2 and 
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figure 3. absolute frequency mutations grouped into g/c transitions, g/c trans-
versions and a/t mutations. Absolute mutation frequency of A/T mutations, G/C tran-
sitions (TS) and G/C transversions (TV). Values are expressed as the percentage of total 
sequenced base pairs from mutated clones. The contribution of single nucleotide sub-
stitutions is revealed in S2. Asterisks indicate significant changes compared to wild-type 
(Chi-Square test, all significant changes had a p value <10-5, non-significant changes were 
all > 0.1). The number of mice analyzed is indicated in table 1.
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msh2/PCNAK164R mutant B cells. furthermore, the failure to ubiquinate PCNA 
did not interfere with the distribution of G/C mutations, a finding consistent 
with the major role of PCNA-Ub in recruiting polymerase h and k in establishing 
mutations at template A/T. 

Hotspot targeting in PCNAK164R mutant B cells
During SHm, mutations at template G/C are frequently found in RGYW/WRCY 
(W = A/T, R = A/G, Y= C/T) hotspot motifs (Rogozin and Kolchanov, 1992). 
Consistent with this observation AID was found to preferentially deaminate WRC 
motifs in vitro (Pham et al., 2003).  To compare hotspot targeting between WT, 
single and double mutant mice, we analyzed the percentage of mutations inside 
of RGYW/WRCY and GYW/WRC hotspots.  Due to the lack of A/T mutations in 
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PCNAK164R - and msh2- single and double mutants there was a twofold increase 
of hotspot mutations in these mice when considering their relative contribution 
to all mutations. However, as hotspots overlap with AID deamination sites, 
we compared the targeting of G/C mutations within RGYW/WRCY and GYW/
WRC. No major differences were observed between WT and mutant GC B cells 
(figure S3), indicating that virtually all G/C mutations were generated directly 
downstream of AID or Ung2 during replication across U or AP site, respectively. 

Ung2 and Msh2 mutagenesis are non-competitive 
Whether the Ung2 and msh2 pathways of SHm compete for the recognition of 
a U or act non-competitively is a long-standing question (Di Noia and Neuberger, 
2007;Weill and Reynaud, 2008). In the latter case, the common substrate U is 
expected to be processed in an error free or error prone manner to exclude that 
a U not processed by Ung2 enters msh2 dependent mutagenesis and vice versa. 
To address this issue of SHm it is essential to compare the absolute efficacies 
in generating defined nucleotide substitutions between the different mouse 
models. These absolute mutation frequencies of specific base substitution in GC 
B cells from WT as well as Ung, Msh2, PCNAK164R single and double mutant mice 
are shown in figure 3 and S2. 

As previously described, no major differences were found in the mutation 
frequencies of WT and Ung deficient GC B cells (Rada et al., 2002), suggesting 
that the lack of Ung2 dependent mutagenesis can be compensated effectively 
by replication across U (G/C transitions) and/or msh2 dependent mutagenesis. To 
determine whether msh2 is capable of removing uracils that otherwise would be 
processed by Ung2, we compared the efficacy in the generation of A/T mutations 
between WT and Ung2 deficient B cells. If msh2 dependent mutagenesis 
competes with Ung2 mutagenesis, one expects A/T mutations to increase in the 
absence of Ung2. When comparing the generation of A/T mutations, the lack 
of U removal by Ung2 did not increase the efficacy in generating A/T mutations 
(fig 3). These data reveal that msh2 dependent SHm does not compete with 
Ung2 dependent mutagenesis, a finding consistent with the non-competitive 
model of SHm. In line with this model, msh2 appeared incapable of removing 
uracils usually processed by Ung2, as revealed by the selective and compensatory 
increase of G/C transitions as a consequence of direct replication over the U. This 
quantitative analysis provides direct evidence that uracils normally recognized 
and processed by Ung2 remain refractory to msh2 dependent SHm in Ung2 
deficient B cells. 

To analyze the reverse situation, i.e. determine whether Ung2 is capable of 
removing uracils normally processed by msh2, we compared the efficacy in the 
generation of G/C transversions between WT and msh2 deficient B cells. If Ung2 
mutagenesis competes with msh2, one expects G/C transversions to increase 
in the absence of msh2. Strikingly, when comparing the generation of G/C 
transversions, the lack of mismatch recognition resulted in a twofold decrease 
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in the frequency of these mutations. As nearly all G/C transversions depend on 
Ung2 as revealed in Ung2 deficient B cells, these data support not only the non-
competitive model but also indicate that 50% of all G/C transversions actually 
require a synergistic action of msh2 and Ung2 (see below). furthermore, the lack 
of mismatch recognition did not grossly change the efficacy in generating G/C 
transitions, suggesting that prior to replication uracils usually processed by msh2 
are now repaired by BeR.

These selective changes in the mutation spectra between WT, msh2, Ung2 
and PCNAK164R mutant GC B cells further support the non-competitive model 
between Ung2 and msh2 dependent mutagenesis. This concept is in line with 
the model recently proposed by J.C. Weill and C.A. Reynaud, in which both 
pathways are proposed to be active in S and G1 respectively (Weill and Reynaud, 
2008).

Ung2 dependent G/C transversions downstream of Msh2
It has been reported that msh2 deficient mice have a reduced mutation frequency 
which mainly has been attributed to a defect in establishing A/T mutations (Rada 
et al., 1998). Simultaneously, a relative increase of G/C transitions over G/C 
transversions was found in msh2 deficient B cells. It has therefore been suggested 
that uracils usually processed by msh2 are not repaired prior to replication, leading 
to the generation of transitions. However, as already mentioned, when comparing 
the efficacy in generating G/C transitions no difference was found between WT 
and msh2 deficient mice. moreover, the lack of msh2 resulted in a selective two 
fold reduction of G/C transversions as compared to WT and PCNAK164R mutant B 
cells. Therefore the 60 percent reduction in mutation frequency in msh2 deficient 
GC B cells as compared to WT (0.37% vs 0.94%) is likely explained by a defect 
in the generation of most A/T mutations and the fifty percent reduction in G/C 
transversions. In addition, the lower mutation frequency found in msh2 deficient 
GC B cells as compared to PCNAK164R mutant GC B cells (0.37% vs. 0.60%), is 
likely explained by an increase in G/C transitions in PCNAK164R cells and a decrease 
in G/C transversions in msh2 mutant B cells. 

concluding RemaRks

In conclusion: 1.) PCNA-Ub acts downstream of Ung2 and msh2 to generate A/T 
mutations by activating selectively the TLS polymerases h and k. 2.) PCNA-Ub can 
counteract G/C transitions, but not G/C transversions. 3.) About half of all G/C 
transversions depend on the synergistic action of Ung2 and msh2. 4.) Uracils are 
processed non-competitively downstream of msh2 and Ung2. 

Combining these and previous findings we propose an updated model 
regarding the generation of base substitutions during SHm in which uracils are 
introduced on both strands at distinct phases of the cell cycle (Aoufouchi et al., 
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2008). U introduced during the S phase can directly act as template T during 
replication to generate G/C transitions or be converted to an AP site by Ung2. If 
not repaired, the AP site causes replicative polymerase to stall and activate a TLS 
polymerase to initiate the generation of both G/C transversions and transitions. 
In addition, we suggest that Ung2 dependent A/T mutations are generated by the 
combined action of PCNA-Ub and polymerase h during the extension phase of TLS 
across the AP site, or alternatively during long patch BeR of the strand containing 
the AP site. Uracils generated outside the S-phase would be recognized as a U:G 
mismatch by msh2-msh6, resulting in the formation of an exo-I generated single 
stranded gap. The fill in reaction requires the combined action of PCNA-Ub and 
polymerase h (or polymerase k in the absence of polymerase h) to generate 
mutations at template A/T. We now suggest that during this gap filling process 
polymerase eta or high fidelity polymerases becomes stalled upon encountering 
an AP site. The subsequent activation of specialized TLS polymerases (like Rev1) 
enables TLS across the AP site, explaining the proposed synergism between msh2 
and Ung2 in generating G/C transversions. 

Three scenarios can explain the existence of Ung2 dependent AP sites within 
the msh2/exo-1 dependent single strand gap: 1.) The AP site may preexist as a 
result of the combined action of AID and Ung2 prior to the gap formation, or 2.) 
A U exist in the single stranded gap and as such is efficiently removed by Ung2, 
and/or 3.) Secondary deamination by AID takes place on the single strand gap, 
and the U is immediately processed into an AP site by Ung2. further studies 
should reveal which of the above sources of AP substrates contribute to the 
generation of msh2/Ung2 dependent G/C transversions. 

mateRials and methods

Mice
The generation and genotyping of PCNAK164R knock-in mice, Ung deficient, msh2 
deficient mice and flpe deleter strain has been described elsewhere (Langerak et 
al., 2005;Langerak et al., 2007;Wind et al., 1995;Nilsen et al., 2000;Rodriguez 
et al., 2000). PCNAK164R mice where crossed to the flpe deleter strain to delete 
the selection cassette from the targeted PCNA allele and crossed with Msh2 and 
Ung mutant mice to generate wild-type, single and double mutant mice. mice 
were maintained at the animal facility of the Netherlands Cancer Institute. All 
experiments were approved by an independent animal ethics committee of the 
Netherlands Cancer Institute (Amsterdam, Netherlands).

Isolation of germinal center B cells and mutation analysis
Germinal center (CD19+, PNA high, CD95+) B cells were sorted from Peyer’s 
patches of 2 months old animals. DNA was extracted using proteinase K treatment 
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and ethanol precipitation. The JH4 3’flanking intronic sequence of endogenous 
rearrangements of VHJ558 famliy members were amplified during 40 cycles of 
PCR using PfU Ultra polymerase (Stratagene) (Jolly et al., 1997). PCR products 
were purified using the QIAquick Gel extraction kit (Qiagen) and cloned into the 
TOPO II blunt vector (Invitrogen Life Technologies) and sequenced on a 3730 
DNA analyzer (Applied Biosystems). Sequence alignment was performed using 
Seqman software (DNAStar). Data derived from WT and PCNAK164R littermates of 
msh2 and Ung2 breedings with PCNAK164R were combined. Calculations exclude 
non-mutated sequences, insertions and deletions. Clonally related sequences 
were counted only once. 

Online Supplemental Materials
fig. S1 depicts the accumulation of mutations in individual JH4 intronic sequences. 
fig S2 depicts the absolute mutation frequency of individual nucleotide 
substitutions.  fig S3 depicts the hotspot targeting to RGYW/WRCY and GYW/
WRC motifs.
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supplemental figure 1. accumulation of mutations in individual Jh4 intronic 
sequences. The mutation load is provided as a frequency of mutated sequences 
harboring a defined number of mutations. The genotypes are indicated. The number of 
mice analyzed is indicated in table 1.
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supplemental figure 2. absolute mutation frequency of individual nucleotide 
substitutions.  Values are expressed as the percentage defined nucleotide substitutions 
of all mutated sequences derived from a specific genotype as indicated in the legend. The 
number of mice analyzed is indicated in table 1.

WT K164R Ung K164R x Ung Msh2 K164R x Msh2 Random
% Mutations in RGYW/WRCY: 33.9 47.6 38.7 44.5 52.8 55.2 21.2

% Mutations in RGYW/WRCY: 19.0 39.4 20.4 36.6 40.3 40.3 13.7
% Mutations outside RGYW/WRCY: 66.1 52.4 61.3 55.5 47.2 44.8 78.8

% G/C Mutations in RGYW/WRCY: 42.6 41.3 36.1 36.9 42.6 41.0 13.7

% Mutations in GYW/WRC: 42.0 64.7 48.4 64.5 69.0 74.0 22.6

% Mutations in GYW/WRC: 28.8 60.4 34.4 61.7 64.4 70.7 19.3
% Mutations outside GYW/WRC: 58.0 35.3 51.6 35.5 31.0 26.0 77.4

% G/C Mutations in GYW:/WRC 67.7 63.3 61.0 62.4 68.1 71.9 19.3

supplemental figure 3. hotspot targeting to Rgyw/wRcy and gyw/wRc motifs. 
Values are expressed as the percentage of mutations found within and outside specific 
hotspot motifs. In addition as hotspots overlap with AID deaminiation sites targeting was 
also expressed as the percentage of total G/C mutations.  The number of mice analyzed 
is indicated in table 1.
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aBstRact

DNA damage tolerance is regulated at least in part at the level of proliferating 
cell nuclear antigen (PCNA) ubiquitination. monoubiquitination (PCNA-Ub) at 
lysine residue 164 (K164) stimulates error-prone translesion synthesis (TLS), 
Rad5-dependent polyubiquitination (PCNA-Ubn) stimulates error-free template 
switching (TS). To generate high affinity antibodies by somatic hypermutation 
(SHm), B cells profit from error-prone TLS polymerases. Consistent with the role 
of PCNA-Ub in stimulating TLS, hypermutated B cells of PCNAK164R mutant mice 
display a defect in generating selective point mutations. Two Rad5 orthologs, HLTf 
and SHPRH have been identified as alternative e3 ligases generating PCNA-Ubn 
in mammals. As PCNA-Ub and PCNA-Ubn both make use of K164, error-free 
PCNA-Ubn-dependent TS may suppress error-prone PCNA-Ub-dependent TLS. To 
determine a regulatory role of Shprh and Hltf in SHm, we generated Shprh/
Hltf double mutant mice. Interestingly, while the formation of PCNA-Ub and 
PCNA-Ubn is prohibited in PCNAK164R mefs, the formation of PCNA-Ubn is not 
abolished in Shprh/Hltf mutant mefs. In line with these observations Shprh/Hltf 
double mutant B cells were not hypersensitive to DNA damage. furthermore, 
SHm was normal in Shprh/Hltf mutant B cells. These data suggest the existence 
of an alternative e3 ligase in the generation of PCNA-Ubn. 

3
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1 intRoduction

Damaged DNA can block high fidelity polymerases and consequently lead to 
replication stalling. If the ‘stalling’ lesion is not repaired, the replication fork may 
collapse, causing double strand breaks, which in turn can trigger cell death. 
To suppress these detrimental effects, cells are equipped with DNA damage 
tolerance (DDT) pathways, that allow cells to continue DNA synthesis without 
an a priori repair of the initial lesion [1, 2]. Studies in S. cerevisiae identified 
two alternative DDT pathways: 1) Template switching (TS) avoids the damage, 
i.e. the lesion is bypassed indirectly by making use of the undamaged sister 
chromatid, and 2) Translesion synthesis (TLS), which enables specialized DNA 
polymerases to replicate directly across a damaged template. In contrast to 
replicative DNA polymerases, TLS polymerases lack proofreading activity and can 
accommodate non Watson-Crick base pairs within their catalytic center. While 
beneficial regarding the accurate replication across modified bases, such as 
UV-C induced cyclobutane pyrimidine dimers by polymerase h, TLS polymerases 
can be highly mutagenic when replicating across undamaged DNA or other 
defined lesions [1-3]. Both modes of lesion bypass appear to be controlled by 
site-specific ubiquitination of the homotrimeric DNA sliding clamp PCNA [4, 5]. 
During DNA synthesis PCNA serves as a critical processivity factor by tethering 
DNA polymerases to their template. When high fidelity replication gets stalled by 
a DNA lesion, Rad6/Rad18-mediated site-specific monoubiquitination of PCNA 
(PCNA-Ub) at lysine residue 164 (PCNAK164) is thought to control polymerase 
switching and activation of TLS [4]. The alternative pathway of damage tolerance, 
TS requires further polyubiquitination of PCNA-Ub (PCNA-Ubn) [4]. In yeast the 
heterodimeric e2 ubiquitin conjugases Ubc13/mms2 cooperate with the RING 
finger e3 ligase Rad5 in specific K63-linked polyubiquitination of PCNA-Ub. How 
PCNA-Ubn mechanistically activates the error-free branch of DDT is currently 
unknown. 

The fact that the RAD6 epistasis group has functional orthologs in higher 
eukaryotes suggests that these pathways of DDT are evolutionary conserved and 
of general importance. In support of this notion, UV-irradiation of mammalian cells 
was shown to lead to the monoubiquitination at the conserved K164 residue of 
PCNA. In addition, mammalian polymerase h specifically interacts with PCNA-Ub 
[6] and localizes to sites of DNA damage in a RAD18-dependent manner  [7]. 
These data imply a conserved mechanism between yeast and mammals in the 
recruitment and activation of TLS polymerases. furthermore, damage-inducible 
PCNA-Ubn has been observed in mammals [8], and was found to be mediated by 
the two known Rad5 orthologs, HLTf and SHPRH. Like yeast Rad5, both SHPRH 
and HLTf physically interact with the RAD6/RAD18 and UBC13/mmS2 complexes 
and promote PCNA polyubiquitination at K164 in a RAD18-dependent manner 
[9-12] The role for PCNA-Ubn in mammals is currently unknown, however 
depletion of either SHPRH or HLTf in human cells increases the sensitivity to 
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methyl methanesulfonate (mmS) and enhances genomic instability. These data 
implicate a role for PCNA-Ubn in mammalian DNA damage tolerance. 

Paradoxically, while the above mentioned pathways of DDT normally serve to 
maintain genome integrity, B cells take advantage of the intrinsic error-prone nature 
of TLS polymerases to generate defined point mutations into the variable region 
of their rearranged immunoglobulin (Ig) genes, which eventually may encode 
antibodies of higher affinity. This process of somatic hypermutation (SHm) occurs 
at an astonishing rate of one per thousand bases per generation, six orders of 
magnitude greater than spontaneous mutagenesis [13]. The overall SHm frequency 
is one to three percent, and the mutations are equally distributed over G/C and 
A/T base pairs. SHm is initiated by the induction of the activation-induced cytidine 
deaminase (AID) in B cells of the germinal center [14]. AID generates ‘intentional’ 
DNA lesions by deaminating cytosine (C) to uracil (U), and targets both DNA 
strands in the variable regions of Ig genes. Three alternative mutagenic pathways 
can process this initial lesion: 1.) Replication across a U instructs a thymidine (T) 
to DNA polymerases and generates G/C to A/T transitions. 2.) Removal of U by 
uracil-DNA glycosylase (Ung2) generates a non-instructive apyrimidinic (AP) site. 
TLS across AP sites mainly generate G/C transversions and may also contribute 
to G/C transitions. 3.) Alternatively, the U can be recognized as a U:G mismatch 
by the mismatch repair complex msh2-msh6, resulting in exonuclease 1 (exo-1) 
activation and the formation of a single-stranded gap. Interestingly, msh2, msh6 
and exo-1-deficient B cells lack 80-90% of all A/T mutations, suggesting that 
the gap-filling process involves TLS polymerases predominantly generating A/T 
mutations [13].  Since each polymerase displays its own mutagenic signature 
(error preference), alterations in the mutation spectrum can often be attributed 
retrospectively to the absence of, or failure in activating specific polymerases. The 
TLS polymerases h, Rev1 and to some degree polymerase k are employed during 
SHm. While Rev1-deficient B cells display reduced frequencies of specific G/C 
transversions [15, 16], polymerase h-deficient B cells lack a significant fraction 
of A/T mutations, [17-19]. The deficiency of polymerase k had no effect on SHm 
[20], but in the absence of polymerase h, polymerase k appears to be activated 
instead to generate A/T mutations, albeit at lower frequency [21]. 

To test whether the Rad6-dependent polymerase switch is operative in 
mammalian cells, PCNA mutant mice that contain a lysine 164 to arginine 
mutation (PCNAK164R) were generated. This point mutation prohibits PCNAK164 
modifications without interfering with other pivotal functions of the protein. 
Analysis of the mutation spectra of mutated Ig genes in B cells from PCNAK164R 

knock-in mice revealed a selective 90% reduction of A/T mutations [22, 23]. 
In agreement, PCNA knock-out mice reconstituted with a PCNAK164R transgene 
showed a reduction of A/T mutations in Ig genes [24], suggesting that during 
SHm PCNA-Ub is required to recruit polymerase k and h to introduce mutations 
at template A/T.
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As PCNA-Ub and PCNA-Ubn make use of the same lysine residue, the error-
free pathway of DDT, i.e. TS may suppress error-prone TLS, and thereby balance 
the mutagenic outcome of DDT. In support of this, yeast strains deficient in TS 
show an increased TLS-mediated spontaneous and damage-induced mutagenesis 
[25-27]. furthermore, in human fibroblasts the reduced expression of mmS2 
and the inhibition of K63 polyubiquitination have been shown to increase the 
frequency of UV-induced mutations [8, 28]. In contrast to the overall suppressive 
function of PCNA-Ubn on TLS-mediated mutagenesis, recent studies in S. pombe 
suggest that more complex TLS pathways may actually depend on PCNA-Ubn to 
coordinate a serial activation of lesion bypass and extender TLS polymerases [29]. 
In addition to its catalytic function in generating PCNA-Ubn, Rad5 was previously 
shown to play a minor non-catalytic role in TLS  of S. cerevisiae. [30, 31]. In 
summary, these data suggest that Rad5 may have a role in both activating and 
suppressing TLS. Given the fact that SHm depends on TLS and K164-specific 
PCNA modification, we questioned whether Rad5-deficiency in mammals may 
affect the outcome of SHm (fig. 1). To determine the role of HLTf and SHPRH in 
PCNA polyubiquitination, survival and somatic hypermutation we analyzed mice 
deficient for Shprh and Hltf.

PCNA Rad6/Rad18 Mms2/Ubc13

Shprh
or

Hltf

Error Prone TLS
Polymerase η

(Polymerase κ)

SHM at A/T mutations

PCNA-Ub PCNA-Ub
n

Ub Ub
Ub

Ub

Error Free gap filling
Polymerase δ/ε

Figure 1

Error Prone TLS ?

SHM ?

Error Free TS ??

figure 1. Role of the Rad6 epistasis group in shm. The ring-shaped PCNA homo-
trimer encircles DNA, and tethers DNA polymerases to the DNA template. Rad6/Rad18 
monoubiquitinates PCNA at lysine 164 (K164). This modification is thought to recruit the 
TLS polymerase h to generate mutations at template A/T. further K63-linked polyubiqui-
tination of PCNA-Ub by Ubc13/mms2 and SHPRH or HLTf activates template switching 
(TS) and may (?) suppress PCNA-Ub-dependent TLS, i.e. A/T mutagenesis during SHm. 
furthermore, PCNA-Ubn may stimulate TLS polymerases and affect SHm.
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mateRials and methods

2.1 Generation and maintenance of mice

To inactivate Shprh in the mouse germ line, the embryonic stem cell clone RRJ453 
was obtained from  himeric mice were generated and crossed onto a 129/Sv 
background. The following primers were used for PCR genotyping: Shprh wild 
type allele 5`-GCC TGG TGA TCT GTT TGC AGA TAG G-3` and 5`-CAG TAT GCT 
GCT CAG AGT AGA TGT G-3`; Shprh mutant allele 5`-CAT TCG CCA TTC AGG 
CTG CGC AAC TG-3` and 5`-GTT AGC CAC CCC ATT CCA CAG TAT C-3`. RT-PCR 
using SuperscriptIII (Invitrogen) was performed to check wild-type -and mutant 
Shprh transcript using the following primers sets:  P1: 5`-GAC TGC ATG CCA CAC 
ATA ACT TAA TGG-3` and 5`-CCT AAT GGA CTG CTG CAC AGG CTG C-3`. P2: 
5`-GAC TGC ATG CCA CAC ATA ACT TAA TGG-3` and 5`-GAC AGT ATC GGC 
CTC AGG AAG ATC G-3`  P3: 5`-CTT TGA GGC ATG GAA GAA GG-3`  and 5`-TTG 
ATG TGG GGA TCG TAT TT-3`. Western Blot for SHPRH was performed using a 
rabbit polyclonal antibody raised against amino acids 515–535 of human Shprh 
[32], which locates N-terminal of the genetrap.  

Generation of the Hltf-deficient and Shprh-deficient mice will be described 
elsewhere (HD, unpublished data) (JH, unpublished data). To determine HLTf 
mRNA expression in WT and Hltf/Shprh mutant B cells, total RNA was extracted 
using RNeasy (Qiagen) according to manufacturers protocol. Synthesis of cDNA 
with Superscript III reverse transcriptase (Invitrogen) was primed with oligo(dT). 
The following primers were used for detection of Hltf: 5’-GCC ATA CCC ATC 
TTC TTA CAA ACG-3’ and 5’-TTG CAT GTG GCT GCT CAC TGT GA-3’ and Hprt: 
5'-CTG GTG AAA AGG ACC TCT CG-3' and 5'-TGA AGT ACT CAT TAT AGT CAA 
GGG CA-3'. Analyses were carried out using fast SYBR Green PCR master mix 
(Applied Biosystems) and the Roche Light-Cycler 480. Results were normalized 
with respect to HPRT expression. mRNA levels were quantified according to the 
dd cycle threshold (Ct) method.

The generation of PCNAK164R;flpe knock-in mice have been described elsewhere 
[22, 23, 33]. mice were maintained at the animal facility of the Netherlands 
Cancer Institute (Amsterdam, Netherlands)  and the National Institute of Health 
(Bethesda, mD). All experiments were approved by an independent animal ethics 
committee of the Netherlands Cancer Institute and NIH and executed according 
to national guidelines. 

2.2 Class Switch recombination

Naïve splenic B cells from three mice per genotype were obtained by CD43 
depletion using biotinylated anti-CD43 antibody (Clone S7, BD Biosciences) and 
the Imag system (BD Biosciences), as described by the manufacturer. Purified B 
cells were cultured at 105 cells/ml in 24 well plates in ImDm, 8% fCS, 50 μm 
2-mercapthoethanol, penicillin/streptomycin and 50ug/ml e.Coli LPS (055:B5, 
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Sigma) either in the presence or absence of IL-4-containing supernatants generated 
from X63-m-IL-4 cell cultures. flow cytometric analysis of surface Ig expression 
was performed on day 4 of culture using goat anti mouse Igm-APC, IgG1-Pe and 
IgG3-Pe (Southern Biotech).  Data were analyzed using flowJo 7.6 software.

2.3 Survival

Naïve splenic B cells were obtained and cultured as described above. for UV-C 
irradiation, 105 B cells were irradiated in 0.5 ml medium (254 nm, UV Stratalinker® 
2400, Stratagene). following irradiation, cells were cultured in 1 ml complete 
medium and LPS. for the survival upon Cisplatin and mmS induced DNA damage, 
105 B cells were grown in 1 ml complete medium and LPS in the continuous 
presence of different doses of Cisplatin or mmS. for determining the survival, B 
cells were harvested after four days of culture and live (propidium iodine negative) 
B cells were counted by fACS. Data were analyzed using flowJo 7.6 software.

2.4 Isolation of germinal center B cells and mutation analysis

Germinal center (CD19+, PNA high, CD95+) B cells were sorted from 
Peyer’s patches. DNA was extracted using proteinase K treatment and 
ethanol precipitation. The JH4 3’flanking intronic sequence of endogenous 
rearrangements of VHJ558 famliy members were amplified during 40 cycles of 
PCR using PfU Ultra polymerase (Stratagene) [34]. PCR products were purified 
using the QIAquick Gel extraction kit (Qiagen) and cloned into the TOPO II blunt 
vector (Invitrogen Life Technologies) and sequenced on a 3730 DNA analyzer 
(Applied Biosystems). Sequence alignment was performed using Seqman 
software (DNAStar). Calculations exclude non-mutated sequences, insertions and 
deletions. Clonally related sequences were counted only once. 

2.5 Detection of PCNA Ubiquitination

The chromatin bound fraction was isolated as previously described [6], with slight 
modifications. In brief, the harvested cells were resuspended in buffer A (100 
mm NaCl, 300 mm sucrose, 3 mm mgCl2, 10 mm PIPeS (pH 6.8), 1 mm eGTA, 
0.2% Triton X-100, 100 μm NaVO4, 50 mm Naf, and protease inhibitors (Roche)) 
and incubated for 5 minutes on ice with gentle inverting and centrifugation. The 
pellet was resuspended in buffer B (50 mm Tris-HCl (pH 7.5), 150 mm NaCl, 5 mm 
eDTA, 1% Triton X-100, 0.1% SDS, 100 μm NaVO4, 50 mm Naf, and protease 
inhibitors).  After 10 minutes on ice, the samples were sonicated and further 
incubated for 10 minutes on ice before centrifugation to isolate ‘chromatin bound 
fraction’. for immunoprecipitation, proteins were precleared by pre-incubation 
with protein G Sepharose beads (Ge healthcare) and incubated with anti-PCNA 
antibody (PC10, Santa-Cruz Biotechnology). Immune complexes were precipitated 
with protein G Sepharose beads. Proteins were separated on NuPAGe® Novex 
4-12% Bis-Tris Gel (Invitrogen) and transferred to PVDf membranes (Bio-Rad) for 
immunoblotting following manufacturer’s recommendations.
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Results and discussion

3.1 Generation of Shprh/Hltf double mutant mice
To study the role of PCNA-Ubn in mammalian DDT, we inactivated Shprh and 
Hltf, the two known mammalian orthologs of S. cerevisiae Rad5, in the mouse 
germline. To inactivate Shprh we initially took advantage of an exon-trapped eS 
cell clone, in which a lacZ-Neo exon was inserted into intron 16 of the mouse 
Shprh locus (fig. 2a). This insertion results in a fusion protein in which both the 
ring and the helicase domains are replaced by bgal-neo (fig. 2b), generating 
a higher molecular weight product (fig. 2c). Consistent with the insertion site 
of the exon trap, ShprhD mutant mice lack transcripts containing exon 17 (fig. 
2d). furthermore, no transcripts containing the ring and helicase domain could 
be identified in ShprhD mutant mice (fig. 2d). As the ring domain is pivotal 
for the e3 activity of SHPRH [9], the mutant SHPRH/bgal-neo fusion protein is 
defective in generating PCNA-Ubn. However, given the potential non-catalytic 
role of Rad5 in controlling TLS in S. cerevisiae. [30, 31], a structural role of the 
remaining SHPRH portion in regulating TLS polymerases independent of PCNA 
modifications  can not be excluded in this strain of mouse. To investigate this 
possibility, we also generated Shprh-deficient mice (JH, unpublished data and 
sup. fig. 1). To generate Shprh/Hltf double mutant mice, the ShprhD -mutant 
and -deficient strain of mice were intercrossed with Hltf-deficient mice, in which 
the the first five exons were replaced by insertion of a selection cassette (HD, 
unpublished data). further details on the generation of the Hltf-deficient and 
Shprh-deficient mice will be described elsewhere. Importantly, no SHPRH protein 
could be detected in Shprh-deficient mice (Sup. fig1). furthermore, as antibodies 
specific for mouse Hltf are not available, quantitative RT-PCR reactions covering 
the ring domain of Hltf were performed. While readily detectable in wild type B 
cells, Hltf mutant B cells express very low amounts of ring-domain transcripts at 
one percent of wild type levels (fig. 2e). To determine the 5’ extension of these 
residual ring-domain transcripts, we performed RT-PCR reactions with primer sets 
covering the 5’UTR and the ring-domain of Hltf. These reactions revealed very 
short Hltf specific ring-domain containing transcripts (data not shown), indicating 
that the Hltf knock-in renders Hltf non-functional. 

3.2 PCNA ubiquitination is significantly reduced, but not abolished 
in the Shprh/Hltf-deficient cells 
As previously reported, PCNA polyubiquination in Shprh- and Hltf- single deficient 
mefs is not completely eliminated [10]. The residual PCNA-Ubn was explained by 
a partial redundancy of the two e3 ligases. The derivation of Shprh/Hltf double-
deficient mefs enabled us for the first time to address this issue. mefs from wild 
type, Shprh/Hltf,  and PCNAK164R mice were UV-C irradiated and analyzed for the 
formation of PCNA-Ub and PCNA-Ubn. As expected, no modification of PCNA 
could be detected in PCNAK164R mutant mefs, whereas PCNA-Ub and PCNA-Ubn 
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are detectable in wild type cells (fig. 3). Interestingly, although reduced, the 
formation of PCNA-Ubn is not completely abolished in Shprh/Hltf double deficient 
mefs. Apparently, there is at least a third e3 ligase present in mef, that can 
generate PCNA-Ubn upon DNA damage. 
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figure 2. generation of shprh-mutant mice.  (A) Shprh was inactivated in the mouse 
germ line by making use of an exon-trapped eS cell clone. As indicated schematically, 
this clone carries a lacZ/NeoR exon in intron 16 of mouse Shprh. The location of the 
three different primer sets (P1-3) used in figure 2D, are indicated. (B) The Shprh mutation 
generates a DShprh-bgal-neo fusion in which the C-terminal portion of SHPRH harboring 
the ring and helicase domain of SHPRH are replaced by bgal-Neo. The location of the three 
different primer sets (P1-3) used in figure 2D, are indicated. (C) As revealed by Western 
blotting, the exon trap strategy only allows the generation of a single mutant protein 
species, which is consistent with the location of the exon trap and compared to the wild 
type SHPRH protein has lower mobility. (D) expression of exon 17 (P1) and the ring and 
helicase domain (P3) of shprh gene,  and the lacZNeoR exon (P2) revealed by RT-PCR with 
Actin transcript level as a loading control. (e) mRNA Levels of the ring domain of Hltf were 
determined by quantitative real-time PCR in stimulated B cells and related to mRNA levels 
of Hprt. Data are means of 2 independent reactions.
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3.3 Survival and class switch recombination of  Shprh/Hltf-deficient 
B cells
It has been previously described that clones with a stable shRNA knockdown 
of Shprh or Hltf in HCT116 cells displayed a mild sensitivity to mmS [9, 10]. To 
explore these findings further, we here determined the DNA damage sensitivity 
of Shprh/Hltf double deficient cells. Primary-activated B cells from wild type and 
Shprh/Hltf double deficient mice were exposed to increasing doses of DNA-
damaging agents. Strikingly, wild type and Shprh/Hltf double deficient cells are 
equally sensitive to UV-C, DNA crosslinks, and DNA alkylation, i.e replication 
blocking lesions (fig. 4). These data suggests that Shprh/Hltf-mediated PCNA-Ubn 
is not essential for survival of replicating B cells. 

In addition, we determined the capacity of wild type and Shprh/Hltf double 
deficient B cells to undergo class switch recombination. As indicated in figure 
4d, no significant differences were observed beween wild type and Shprh/Hltf 
double deficient cells. 

3.4 Mutation frequencies in wild type, ΔShprh/Hltf and Shprh/Hltf 
double deficient B cells
To determine the contribution of Shprh/Hltf-dependent PCNA-Ubn in the 
regulation of SHm, we analyzed SHm in the JH4 intronic region of germinal 
center B cells using two sets of mice. The first set comprised three ΔShprh/Hltf  
double mutant and three wild type controls. By sequencing clonally unrelated 
mutated introns, 1452 mutations were found in 194 sequences from wild type 
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Shprh/Hltf-deficient,  and PCNAK164R 

mice were irradiated with 60J/m2 
UV-C and incubated 12 hr at 37oC. 
After isolating chromatin bound 
fraction from the cells, immuno-
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using an anti-PCNA antibody. The 
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the presence of the PCNA ubiq-
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Short exposure of the unmodified 
PCNA band.



71ALTeRNATIVe PCNA POLYUBIQUITINATION

3

B cells, and 872 mutations in 124 sequences from ΔShprh/Hltf mutant B cells. 
The second set comprised three Shprh/Hltf double deficient mice and three wild 
type controls. 235 mutations were found in 56 sequences from wild type B cells, 
and 211 mutations in 57 sequences from Shprh/Hltf double deficient B cells. In 
contrast to previous observations made in S. cerivisiae and human cells defective 
in generating PCNA-Ubn, which demonstrated elevated levels of TLS-dependent 
mutagenesis, no difference in the frequency of point mutations in somatically 
mutated Ig genes from ΔShprh/Hltf double mutant B cells and their WT controls or 
the Shprh/Hltf double deficient B cells and their WT control was found (Table 1 ). 
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figure 4. surival and class switch Recombination. Shprh/Hltf-deficient (black) and 
wild-type (grey) B cells were stimulated with LPS and exposed to increasing doses of either 
Cisplatin (a), UV-C (b),  or mmS (c). The percentage of survival after four days of culture 
is shown. Comparison of wild-type (grey) and Shprh/Hltf-deficient B cells (black bars) 
switched to IgG3 upon activation by LPS, or switched to IgG1 upon activation by LPS and 
IL-4 (d).

Table 1.

WT ΔShprh / Hltf WT Shprh ko / Hltf
number of mice 3 3 3 3
number of mut. sequences 194 124 56 57
total mutations 1452 872 235 211
total bp sequenced 94602 60567 27948 28479
mutations/bp (%) 1.5 1.4 0.8 0.7

table 1. mutations in the Jh4 intron in Peyer’s patch B cells from ΔShprh/Hltf 
mutant, Shprh/Hltf deficient mice and their wild type (wt) controls.



72

3

0

10

20

30

40

50

60

70

80

90

100

WT K164R Shprh Δ / Hltf Shprh Ko / Hltf

pe
rc

en
ta

ge
 o

f t
ot

al
 m

ut
at

io
ns

AT
G/C TRV
G/C TRS

to to
n=2770 A T G C Total A T G C Total

A - 318 436 239 993 - 11.5 15.7 8.6 35.8
T 166 - 116 294 576 6.0 - 4.2 10.6 20.8
G 398 132 - 246 776 14.4 4.8 - 8.9 28.0
C 69 267 89 - 425 2.5 9.6 3.2 - 15.3

n= 563 A T G C Total A T G C Total
A - 7 4 6 17 - 1.2 0.7 1.1 3.0
T 3 - 3 3 9 0.5 - 0.5 0.5 1.6
G 192 57 - 84 333 34.1 10.1 - 14.9 59.1
C 25 150 29 - 204 4.4 26.6 5.2 - 36.2

n= 872 A T G C Total A T G C Total
A - 97 150 88 335 - 11.1 17.2 10.1 38.4
T 55 - 40 89 184 6.3 - 4.6 10.2 21.1
G 116 37 - 73 226 13.3 4.2 - 8.4 25.9
C 13 73 41 - 127 1.5 8.4 4.7 - 14.6

n= 211 A T G C Total A T G C Total
A - 27 44 13 84 - 12.8 20.9 6.2 39.8
T 12 - 9 20 41 5.7 - 4.3 9.5 19.4
G 38 7 - 14 59 18.0 3.3 - 6.6 28.0
C 1 16 10 - 27 0.5 7.6 4.7 - 12.8Sh

pr
h 

ko
/ H

ltf

fro
m

K
16

4R

fro
m

Sh
pr

h 
Δ

 / 
H

ltf

fro
m

number percentage
W

T

fro
m

A

B

Fig. 5

0

10

20

30

40

50

60

70

80

90

100

WT K164R Shprh Δ / Hltf Shprh Ko / Hltf

pe
rc

en
ta

ge
 o

f t
ot

al
 m

ut
at

io
ns

AT
G/C TRV
G/C TRS

to to
n=2770 A T G C Total A T G C Total

A - 318 436 239 993 - 11.5 15.7 8.6 35.8
T 166 - 116 294 576 6.0 - 4.2 10.6 20.8
G 398 132 - 246 776 14.4 4.8 - 8.9 28.0
C 69 267 89 - 425 2.5 9.6 3.2 - 15.3

n= 563 A T G C Total A T G C Total
A - 7 4 6 17 - 1.2 0.7 1.1 3.0
T 3 - 3 3 9 0.5 - 0.5 0.5 1.6
G 192 57 - 84 333 34.1 10.1 - 14.9 59.1
C 25 150 29 - 204 4.4 26.6 5.2 - 36.2

n= 872 A T G C Total A T G C Total
A - 97 150 88 335 - 11.1 17.2 10.1 38.4
T 55 - 40 89 184 6.3 - 4.6 10.2 21.1
G 116 37 - 73 226 13.3 4.2 - 8.4 25.9
C 13 73 41 - 127 1.5 8.4 4.7 - 14.6

n= 211 A T G C Total A T G C Total
A - 27 44 13 84 - 12.8 20.9 6.2 39.8
T 12 - 9 20 41 5.7 - 4.3 9.5 19.4
G 38 7 - 14 59 18.0 3.3 - 6.6 28.0
C 1 16 10 - 27 0.5 7.6 4.7 - 12.8Sh

pr
h 

ko
/ H

ltf

fro
m

K
16

4R

fro
m

Sh
pr

h 
Δ

 / 
H

ltf

fro
m

number percentage
W

T

fro
m

A

B

Fig. 5

figure 5. mutations in rearranged Jh4 intronic sequences from wild type, Pcnak164R, 
ΔShprh/Hltf mutant and shprh/hltf-deficient B cells. (A) Pattern of nucleotide sub-
stitution. Values are expressed as the total number of mutations and percentage of total 
mutations. (B) Relative contribution of A/T mutations, G/C transitions (TRS) and G/C trans-
versions (TRV). Values are expressed as the percentage of total mutations.
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3.5 Point mutation spectra in wild type, PCNAK164R, ΔShprh/Hltf and 
Shprh/Hltf double deficient B cells
We previously reported on the analysis of SHm in the JH4 intronic region of germinal 
center B cells from homozygous PCNAK164R mice, in which all K164-specific PCNA 
modification are prohibited by the introduction of a lysine to arginine modification at 
lysine 164 [23] . Hypermutated Ig genes in B cells of these mice revealed a selective 
reduction of mutations at template A/T, suggesting that PCNA modifications are 
required in regulating the mutagenic outcome of SHm. To determine the relative 
contribution of PCNA-Ub and PCNA-Ubn in regulating TLS polymerases during 
SHm, we here compared SHm between ΔShprh/Hltf, Shprh/Hltf double deficient, 
PCNAK164R and wild type mice  (fig. 5). Considering  previous findings in yeast ([25-
27]), where PCNA-Ubn prohibits TLS, one may expect that SHPRH/HLTf-mediated 
PCNA-Ubn may interfere with the generation at A/T mutations during SHm (fig. 1). 
As the mutation spectra of the wild type controls were very similar, the data sets 
were combined. Despite the strong inhibition of A/T mutations in K164R mutant B 
cells, the mutation spectra between wild type, ΔShprh/Hltf mutant and Shprh/Hltf-
deficient B cells remained unaltered (fig. 5a and Sup fig 2.). To visualize this more 
clearly, the relative contribution of G/C transitions generated by replication across 
U, G/C transversions generated by replication across Ung2 generated AP sites, and 
PCNAK164-dependent A/T mutations were compared (fig. 5b). While A/T mutations 
are strongly reduced in the absence of PCNA modification (K164R), the pattern of 
SHm remained normal in the absence of SHPRH and HLTf. These data exclude a 
non-catalytic role for SHPRH and HLTf in regulating the outcome of SHm, however 
the existence of an alternative e3 ligase does not exclude a role for PCNA-Ubn in 
controlling SHm.

3.6 Concluding remarks
This report indicates for the first time, that inactivation of both SHPRH and HLTf 
are dispensable for DNA damage survival of primary B cells. This observation 
likely relates to residual formation of PCNA-Ubn in Shprh/Hltf double deficient 
cells. These data suggest that in mammals damage-inducible polyubiquitination 
of PCNA at lysine 164 can be accomplished by at least three alternative e3 
ligases. Identification of this alternative e3 ligase will finally help to delineate the 
contribution of PCNA-Ub and PCNA-Ubn in mammalian DDT and SHm. 
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sup figure 1. generation shprh-deficient mice. A) Structure of the wild-type genomic 
SHPRH locus (top) and targeted locus (bottom). exons 5-13 are indicated by numbered 
squares. 5’ and 3’ indicate the position and size of the probes used to screen eS clones for 
targeted disruption. most upper line represents the EcoR1 fragment detected in non-tar-
geted alleles, the two bottom lines represent the EcoR1 fragments after targeted disruption 
of the allele. B) Southern analysis of EcoR1 digested DNA of four individual G418-resistant 
eS clones. The position of the wild-type allele (12.4 kb) and the targeted allele, detected 
with the 5’ and 3’ probe (7.1 and 3.2 kb, respectively) are indicated. C) Immunoblot of 
protein extracts from wild-type (+/+) and knockout (-/-) mouse embryonic fibroblasts at 
early (p3) and late (p37) passages using a-SHPRH antibodies[35]. The arrow points to the 
protein of approximately 193 kDa that is lacking in the knockout (-/-) protein extracts.
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sup figure 2. mutations in rearranged Jh4 intronic sequences from wild type, 
Pcnak164R, ΔShprh/Hltf mutant and shprh/hltf-deficient B cells. Pattern of nucle-
otide substitution. Values are expressed as the total number of mutations and percentage 
of total mutations.
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aBstRact

Replication-blocking DNA lesions induce ubiquitination of PCNA (PCNA-Ub) 
at lysine residue 164 (PCNAK164) that in S. cerevisiae is essential to activate 
specialized translesion synthesis (TLS) polymerases. To study the regulation of TLS 
in mammals we established isogenic mice and derived cells that either lack Polh, 
carry a PCNAK164R mutation or both. In the absence of PCNA-Ub the replication 
block recovery and survival after UV treatment were impaired. PCNAK164R cells 
were far more UV sensitive than Polh-deficient cells, indicating that PCNA 
modification regulates more than Polh alone. Indeed, recruitment of various 
TLS polymerases was impaired in the PCNA-mutant cells and accumulation 
of UV-induced gH2AX was increased, compared with the Polh-deficient cells. 
Surprisingly, compared with the PCNAK164R single mutant cells, the PCNAK164R;Polh 
double-mutant cells displayed increased UV sensitivity, accumulation of gH2AX 
and failed to recover from UV-induced replication blocks. Together these results 
indicate the existence of PCNA-Ub-dependent and -independent pathways in 
activating Polh in mammalian cells, which is underscored by Polh-mediated 
somatic hypermutation independent of PCNA-Ub.
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intRoduction

DNA lesions that block the replicative polymerases lead to an arrest of the 
replication fork. If not relieved, the replication fork may collapse and cause a 
DNA double strand break (DSB).  To maintain genetic integrity and prevent the 
generation of death signals by secondary lesions, cells are equipped with DNA 
damage tolerance (DDT) pathways to continue replication without an a priori 
repair of the initial lesion (1). In eukaryotes DDT has been suggested to be mainly 
controlled by ubiquitination of the DNA sliding clamp Proliferating Cell Nuclear 
Antigen (PCNA). Upon replication fork stalling, PCNA is monoubiquitinated 
(PCNA-Ub) at lysine residue 164 (PCNAK164) by the Rad6/Rad18 complex (2, 3). 
In S. cerevisiae PCNA-Ub triggers a polymerase switch, that enables specialized 
DNA polymerases to replicate directly across a damaged template in a process 
known as translesion synthesis (TLS) (4). Also polyubiquitination of PCNA-Ub is 
observed in yeast and mammals, although in the latter case at much lower levels 
(3, 5, 6). In yeast, PCNA polyubiquitination is required for template switching in 
which the DNA lesions are bypassed by using the undamaged sister chromatid 
as a template. The relevance of this alternative DDT pathway in mammals is 
currently unclear (4). 

In higher eukaryotes, TLS is carried out primarily by the Y family polymerases 
Polh, -i, -k and Rev1, and the B family member polz  (7, 8). TLS can either 
be error-free or error-prone, depending on the TLS polymerase used and the 
lesion bypassed. for example, Polh is highly efficient and error-free when 
replicating UV-induced cyclobutane pyrimidine dimers (CPDs), while error-prone 
when replicating undamaged DNA (9-17). Inactivating mutations of Polh leads 
to the syndrom Xeroderma Pigmentosum Variant, resulting in hypersensitivity 
and hypermutability to UV damage, associated with a strong predisposition 
to skin cancer (9, 18). These observations suggest that at least in the context 
of UV-induced DNA damage, other TLS polymerases are non-redundant with 
Polh activity. As mammalian cells and chicken DT40 cells deficient for PCNA 
ubiquitination are sensitive to replication fork blocking lesions (19, 20), it has 
been suggested that, like in yeast, TLS in higher eukaryotes strongly depends 
on PCNA-Ub. In agreement, PCNA-Ub in mammals increases its affinity for Polh, 
Poli and Rev1 (2, 21-24), which is believed to depend on the Ub-binding domain 
(UBD) of TLS polymerases (22). In line with these observations, the recruitment 
of TLS polymerases to sites of UV damage is impaired in cells lacking Rad18 or 
when the UBDs are mutated (21-25). However, the involvement of PCNA-Ub and 
the UBD in regulating Polh have recently been questioned, since in human cells: 
1) mutation studies indicate that Ub binding by the UBD of Polh is dispensable 
for its activation (26, 27), 2) It has been suggested that PCNA-Ub is not required 
for Polh accumulation into foci, but only increases the residence time within foci 
(28), and 3) The bypass of a CPD lesion is as efficient in cell extracts of Rad18-
deficient cells as in wild-type (WT) cell extracts (29). 
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To address the role of PCNA-Ub in activating Polh in mammals, we established 
a unique set of mammalian cell lines that either lack Polh, carry a non-modifiable 
PCNAK164R mutation, or both. Upon UV treatment, TLS recruitment and DDT are 
strongly impaired in the PCNAK164R mutant cells, resulting in hypersensitivity to 
UV-induced lesions. Interestingly, compared to single mutants, the PCNAK164R;Polh 
double mutant cells were dramatically delayed in the S phase of their cell cycle 
and far more prone to cell killing following UV exposure. Apparently, in mammals 
Polh can act independently of PCNA-Ub. These findings are further supported by 
mutation spectra in hypermutated Ig genes in B cells of PCNAK164R;Polh double 
mutant mice. Together these observations, and those made in the companion 
paper (30), provide strong evidence that in mammals Polh can be activated in 
PCNA-Ub dependent and independent manners. 

Results

Foci-formation of TLS polymerases is impaired in the absence of 
PCNA-Ub 
It has been reported that Polh-, Polk- and Rev1-deficient cells are hypersensitive 
to UV-irradiation and that these polymerases accumulate at sites of UV-induced 
DNA damage, which can be visualized as subnuclear foci (8). As mentioned earlier, 
the role for PCNA-Ub in the recruitment of these polymerases is heavily debated. 
To address this question in a genetically defined setting, we here established 
cell lines from PCNAK164R knock-in mice (31). The PCNAK164R mutation precludes 
any posttranslational modification at this residue. To visualize the recruitment 
of TLS polymerases, GfP-tagged Polh, Rev1 and Polk were stably introduced 
into two independent WT and PCNAK164R mutant cell lines (fig. 1). In line with 
previous reports, in WT cells foci formation of Polh, Rev1 and Polk was induced 
by UV irradiation (8, 22, 24, 25, 32, 33). However, foci formation of these TLS 
polymerases was strongly reduced in the PCNAK164R mutant cells, indicating 
that PCNA-Ub is required for effective recruitment of these polymerases into 
subnuclear foci and suggests that PCNA-Ub is a central docking station for TLS 
accumulation. Remarkably, 6% of PCNAK164R mutant mefs were still capable 
of recruiting Polh in the absence of PCNA-Ub, although this recruitment is 
abolished when the two PCNA-interacting domains (26) were mutated (fig. S1).
These data suggest the existence of two distinct pathways in recruiting Polh: A 
major, PCNA-Ub-dependent and a minor, PCNA-Ub-independent pathway, both 
of which appear to depend on Polh/PCNA interaction. 

PCNA-Ub independent activation of Polh in damage survival
As the presence or absence of foci formation does not necessarily predict activity 
of TLS polymerases (34), we intercrossed PCNAK164R-mutant and Polh-deficient 
mice (15) and derived independent WT, PCNAK164R mutant, Polh-deficient and 
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PCNAK164R;Polh-double mutant cell lines to determine the importance of PCNAK164 
modification in activating DDT and specifically TLS Polh. 

To test the relevance of the PCNAK164 modification on cell survival in response 
to DNA damage, pre-B cells were treated with increasing doses of different DNA-
damaging agents (fig. 2). PCNAK164R mutant cells displayed hypersensitivity to 
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figure 1. uV inducibility of Polh-, Polk- and Rev1- foci in mef cells is impaired in 
the absence of Pcnak164 modification. The average of two independent cell lines are 
shown per genotype. mean ± SD of two experiments.
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figure 2. survival of wt, Pcnak164R mutant, Polh deficient and Pcnak164R;Polh 
double mutant pre-B cells in response to uV, cisplatin, mms, and g-irradiation. 
Cells were normalized to the mock treated cells. The average of two independent cell lines 
are shown per genotype. mean ± SD of two experiments.
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UV, cisplatin and mmS, genotoxic agents that block DNA replication. In contrast, 
all cell lines were equally sensitive to DNA double strand breaks induced by 
g-irradiation, arguing for a selective defect in DDT and excluding a general 
survival defect of PCNA-mutant cells. Taken together, our data are consistent 
with previous observations made in PCNAK164R mutant S. cerevisiae, chicken DT40 
cells and in PCNAK164R expressing human cells in which endogenous PCNA was 
knocked down (3, 4, 19, 20). In addition, it has been reported that in mammalian 
cells, PCNA is ubiquitinated when exposed to replication blocking lesions, but 
not to DNA double strand breaks (2). Polh-deficiency resulted in a mild sensitivity 
to UV and cisplatin treatment, consistent with previous in vitro and in vivo 
findings indicating that Polh bypasses CPD as well as cisplatin-GG, an intra-
strand adduct formed by cisplatin (9, 12, 14, 35). Compared to Polh-deficient 
cells, PCNAK164R cells were far more sensitive to UV and cisplatin, arguing that this 
can only be partly attributed to a defective recruitment and activation of Polh. 
further evidence for a role of PCNAK164 modification in Polh-independent DDT 
is provided by the observation that the failure to modify PCNAK164, but not the 
deficiency of Polh results in hypersensitivity to mmS. Remarkably, PCNAK164R;Polh 
double-mutant cell lines were far more sensitive to UV and cisplatin as compared 
to the single mutant cell lines. These data reveal for the first time that apart 
from its major PCNA-Ub dependent activity, Polh also provides a critical survival 
advantage in the absence of PCNA-Ub. 

Replication block recovery in the absence of PCNA-Ub and Polh
The sensitivity to DNA damage in PCNAK164R, Polh, and double mutant cell lines 
likely relates to defective DDT. We therefore determined whether WT, PCNAK164R, 
Polh, and double mutant mefs differ in recovering from UV-induced replication 
blocks. To address this we used the alkaline DNA unwinding (ADU) assay (36-38). 
In this assay, newly synthesized DNA is radioactively labeled, after which the cells 
are exposed to UV irradiation and chased for the indicated time. Hereafter, the 
persistence of radioactivity in the terminal fragments of approximately 30-50kbp 
is measured. As this assay monitors the fate of elongating replicons, it collectively 
measures all DDT pathways, including DNA damage bypass at the replication fork 
and post-replicative gap-filling. In the mock-treated cells no difference in the 
recovery of replication fork stalling was observed (fig. 3, left panel), confirming 
that PCNA-Ub and Polh are not essential for genomic replication in the absence 
of exogenous DNA damage. When WT cells were exposed to UV light, the 
recovery from DNA damage was only transiently delayed (36, 37), (fig. 3, right 
panel). At four hours after UV treatment virtually all pulse-labeled DNA ends 
were present in mature double strand DNA, indicating that all DNA damage 
was bypassed. In contrast, the recovery of blocked replication forks in Polh, 
PCNAK164R, and PCNAK164R;Polh cells was delayed. These data argue that both 
PCNA modification and Polh are necessary for efficient DDT of UV damaged 
templates. equally important, in contrast to TLS polymerases Rev1 and Rev3 
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(36, 37), both Polh and modification of PCNA are not essential as the damage 
was ultimately bypassed. These observations prove that in mammals PCNA 
modification-dependent as well as –independent pathways operate to relieve 
UV-induced replication blocks (see discussion). The tendency that damage bypass 
is slower in the PCNAK164R;Polh double mutant compared to PCNAK164R single 
mutant cells may indicate a function of Polh in UV damage bypass independent 
of PCNA modification.However, presumably due to the relative insensitivity of 
the assay we were unable to detect a statistical significant difference between 
PCNAK164R and PCNAK164R;Polh mutant cells. 

Formation of gH2AX in the absence of PCNA modification and Polh
Phosphorylation of H2AX at serine 139 (gH2AX) is mediated by the checkpoint 
kinases ATR in response to single stranded DNA exposed during replication stalling 
and by ATm in response to DNA double strand breaks that can occur upon fork 
collapse (39). The delayed recovery of stalled replication forks in Polh, PCNAK164R, 
and double mutant cells predicts that more single stranded DNA is exposed and 
DNA breaks may accumulate to higher levels in these cells as compared to WT 
cells. To investigate whether gH2AX indeed accumulates to higher levels in the 
mutants we determined the DNA content and the formation of gH2AX in UV-
irradiated WT, PCNAK164R, Polh, and PCNAK164R;Polh mutant pre-B cells. gH2AX 
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figure 3. Replication block recovery in mefs in the absence of Pcna-ub, Polh  or 
both as determined by alkaline dna unwinding. Left panel: mock-treated cells. Right 
panel, cells exposed to 10 J/m2 UV-C. mean ± Sem of five experiments.
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figure 4. Phosphorylation of h2aX and cell cycle progression in uV treated wt, 
Pcnak164R mutant, Polh deficient and Pcnak164R;Polh double-mutant cells. Data 
are representative of two experiments with two independent cell lines per genotype. A. 
flow cytometric analysis of gH2AX formation and cell cycle progression. Genotypes and 
time points (h) after UV treatment are indicated. The gates 1,2,3,4,5 to determine the 
frequency of cells in sub G1, G1, early S, late S, and G2 respectively, are indicated. Please 
note, we cannot distinguish G1 from very early S cells at time point zero and from some 
sub G1 cells at later time points. This fact does however not influence the interpretation 
of our data. B. mean fluorescence intensity (mfI) of gH2AX in early S and late S at the 
indicated time points after UV treatment are plotted. C. S phase progression of WT, Polh 
deficient, PCNAK164R mutant, and PCNAK164R;Polh double mutant cells in response to UV 
irradiation at the indicated time points after UV treatment are plotted.
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was found to accumulate in S phase (fig. 4A-B), indicating that in this setting 
the formation of gH2AX depends mainly on replication fork stalling. Consistently, 
gH2AX staining has been shown to correlate with S phase after UV irradiation (40, 
41). In agreement with previous observations (42) and with the defect of Polh-
deficient cells in tolerating UV damage, higher levels of gH2AX were found in 
Polh deficient cells as compared to WT. Over a period of seven hours, the gH2AX 
levels in Polh-deficient cells decreased to those of WT cells, although they did not 
reach levels before UV treatment. The induction and persistence of gH2AX levels 
were much stronger in PCNAK164R-mutant cells compared to Polh deficient cells, 
suggesting that modification of PCNA regulates other DDT pathways than Polh 
mediated lesion bypass. PCNAK164R;Polh cells are even more compromised in 
recovering from stalled replication forks than the single mutant cells as shown by 
increased levels of gH2AX at 4 hours after UV treatment (fig. 4B). Together these 
data indicate that in DNA lesion bypass Polh may act independently of PCNA 
modification at K164.

Cell cycle delay in the absence of PCNA modification and Polh
To determine the impact of UV-induced DNA damage on the cell cycle, we 
compared the cell cycle profiles in the experiment mentioned above. In addition 
to DNA content, we used gH2AX to further distinguish G1 cells from early S 
phase cells as argued above. To compare the cell cycle of the different genotypes 
after UV irradiation, the frequencies at 0 hours were normalized (fig. S2). The 
number of PCNAK164R, Polh, and PCNAK164R;Polh mutant cells accumulated in early 
S phase over the first four hours, while at the same time the percentage of cells 
in late S strongly declined. To visualize this more clearly, we compared the relative 
frequencies of cells in early and late S (fig. 4C). While the distribution of WT cells 
in early and late S phase remained quite stable over 8 hours, indicating relatively 
unperturbed S phase progression, Polh deficiency resulted in an increase of the 
frequency of early-S phase cells and a decrease of cells in late S phase during the 
first four hours, after which the frequencies returned to those of WT. These data 
are in good agreement with the S-phase delay found in XP-V cells (40, 43, 44), 
and implicate that after four hours, cells irradiated in G1 or early S ultimately 
progress to late S. In PCNAK164R cells the S phase delay is even more pronounced, 
but the cells were still able to enter late S. In contrast, PCNAK164R;Polh double 
mutant cells were unable to tolerate this damage and virtually all cells died 
within 24 hours after UV (fig. 4A). In contrast to the double mutant, the cell 
cycle distribution in Polh and PCNAK164R cells started to normalize after 24 hours. 
In summary, replicating PCNAK164R cells are highly sensitive to UV damage, but 
have the potential to overcome replication blocks. This potential is lacking in 
the double mutant cells and results in cell death. Thus, in replicating cells Polh 
provides a survival advantage to UV-induced DNA damage that is independent 
of PCNA modification.  
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PCNA-Ub independent activation of Polh during mutagenesis  
While Polh ensures error-free replication across a template CPD, it is highly error-
prone when replicating undamaged DNA, especially when replicating across 
template T (11). B cells take advantage of the intrinsic error-prone nature of 
TLS polymerases to introduce point mutations into the variable region of their 
rearranged immunoglobulin (Ig) genes to generate antibodies of increased affinity, 
a process known as somatic hypermutation (SHm)(13). B cells lacking Polh or 
PCNA-Ub are compromised in generating mutation at A/T basepairs (15-17, 31, 
45). Given our findings that Polh can act independently of PCNA-Ub during TLS we 
here determined the contribution of PCNA-Ub in the generation of Polh-dependent 
A/T mutations in vivo. Using established methods (45, 46) the mutation spectra in 
hypermutated Ig genes from WT, Polh, PCNAK164R and PCNAK164R;Polh mutant B 
cells were determined. As shown in figure 5 and supplemental figure 3, 50% of 
point mutations reside at template A and T. Consistent with the role of Polh in A/T 
mutagenesis (15-17), Polh-deficiency reduced mutations at A/T basepairs to 20%. 
In the absence of Polh, Polk has been found to substitute Polh in generating A/T 
mutations (47). In line with previous publications (31, 45, 48), the frequency of 
A/T mutations was strongly reduced but not absent in PCNAK164R mutant B cells, 
indicating that both Polh and k depend on PCNA-Ub to establish 90% of all A/T 
mutations. To determine the contribution of Polh in A/T mutagenesis occurring 
independently of PCNAK164 modification, we compared the mutation spectra 
of PCNAK164R and PCNAK164R;Polh double mutant B cells. We found that Polh is 
responsible for the vast majority (81%) of PCNA-Ub-independent A/T mutagenesis 
during SHm. Taken together, these data further support the existence of a PCNA-Ub 
dependent and independent Polh activation pathway.Figure 5.
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a/t and g/c mutations 
in the immunoglobu-
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discussion 

 To delineate the role of PCNA-Ub in controlling mammalian DDT in general 
and in regulating Polh in particular, we here established a unique set of mice 
and mammalian cell lines that either lack Polh, carry a non-modifiable PCNAK164R 
mutation or both. Our studies indicate that: 1) PCNAK164 modification is important, 
but not essential for the recovery of DNA damage induced replication blocks, 2) 
In response to UV-damage as well as during SHm in vivo, Polh can be activated 
in a PCNA-Ub dependent and independent manner. 

In line with previous studies (3, 4, 19, 20), PCNAK164R mutant cells are highly 
sensitive to replication-blocking agents. We now show that this sensitivity relates 
at least partially to a delayed recovery from replication blocks as revealed by ADU 
and cell cycle analysis. The fact, that PCNAK164R mutant cells are far more sensitive 
than Polh deficient cells suggest that PCNA modification does not only regulate 
Polh-mediated lesion bypass but also other TLS polymerases and DDT pathways. 
In fact, UV-induced foci formation of Polh, Polk and Rev1 was found to depend 
strongly on PCNAK164 modification. As the lack of these polymerases results in UV-
sensitivity (8), the  hypersensitivity of PCNAK164R mutant cells may be caused by an 
impaired recruitment of these TLS polymerases to sites of UV damage. These data 
are consistent with previous observations made in Rad18-deficient cells (21), but 
contrast the work of Sabbioneda et al., which suggested that PCNA-Ub is not 
required for the formation of Polh foci, but rather increases the residence time 
of Polh in foci (28). The discrepancy may relate to our observation that in the 
absence of PCNA-Ub a subset of cells is capable of recruiting Polh into damage-
induced foci. In addition, the genetically defined PCNAK164R knock-in system used 
in the present study excludes PCNA ubiquitination, which is not the case for 
proteasome inhibition as applied in the latter study. Of note, the failure to recruit 
TLS polymerases into foci, does not necessarily imply a failure in activating these 
polymerases (34). Besides TLS activation, alternative PCNA modifications such as 
polyubiquitination and SUmOylation could regulate additional survival strategies. 

Our data demonstrate that in the absence of PCNA modifications mammalian 
cells possess an alternative pathway that allows them to recover from replication 
blocks. In contrast, PCNA modification appears to be essential for post replication 
repair in chicken DT40 cells (49). Homologous recombination might be involved in 
the recovery from replication blocks independent of PCNA modification (50-52). 
Alternatively, Rev1 may provide a mechanism to recover from replication blocks 
by recruiting other TLS polymerases independent of PCNA modification (36, 
53). PCNA-Ub independent activation of Rev1 is supported by ADU results, as in 
contrast to our PCNAK164R mutant mefs, Rev1-deficient as well as Rev3L deficient 
mefs are unable to recover from replication blocks (36, 37). furthermore, Rev1 
can act independently of PCNA-Ub in chicken DT40 cells (49, 51) and during 
SHm in mammals (31, 45, 48). 
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In addition, we here provide several lines of evidence that Polh can provide 
DDT independent of PCNA modification. We show, that PCNAK164R;Polh double 
mutant cell lines are far more sensitive to UV and cisplatin than the PCNAK164R cell 
lines, two DNA damaging agents known to be bypassed effectively by Polh (9, 
12, 14, 35). These insights contrast recent findings in which Polh was not found 
to provide an additional survival advantage in cell lines expressing predominantly 
exogenous PCNAK164R (20). Residual expression and modification of endogenous 
PCNA in the latter study may explain this discrepancy. The additional sensitivity 
of PCNAK164R;Polh double mutant cells to UV damage likely relates to more stalled 
replication forks, as suggested by the higher levels of gH2AX in late S phase as 
compared to PCNAK164R single mutant cells. PCNAK164R;Polh cells ultimately were 
unable to tolerate this damage and virtually all cells died within 24 hours after UV. 

Combining these and previous findings suggest an updated model for the 
function of PCNA modification in mammalian DDT. In this model the exposure 
of single-stranded DNA resulting from replication blocks triggers the recruitment 
and activation of Rad6/Rad18 to ubiquitinate PCNA. Next, PCNA-Ub activates 
TLS, while PCNA polyubiquitination may activate template switching. Hereby, 
PCNA modification prevents the collapse of the fork and ensures the completion 
of replication. In the absence of PCNA modification we now suggest that the 
recovery of the replication block is delayed, but can be partially relieved by Polh, 
Rev1, and Polz.

This model is supported by the data described in the companion paper by Ayal 
et al. (30). How Polh, Rev1, and Polz are regulated independent of PCNA-Ub and 
by which mechanism these polymerases then prevent replication fork collapse 
and/or post replication gap filling will be exciting to address in future studies. 
It has been found that Polh, in addition to its role in TLS, may participate in 
homologous recombination (54, 55). However, given our findings that Polh can 
only relieve replication blocks induced by UV and cisplatin but not mmS, implies 
that the PCNA-Ub independent Polh activity relates to TLS. 

mateRial and methods

Isolation and generation of primary and immortalized cell lines
The generation and genotyping of PCNAK164R knock-in mice and Polh deficient mice 
has been described elsewhere (15, 31, 45). All animal experiments were approved 
by an independent animal ethics committee of the Netherlands Cancer Institute 
(Amsterdam, Netherlands). Germinal center B cells, pre-B cells and mouse embryonic 
fibroblasts (mefs) were isolated from intercrosses of PCNAK164R;Polh heterozygous 
mice using standard procedures as described in SI. mefs were immortalized (2 
per genotype) using lentiviral expression of a p53-specific shRNA (56). Stable cells 
lines (2 per genotype) expressing GfP-Polh, GfP-Polh-PIP, GfP-Polk, GfP-Rev1 were 
generated by retroviral transduction and fACS sorting as described in SI.
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Characterization of cell lines
ADU and SHm assays were performed using immortalized mefs and germinal 
center B cells respectively, as previously described (36, 37, 45, 46). foci formation 
was determined in mefs, PfA fixed 6 hours after UV-C (15J/m2) or mock treatment 
as described in SI. Survival and cell cycle analysis were performed using primary 
pre-B cells as described in SI.
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si mateRials and methods

Derivation and culturing of cell lines: pre-B cells and mouse 
embryonic fibroblasts
e14.5 embryos were isolated from an intercross of heterozygous PCNAK164R;Polh 
mice. Single cell suspensions were generated from fetal livers and subsequently 
cultured on ST2 feeder cells in IL7-containing complete medium (Iscoves, 8% fCS 
and penicillin/streptomycin) for the generation of pre-B cell cultures, according 
to Rolink et al (1). Germinal center B cells where sorted from 3 WT, 3 Polh, 
2  PCNAK164R and 3 PCNAK164R;Polh mice, as previously described (2). mouse 
embryonic fibroblasts (mefs) were isolated according to Abbondanzo et al. (3). 
mefs were immortalized (2 per genotype) using lentiviral expression of a p53-
specific shRNA (4). Primary and immortalized mefs were grown in complete 
medium. All cells were grown incubated at 37°C in 5% CO2. 

Generation of GFP-Polh, GFP-Polk and GFP-Rev1 MEFs
mouse Polh cDNA was amplified and cloned in peGfP-C1 (BD Biosciences 
Clontech). Using site directed mutagenesis f442A, L443A and f687A, f688A 
mutations were introduced, inactivating the two PIP domains (5). The peGfP-
Polk and peGfP-Rev1 plasmids are described previously (6, 7). To enable virus 
production, the eGfP-fusions were subcloned in the retroviral pmX vector. 
Recombinant virus was isolated from Phoenix-eco cells transfected with the pmX-
eGfP-fusion plasmids. Harvested virus particles were used to transduce two WT 
and PCNAK164R immortalized mefs. GfP-positive mefs were sorted by fACSorter.

Foci formation
Two independent WT and PCNAK164R mefs expressing the eGfP-Polh wild-type, 
eGfP-Polh PIP mutant, eGfP-Rev1 or eGfP-Polk fusion were plated on round 25 
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mm coverslips. The next day the medium was removed, cells were washed with 
PBS and irradiated with 15 J/m2 UV-C (254 nm, UV Stratalinker® 2400, Stratagene) 
or mock treated. After six hours, cells were fixed in 4% paraformaldehyde and 
embedded in fluoro-Gel (electron microscopy Sciences) before analysis on a CCD 
microscope. 200 cells per genotype were counted for foci-formation of eGfP-
Polh.

Pre-B cell survival assay
105 pre-B cells were seeded on ST2 feeder cells in 24 well-plates in 0.5 ml complete 
medium and IL7 prior to UV-C irradiation (254 nm, UV Stratalinker® 2400, 
Stratagene). After 15 minutes, cells were irradiated and cultured in 1 ml complete 
medium and IL7. for the survival upon cisplatin-, mmS- and g-irradiation-induced 
DNA damage, 105 pre-B cells were seeded on ST2 feeder cells in 24 well-plates in 
1 ml complete medium and IL7 in the continuous presence of different doses of 
cisplatin and mmS or after a single dose of of irradiation from a 137Cs source. for 
determining the survival, pre-B cells were harvested after three days of culture 
and live (propidium iodine negative) pre-B cells were counted by on a fACSArray 
(Becton Dickinson). Data were analyzed using flowJo software.

Cell cycle analysis in pre-B cells
2 x 105 pre-B cells were seeded in 24 well-plates in 0.5 ml complete medium and 
IL7. After 15 minutes, cells were irradiated with 2J/m2 UV-C and harvested at the 
indicated time points, fixed immediately with 1.5ml ice-cold 100% ethanol and 
kept at 4ºC. Cells were treated for 20 minutes with RNAse A (0.5 mg/ml, Sigma 
Chemical Co), before permeabilizing in Tween-20 solution (0.25% Tween-20 in 
PBS/ 1%BSA). gH2AX was detected with 1mg/ml anti-phospho-histone H2A.X 
(Ser139, clone JBW301; millipore). After staining with fITC-conjugated anti-
mouse IgG antibody (25 ug/ml) (DAKO Cytomation) the cells were resuspended 
in PBS containing 5 mg/ml propidium iodine (PI) and measured on a fACSCalibur 
(Becton Dickinson). Data were analyzed using flowJo software.
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supplementary figure 1: a.) uV inducibility of wt and PiP mutant Polh foci in the 
presence and absence of Pcnak164 modification. The average of two independent cell 
lines are shown per genotype. mean ± SD of two experiments. B.) Representative images 
of cells with or without eGfP-Polh, eGfP-Polh PIP mutant, eGfP-Rev1 or eGfP-Polk fusion 
foci in the presence and absence of PCNAK164 modification.
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Fig. S2

supplementary figure 2: cell cycle profile. genotypes and time points (h) after uV 
treatment are indicated. The progression of UV irradiated WT, Polh deficient, PCNAK164R 
mutant, and PCNAK164R;Polh double mutant cells in G1, early S, late S, and G2 are shown. 
Left panel indicate the percentage of total cells, right panel the percentage of total cells 
after normalization to WT at t=0. Data are representative of two experiments with two 
independent cell lines per genotype.
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Fig. S3

Number WT Polη % WT Polη
A>G 132 11 3 1 A>G 15.9 2.2 1.0 0.2
A>C 58 35 0 0 A>C 7.0 7.2 0.0 0.0
A>T 90 15 3 3 A>T 10.9 3.1 1.0 0.7
T>A 29 7 2 0 T>A 3.5 1.4 0.7 0.0
T>G 35 22 1 0 T>G 4.2 4.5 0.3 0.0
T>C 89 9 6 0 T>C 10.7 1.8 2.1 0.0
G>A 141 169 102 165 G>A 17.0 34.6 35.1 39.5
G>C 90 91 49 92 G>C 10.9 18.6 16.8 22.0
G>T 48 20 22 23 G>T 5.8 4.1 7.6 5.5
C>A 22 18 15 21 C>A 2.7 3.7 5.2 5.0
C>G 22 20 14 18 C>G 2.7 4.1 4.8 4.3
C>T 72 72 74 95 C>T 8.7 14.7 25.4 22.7
Total 828 489 291 418 Total 100.0 100.0 100.0 100.0
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supplementary figure 3: Base exchange pattern of point mutations in the Jh4 
intronic region of hypermutated ig genes. a.) The specific nucleotide substitiutions 
and genotypes are shown in absolute numbers (left panel) and relative numbers (right 
panel). B.) The distribution of all G/C (above x axis) and A/T (below x axis) mutations along 
the JH4 intronic region starting from the splice donor are indicated as percentage of total 
mutations. The genetic backgrounds are indicated.





5

pcna ubIquItInatIon IS IMportant, but 
not eSSentIal for dna daMaGe bypaSS In 

MaMMalIan cellS 

ayal hendel*1, peter h. l. Krijger*2, noam diamant1, Zohar Goren1, petra 
langerak2, Jungmin Kim3, thomas reißner4, Kyoo-young lee5, nicholas e. 

Geacintov6, thomas carell4, Kyungjae Myung5, Satoshi tateishi7, alan d’andrea3, 
heinz Jacobs*2, and Zvi livneh*1 

1Department of Biological Chemistry, Weizmann Institute of Science, Rehovot 76100, 
Israel; 2Division of Immunology, The Netherlands Cancer Institute, 1066 CX Amsterdam, 

The Netherlands; 3Department of Radiation Oncology and Pediatric Oncology, Dana-
farber Cancer Institute, Harvard medical School, Boston, massachusetts 02115, USA; 

4Department of Chemistry and Biochemistry, Ludwig maximilians-University munich, 
81377 münchen, Germany; 5Genome Instability Section, Genetics and molecular Biology 

Branch, National Human Genome Research Institute,  
National Institutes of Health, Bethesda, mD 20892; 6Chemistry Department, New York 

University, NY 10003-5180, USA; 7Institute of molecular embryology and Genetics, 
Kumamoto University, Honjo 2-2-1 Kumamoto 860-0811 Japan; *These authors 

contributed equally to this work 

submitted



5

aBstRact 

Translesion DNA synthesis is a DNA damage tolerance mechanism in which 
specialized low-fidelity DNA polymerases bypass replication-blocking lesions, and 
it is usually associated with mutagenesis. In S. cerevisiae a key event in TLS is 
the monoubiquitination of PCNA, which enables recruitment of the specialized 
polymerases to the damaged site through their ubiquitin binding domain. In 
mammals, however, a clear requirement for ubiquitinated PCNA (PCNA-Ub) in 
TLS has not yet been demonstrated. Here we show that in mouse embryonic 
fibroblasts carrying the PcnaK164R/K164R mutation, which prevents ubiquitination, 
TLS is strongly reduced across UV lesions and the cisplatin-induced intrastrand 
GG crosslink. A similar effect was obtained in cells lacking Rad18, the e3 ubiquitin 
ligase which monoubiquitinates PCNA. Consistently, cells lacking Usp1, the 
enzyme that de-ubiquitinates PCNA exhibited increased TLS across a UV lesion and 
the cisplatin adduct. In contrast, cells lacking the Rad5-homologs Shprh and Hltf, 
which polyubiquitinate PCNA, exhibited normal TLS. Analysis of chromosomal 
UV-induced RPA foci, indicative of replication gaps caused by UV lesions, showed 
faster accumulation and slower clearance in PcnaK164R/K164R compared to wild-type 
mefs, indicating a defect in filling replication gaps, and consistent with a TLS 
defect. Knocking-down the expression of the TLS genes Rev3L, PolH or Rev1 in 
PcnaK164R/K164R mef caused increased sensitivity to UV radiation, indicating the 
existence of TLS pathways that are independent of PCNA-Ub. Taken together 
these results unequivocally show that PCNA-Ub is required for efficient TLS, 
however, in its absence TLS still occurs, albeit at a significantly lower efficiency.  
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intRoduction 

Translesion DNA synthesis is a universal DNA damage tolerance mechanism, which 
enables continuous functioning of DNA despite the presence of unrepaired DNA 
lesions. It employs specialized low-fidelity DNA polymerases, which are capable 
of replicating across DNA damage due to a flexible structure and promiscuous 
active site that allows lesion bypass at the cost of increased mutations (1-3). At 
least 5 and possibly as many as 10 specialized DNA polymerases are involved 
in TLS in mammalian cells, acting typically in two-polymerase reactions, where 
the first polymerase inserts a nucleotide opposite the lesion, and the second 
polymerase, usually polymerase z (polz), extends beyond the lesion (4-6). The 
biological importance of TLS is indicated by essentiality of DNA polz for mouse 
development (7), and the high cancer predisposition caused by germ-line 
mutations in the POLH gene (encoding polh) in humans (8, 9). 

A key regulatory element in TLS is the monoubiquitination of PCNA at lysine 
164 in response to treatment with DNA damaging agents. In S. cerevisiae 
this reaction is carried out by the Rad6-Rad18 e2-e3 enzymes (fig. 1), and is 
critical for the activity of TLS, functioning to recruit TLS polymerases through 
their ubiquitin-binding domain, and thereby switching from replicative to TLS 
polymerases (10, 11). In higher organisms the involvement of ubiquitinated 
PCNA (PCNA-Ub) in TLS is less clear. Chicken DT40 cells carrying the PcnaK164R/

K164R mutation, which prevent ubiquitination of PCNA, exhibited sensitivity to 
DNA damaging agents (12), however, they were fully proficient in TLS across a 
TT 6-4PP in a plasmid system (13). As for mammals, a common model suggests 
that similar to S. cerevisiae, PCNA-Ub recruits TLS polymerases to the site of 
DNA damage mediated via their ubquitin-binding domain (14-18). This model 
was challenged by studies reporting that mutations or even complete deletion 
of the UBZ ubiquitin-binding domain from polh had no effect on in its activities, 
including TLS across a site specific TT CPD in a replicative plasmid assay system 
(19, 20). 

PCNA

PCNA-mUb

Rad18

PCNA-pUb

HDR TLS

Usp1

Shprh 
Hltf 
x?

fig. 1. Outline of uniquitination and deubiquitination 
reaction of PCNA. Treatment with DNA-damaging 
agents, such as UV light, induces monoubiquitination 
of PCNA at Lys164 by the Rad18 e3 ligase. A popular 
model suggests that the monouqiquitinated PCNA 
(PCNA-mUb) directly recruit TLS polymerases enabling 
translesion DNA synthesis. The deubiquitinating 
enzyme Usp1 removes the ubiquitin from PCNA-mUb, 
thereby negatively regulating the level of PCNA-Ub. 
The Rad5 homologs Shprh and Hltf, and an unidenti-
fied additiona e3 ligase (marked x?) can extend the 
ubiquitin chain of PCNA-mUb, and the polyubiq-
uitinated PCNA (PCNA pUb) thus formed promotes 
homology-dependent (template switch) error-free 
damage tolerance.
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In an attempt to resolve the controversy and clarify the role of PCNA-Ub 
in TLS in mammalian cells we used several TLS assays with mouse embryonic 
fibroblasts in which specific TLS proteins associated with PCNA ubiquitination 
were either knocked-out or knocked down. The experiments reported here show 
that efficient TLS in mammalian cells requires PCNA-Ub. Yet, secondary TLS 
mechanisms exist, which are PCNA-Ub independent, as shown here and in the 
companion paper (21). 

Results 

tls is reduced in cells carrying the PcnaK164R/K164R mutant that is resistant to 
ubiquitination and sumoylation. 

To assess the effect of ubiquitination of PCNA on TLS we used mefs carrying 
the PcnaK164R/K164R mutation which prevents ubiquitination and sumoylation (22), 
and a model assay system based on plasmids carrying a gap opposite a defined 
site-specific DNA lesion. This model assay system monitors TLS events that share 
many of the features of chromosomal TLS, including dependence on specific 
DNA polymerases and regulatory elements of TLS (5, 23-26). Briefly, cultured 
cells were transfected with a mixture containing a gapped plasmid with a site-
specific lesion in the ssDNA region, a normalizing control plasmid with a gap, but 
no lesion, and a carrier plasmid (fig. S1, A). After allowing time for TLS in the 
mammalian cells, the plasmid content was extracted under alkaline conditions, 
and after renaturation it was used to transform an indicator E. coli recA (TLS-
defective) strain. Under these conditions only plasmids that had been fully filled in 
and ligated transformed the bacterial strain. E. coli transformants were selected 
on LB plates containing kanamycin, to select for descendents of the gap-lesion 
plasmid (kanR), and LB containing chloramphenicol, to select for descendents of 
the normalizing gapped plasmid (cmR). The ratio of kanR/cmR colonies provided a 
measure of the efficiency of gap filling by TLS. Colonies were then picked, their 
plasmid content extracted, and subjected to DNA sequence analysis at the region 
of the lesion, to determine any sequence changes that had arisen during TLS. 

Using a gapped plasmid carrying a site-specific TT CPD in the ssDNA region 
we assayed TLS in PcnaK164R/K164R mefs. As can be seen in fig. 2A and Table S2, 
TLS was reduced 4.4-fold in the mutant PcnaK164R/K164R cells compared to Pcna-
proficient mefs. DNA sequence analysis revealed that 98% of the TLS events 
in both the mutant and wild-type mefs were accurate, leading to the insertion 
of AA opposite the TT CPD, and consistent with the activity of polh (Table S3). 
We used the same assay for two additional lesions: a TT 6-4 photoproduct (TT 
6-4 PP), representing the second most abundant UV lesion, and an intra-strand 
GG adduct formed by the drug cisplatin (GG-cisPt). TLS across cisPt-GG occurs 
primarily via a two-polymerase reaction with polh performing insertion opposite 
the lesion, and polz performing the extension past the lesion, whereas efficient 
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bypass of TT 6-4 PP does not require polh, but does requires polz (5). As can 
be seen in fig. 2A and Table S2, TLS across a TT 6-4PP was reduced 3.3-fold in 
PCNA-Ub deficient mefs compared to wild-type Pcna+/+ mefs. DNA sequence 
analysis revealed that TLS across the TT6-4PP was highly mutagenic in both 
wild-type (63% errors) and PcnaK164R/K164R (35% errors) mefs (Table S3). Analysis of 
TLS across cisPt-GG revealed that TLS was reduced 2.6-fold in PCNA-Ub deficient 
mef compared to wild-type Pcna+/+ mefs (fig. 2A and Table S2), and was largely 
accurate in both cell types (88% and 75%, respectively; Table S3). Thus, TLS is 
reduced in Pcna  mutant mefs, but not completely abolished. 

A

PCNAK164R

CisPt GGTT 6-4TT CPD

WT

C

Shprh-/- & Hltf -/-

CisPt GGTT 6-4TT CPD

WT

B

Rad18 -/-

CisPt GGTT 6-4TT CPD

WT

D

Usp1  -/-

Cispt GGTT 6-4TT CPD

WT Usp1-/-

+ WT Usp1

Usp1 -/-

+ Usp1 C90S

CisPt GG

fig. 2. Involvement of PCNA ubiquitination in TLS across TT CPD, TT 6-4PP, and cisPt-GG 
adduct in mammalian cells. mefs were assayed for TLS as described in the text and under 
materials and methods, using the indicated site-specific lesions. TLS extents were given 
as percentage relative to TLS assayed with isogenic wild type mefs. Results are presented 
for experiments which were done with Pcna+/+ and PCNAK164R/K164R mefs (A), Rad18+/+ 

and Rad18 /- mefs (B), Shprh+/+Hltf+/+ and Shprh-/-Hltf-/- mefs (C), Usp1+/+ and Usp1-/-mefs, 
and Usp1-/-mefs complemented with wild-type Usp1 or inactive mutant Usp1C90S (D). 
Average results of at least three experiments are presented. error bars represent standard 
deviations. The detailed data are presented in Tables S2, S4, S6, and S8.
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TLS is reduced in MEFs lacking Rad18, but not in MEFs lacking the 
Rad5 homologs Shprh and Hltf. 

The PCNAK164R/K164R mutation renders PCNA resistant not only to monoubiquitination, 
but also to polyubiquitination (fig. 1) and sumoylation. To examine which of these 
modifications is required for efficient TLS, we analyzed two additional mutant 
mefs: A Rad18 knockout strain, which lacks the Rad18 e3 ubiquitin ligase that 
monoubiquitinates PCNA at K164 (27), and a Shprh-/- Hltf-/-double knockout mef 
(28), lacking the two Rad5-homologs, which polyuniquitinate PCNA at K164. As 
can be seen in fig. 2B and Table S4, TLS in Rad18-/-mefs was significantly reduced 
compared to Rad18+/+ mefs when any of the three lesions was assayed. The DNA 
sequence patterns were generally similar to those observed in the Pcna+/+ and 
PcnaK164R/K164R pair (Table S5). In contrast, in cells lacking Shprh and Hltf, TLS across 
each of the three lesions was normal (fig. 2C and Table S6 and S7). These results 
suggest that efficient TLS indeed requires ubiquitination of PCNA. 

TLS is increased in cells deficient in the Usp1 deubiquitinating 
enzyme.

The Usp1 deubiquitinating enzyme was shown to deubiquitinate 
monoubiquitinated PCNA (PCNA-mUb; fig. 1)(29). To examine the effect of Usp1 
on TLS we assayed TLS in Usp1-/-mefs. As can be seen in fig. 2D and Table S8, 
TLS across a TT CPD was 2.3-fold higher in Usp1-/- mefs compared to wild-type 
mef. Similarly, TLS across a cisPt-GG adduct was 3.8-fold higher in Usp1-/-mefs 
compared to wild-type mefs. DNA sequence analysis showed similar mutational 
spectra, although in the case of cisPt-GG, the higher TLS in Usp1-/-compared to 
Usp1+/+ cells was more pronounced for mutagenic than accurate TLS (Table S9). 
Interestingly, there was no effect on TLS across the TT 6-4PP. Complementing the 
Usp1-/-mefs with stably expressed wild-type Usp1 suppressed TLS across cisPt-GG 
back to wild-type levels, whereas expressing a Usp1 C90S mutant (30) failed 
to suppress TLS, indicating that the observed effects are indeed due to Usp1 
(fig. 2D and Table S8). Thus, the absence or inactivation of the enzyme that 
deubiquitinates PCNA-mUb caused an increase in TLS in 2 out of the 3 lesions 
studied, in contrast to the decrease in TLS caused by the inability to ubiquitinate 
PCNA. These results are consistent with previous reports that mutations in a UV-
irradiated plasmid transfected into mammalian cells were increased when Usp1 
was reduced or absent (29, 31). 

UV-induced Rpa foci, indicative of replication gaps, accumulate 
faster, and disappear slower in mouse embryo fibroblasts carrying 
the PcnaK164R/K164R mutation.

UV irradiation causes stalling of replication forks and the generation of ssDNA 
regions in DNA, which are repaired by DNA damage tolerance mechanisms, 
namely TLS and HDR (homology-dependent repair) (reviewed in (32)). In UV-
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irradiated murine cells TLS was reported to be the major tolerance mechanism 
for overcoming UV lesions (33). To examine the chromosomal significance of the 
results presented above, we analyzed the formation and clearance of UV-induced 
ssDNA regions in PcnaK164R/K164R mefs compared to Pcna+/+ mefs. This was done 
using immunofluorescence staining of endogenous Rpa2, a subunit of the Rpa 
ssDNA-binding protein, which is a key protein in DNA replication and repair (34), 
using a protocol previously used in our lab (Diamant et al, submitted). mefs at 
the G1/S boundary were isolated by centrifugal elutriation, UV irradiated, and 
grown in culture. At various time points after irradiation the cells were harvested 
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fig. 3. Time course of RPA foci accumulation and clearance after UV irradiation. Pcna+/+ 

and PCNAK164R/K164R mefs were collected at the G1/S boundary, and allowed to attach 
to microscope slides. Two hours later they were UV irradiated at a dose of 8 J/m2. At 
the indicated time points cells were pre-extracted and then fixed, immuno-stained with 
anti-Rpa antibody and DAPI-stained. (A) Representative images of cells stained with DAPI 
or antibodies against Rpa, either with or without UV irradiation. (B) Quantification of the 
extent of cells with Rpa foci. for each cell line at each time point at least 100 cells were 
counted and the percentage of cells exhibiting RPA foci was determined. The results are 
the average of two independent experiments. full symbols, PCNAK164R/K164R mefs; empty 
symbols, wild-type mefs; Squares, UV irradiated cells; Triangles, unirradiated cells.
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and stained for Rpa foci (fig. 3A). In unirradiated cells a low background level 
of Rpa foci was observed (less than 10%; fig. 3B). Upon UV irradiation Rpa 
foci were induced in the two cell types, but at different rates. Thus, by 6 hours 
post-irradiation nearly 40% of the PcnaK164R/K164R cells contained Rpa foci, whereas 
Pcna+/+ cells contained only the background level of 10% Rpa foci (fig. 3B). The 
extent of cells with Rpa foci increased for both cell types, reaching its maximum 
at 18 hours post-irradiation, after which the number of foci declined, indicating 
a net conversion of the ssDNA regions to dsDNA. The disappearance of Rpa foci 
was significantly slower in the PcnaK164R/K164R mefs compared to Pcna+/+ mefs (fig. 
3B). Thus, Rpa foci accumulate faster in PcnaK164R/K164R mefs compared to Pcna+/+ 
mefs following UV irradiation, and disappear slower, consistent with a defect in 
DNA damage tolerance by TLS. 

epistasis analysis of the effect of PcnaK164R/K164R and tls dna polymerases 
on uV sensitivity. 

The data presented above indicates that although PCNA-Ub is required for efficient 
TLS in mammalian cells, a significant level of TLS was observed in the absence of 
PCNA-Ub, suggesting the existence of an PCNA-Ub-independent pathway. We 
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fig. 4. epistasis analysis of the 
contribution of ubiquitinated 
PCNA and TLS DNA polymerases 
to UV sensitivity. (A-C) Pcna+/+ and 
PCNAK164R/K164R mefs were trans-
fected with siRNA against the TLS 
polymerases polz, (A) polh (B) or 
Rev1(C), and after 48 h they were 
UV irradiated at the indicated 
doses. Sensitivity was determined 
10 days after UV irradiation by 
measuring colony forming ability. 
each point represents the mean of 
three independent experiments.
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further probed this possibility by assaying UV sensitivity of PcnaK164R/K164R mefs 
in which the expression of specific TLS proteins was knocked-down, using as 
an assay the ability to form colonies following UV irradiation (fig. 4). As can 
be seen in fig. 4A-C, PcnaK164R/K164R mefs were more UV sensitive than wild-type 
mefs when treated with the control siRNA, consistent with the role of PCNA-Ub 
in TLS across UV lesions. Knocking down the expression of Rev3L, encoding the 
catalytic subunit of polz, in wild-type mef caused an increased UV sensitivity (fig. 
4A), consistent with previous results, and reaching a sensitivity level similar to 
PcnaK164R/K164R mefs treated with a control siRNA. When PcnaK164R/K164R mefs were 
treated with a Rev3L-specific siRNA, UV sensitivity further increased (fig. 4A), 
suggesting the existence of a PCNA-Ub  independent polz-dependent pathway 
of TLS. Similar results were obtained when the expression of polh (fig. 4B), or 
of Rev1, an important regulatory protein and a dCmP transferase (fig. 4C), were 
each knocked-down in PcnaK164R/K164R mefs. Taken together these results suggest 
the existence of PCNA-Ub-independent pathways of TLS, which are polh, Rev1 
and/or polz dependent. 

discussion 

The debate about the role of PCNA-Ub in polh-promoted TLS in mammalian cells 
prompted us to address this issue using several mutant mouse cells, and several 
assays. The latter included (1) a TLS assay based on gapped plasmids carrying 
defined and site-specific lesions; (2) immuno staining of RPA foci following UV 
irradiation of cells at the G1/S boundary of the cell cycle, which assays ssDNA 
gaps caused by UV lesions; and (3) UV sensitivity as manifested by the ability of 
irradiated cells to form colonies. Overall we studied three types of lesions, two of 
which were formed by UV radiation and one by the drug cisplatin, representing 
three different TLS sub-pathways of (5, 6). The effects of the knockout mutations 
in each of the mutants analyzed, PcnaK164R/K164R, Rad18-/-, Shprh-/-Hltf-/-, and Usp1-/-, 
can be attributed to more than one pathway. Thus, the PcnaK164R/K164R mutant 
is deficient not only in monoubiquitination, but also in polyubiquitination and 
sumoylation (35); The Rad18-/-, which is deficient is monoubiquitination of PCNA, 
is known to be deficient in the ubiquitination of other proteins as well (36), and 
similarly the other mutants may affect several activities. However, the similar 
effects on TLS of the PcnaK164R/K164R and Rad18-/-cells, suggest that ubiquitination 
rather than sumoylation is involved. What about the discrimination between 
monoubiquitination and polyubiquitination of PCNA? The normal TLS observed 
in the Shprh-/-Hltf-/-cells suggests that PCNA-mUb rather than PCNA-pUb is 
involved. However, it was recently reported that PCNA polyubiquitination is 
reduced, but not completely eliminated in Shprh-/-Hltf-/-mefs, suggesting that an 
additional e3 ligase acts on PCNA (28). Thus, an involvement of PCNA-pUb in 
TLS cannot be ruled out based on these experiments alone. However, taking into 
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account the biochemical data on the binding of TLS polymerases to PCNA-mUb 
(15-17, 37), it does seem that the dependence on ubiquitination is primarily due 
to the activity of PCNA-mUb.  The chromosomal significance of these finding is 
strongly supported by the faster accumulation of Rpa foci in PcnaK164R/K164R cells 
UV irradiated at the G1/S boundary of the cell cycle, and their slower clearance 
compared to Pcna+/+ cells. Rpa strongly binds sites of ssDNA, providing a 
convenient tool for assaying ssDNA gaps caused by UV lesions during replication. 
Recent data suggests that at least in mefs, TLS is the major pathway for repair 
of replication gaps caused by UV lesions (33). moreover, we have recently found 
that the disappearance of UV-induced Rpa foci is strongly reduced in cells in 
which the expression of polz was knocked-down, indicating involvement of TLS 
(Diamant et al, submitted). Thus, the inhibition of the clearance of post-UV Rpa 
foci in PcnaK164R/K164R cells is consistent with the decreased TLS across the TT CPD 
and TT 6-4PP lesions observed in the gapped plasmid system, providing further 
support to the importance of PCNA-Ub for efficient TLS.  

The debate about the role of PCNA-Ub in TLS involved primarily the activity 
of polh in bypassing UV lesions, where a series of papers presented conflicting 
results (15-17, 19, 20). Those studies were based on mutating, or even entirely 
deleting, the polh ubiquitin-binding domain. Our study addressed directly 
ubiquitinated PCNA, and using functional TLS assays showed that TLS across 
TT CPD was impaired in the absence of PCNA ubiquitination, indicating that 
PCNA-Ub is required for the efficient bypass activity of polh. It should be noted 
that two studies reported that PCNA-mUb was not required for polh-promoted 
TLS across TT CPD in a cell-free TLS assay (38, 39) (but was required to bypass 
an N-2-acetylaminofluorene  guanine adduct; (39)). These cell-free systems may 
not have faithfully mimicked the in vivo requirements for polh-promoted TLS 
across TT CPD due to the inherent ability of purified polh to bypass a TT CPD 
unassisted by any other protein (8, 9). A key issue in TLS is the mechanism that 
ensures the assignment of TLS polymerases to their cognate lesions, such that the 
entire TLS system operates without causing excessive mutations. This mechanism 
is regulated by the tumor suppressor p53, exerting its effect, at least in part, via 
the PCNA-binding function of the p21 protein, whose expression it regulates (2, 
24). Is PCNA-Ub an important regulator of this process of TLS fidelity control? 
Our data revealed that the extent and specificity of mutagenic TLS across all three 
lesions that were examined were similar in the PcnaK164R/K164R and wild-type mefs, 
arguing that PCNA-Ub does not have a major role in regulating TLS fidelity. It 
should be noted that TLS still operates in the absence of PCNA-Ub, although at a 
significantly reduced efficiency. Similar conclusions were reached in mef carrying 
the PcnaK164R/K164R PolH-/-double mutation, as reported in the companion paper (21). 
This situation is different from the TLS in S. cerevisiae, where the PCNAK164R 
mutation is epistatic to RAD30, encoding polh (10, 40). It is also different from 
the results obtained in human cells in which the expression of PCNA was reduced 
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using siRNA and supplemented with a clone expressing the PCNAK164R mutant, 
perhaps due to background levels of endogenous PCNA (41).

In conclusion, ubiquitinated PCNA is required for efficient TLS across a variety 
of lesions, supporting the model of recruitment of TLS polymerases to the 
damaged DNA via interaction of their ubiquitin-binding domain to PCNA-mUb 
(15). This binding, however, does not affect TLS mutagenic specificity. Yet, 
PCNA-Ub independent TLS mechanisms exist, and although secondary in their 
importance under normal conditions, they do contribute to the protection of 
cells against DNA damage. These pathways may still require direct binding of TLS 
polymerases to PCNA, e.g., via its interdomain connecting loop, which does not 
involve Lys164 (35).

mateRials and methods

Cell cultures

The immortalized mefs used in this study were prepared from Pcna+/+ and 
PcnaK164R/K164R mice (22), and are described in the companion paper (Krijger, 
P. H. L. et all) Rad18+/+ and Rad18-/-(27); Hltf+/+Shprh+/+ (28); Usp1+/+, Usp1-/-, 
Usp1-/-complemented with wild-type Usp1, and Usp1-/-,complemented with 
the inactive Usp1C90S mutant (30). The immortalized mefs were cultured in 
Dmem supplemented with 2mm L-glutamine, 100 units/ml of penicillin, 100µg/
ml of streptomycin, and 10% fBS. The primary mefs were cultured in Dmem 
supplemented with 2mm L-glutamine, 100 units/ml of penicillin, 100µg/ml of 
streptomycin, non-essential amino acids (Biological industries), 2-mercaptoethanol 
50µm, and 15% fBS. The immortalized mefs were incubated at 37°C in a 5% 
CO2 atmosphere. The primary mefs were incubated at 37ºC in a 5% C O2 and 
4% O2 atmosphere. 

TLS assay in cultured mammalian cells

The assay was performed as previously described (23), and is presented in the 
online Supporting Information. The gapped plasmids with site-specific lesions 
used in this assay were prepared as previously described as follows: TT CPD and 
TT 6-4PP (25); cisPt-GG (5). 

RPA foci assay

for RPA immunostaining Pcna+/+ and PcnaK164R/K164R mefs were fractionated by 
centrifugal elutriation, and cells in the G1/S boundary were seeded on 13mm glass 
cover slips coated with 0.01% poly-L-lysine. After 2h when the cells attached to 
the slides, the medium was removed and the cells were UV-C irradiated at 254 
nm using a low-pressure mercury lamp (TUV 15w G15T8, Philips) at doses of 
8J/m2. The dose rate was measured using an UVX Radiometer (UVP) equipped 
with a 254-nm detector. At various time points after irradiation the cells were 
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washed three times with PBS, pre-extracted with 25mm HePeS pH7.4, 50mm 
NaCl, 3mm mgCl2, 300mm sucrose, 1% Triton X-100 for 5 minutes on ice with 
gentle shaking, and washed for three more times with PBS. The slides were then 
fixed in 4% paraformaldehyde for 15 minutes at room temperature and washed 
three times in PBS. Blocking was done in PBS supplemented with 5% normal 
goat serum for 30 minutes on ice. The cells were incubated for 4 hours on ice 
with anti-RPA32 antibodies (AbCam, cat. No. ab2175) that were diluted 1:200 
in blocking solution. After incubation the slides were washed three times in PBS 
and incubated with a secondary antibody –goat anti mouse Alexa fluor 488 
(green) diluted 1:1000, and with DAPI diluted 1:1000 (both in blocking solution) 
for 45 minutes on ice. The slides were then washed three times in PBS and 
mounted on microscope slides using Aqua poly/mount. Images were captured 
with a DeltaVision system (Applied Precision) equipped with an Olympus IX71 
microscope. Optical images were acquired using CCD camera (Photometrics, 
Coolsnap HQ) and a 60×/1.42 objective (Olympus). 

Centrifugal Elutriation
Separation of cells at G1/S phase of the cell cycle was performed by the elutriation 
method with the following modifications. The elutriation system consisted of a 
J6 Beckman elutriation centrifuge with a Je-5.0 rotor equipped with a single 
standard 5ml elutriation chamber (Beckman Coulter, Inc., fullerton, CA, USA), 
and a masterflex microprocessor pump drive, model 7524-05 (Cole Parmer). 
The elutriation medium was Dmem supplemented with 1% fBS, maintained at 
room temperature. The speed and temperature of the rotor were set constant 
at 3000 rpm and 25°C. Approximately 3x108 Pcna+/+ or PcnaK164R/K164R mefs were 
harvested from cultures at ~80% confluence, centrifuged, and suspended in 
10 ml of Dmem (room temp) supplemented with 1% fBS. Cell suspensions 
were introduced to the elutriation chamber at a flow rate of 50ml/min. After 
15 minutes the flow rate was increased by 10ml/min and three 50ml fractions 
were collected at this flow rate. The flow rate was then gradually increased to 
160ml/min in 10ml/min increments. Three 50ml fractions were collected after 
each subsequent increase of the flow rate. The G1/S fraction (analyzed by fACS) 
was taken for the UV-induced RPA foci assay. 

Flow cytometry
The Pcna+/+ and PcnaK164R/K164R mefs (~0.5x106) were suspended in 0.5 ml of 20 
mm phosphate buffer containing 150mm NaCl, pH 7.4, and fixed by adding 
5ml cold absolute ethanol, while shaking, followed by incubation for at least 
24h at “20°C. fixed cells were pelleted by centrifugation at 500!g for 10 min 
at 4°C, resuspended in 200μl PBS plus 200μl of a mixture containing 0.1mg/ml 
DNase-free RNase and 50μg/ml propidium iodide. Cells were finally incubated 
in the dark at 25°C for 30 min prior to flow cytometric analysis. The propidium 
iodide–stained cell samples were assayed at 488 nm on an LSRII fACS scan using 
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the fACS DIVA acquisition software (Becton, Dickinson Biosciences, CA, USA). 
A minimum of 10,000 cells was collected in each run. The cell cycle distribution 
in each sample was evaluated using the multicycle software (advanced version, 
Phoenix flow Systems, San Diego, CA, USA). The G1/ G2 Ratio was set to 1.85, 
based on instrument calibration with sepharose beads.

TLS assay in cultured mammalian cells
(fig. S1 A). The TLS assay was previously described. Briefly, cells were co-transfected 
with a DNA mixture containing 100 ng of a gapped-lesion plasmid (GP-TT-CPD, 
or GP-TT-6-4PP, or GP-cisPt-GG; kanR), 100 ng of a control gapped plasmid 
without a lesion (GP20; cmR), and 5μg of the carrier plasmid pUC18, using jetPeI/
DNA complexes for the immortalized mefs or the Lipofectamine™ 2000 for the 
primary mefs. After allowing time for gap filling and lesion bypass, the plasmids 
were extracted from the cells using alkaline lysis conditions, and used to transform 
an E. coli RecA reporter strain. The percentage of plasmid repair, of which most 
occurs by TLS, was calculated by dividing the number of transformants obtained 
from the gap-lesion plasmid (kanR colonies) by the number of transformants 
obtained from the control gapped-plasmid (cmR colonies). A small fraction of 
gaplesion plasmids can be repaired by non-TLS events, which involve formation 
of a double stranded break (DSB) followed by DSB repair. These are observed as 
plasmid isolates with large deletions or insertions. To obtain precise TLS extents, 
the plasmid repair extents were multiplied by the fraction of TLS events out of all 
plasmid repair events, based on the DNA sequence analysis of the plasmids. To 
determine the DNA sequence changes that have occurred during plasmid repair, 
sequence analysis was carried using the TempliPhi DNA Sequencing Template 3 
Amplification Kit and the BigDye Terminator v1.1 Cycle Sequencing Kit. Reactions 
were analyzed by capillary electrophoresis on an ABI PRISmTm 3130xl Genetic 
Analyzer from Applied Biosystems.

Knocking down the expression of TLS DNA polymerase genes
The expression of specific DNA polymerase genes was knocked-down in Pcna+/+ 
and PcnaK164R/K164R mefs by transfection with 50 nm of siRNA pools specific 
for PolH, Rev3L or Rev1. The siRNAs used were from Dharmacon as follows: 
mRev3L SmARTpool (m-04219), mPolH ON-TARGeTplus SmARTpool (LU-063800), 
mREV1 SmARTpool (m-041898), siGeNOme non-targeting siRNA #5 (D-001210), 
ON-TARGeTplus nontargeting Pool (D-001810). Transfection was carried out 
using HiPerfect (Qiagen), according to the manufacturer recommendations. The 
effectiveness of knocking down the expression of TLS polymerases was measured 
by RT-PCR using total RNA that was extracted from the cells 48 h after transfection 
with siRNA, using the Perfect-Pure RNA cultured cells kit (5 PRIme). A hunderd ng 
of total RNA was used for cDNA synthesis and RT-PCR by maxime RT-PCR Premix kit 
(iNtRON BIOTeCHNOLOGY) according to the manufacturer recommendations. The 
following primers were used for the RTPCRs: 5’-GTGGTACGAGTCTTCGG-3’ and 
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5’-TCTTGTGACTCGGGCTG-3’ for mREV3L, 5’-GAAGCCCGAGCATTTGGTG-3’ and 
5’-GCCTCTCCTCAAGTTCCAG-3’ for mPOLH, 5’- AGAACGGAGAATGATGGC-3’ 
and 5’-GGCCCAGGATCCTCAGGTTTGCACACAGG-3’ for mREV1L, 
5’-ACCACAGTCCATGCCATCAC-3’ and 5’-TCCACCACCCTGTTGCTGTA-3’ for 
mGAPDH. The results of knocking-down the expression of PolH, Rev3L and Rev1 
are shown in fig. S1 B.

Colony forming ability assay
Pcna+/+and PcnaK164R/K164R immortalized mefs were transfected with siRNA 
against TLS polymerases as described above, and incubated for 48 h. Cells were 
then trypsinized, counted, and plated in 10-cm Petri dishes. After incubation 
of 12 h, cells were UV irradiated as described above, and incubated in fresh 
medium for 10–12 days. Colonies were fixed and stained with 1% methylene 
blue (Sigma). Colony forming ability was calculated by dividing the number of 
colonies in UV-irradiated plates by the number of colonies in unirradiated plates 
with pre-transfected with the same siRNA.
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fig. s1. A. Outline of the quantitative assay for TLS in cultured mammalian cells. 
mammalian cells are transfected with a gap-lesion plasmid (kanR) containing a site specific 
lesion (indicated by a star), along with a gapped plasmid (cmR) without a lesion, and a 
carrier plasmid (ampR; pUC18). following an incubation period the plasmids are extracted, 
and used to transform E. coli cells, which are then plated in parallel on kan-LB and cm-LB 
plates. The ratio of kanR/cmR transformants represents the extent of plasmid repair. In-
dividual colonies are picked, and their plasmid contents analyzed for mutations in the 
DNA region corresponding to the original site of the gap. The extent of each event type 
(TLS, accurate TLS, mutagenic TLS, and non-TLS) was obtained by multiplying the extent 
of plasmid repair by the fraction of that event obtained from DNA sequence analysis. 
B. Knock-down of the expression of TLS polymerases. RT-PCR of mRNA from wild type 
and PCNAK164R/K164R mefs pretreated with siRNA against mouse Rev3L, PolH, and Rev1. 
Nontargeting siRNA was used as control. for each analysis, the effects of that siRNA were 
examined on mouse Gapdh mRNA expression.

suPPlementaRy mateRial
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table s2. tls across tt cPd, tt 6-4 PP, and cisPt-gg adduct in PCNA+/+ and PcnaK164R/

K164R mefs. The plasmid mixtures containing the indicated gap-lesion plasmid (kanR) along 
with the control plasmid GP20 (cmR) were transfected into PCNA+/+ and PCNAK164R/K164R 
mefs. following incubation to allow TLS, the DNA was extracted and used to transform 
an E. coli indicator strain. Plasmid survival levels were calculated by the ratio of kanR/cmR 

colonies. TLS levels were calculated by subtracting the fraction of non-TLS events (large in-
sertions and deletions) from the corresponding plasmid repair values. Relative TLS extents 
were given as percentage relative to TLS assayed with isogenic wild type mefs. Actual 
colony counts are presented for a typical experiment. each point represents the average 
TLS level of 3-6 experiments. 

 

Cell line Transformants TLS, % 

 

Gap-lesion 

plasmid KanR CmR 

Plasmid 

repair, %  

Relative 

TLS, % 

PCNA+/+ TT CPD 136 530 26±3% 22±3% 100±13% 

PCNAK164R/K164R TT CPD 88 678 13±3% 5±1% 24±6% 

PCNA+/+ cisPt-GG 245 1069 23±3% 21±3% 100±13% 

PCNAK164R/K164R cisPt-GG 92 955 10±1% 8±1% 39±5% 

PCNA+/+ TT 6-4PP 387 1281 36±3% 33±3% 100±8% 

PCNAK164R/K164R TT 6-4PP 160 978 16±1% 10±1% 31±3% 
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TT CPD PCNA+/+ PCNAK164R/K164R 
Nucleotide inserted opposite lesion Number of isolates (%) 
C-AA-C 78 (81%) 37 (39%) 
C-GA-C - 1 (1%) 
A-AA-C 1 (1%) - 
C-AT-T 1 (1%) - 
Non-TLS events 16 (17%) 57 (60%) 
Total clones analyzed: 96 (100%) 95 (100%) 
Accurate TLS extent, % 21±3 5±1 
Mutagenic TLS extent, % 0.5±0.1 0.1±0.03 
Non-TLS extent, % 4±1 8±2 
TT 6-4PP   
Nucleotide inserted opposite lesion Number of isolates (%) 
C-AA-C 46 (33%) 61 (43%) 
A-AA-C 8 (5.5%) 2 (1%) 
G-AA-C 1 (1%) - 
T-AA-C 1 (1%) - 
C-GA-C 3 (2%) - 
C-TA-C 2 (1%) - 
C-AC-C 1 (1%) - 
C-AG-C 1 (1%) 1 (1%) 
C-AT-C - 1 (1%) 
C-AA-A 44 (32%) 14 (10%) 
C-AA-G - 1 (1%) 
T-CA-C 1 (1%) - 
C-TT-C - 1 (1%) 
A-AC-A 1 (1%) - 
C-CA-A 1 (1%) - 
C-GA-A 6 (4%) 2 (1%) 
C-TA-A 2 (1%) 2 (1%) 
C-A -C 8 (5.5%) 9 (6%) 
Non-TLS events 12 (9%) 48 (34%) 
Total clones analyzed 138 (100%) 142 (100%) 
Accurate TLS extent, % 12±1 7±1 
Mutagenic TLS extent, % 21±2 4±0.3 
Non-TLS extent, % 3±0.3 5±0.5 
CisPt-GG adduct   
Nucleotide inserted opposite lesion Number of isolates (%) 
G-CC-T 75 (79%) 59 (61%) 
G-AC-T 6 (6%) 19 (20%) 
G-TC-T 1 (1%)  - 
A-AC-T - 1 (1%) 
G-AT-T 1 (1%) - 
A-CT-T 1 (1%) - 
G-TA-  1 (1%) - 
Non-TLS events 11 (11%) 17 (18%) 
Total clones analyzed 96 (100%) 96 (100%) 
Accurate TLS extent, % 18±2 6±1 
Mutagenic TLS extent, % 2±0.3 2±0.3 
Non-TLS extent, % 3±0.3 2±0.2 

 

table s3. dna sequence analysis and analysis of the damage bypass event type 
across tt cPd, tt 6-4PP, and cisPt-gg adduct in PCNA+/+ and PCNAK164R/K164R mefs. 
Plasmids were extracted from kanR colonies obtained in the experiments described in Table 
S2, and subjected to DNA sequence analysis. The sequences opposite the site of the 
lesions are shown in the 5’ to 3’ direction. Accurate TLS is represented by the sequence 
5’-CAAC-3’ opposite TT CPD and TT 6-4PP or 5’-GCCT-3’ opposite cisPt-GG adduct. The 
underlined nucleotides are those located opposite the original lesions. mutations are 
presented by bold type. D represents a single-nucleotide deletion. mutagenic TLS was 
calculated as the percentage of non-AA sequences inserted opposite the TT CPD and TT 
6-4PP or non-CC sequences inserted opposite the cisPt-GG adduct or mutations at the 
nucleotides flanking the lesions out of all TLS events (which do not include large insertions 
or deletions). Non-TLS events include big deletions and insertion. The extent of each event 
type (accurate TLS, mutagenic TLS, and non-TLS events) was obtained by multiplying the 
extent of plasmid repair (Table S2) by the fraction of that event obtained from the DNA 
sequence analysis presented in the this table (Table S3). 



120

5

table s4. tls across tt cPd, tt 6-4PP, and cisPt-gg adduct in Rad18+/+ and Rad18-

/-mefs. The plasmid mixtures containing the indicated gap-lesion plasmid (kanR) along 
with the control plasmid GP20 (cmR) were transfected into Rad18+/+ and Rad18-/- mefs. 
following incubation to allow TLS, the DNA was extracted and used to transform an E. 
coli indicator strain. TLS extents were determined as described in the legend to Table S2. 

Cell line Transformants TLS, % 

 

Gap-lesion 

plasmid KanR CmR 

Plasmid 

repair, %  

Relative TLS, % 

Rad18+/+ TT CPD 377 1197 31±4% 25±3% 100±12% 

Rad18-/- TT CPD 67 614 11±1% 7±1% 27±2% 

Rad18+/+ cisPt-GG 305 515 60±2% 60±2% 100±4% 

Rad18-/- cisPt-GG 195 887 19±4% 16±3% 26±5% 

Rad18+/+ TT 6-4PP 366 469 76±7% 67±6% 100±9% 

Rad18-/- TT 6-4PP 246 737 33±3% 26±2% 39±3% 
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TT CPD Rad18+/+ Rad18-/- 
Nucleotide inserted opposite lesion Number of isolates (%) 
C-AA-C 91 (73%) 55 (%58) 
G-AA-C 1 (1%) - 
C-GA-C 3 (2%) - 
C-TA-C - 1 (%) 
C-AA-A 2 (2%) - 
C-AA-T 1 (1%) - 
C-AA-  1 (1%) - 
T-AA-A - 1 (1%) 
Non-TLS events 24 (20%) 38 (%40) 
Total clones analyzed 123 (100%) 95 (100%) 
Accurate TLS extent, % 22±3 6±1 
Mutagenic TLS extent, % 2±0.3 0.2±0.02 
Non-TLS extent, % 6±1 4±0.4 
TT 6-4PP   
Nucleotide inserted opposite lesion Number of isolates (%) 
C-AA-C 17 (36%) 28 (61%) 
A-AA-C 1 (2%) - 
C-GA-C 2 (4%) - 
C-TA-C 1 (2%) - 
C-AC-C - 1 (2%) 
C-AT-A 1 (2%) - 
C-AA-A 11 (23%) 4 (9%) 
C-AA-T 1 (2%) - 

-AA-C 1 (2%) - 
C- A-C 1 (2%) - 
C-A -C 2 (4%) 3 (7%) 
C-GA-A 1 (2%) - 
C-TA-A 2 (4%) - 
C-TC-A 1 (2%) - 
Non-TLS events 5 (11%) 10 (22%) 
Total clones analyzed: 47 (100%) 46 (100%) 
Accurate TLS extent, % 27±1 20±1 
Mutagenic TLS extent, % 40±4 6±0.5 
Non-TLS extent, % 8±1 7±1 
CisPt-GG adduct   
Nucleotide inserted opposite lesion Number of isolates (%) 
G-CC-T 43 (92%) 35 (76%) 
G-AC-T 2 (4%) 2 (4%) 
G-CA-T 1 (2%) - 
G-AA-T - 1 (2%) 
G-CT-A 1 (2%) - 
Non-TLS events - 8 (%18) 
Total clones analyzed 47 (100%) 46 (100%) 
Accurate TLS extent, % 55±2 14±1 
Mutagenic TLS extent, % 5±0.2 1±0.3 
Non-TLS extent, % - 3±1 

 
table s5. dna sequence analysis and analysis of the damage bypass event type 
across tt cPd, tt 6-4PP, and cisPt-gg adduct in Rad18+/+ and Rad18-/- mefs. 
Plasmids were extracted from kanR colonies obtained in the experiments described in Table 
S4, and subjected to DNA sequence analysis. The sequences opposite the site of the 
lesions are shown in the 5’ to 3’ direction. Accurate TLS is represented by the sequence 
5’-CAAC-3’ opposite TT CPD and TT 6-4PP or 5’-GCCT-3’ opposite cisPt-GG adduct. The 
underlined nucleotides are those located opposite the original lesions. mutations are 
presented by bold type. D represents a single-nucleotide deletion. mutagenic TLS was 
calculated as the percentage of non-AA sequences inserted opposite the TT CPD and TT 
6-4PP or non-CC sequences inserted opposite the cisPt-GG adduct or mutations at the 
nucleotides flanking the lesions out of all TLS events (which do not include large insertions 
or deletions). Non-TLS events include big deletions and insertion. The extent of each event 
type (accurate TLS, mutagenic TLS, and non-TLS events) was obtained by multiplying the 
extent of plasmid repair (Table S4) by the fraction of that event obtained from the DNA 
sequence analysis presented in this table (Tables S5). 
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Cell line Transformants TLS, % 

 

Gap-lesion 

plasmid KanR CmR 

Plasmid 

repair, %  

Relative 

TLS, % 

Hltf+/+ Shprh+/+ TT CPD 643 962 73±15% 73±15% 100±21% 

Hltf-/- Shprh-/- TT CPD 311 423 69±9% 69±9% 95±13% 

Hltf+/+ Shprh+/+ cisPt-GG 172 252 68±16% 65±15% 100±24% 

Hltf-/- Shprh-/- cisPt-GG 133 184 74±14% 74±14% 114±22% 

Hltf+/+ Shprh+/+ TT 6-4 PP 129 283 45±3% 45±3% 100±7% 

Hltf-/- Shprh-/- TT 6-4 PP 139 307 43±4% 41±4% 92±9% 
 
table s6. tls across tt cPd, tt 6-4PP, and cisPt-gg adduct in Shprh+/+Hltf+/+ and 
Shprh-/-Hltf-/- mefs. The plasmid mixtures containing the indicated gap-lesion plasmid 
(kanR) along with the control plasmid GP20 (cmR) were transfected into Shprh+/+Hltf+/+ or 
Shprh-/-Hltf-/-mefs. following incubation to allow TLS, the DNA was extracted and used 
to transform an E. coli indicator strain. TLS extents were determined as described in the 
legend to Table S2. 
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TT CPD HLTF+/+ & SHPRH+/+ HLTF-/- & SHPRH-/- 
Nucleotide inserted opposite lesion Number of isolates (%) 
C-AA-C 47 (100%) 45 (98%) 
C-TA-A - 1 (2%) 
Non-TLS events - - 
Total clones analyzed: 47 (100%) 46 (100%) 
Accurate TLS extent, % 73±15 68±9 
Mutagenic TLS extent, % - 1±0.2 
Non-TLS extent, % - - 
TT 6-4PP   
Nucleotide inserted opposite lesion Number of isolates (%) 
C-AA-C 19 (40%) 20 (43%) 
G-AA-C - 1 (2%) 
T-AA-C - 1 (2%) 
C-TA-C 2 (5%) - 
C-AT-C 3 (6%) 2 (5%) 
C-AA-A 18 (38%) 14 (30%) 
A-CA-C 1 (2%) 1 (2%) 
C-TT-C - 1 (2%) 
C-AT-A 1 (2%) - 
C-GA-A 1 (2%) 1 (2%) 
C-TA-A 2 (5%) 1 (2%) 
C-A -C - 2 (5%) 
Non-TLS events - 2 (5%) 
Total clones analyzed 47 (100%) 46 (100%) 
Accurate TLS extent, % 18±1 19±2 
Mutagenic TLS extent, % 27±2 22±2 
Non-TLS extent, % - 2±0.2 
CisPt-GG   
Nucleotide inserted opposite lesion Number of isolates (%) 
G-CC-T 42 (88%) 45 (94%) 
G-AC-T 4 (8%) 2 (4%) 
G-TC-T - 1 (2%) 
Non-TLS events 2 (4%) - 
Total clones analyzed 48 (100%) 48 (100%) 
Accurate TLS extent, % 60±14 70±13 
Mutagenic TLS extent, % 5±1 4±1 
Non-TLS extent, % 3±1 - 

 

table s7. dna sequence analysis and analysis of the damage bypass event type 
across tt cPd, tt 6-4PP, and cisPt-gg adduct in Shprh+/+Hltf+/+ and Shprh-/-Hltf-/- 

mefs. Plasmids were extracted from kanR colonies obtained in the experiments described 
in Table S6, and subjected to DNA sequence analysis. The sequences opposite the site of 
the lesions are shown in the 5’ to 3’ direction. Accurate TLS is represented by the sequence 
5’-CAAC-3’ opposite TT CPD and TT 6-4PP or 5’-GCCT-3’ opposite cisPt-GG adduct. The 
underlined nucleotides are those located opposite the original lesions. mutations are 
presented by bold type, D represents a single-nucleotide deletion. mutagenic TLS was 
calculated as the percentage of non-AA sequences inserted opposite the TT CPD and TT 
6-4PP or non-CC sequences inserted opposite the cisPt-GG adduct or mutations at the 
nucleotides flanking the lesions out of all TLS events (which do not include large insertions 
or deletions). Non-TLS events include big deletions and insertion. The extent of each event 
type (accurate TLS, mutagenic TLS, and non-TLS events) was obtained by multiplying the 
extent of plasmid repair (Table S6) by the fraction of that event obtained from the DNA 
sequence analysis presented in this table (Tables S7).
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Cell line Transformants TLS, % 

 

Gap-lesion 

plasmid KanR CmR 

Plasmid 

repair, %  

Relative TLS, % 

Usp1+/+ TT CPD 49  415  11±2% 6±1% 100±15% 

Usp1-/- TT CPD 112  554  20±2% 14±1% 243±20% 

Usp1+/+ TT 6-4 PP  27 165  18±7% 15±6% 100±38% 

Usp1-/- TT 6-4 PP 26  137  19±1% 14±1% 93±2% 

Usp1+/+ cisPt-GG 26   275 9±1% 5±1% 100±10% 

Usp1-/- cisPt-GG 68   307 22±6% 19±5% 353±59% 

Usp1-/- (+ wt Usp1) cisPt-GG 38 545   8±4% 7±3% 126±57% 

Usp1-/- (+ Usp1 C90S) cisPt-GG   84 392   22±3% 16±2% 299±35% 
 
table s8. table s3. tls across tt cPd, tt 6-4 PP, and cisPt-gg adduct in Usp1+/+, 
Usp1-/-, Usp1-/- (+wt Usp1) and Usp1-/- (+ Usp1 C90S). The plasmid mixtures containing 
the indicated gap-lesion plasmid (kanR) along with the control plasmid GP20 (cmR) were 
transfected into Usp1+/+, Usp1-/-, Usp1-/- (+ wt Usp1), and Usp1-/- (+ Usp1 C90S) mefs. 
following incubation to allow TLS, the DNA was extracted and used to transform an E. 
coli indicator strain. TLS extents were determined as described in the legend to Table S2.
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TT CPD Usp1+/+ Usp1-/- 
Nucleotide inserted opposite lesion Number of isolates (%) 
C-AA-C 25 (52%) 33 (72%) 
Non-TLS events 23 (48%) 13 (28%) 
Total clones analyzed: 48 (100%) 46 (100%) 
Accurate TLS extent, % 6±1 14±1 
Mutagenic TLS extent, % - - 
Non-TLS extent, % 5±1 6±0.5 
TT 6-4PP Usp1+/+ Usp1-/- 
Nucleotide inserted opposite lesion Number of isolates (%) 
C-AA-C 61 (64%) 48 (5%) 
C-CA-C - 1 (1%) 
C-TA-C - 1 (1%) 
C-AT-C - 1 (1%) 
C-AA-A 5 (5%) 10 (11%) 
A-AA-A - 1 (1%) 
C-GA-A 2 (2%) - 
C-A -C 11 (12%) 8 (8%) 
Non-TLS events 16 (17%) 24 (26%) 
Total clones analyzed: 95 (100%) 94 (100%) 
Accurate TLS extent, % 12±4 10±0.3 
Mutagenic TLS extent, % 4±1 4±0.1 
Non-TLS extent, % 3±1 5±0.1 
CisPt-GG Usp1+/+ Usp1-/- 
Nucleotide inserted opposite lesion Number of isolates (%) 
G-CC-T 31 (54%) 56 (70%) 
G-AC-T 4 (7%) 10 (13%) 
G-GC-T - 1 (1%) 
G-TC-T - 1 (1%) 
G-CC-A - 1 (1%) 
G-CA-A - 1 (1%) 
G-AG-A - 1 (1%) 
Non-TLS events 22 (39%) 9 (11%) 
Total clones analyzed 57 (100%) 80 (100%) 
Accurate TLS extent, % 5±0.5 15±4 
Mutagenic TLS extent, % 1±0.1 4±1 
Non-TLS extent, % 3±0.4 2±1 
CisPt-GG Usp1-/- (+ wt Usp1) Usp1-/- (+ Usp1 C90S) 
Nucleotide inserted opposite lesion Number of isolates (%) 
G-CC-T 37 (77%) 31 (66%) 
G-AC-T 4 (8%) 3 (6%) 
G-CC-C - 1 (2%) 
Non-TLS events 7 (15%) 12 (26%) 
Total clones analyzed 48 (100%) 47 (100%) 
Accurate TLS extent, % 6±3 14±2 
Mutagenic TLS extent, % 1±0.3 2±0.2 
Non-TLS extent, % 1±0.5 6±1 

table s9. dna sequence analysis and analysis of the damage bypass event type 
across tt cPd, tt 6-4PP, and cisPt-gg adduct in Usp1+/+, Usp1-/-, Usp1-/- (+ wt Usp1) 
and Usp1-/- (+ Usp1 C90S) mefs. Plasmids were extracted from kanR colonies obtained 
in the experiments described in Table S2, and subjected to DNA sequence analysis. The 
sequences opposite the site of the lesions are shown in the 5’ to 3’ direction. Accurate TLS 
is represented by the sequence 5’-CAAC-3’ opposite TT CPD and TT 6-4PP or 5’-GCCT-
3’ opposite cisPt-GG adduct. The underlined nucleotides are those located opposite the 
original lesions. mutations are presented by bold type. D represents a single-nucleotide 
deletion. mutagenic TLS was calculated as the percentage of non-AA sequences inserted 
opposite the TT CPD and TT 6-4PP or non-CC sequences inserted opposite the cisPt-GG 
adduct or mutations at the nucleotides flanking the lesions out of all TLS events (which 
do not include large insertions or deletions). Non-TLS events include big deletions and 
insertion. The extent of each event type (accurate TLS, mutagenic TLS, and non-TLS 
events) was obtained by multiplying the extent of plasmid repair (Table S8) by the fraction 
of that event obtained from the DNA sequence analysis presented in this table (Tables S9).
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aBstRact

Proliferating cell nuclear antigen (PCNA) is known to be modified by either 
ubiquitin(s) or small ubiquitin-like modifier(s) (SUmO) at the conserved lysine 164 
residue (K164) in S. cerevisiae, while no SUmOylated PCNA has been detected 
in mammalian cells to date. Previous studies have shown that homozygous 
PcnaK164R/K164R knockin mice display severe defects in germ cell development. Here 
we have analysed the function of PCNA modification in spermatogenesis in more 
detail. We show that the essential role of PCNA modification for primordial germ 
cell survival and/or proliferation is independent of a functional HR6B/RAD18 
complex, that functions upstream of PCNA ubiquitylation. In addition, mutation 
of Polymerase h or double knockout of Htfl/Shprh, that are enzymes known to 
function downstream of the PCNA ubiquitylation, do not affect primordial germ 
cell development. However, we cannot exclude partial redundancy between 
different enzymes involved in translesion synthesis.

In heterozygote PcnaWT/K164R knockin mice, we observed an increase of 20% in 
meiotic recombination frequency in comparison to wild type controls. We show 
that although HR6B also modifies meiotic recombination, PCNA modification and 
HR6B most likely act independently in this mechanism. HR6B regulates the number 
of meiotic DSBs, whereas PCNA modification regulates the choice between 
crossover and noncrossover formation. We propose that PCNA SUmOylation rather 
than ubiquitylation is required to recruit an anti-recombinogenic downstream 
helicase in meiotic prophase nuclei. Increased meiotic recombination is the only 
phenotypic defect that has been observed to date in heterozygote PcnaWT/K164R 
knockin mice. This points to a possible requirement for SUmOylation of all three 
subunits of the homotrimeric PCNA ring, whereas ubiquitylation of a single PCNA 
subunit may be sufficient for functionality.
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intRoduction

Proliferating cell nuclear antigen (PCNA) is a processive clamp for DNA 
polymerases and an essential binding platform for numerous proteins involved in 
DNA replication, repair, and cell cycle regulation. PCNA forms a homotrimer that 
encircles double-stranded DNA, and operates as a sliding clamp to keep the DNA 
polymerase machinery firmly on the DNA during DNA replication (reviewed in [1]). 

During DNA replication, the presence of unrepaired DNA lesions threatens to 
block progression of the replication machinery, which might result in the formation 
of DNA double-strand breaks (DSBs) and gross chromosomal rearrangements, or 
even to a permanent cell-cycle arrest and cell death. Replication damage bypass 
(RDB) is a special pathway that allows progression of DNA replication without 
actually removing the lesion (reviewed in [2]). 

In Saccharomyces cerevisiae, the e2 ubiquitin-conjugating enzyme Rad6 
is essential for this pathway. Depending on interactions with downstream 
components, error-free or error-prone sub-pathways can be activated. The first 
step in both pathways involves mono-ubiquitylation of PCNA at conserved 
lysine residue 164 (K164) by the Rad6-Rad18 complex, in which Rad18 acts as 
an ubiquitin ligase (e3 enzyme) [3]. mono-ubiquitylation of PCNA by the Rad6-
Rad18 complex recruits specific translesion synthesis (TLS) polymerases that can 
incorporate nucleotides in the strand opposite the site of the DNA lesions, and 
this process may usually be error-prone (reviewed in [4,5]). Alternatively, mono-
ubiquitylation by the Rad6-Rad18 complex may be followed by Rad5-mms2-
Ubc13-mediated poly-ubiquitylation [3]. This polyubiquitylation involves the 
formation of K63-linked polyubiquitin chains. Ubc13 is the only known enzyme 
that can stimulate the formation of K63-linked polyubiquitin chains. K48-linked 
polyubiquitylation usually targets substrates for degradation by the proteasome, 
whereas K63-linkage does not. The e3 ubiquitin ligase Rad5 interacts with both 
the Rad6-Rad18 and the mms2-Ubc13 complexes to stimulate poly-ubiquitylation 
of PCNA. Subsequently, polyubiquitylated PCNA enables template switching to 
the intact sister chromatid and as a consequence an error-free damage bypass 
pathway can be activated [6]. In S. cerevisiae, K164 residue of PCNA is known 
to be modified not only by ubiquitin but also by small ubiquitin like modifier 
(SUmO) [3]. This modification is mediated by the SUmO ligase Siz1 and causes 
the recruitment of a helicase Srs2 to replication forks during S phase in order 
to prevent unwanted crossover events through its ability to disrupt Rad51 
nucleoprotein filaments [7-11]. Srs2 was originally identified as a suppressor of 
rad6 and rad18 mutants, and has been previously proposed to be a regulator of 
the Rad6-dependent pathways [12]. 

functional orthologs of proteins involved in the RDB pathway have been 
identified in mammals, implying that this pathway is generally well conserved 
[13]. In mammalian cells, RAD18 complexes with the mammalian orthologs of 
yeast Rad6, HR6A (UBe2A) and HR6B (UBe2B) [14], and mediates PCNA mono-
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ubiquitylation at K164 when the replication machinery is stalled by UV-induced 
DNA damage to recruit one of the TLS polymerase families, Polh [15]. mammalian 
orthologs of yeast Rad5, HLTf and SHPRH, mediate PCNA polyubiquitylation 
with mammalian mmS2-UBC13, and maintain genomic stability probably via 
the conserved error-free pathway of RDB [16-19]. PCNA is highly conserved as 
is K164, suggesting that PCNA might be regulated by SUmOylation as well as 
ubiquitylation in mammals, in a manner similar to that in S. cerevisiae. However, 
no SUmOylated forms have so far been detected in mammalian PCNA.

Recently, mice carrying a lysine (K) to arginine (R) mutation at lysine residue 
164 of PCNA (K164R) were generated, using two different approaches [20,21]. 
In the first approach, knockin mice carrying the K164R mutation in Pcna were 
generated [20], whereas in the second approach a transgene carrying the K164R 
mutation was expressed on a Pcna knockout background [21]. Both K164R 
mouse models showed reduced somatic hypermutation and male infertility, but 
the K164R knockin mice showed a much severer phenotype, in particular in the 
testis [20] than the K164R transgenic mice. The latter displayed meiotic arrest 
in early pachytene with elongated chromosome axes [21], whereas no germ 
cells were detected in testes from K164R Pcna knockin mice [20]. The difference 
in phenotypes might be caused by differences in expression level of mutant 
PCNA; if the transgene is overexpressed, this may somehow help to overcome 
the lack of PCNA modification, resulting is a less severe phenotype. The role of 
PCNA modification in gametogenesis is at present unknown. The mammalian 
Rad6 orthologs HR6A and HR6B have essential functions in female and male 
gametogenesis, respectively [22,23], but it is not known whether any of the 
reproductive functions of HR6A and HR6B depends on the ability of HR6A and 
HR6B to ubiquitylate PCNA. elongated chromosomal axes in spermatocyte nuclei 
as described for the transgenic K164R mice [21] have also been observed in Hr6b 
knockout mice [24]. In Hr6b knockout mice, these elongated axes are associated 
with increased meiotic recombination frequency ([24], see also below). This fits 
with the general correlation between chromosomal axis length and meiotic 
recombination frequency that has been described [25]. meiotic recombination is 
initiated with the induction of meiotic DSBs by the topoisomerase II-like enzyme 
SPO11. In mitotic cells, DSBs may be repaired either through the non-homologous 
end-joining pathway (NHeJ) or via homologous recombination (HR). In meiotic 
cells, the error-prone NHeJ process is repressed [26], leaving HR as the only 
available pathway for repair. HR, using one of the chromatids of the homologous 
chromosome as a template for repair, may lead to the formation of crossovers. 
In mouse and man only a small minority of the DSBs lead to the formation of 
crossovers, but each chromosome pair has at least one (obligate) crossover. 
Repair of most meiotic DSBs leads to so-called gene conversions or noncrossovers 
(reviewed in [27]). Repair of meiotic DSBs is accompanied by, and essential for, 
chromosome paring and synapsis of homologous chromosomes. Synapsis is 
achieved through the formation of the synaptonemal complex (SC) along the 
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chromosomal axes of the paired chromosomes. The SC consists of two lateral 
elements that follow the chromosomal axes of each chromosome, connected by 
a central element. Before synapsis, the lateral elements are called axial elements, 
and these start to form in the leptotene stage of meiotic prophase, when the 
DSBs have just formed. In zygotene, the axial elements are complete and synapsis 
is initiated. In pachytene, synapsis is complete. At this stage, the crossover sites 
can be visualized through immunocytochemical analysis of the mismatch repair 
enzyme mLH1. This protein forms a single focus at each crossover site on the 
SC. Subsequently, the SC is disassembled in diplotene, and in metaphase I, the 
actual crossovers are visible as chiasmata. The number of crossovers is tightly 
regulated. A mechanism termed crossover interference reduces the likelihood 
of two crossovers occurring in close proximity of one another. furthermore, it 
is ensured that each chromosome pair contains at least a single crossover site. 
The most outspoken change in crossover frequency is observed in mice that are 
deficient for the ubiquitin conjugating enzyme HR6B [24]. Hr6b knockout male 
mice are infertile, associated with dysregulation of chromatin structure in meiotic 
and post-meiotic cells [23,24,28]. In late pachytene nuclei of these cells, the SCs 
are longer, and the number of mLH1 foci is 20% increased in comparison to 
controls [24], but crossover interference is not affected [29].  

Herein, we analyzed the mice carrying a point mutation at lysine K164 (K164R) 
in Pcna to study the role of K164 modification of PCNA during spermatogenesis. 
In addition, we analysed the meiotic phenotype of several knockout mouse 
models that carry mutations in genes that function downstream or upstream of 
PCNA ubiquitylation in the RDB pathway. 

mateRials and methods

Mice

Generation of PCNA K164R knockin mice [20] and Polh knockout mice [30] has 
been described. HLTF/SHPRH double knockout mice were kindly provided by 
Kyungjae myung (National Institute of Health, USA).

Antibodies

for primary antibodies, we used the mouse monoclonal antibodies anti-mLH1 
(Becton and Dickinson), the rabbit polyclonal antibodies anti- RAD51 [31], and 
anti-SYCP3 (gift from C. Heyting). for secondary antibodies, we used a goat anti-
rabbit IgG alexa 488/564 or goat anti-mouse alexa IgG 488/564 (molecular Probes). 

Meiotic spread nuclei preparations and immunocytochemistry.

Testis tissues were processed to obtain spread nuclei for immunocytochemistry 

as described by Peters et al [32]. Spread nuclei of spermatocytes were stained 
with antibodies mentioned above. Before incubation with antibodies, slides 
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were washed in PBS (3x10 min), and non-specific sites were blocked with 0.5% 
w/v BSA and 0.5% w/v milk powder in PBS. Primary antibodies were diluted in 
10% w/v BSA in PBS, and incubations were overnight at room temperature in a 
humid chamber. Subsequently, slides were washed (3x10 min) in PBS, blocked 
in 10% v/v normal goat serum (Sigma) in blocking buffer (supernatant of 5% 
w/v milk powder in PBS centrifuged at 14,000 rpm for 10 min), and incubated 
with secondary antibodies in 10% normal goat serum in blocking buffer at room 
temperature for 2 hours. finally, slides were washed (3x10 min) in PBS (in the 
dark) and embedded in Prolong Gold with DAPI (invitrogen). 

Histological analysis and TUNEL assay
Testes were isolated from control, Hltf/Shprh double knockout, Polh knockout, 
heterozygous PCNAWT/K164R, and homozygous PCNAK164R/K164R mice that were 2 and 
4 weeks old. Testes were fixed in 4% paraformaldehyde (TUNeL) or Bouins’ fixative 
for morphological analysis, and embedded in paraffin according to standard 
procedures. for histological analysis, mounted sections were deparaffinized, 
rehydrated, and stained with hematoxylin and eosin. for TUNeL assay, sections 
were mounted on aminoalkylsilane-coated glass slides, dewaxed, and pretreated 
with protease K (Sigma) and peroxidase as described elsewhere [33]. Slides were 
subsequently washed in terminal deoxynucleotidyl transferase (TdT) buffer for 5 
min [34] and then incubated for at least 30 min in TdT buffer containing 0.01 
mm Biotin-16-dUTP (Roche) and 0.4 U of TdT enzyme (Promega). The enzymatic 
reaction was stopped by incubation in TB buffer, and the sections were washed 
[33]. Slides were then incubated with StreptABComplex-horseradish peroxidase 
conjugate (Dako) for 30 min and washed in PBS. dUTP-biotin labelled cells were 
visualized with 3,3-diaminobenzidine tetrahydrochloride-metal concentrate 
(Pierce, Rockford). Tissue sections were counterstained with nuclear fast 
red–5% (wt/vol) (Al2(SO4)3. for each animal, the number of TUNeL (terminal 
deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling)-positive 
cells was counted in at least 200 tubule sections, and the average number of 
positive cells per 100 cross sections was calculated. Data were analyzed by using 
the mann-Whitney U test.

Confocal microscopy
Images of cells were obtained using a Zeiss LSm510NLO microscope (Carl Zeiss) 
with a 63 × /1.40 NA oil immersion lens. Proteins stained with alexa 488 were 
detected by exciting the probes with a 488 nm Argon gas laser and monitoring 
the emission through a 500-550 band-pass filter. Proteins stained with alexa 
564 were detected by exciting the probes with a 543 nm helium neon laser and 
monitoring the emission through a long-pass 560 filter. To minimize the effect of 
photo-bleaching, images were taken with 10 mW for a 488 nm laser, and with 
20 mW for a 543 nm laser. for quantification of immunofluorescent signal, slides 
were analyzed on the same day. fluorescent images were taken under identical 
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conditions for all slides, and images were analysed using the ImageJ software 
(Rasband, W.S., ImageJ, U.S. National Institutes of Health, Bethesda, maryland, 
USA [http://rsb.info.nih.gov/ij/]). Nuclei were selected and the mean signal (m) 
and standard deviation (s) was calculated by Image J software, and threshold 
was determined [35]. To count the number of RAD51 foci, threshold was set 
at; m + 2.5*s, and the number of foci was calculated using Image J. To prevent 
counting of non-specific background as RAD51 foci, areas less than 2 pixels were 
excluded from counting.

Results

Lack of primordial germ cells in homozygous PCNAK164R/K164R mice, 
and increased apoptotic cells in heterozygous PCNAWT/K164R mice

We previously found that mutation of lysine 164 of PCNA (K164R) leads to 
infertility in both female and male mice, in association with complete absence of 
germ cells [20]. All wild-type, heterozygous, and homozygous mice showed similar 
body weight, while the testis of PCNAK164R/K164R mice weighed only 20% of testis 
of wild type and PCNAWT/K164R mice (figure 1A). Next, we analyzed young mice to 
study whether some germ cells, including cells in meiotic prophase, might still be 
present in immature testes. However, similar to our previous observations [20], 
already in 4-week-old mice, the seminiferous tubules were devoid of germ cells. 
To investigate this further, we decided to analyse testes before birth. Primordial 
germ cells arise outside the gonads and migrate into the gonads around day 11 
of mouse embryonic development (e11). During this period, the primordial germ 
cells increase in number through mitotic proliferation. Around e13, the germ cells 
enter a mitotic arrest, which is maintained until the process of spermatogenesis 
is initiated shortly after birth. In e18, neither seminiferous tubules formation 
nor primordial germ cells were found in PCNAK164R/K164R mice, suggesting a 
developmental retardation of gonads as well as primordial germ cells (figure 
1B). The lack of germ cells in homozygous PCNAK164R/K164R mice indicates that 
modification of PCNA is essential for the proliferation or survival of primordial 
germ cells. Heterozygous PCNAWT/K164R mice did not show any phenotype with 
respect to the number of germ cells compared with wild-type (figure 1B and 
C). However, we observed an approximately 1.5-fold increase in the number of 
apoptotic spermatocytes in heterozygous PCNAWT/K164R mice by TUNeL at age of 4 
weeks (figure 1D). Downstream of PCNA monoubiquitylation by HR6A/B-RAD18, 
Pol h can be recruited to mediate error-prone RDB. Alternatively, RAD5 orthologs 
may mediate PCNA polyubiquitylation together with UBC13, to allow error free 
RDB. To analyse whether impairment of any of these downstream events may 
cause the loss of germ cells in the homozygous PCNA knockin mice, and the 
increased apoptosis of the heterozygote, we analysed testes from mice that 
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figure 1. characterization of wild-type, heterozygous, and 
homozygous PCNAK164R mice. (A) Body and testis weight from 
4-week-old wild type, heterozygous PcnaWT/K164R and homozygous 
PcnaK164R/K164R mice. error bars indicate Sem values from 7 wild type, 
8 heterozygous, and 4 homozygous mice. (B, C) Histological sections 
of embryonic day 18 (B) and 4-week-old (C) wild type, heterozygous 
PcnaWT/K164R and homozygous PcnaK164R/K164R mouse testes were stained 
with GCNA. (D) The number of apoptotic cells per 100 tubuli from 
4-week-old wild type and heterozygous PcnaWT/K164Rmice. error bars 
indicate Sem values from 2 wild type and 2 heterozygous mice.
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carried mutations in both mouse RAD5 orthologs, Hltf/Shprh double knockout 
mice (figure 2A) and from Polh knockout mice (figure 2B). The total number of 
germ cells as well as the number of apoptotic spermatocytes was not different 
from controls in testis sections from these mice (figure 2C and D). 

Normal SYCP3 length in pachytene spermatocytes of PCNAWT/K164R 
mice
Although we could not identify meiotic prophase cells in PcnaK164R/K164R testes, 
the increased apoptosis of spermatocytes in the heterozygotes suggested a 
meiotic phenotype in these mice. Since elongated chromosomal axes have been 
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reported for spermatocytes from transgenic Pcna-/-tgK164R mice [21], we analysed 
this parameter in our heterozygous PCNAWT/K164R mice. The length of SYCP3 was 
measured in mLH1-positive mid-pachytene nuclei. In contrast to transgenic PCNA 
K164R mice, we did not find elongation of SYCP3 length in PCNAWT/K164R mice 
(figure 3A).

PCNA modification regulates meiotic recombination frequency
In S. cerevisiae, PCNA SUmOylation is mediated by the SUmO ligase Siz1 and 
this modification causes the recruitment of the helicase Srs2 to replication forks 
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figure 2. characterization of Hltf/Shprh double knockout and Polh knockout mice. (A, B) 
Histological sections of 4-week-old wild type and knockout testes of Hltf/Shprh double knockout (A) 
and Polh knockout (B) mice were stained with GCNA. (C,  D) Body and testis weight from 4-week-old 
wild type and knockout testes of Hltf/Shprh double knockout (C) and Polh knockout (D) mice. error 
bars indicate Sem values from 3 wild type and 3 knockout mice. 
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during S phase. At these sites, Srs2 prevents unscheduled crossover events 
through its ability to disrupt Rad51 nucleoprotein filaments [7-11,36]. To 
investigate whether PCNA modification may control meiotic crossover frequency 
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figure 3. increased number of mlh1 foci in Pcnawt/k164R mice. (A) The SC length was measured in 
pachytene nuclei (see materials and methods) of 4-week-old wild type (wt) and heterozygous PCNAWT/

K164R (het) mice. error bars indicate Sem values from 20 nuclei of 4 independent mice. (B) The number 
of RAD51 foci in leptotene nuclei was counted (see materials and methods) in 2-week-old wild type 
(wt) and heterozygous PCNAWT/K164R (het) mice. error bars indicate Sem values from 30 nuclei of 2 
independent mice. (C) The number of mLH1 foci in pachytene nuclei was counted in 4-week-old wild 
type (wt) and heterozygous PcnaWT/K164R (het) mice. error bars indicate Sem values from 20 nuclei of 
4 independent mice. (D) Double immunostaining of 4-week-old wild type and heterozygous PcnaWT/

K164R spermatocyte nuclei with anti-SYCP3 (red) and anti-mLH1 (green). (e) The number of RAD51 foci 
in leptotene (L) and zygotene (Z) nuclei was counted (see materials and methods) in 4-week-old wild 
type (BB), Hr6b knockout (bb), heterozygous Hr6b in Spo11 knockout (Bb/Spo11ko), and Hr6b/Spo11 
double knockout (bb/Spo11 ko) mice. error bars indicate Sem from 16 nuclei in 2 independent mice. 
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6in mice, we examined the nuclear localization of RAD51 and mLH1 in meiotic 
spread preparations of wild type and PCNAWT/K164R spermatocytes. RAD51 
functions as a single-stranded DNA-binding protein that has DNA-dependent 
ATPase activity and stimulates strand exchange. This protein accumulates in foci 
in leptotene and zygotene spermatocyes. These foci depend on the presence 
of the DSB-inducing enzyme SPO11, and are therefore thought to represent 
meiotic DSB repair sites. We observed no abnormalities in the overall pattern of 
RAD51 localization in PCNAWT/K164R spermatocytes (data not shown). In addition, 
the number of RAD51 foci in leptotene nuclei was not different between wild 
type and PCNAWT/K164R spermatocytes (figure 3B). Subsequently, mLH1 foci were 
counted in mid-to-late pachytene spermatocytes to determine the crossover 
number. Intriguingly, we detected an increased number of mLH1 foci in PCNAWT/

K164R pachytene spermatocytes (27.0 +/- 0.1) compared to wild type pachytene 
spermatocytes (22.3 +/- 0.2) (figure 3C and D). The same analyses were 
performed for testes from Hltf/Shprh (figure 4A), and Polh (figure 4B) deficient 
mice, but no differences in the number of mLH1 foci between the knockouts 
and control mice were observed. Previously, we have shown that spermatocytes 
from Hr6b knockout mice also show a significantly increased number of mLH1 
foci [24]. To analyse whether these effects on meiotic recombination could occur 
through the same pathway, we also analysed the number of RAD51 foci in Hr6b 
knockout mice. In contrast to the normal number of RAD51 foci in leptotene 
PCNAWT/K164R spermatocytes, an increased number of RAD51 foci was found in 
leptotene and zygotene Hr6b knockout spermatocytes compared with wild type 
spermatocyte (figure 3e). This indicates that in Hr6b knockout mice, an increased 
number of meiotic DSBs can explain the increased number of mLH1 foci. In 
addition, we found that the increased number of RAD51 foci in Hr6b knockout 
mouse spermatocytes was not damage-induced but SPO11 dependent (figure 
3e). Taken together, these results suggest that the increased number of crossover 
sites observed in PCNAWT/K164R and Hr6b knockout mice are regulated by distinct 
mechanisms.
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figure 4. normal mlh1 foci 
numbers in Hltf/Shprh and 
Polh knockout mice. (A, B) 
The number of mLH1 foci in 
pachytene nuclei was counted 
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(A) and Polh knockout (B) 
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values from 20 nuclei of 3 
independent mice.
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discussion

In yeast, K164 of PCNA is known to be modified by ubiquitin, and also by SUmO, 
depending on the context [3]. PCNA SUmOylation is a key regulator to suppress 
unwanted homologous recombination and to facilitate error-free RDB during 
replication in yeast somatic cells [8,9]. Here we have analysed the role of PCNA 
K164 modification during spermatogenesis in mice.

PCNA modification is crucial for proliferation of primordial germ 
cells
Our results show that disruption of the modification of PCNA at K164 residue 
results in the complete absence of primordial germ cells. The number of 
primordial germ cells was not reduced in the heterozygote, in Polh-deficient 
testes nor in testis of a double mutant for the known mouse Rad5 homologs. This 
raises the question whether this defect is caused by defective SUmOylation or 
ubiquitylation. PCNA ubiquitylation is thought to depend on the HR6A/B-RAD18 
complex. mice deficient for HR6A or HR6B have normal numbers of primordial 
germ cells (our own unpublished observations), and double-mutant mice are 
not viable. Rad18 knockout mice show no overt defects in spermatogenesis in 
young adults, indicating that the number of spermatogonial stem cells is normal 
[37]. We have analyzed Rad18 knockdown mice, and also observed that the 
number of spermatogonial stem cells was normal (Inagaki et al., manuscript in 
preparation). These data indicate that primordial germ cell proliferation/survival 
might be independent of PCNA ubiquitylation. Alternatively, another e2/e3 
complex may mediate basal PCNA ubiquitylation required for primordial germ 
cell proliferation/survival. In this context it is of interest to note that a severe 
reduction of stem cells has also been observed in Rev1-deficient mice (our own 
unpublished observations). These mice display transient growth retardation, and 
defects in C/G transversions in hypermutating immunoglobulin genes [38]. ReV1 
is a Y polymerase that can be recruited to a damaged replication template, and 
like mono-ubiquitylated PCNA, regulates TLS polymerases. [38-40]. Another DNA 
repair enzyme that is required for primordial germ cell survival and proliferation is 
fANCC [41]. This protein is part of an e3 ubiquitin ligase complex that ubiquitylates 
fANCD2/fANCI complex in the fanconi anaemia (fA) pathway of DNA damage 
signalling. Apparently, primordial germ cells have special requirements for the 
RDB and fA pathways.  

Roa et al. showed that in Pcna-/-tgK164R mice, germ cells are able to reach the 
early pachytene stage [21]. Although it is possible that the number of stem cells 
is also reduced in these mice, the phenotype is obviously milder. This difference 
may be explained by possible differences in genetic background (fVB versus 
C57BL/6J) of the two strains, or the two- to eight-fold overexpression of the 
mutant PCNA transgene in the Pcna-/-tgK164R mice may somehow rescue part of 
the defect [21].
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HR6B modifies meiotic recombination frequency through 
regulation of the number of meiotic DSBs

Crossovers are crucial for faithful meiotic chromosome segregation, and their 
formation requires the formation of programmed DSBs by SPO11 [42], followed 
by HR repair using one of the chromatids of the homologous chromosome as 
a template for repair. When DSB formation is reduced in S. cerevisiae spo11 
mutants, normal meiotic crossover frequencies are maintained. This phenomenon 
is referred to as crossover homeostasis [43]. Overexpression of Spo11 in S. 
pombe does not increase meiotic frequency above wild type levels [44], and in 
C. elegans there are indications that crossover homeostasis also quenches the 
effect of extra (radiation)-induced DSBs on crossover frequencies. In mice, the 
induction of approximately 100 extra DSBs through irradiation leads to only 1 
extra crossover site on average, indicating that these breaks are preferentially 
repaired via noncrossover pathways. Previously, we had shown that Hr6b-deficient 
spermatocytes show an approximately 20% increase in meiotic recombination 
frequency. Here we show that this increase can be explained by a 15% increase 
in SPO11-induced DSB formation. Lynn et al. have shown that there appears to 
be a positive correlation between normal length of the SC and the number of 
meiotic recombination sites, indicating that the length of the SC reflects genetic 
rather than physical distance [25]. In Hr6b knockout mice, in accordance with 
the increased recombination rate, we also measured an increase in SC length 
in comparison to wild type, but this effect was only seen in late pachytene 
nuclei. This suggests that the increased SC length may be a manifestation of 
aberrant chromatin structure caused by Hr6b deficiency [24,28]. Still, aberrant 
chromatin structure, leading to a more open chromatin configuration, may 
allow the formation of more DSBs in leptotene, and subsequent extra crossover 
sites. In C. elegans, chromosome axis length is determined by condensin [45], 
which in turn controls the number of meiotic DSBs. Introducing extra DSBs with 
ionizing radiation or eliminating meiotic DSB formation altogether using a Spo11 
mutation had no effect on axis length in either the wild type or in the condensin 
I complex mutants [45], indicating that axis length is not influenced by DSBs, 
but axis structure regulates DSB frequency. If this mechanism is conserved from 
worm to mouse, it might be suggested that HR6B may functionally interact with 
condensin, regulating chromosome structure and hence, the number of DSBs, SC 
length, and crossover frequency.

PCNA modification at K164 regulates crossover frequency

In contrast to the positive correlation between the number of DSBs, SC axis length 
and crossover frequency in Hr6b knockout spermatocytes, we observed a 19% 
increase in the number of mLH1 foci in Pcna WT/K164R mice compared to controls, but 
no effect on the number of DSBs or SYCP3 length. Thus, although this indicates 
that both PCNA K164 modification and HR6B activity regulate meiotic crossover 
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frequency to the same extent, they may operate via distinct and independent 
mechanisms. In support of this conclusion, we have not found an effect of 
RAD18 depletion in testes on meiotic recombination frequency (Inagaki et al., 
manuscript in preparation), indicating that HR6B regulates crossover frequency 
independent of the RDB pathway, possibly involving functional interaction with 
condensins, as described above. for PCNA, the regulation of crossover frequency 
through its modification at K164, most likely involves modification of the choice 
between crossover and noncrossover pathways, since the number of meiotic 
DSBs in leptotene was not different from controls. PCNA has been implicated in 
the suppression of recombination events during replication [8,9]. This function of 
PCNA requires its SUmOylation at K164. This modification recruits the helicase 
Srs2 [8,9]. Srs2 functions as an anti-recombinase through different mechanisms 
during separate stages of HR. At an early stage, Srs2 dismantles the RAD51 
presynaptic filament. During the next stage of HR, when RAD51 coated ssDNA 
has invaded the homologous template, Srs2 disrupts the D-loop intermediate 
[7,46]. It has not yet been established whether this mechanism is also operative 
in mammals, but several possible functional homologs of Srs2 have been 
identified. Three different proteins, named RecQL5, fBH1 and BLm have been 
shown to be able to displace RAD51 from ssDNA and to suppress recombination 
[47-49]. BLm and an additional possible functional Srs2 homolog named RTeL1 
have been shown to dissociate D-loop recombination intermediates [47,50]. In 
C. elegans, mutation of Rtel1 leads to elevated numbers of crossover [51]. Taking 
these data into account it may be suggested that the effect of K164 mutation 
on recombination frequency that we observed is caused by a lack of PCNA 
SUmOylation, leading to decreased function of downstream anti-recombinogenic 
helicases at sites of meiotic DSB repair. An attractive candidate helicase that may 
function downstream of PCNA SUmOylation in meiosis is BLm. BLm localizes as 
foci in leptotene and zygotene nuclei. Using a conditional knockout approach, it 
was recently shown that deletion of Blm leads to a dramatic increase in meiotic 
recombination frequency in affected cells [52]. To obtain more insight in the 
possible anti-recombinogenic effect of the K164R mutation we analyzed RAD51 
and RPA foci in zygotene and pachytene spermatocytes of wild type and PcnaWT/

K164Rmice, but no overt change in the patterns of RAD51 and RPA foci was 
observed (data not shown). However, it must be noted that the foci pattern were 
highly dynamic, making it impossible to detect subtle shifts in the appearance 
and disappearance of RAD51 and RPA foci. further investigations are required 
to determine which, if any, helicase is recruited to regulate meiotic crossover 
frequency via SUmOylated PCNA. In addition, it will be important to establish 
whether the distribution of crossovers is similar in spermatocytes of wild type 
and heterozygote mice.
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PCNA ubiquitylation and SUMOylation
Due to the virtually complete absence of germ cells from Pcna K164R/K164R mouse 
testes, we were unable to analyse the effect of complete absence of K164 
modification on recombination frequency. Considering the homotrimeric 
structure of PCNA, wild type PCNA from control mice and mutated PCNA from 
homozygous PcnaK164R/K164R mice will form monomorph PCNA trimers that can 
be normally modified in the wild type, and for which all K164 modification is 
prevented in the homozygous mutant mice. In PcnaWT/K164R heterozygotes, four 
distinct compositions of the trimeric PCNA ring are possible from the combination 
of 3WT PCNA molecules, 2WT+1K164R PCNA molecule, 1WT+2K164R PCNA 
molecules, and 3K164R PCNA molecules at a ratio of 1:3:3:1. Langerak et al. 
described that the presence of only a single wild type Pcna allele might be 
enough for a normal damage tolerance function of ubiquitylated PCNA rings, 
since seven out of eight PCNA trimer complexes can be ubiquitylated at one 
site at least in heterozygous mice [20]. from this perspective, it is very surprising 
that we observed a relatively strong increase in meiotic recombination frequency 
in the heterozygote mice. The detrimental effect of the presence of 50% of 
K164R mutated and 50% wild type PCNA indicates that perhaps for this 
function of PCNA, all three subunits of the PCNA trimer need to be modified 
in order to function properly. Since this is expected to happen for only 1/8th of 
the trimeric PCNA rings, this may explain why the heterozygote displays such 
a dramatic effect on recombination frequency. Taken together with the above 
described data that point to a function of PCNA SUmOylation instead of PCNA 
ubiquitylation in the regulation of meiotic recombination, it might be suggested 
that SUmOylation is only effective when all three PCNA subunits are modified, 
whereas the ubiquitylation of a single PCNA in the ring is sufficient to stimulate 
the RDB pathway. SUmOylation of PCNA has not been reported for mammalian 
cells. So far, we have also been unable to establish that PCNA is modified by 
SUmO in wild type testes. This may be caused by active deSUmOylation during 
protein isolation, lack of proper antibody recognition, or actual lack of PCNA 
SUmOylation. 

In summary, we have shown that PCNA modification at K164 is essential for 
the survival and/or proliferation of primordial germ cells. Since RAD18-deficient 
mouse testis appear to contain normal numbers of primordial germ cells, the 
observed lack of primordial germ cells in the Pcna mutant mice could be caused 
by defective SUmOylation instead of ubiquitylation. Alternatively, another e3 may 
mediate basal PCNA ubiquitylation required for primordial germ cell proliferation/
survival. Heterozygote Pcna WT/K164R mouse testes have normal numbers of 
spermatogonial stem cells, indicating that a single wild type allele is sufficient to 
rescue the primordial germ cells, similar to the wild type properties of Pcna WT/

K164R mouse cells with respect to DNA repair. In contrast, meiotic recombination 
frequency is 20% higher in heterozygote K164R mutant mouse spermatocytes 
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compared to wild types. We speculate that this phenotype is caused by defective 
PCNA SUmOylation, resulting in reduced recruitment of a downstream anti-
recombinogenic helicase, possibly BLm protein. We propose that this function 
requires SUmOylation of all three subunits of the homotrimeric PCNA ring.

acknowledgements

We thank Dr. Hein te Riele and Dr. Sandra de Vries (The Netherlands Cancer 
Institute, Amsterdam, The Netherlands) for Spo11 mutant mice, Dr. Kyungjae 
myung (National Institute of Health, USA) for HLTF/SHPRH double knockout mice, 
and Dr. Claude-Agnès Reynaud (Institut National de la Santé et de la Recherche 
medicale, france) for Polh knockout mice.

This work was supported by the Netherlands Organization for Scientific 
Research (NWO) through ALW (VIDI 864.05.003).

RefeRences

1. H.D. Ulrich, Regulating post-transla-
tional modifications of the eukaryotic 
replication clamp PCNA, DNA Repair 
(Amst) 8 (2009) 461-469.

2. H.D. Ulrich, The RAD6 pathway: con-
trol of DNA damage bypass and mu-
tagenesis by ubiquitin and SUmO, 
Chembiochem 6 (2005) 1735-1743.

3. C. Hoege, B. Pfander, G.L. moldovan, 
G. Pyrowolakis,S. Jentsch, RAD6-de-
pendent DNA repair is linked to mod-
ification of PCNA by ubiquitin and 
SUmO, Nature 419 (2002) 135-141.

4. A.R. Lehmann, A. Niimi, T. Ogi, S. 
Brown, S. Sabbioneda, J.f. Wing, P.L. 
Kannouche,C.m. Green, Translesion 
synthesis: Y-family polymerases and 
the polymerase switch, DNA Repair 
(Amst) 6 (2007) 891-899.

5. W. Yang,R. Woodgate, What a differ-
ence a decade makes: insights into 
translesion DNA synthesis, Proc Natl 
Acad Sci U S A 104 (2007) 15591-
15598.

6. W. Xiao, B.L. Chow, S. Broomfield,m. 
Hanna, The Saccharomyces cerevisiae 
RAD6 group is composed of an error-
prone and two error-free postreplica-

tion repair pathways, Genetics 155 
(2000) 1633-1641.

7. L. Krejci, S. Van Komen, Y. Li, J. Vil-
lemain, m.S. Reddy, H. Klein, T. 
ellenberger,P. Sung, DNA helicase Srs2 
disrupts the Rad51 presynaptic fila-
ment, Nature 423 (2003) 305-309.

8. e. Papouli, S. Chen, A.A. Davies, D. 
Huttner, L. Krejci, P. Sung,H.D. Ulrich, 
Crosstalk between SUmO and ubiq-
uitin on PCNA is mediated by recruit-
ment of the helicase Srs2p, mol Cell 19 
(2005) 123-133.

9. B. Pfander, G.L. moldovan, m. Sacher, 
C. Hoege,S. Jentsch, SUmO-modified 
PCNA recruits Srs2 to prevent recom-
bination during S phase, Nature 436 
(2005) 428-433.

10. T. Robert, D. Dervins, f. fabre,S. Gan-
gloff, mrc1 and Srs2 are major ac-
tors in the regulation of spontaneous 
crossover, embo J 25 (2006) 2837-
2846.

11. X. Veaute, J. Jeusset, C. Soustelle, S.C. 
Kowalczykowski, e. Le Cam,f. fabre, 
The Srs2 helicase prevents recombi-
nation by disrupting Rad51 nucleo-
protein filaments, Nature 423 (2003) 
309-312.



143PCNA mODIfICIATION IN meIOSIS

6

12. C. Lawrence, The RAD6 repair path-
way in Saccharomyces cerevisiae: 
what does it do, and how does it do 
it?, Bioessays 16 (1994) 253-258.

13. S. Prakash, R.e. Johnson,L. Prakash, 
eukaryotic translesion synthesis DNA 
polymerases: specificity of structure 
and function, Annu Rev Biochem 74 
(2005) 317-353.

14. H. Xin, W. Lin, W. Sumanasekera, Y. 
Zhang, X. Wu,Z. Wang, The human 
RAD18 gene product interacts with 
HHR6A and HHR6B, Nucleic Acids Res. 
28 (2000) 2847-2854.

15. P.L. Kannouche, J. Wing,A.R. Leh-
mann, Interaction of human DNA 
polymerase eta with monoubiquiti-
nated PCNA: a possible mechanism 
for the polymerase switch in response 
to DNA damage, mol Cell 14 (2004) 
491-500.

16. A. motegi, H.J. Liaw, K.Y. Lee, H.P. 
Roest, A. maas, X. Wu, H. moino-
va, S.D. markowitz, H. Ding, J.H. 
Hoeijmakers,K. myung, Polyubiqui-
tination of proliferating cell nuclear 
antigen by HLTf and SHPRH prevents 
genomic instability from stalled repli-
cation forks, Proc Natl Acad Sci U S A 
105 (2008) 12411-12416.

17. A. motegi, R. Sood, H. moinova, S.D. 
markowitz, P.P. Liu,K. myung, Human 
SHPRH suppresses genomic instability 
through proliferating cell nuclear anti-
gen polyubiquitination, J Cell Biol 175 
(2006) 703-708.

18. I. Unk, I. Hajdu, K. fatyol, J. Hurwitz, 
J.H. Yoon, L. Prakash, S. Prakash,L. 
Haracska, Human HLTf functions as 
a ubiquitin ligase for proliferating cell 
nuclear antigen polyubiquitination, 
Proc Natl Acad Sci U S A 105 (2008) 
3768-3773.

19. I. Unk, I. Hajdu, K. fatyol, B. Szakal, 
A. Blastyak, V. Bermudez, J. Hurwitz, 
L. Prakash, S. Prakash,L. Haracska, 
Human SHPRH is a ubiquitin ligase for 
mms2-Ubc13-dependent polyubiquit-
ylation of proliferating cell nuclear an-
tigen, Proc Natl Acad Sci U S A 103 
(2006) 18107-18112.

20. P. Langerak, A.O. Nygren, P.H. Kri-
jger, P.C. van den Berk,H. Jacobs, A/T 

mutagenesis in hypermutated immu-
noglobulin genes strongly depends 
on PCNAK164 modification, J exp 
med 204 (2007) 1989-1998.

21. S. Roa, e. Avdievich, J.U. Peled, T. mac-
carthy, U. Werling, f.L. Kuang, R. Kan, 
C. Zhao, A. Bergman, P.e. Cohen, W. 
edelmann,m.D. Scharff, Ubiquitylated 
PCNA plays a role in somatic hyper-
mutation and class-switch recombina-
tion and is required for meiotic pro-
gression, Proc Natl Acad Sci U S A 105 
(2008) 16248-16253.

22. H.P. Roest, W.m. Baarends, J. de Wit, 
J.W. van Klaveren, e. Wassenaar, J.W. 
Hoogerbrugge, W.A. van Cappellen, 
J.H. Hoeijmakers,J.A. Grootegoed, The 
ubiquitin-conjugating DNA repair en-
zyme HR6A is a maternal factor essen-
tial for early embryonic development 
in mice, mol Cell Biol 24 (2004) 5485-
5495.

23. H.P. Roest, J. Klaveren van, J. Wit de, 
C.G. Gurp van, m.H.m. Koken, m. 
Vermey, J.H. Roijen van, J.T.m. Vree-
burg, W.m. Baarends, D. Bootsma, 
J.A. Grootegoed,J.H.J. Hoeijmakers, 
Inactivation of the HR6B ubiquitin-
conjugating DNA repair enzyme in 
mice causes a defect in spermatogen-
esis associated with chromatin modifi-
cation, Cell 86 (1996) 799-810.

24. W.m. Baarends, e. Wassenaar, J.W. 
Hoogerbrugge, G. van Cappellen, 
H.P. Roest, J. Vreeburg, m. Ooms, J.H. 
Hoeijmakers,J.A. Grootegoed, Loss 
of HR6B ubiquitin-conjugating ac-
tivity results in damaged synaptone-
mal complex structure and increased 
crossing-over frequency during the 
male meiotic prophase, mol Cell Biol 
23 (2003) 1151-1162.

25. A. Lynn, K.e. Koehler, L. Judis, e.R. 
Chan, J.P. Cherry, S. Schwartz, A. Sef-
tel, P.A. Hunt,T.J. Hassold, Covariation 
of synaptonemal complex length and 
mammalian meiotic exchange rates, 
Science 296 (2002) 2222-2225.

26. W. Goedecke, m. eijpe, H.H. Offen-
berg, m. van Aalderen,C. Heyting, 
mre11 and Ku70 interact in somatic 
cells, but are differentially expressed 
in early meiosis, Nat Genet 23 (1999) 
194-198.



144

6

27. A. Inagaki, S. Schoenmakers,W.m. 
Baarends, DNA double strand break 
repair, chromosome synapsis and tran-
scriptional silencing in meiosis, epige-
netics 5 (2010).

28. W.m. Baarends, e. Wassenaar, J.W. 
Hoogerbrugge, S. Schoenmakers, 
Z.W. Sun,J.A. Grootegoed, Increased 
phosphorylation and dimethylation of 
XY body histones in the Hr6b-knock-
out mouse is associated with dere-
pression of the X chromosome, J Cell 
Sci 120 (2007) 1841-1851.

29. e. de Boer, A.J. Dietrich, C. Hoog, P. 
Stam,C. Heyting, meiotic interference 
among mLH1 foci requires neither an 
intact axial element structure nor full 
synapsis, J Cell Sci 120 (2007) 731-
736.

30. f. Delbos, A. De Smet, A. faili, S. Aou-
fouchi, J.C. Weill,C.A. Reynaud, Con-
tribution of DNA polymerase eta to 
immunoglobulin gene hypermutation 
in the mouse, J exp med 201 (2005) 
1191-1196.

31. J. essers, R.W. Hendriks, J. Wesoly, 
C.e. Beerens, B. Smit, J.H. Hoeijmak-
ers, C. Wyman, m.L. Dronkert,R. 
Kanaar, Analysis of mouse Rad54 ex-
pression and its implications for ho-
mologous recombination, DNA Repair 
(Amst) 1 (2002) 779-793.

32. A.H. Peters, A.W. Plug, m.J. van 
Vugt,P. de Boer, A drying-down tech-
nique for the spreading of mammalian 
meiocytes from the male and female 
germline, Chromosome Res 5 (1997) 
66-68.

33. Y. Gavrieli, Y. Sherman,S.A. Ben-Sas-
son, Identification of programmed 
cell death in situ via specific labeling 
of nuclear DNA fragmentation, J Cell 
Biol 119 (1992) 493-501.

34. W. Gorczyca, J. Gong,Z. Darzynkie-
wicz, Detection of DNA strand breaks 
in individual apoptotic cells by the in 
situ terminal deoxynucleotidyl trans-
ferase and nick translation assays, 
Cancer Res 53 (1993) 1945-1951.

35. m.e. van Royen, S.m. Cunha, m.C. 
Brink, K.A. mattern, A.L. Nigg, 
H.J. Dubbink, P.J. Verschure, J. 
Trapman,A.B. Houtsmuller, Compart-

mentalization of androgen receptor 
protein-protein interactions in living 
cells, J Cell Biol 177 (2007) 63-72.

36. D. Branzei, f. Vanoli,m. foiani, 
SUmOylation regulates Rad18-me-
diated template switch, Nature 456 
(2008) 915-920.

37. J. Sun, K. Yomogida, S. Sakao, H. 
Yamamoto, K. Yoshida, K. Watanabe, 
T. morita, K. Araki, K. Yamamura,S. 
Tateishi, Rad18 is required for long-
term maintenance of spermatogenesis 
in mouse testes, mech Dev 126 (2009) 
173-183.

38. J.G. Jansen, A. Tsaalbi-Shtylik, P. 
Langerak, f. Calleja, C.m. meijers, H. 
Jacobs,N. de Wind, The BRCT domain 
of mammalian Rev1 is involved in reg-
ulating DNA translesion synthesis, Nu-
cleic Acids Res 33 (2005) 356-365.

39. C.e. edmunds, L.J. Simpson,J.e. Sale, 
PCNA ubiquitination and ReV1 de-
fine temporally distinct mechanisms 
for controlling translesion synthesis in 
the avian cell line DT40, mol Cell 30 
(2008) 519-529.

40. J.G. Jansen, A. Tsaalbi-Shtylik, G. Hen-
driks, H. Gali, A. Hendel, f. Johansson, 
K. erixon, Z. Livneh, L.H. mullenders, L. 
Haracska,N. de Wind, Separate domains 
of Rev1 mediate two modes of DNA 
damage bypass in mammalian cells, mol 
Cell Biol 29 (2009) 3113-3123.

41. J.J. Nadler,R.e. Braun, fanconi anemia 
complementation group C is required 
for proliferation of murine primordial 
germ cells, Genesis 27 (2000) 117-
123.

42. S. Keeney, C.N. Giroux,N. Kleckner, 
meiosis-specific DNA double-strand 
breaks are catalyzed by Spo11, a 
member of a widely conserved protein 
family, Cell 88 (1997) 375-384.

43. e. martini, R.L. Diaz, N. Hunter,S. 
Keeney, Crossover homeostasis in 
yeast meiosis, Cell 126 (2006) 285-
295.

44. W.D. Sharif, G.G. Glick, m.K. 
Davidson,W.P. Wahls, Distinct func-
tions of S. pombe Rec12 (Spo11) pro-
tein and Rec12-dependent crossover 
recombination (chiasmata) in meiosis 



145PCNA mODIfICIATION IN meIOSIS

6

I; and a requirement for Rec12 in mei-
osis II, Cell & chromosome 1 (2002) 1.

45. D.G. mets,B.J. meyer, Condensins reg-
ulate meiotic DNA break distribution, 
thus crossover frequency, by control-
ling chromosome structure, Cell 139 
(2009) 73-86.

46. S. Van Komen, G. Petukhova, S. 
Sigurdsson,P. Sung, functional cross-
talk among Rad51, Rad54, and rep-
lication protein A in heteroduplex 
DNA joint formation, J Biol Chem 277 
(2002) 43578-43587.

47. D.V. Bugreev, X. Yu, e.H. egelman,A.V. 
mazin, Novel pro- and anti-recombi-
nation activities of the Bloom’s syn-
drome helicase, Genes Dev 21 (2007) 
3085-3094.

48. K. fugger, m. mistrik, J.R. Danielsen, C. 
Dinant, J. falck, J. Bartek, J. Lukas,N. 
mailand, Human fbh1 helicase contrib-
utes to genome maintenance via pro- 
and anti-recombinase activities, J Cell 
Biol 186 (2009) 655-663.

49. Y. Hu, S. Raynard, m.G. Sehorn, X. Lu, 
W. Bussen, L. Zheng, J.m. Stark, e.L. 

Barnes, P. Chi, P. Janscak, m. Jasin, H. 
Vogel, P. Sung,G. Luo, ReCQL5/Recql5 
helicase regulates homologous recom-
bination and suppresses tumor forma-
tion via disruption of Rad51 presynaptic 
filaments, Genes Dev 21 (2007) 3073-
3084.

50. L.J. Barber, J.L. Youds, J.D. Ward, m.J. 
mcIlwraith, N.J. O’Neil, m.I. Petal-
corin, J.S. martin, S.J. Collis, S.B. Can-
tor, m. Auclair, H. Tissenbaum, S.C. 
West, A.m. Rose,S.J. Boulton, RTeL1 
maintains genomic stability by sup-
pressing homologous recombination, 
Cell 135 (2008) 261-271.

51. J.L. Youds, D.G. mets, m.J. mcIlwraith, 
J.S. martin, J.D. Ward, O.N. NJ, A.m. 
Rose, S.C. West, B.J. meyer,S.J. Boul-
ton, RTeL-1 enforces meiotic crossover 
interference and homeostasis, Science 
327 1254-1258.

52. J.K. Holloway, m.A. morelli, P.L. 
Borst,P.e. Cohen, mammalian BLm 
helicase is critical for integrating mul-
tiple pathways of meiotic recombina-
tion, J Cell Biol 188 779-789.





7

SoMatIc hyperMutatIon: exIStence of a 
MSh2-dependent and Independent G to c 

tranSverSIon pathWay doWnStreaM of unG

peter h.l. Krijger*1, anastasia tsaalbi-Shtylik*2, Jacob G. Jansen2, paul c.M. van 
den berk, niek Wit, niels de Wind*2 and heinz Jacobs*1

1Division of Immunology, The Netherlands Cancer Institute, 1066 CX Amsterdam, 
The Netherlands; 2Department of Toxicogenetics, Leiden University medical Center, 

2300 RC Leiden, The Netherlands 
* These authors contributed equally to this work

manuscript in preparation



7

aBstRact 

We have recently suggested that during somatic hypermutation (SHm), G/C 
transversions depend on Ung2 but a significant fraction require the cooperation 
between msh2 and Ung2. As Rev1 is the only known polymerase involved in the 
generation of C/G to G/C transversions during SHm, we questioned whether 
the C/G to G/C transversions downstream of msh2 depend on Rev1, another 
polymerase or both. To address this question we analyzed WT, msh2, Rev1 
and msh2;Rev1 double deficient B cells. Our data suggest that most msh2-
independent C/G to G/C mutations require Rev1, while downstream of msh2 
additional polymerase(s) are required. In addition we noticed that the previously 
observed restricted distribution of G/C mutations in msh2-deficient mice relates 
to increased generation of G/C transitions inside WGCW motifs and decreased 
G/C transitions and transversions outside these motifs. 
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intRoduction

To create a virtual unlimited antibody repertoire with a size-limited genome, 
Lederberg proposed over 50 years ago that lymphocytes undergo a high 
frequency of somatic mutation, or somatic hypermutation (SHm). While antibody 
diversification is now known to occur initially during early B cell development by 
V(D)J recombination of the immunoglobulin (Ig) genes, it has been established 
that the generation of high affinity antibodies in activated mature B cells critically 
depends on SHm to introduce point mutations into the antigen binding region of 
Ig genes (Neuberger, 2008). SHm is initiated by the activation-induced cytidine 
deaminase (AID) (muramatsu et al., 2000), an enzyme which deaminates cytosine 
(C) to uracil (U) on both DNA strands (Di Noia and Neuberger, 2007). The 
subsequent processing of this initial lesion enables B cells to generate the entire 
spectrum of nucleotide substitutions. When excised from the DNA backbone by 
the base excision repair protein uracil-DNA glycosylase (Ung2), the generated 
abasic or apyrimidinic (AP) site causes replicative DNA polymerases to stall. The 
recruitment of specialized translesion synthesis (TLS) polymerases enable direct 
replicative bypass of the AP site, however as AP sites are non-instructive, G/C 
mutations will be generated depending on the nucleotide insertion preference 
(error signature) of the polymerases employed. While multiple polymerases 
have been shown to bypass AP sites in vitro, so far only Rev1-deficient B cells 
display reduced G/C mutations during SHm (Jansen et al., 2006;Ross and 
Sale, 2006;masuda et al., 2009;Arakawa et al., 2006). In agreement with the 
in vitro ability of Rev1 to bypass AP sites by incorporating dCmP opposite of 
this lesion (Nelson et al., 1996), C to G and G to C transversions are selectively 
reduced in Rev1 mutant B cells. However, while in chicken DT40 B cells Rev1 
is required for the generation of most of the C to G and G to C transversions, 
Rev1 seems to generate only part of these mutations in mammalian B cells. In 
addition to G/C transversions, replication across AP sites may also contribute to 
G/C transitions. However, as replication across a U also generates G/C transitions 
(Rada et al., 2004;Shen et al., 2006), the relative contribution of these pathways 
in generating G/C transitions at template U or an abasic site in the DNA template 
strand is currently unknown. Accordingly, Ung-deficient B cells lack most G/C 
transversions, while G/C transitions are increased (Rada et al., 2002;Krijger et 
al., 2009).

Alternatively, the U can be recognized as a U:G mismatch by the mismatch 
repair complex msh2-msh6 (mutSa), resulting in exonuclease 1 (exo-1) activation 
and the formation of a single-stranded gap around the initial mismatch. As msh2, 
msh6 and exo-1-deficient B cells lack 80-90% of all A/T mutations (Rada et al., 
1998;Wiesendanger et al., 2000;Bardwell et al., 2004), it has been suggested 
that the gap filling process is executed by the TLS polymerases h and k, which 
predominantly generate A/T mutations during SHm (Zeng et al., 2001;Delbos 
et al., 2005;martomo et al., 2005;Delbos et al., 2007;faili et al., 2009). The 
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recruitment of polymerase h and k downstream of msh2 strongly depend on 
modification of the DNA sliding clamp PCNA at lysine 164, as B cells unable to 
modify PCNA on this residue reveal a selective reduction of A/T mutations (Krijger 
et al., 2009;Langerak et al., 2007;Roa et al., 2008).

As the generation of G/C transversions depends on AP sites generated by 
Ung2, while most A/T mutations depend on msh2, a strict separation has been 
proposed between these pathways in establishing defined mutations. However, 
msh2 and msh6-deficient mice show a more restricted distribution of G/C 
mutations to WGCW motifs (Delbos et al., 2007;frey et al., 1998;martomo 
et al., 2004;Rada et al., 1998;ehrenstein et al., 2001). In addition, recent 
analysis of msh2-deficient B cells suggested that approximately 50% of all G/C 
transversions requires the combined activity of msh2 and Ung2 (Krijger et al., 
2009) and suggests a model in which DNA polymerases involved in the gap filling 
process downstream of msh2 are stalled by AP sites. The subsequent activation 
of specialized TLS polymerases enables TLS across the non-instructive AP site, 
thereby generating msh2/Ung2-dependent G/C transversions. It is currently 
unknown whether msh2-dependent and msh2-independent G/C transversions 
require the same polymerases, or whether different polymerases are involved 
in these pathways. As Rev1 is the only polymerase known to introduce G/C 
transversions during SHm, we questioned whether G/C to C/G transversions 
downstream of msh2 depend on Rev1, another polymerase or both by analyzing 
SHm in WT, msh2, Rev1 and msh2;Rev1 double deficient B cells. In addition we 
compared the mutation frequency of G/C mutations between msh2 deficient 
and WT B cells within and outside WGCW motifs.

Results and discussion

We previously reported on the SHm spectra of Rev1 and msh2 single-deficient 
mice (Jansen et al., 2006;Krijger et al., 2009). We here intercrossed Rev1-deficient 
mice with msh2-deficient mice and compared SHm in the JH4 intronic region 
between wild-type, Rev1-deficient, msh2-deficient, and double-deficient GC B 
cells (table 1). While the average mutation frequency in Rev1-deficient GC B cells 

table 1

  wt Rev1 msh2 Rev1;msh2

number of mice 3 6 6 3
number of sequences 63 112 121 245
mutated sequences (%) 81.0 75.9 60.3 56.3
total number of point mutations 365 458 179 277
mutation frequency / total sequence (%) 1.16 0.82 0.30 0.23
mutation frequency / mutated sequence (%) 1.43 1.08 0.49 0.40
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was 25% lower as compared to WT, this difference was non-significant (t-test, 
p=0.2) (fig. 1). Likewise, the frequency of mutated B cells was indistinguishable 
between wild-type and Rev1-deficient B cells (fig. 1). furthermore, the mutation 
frequency in GC B cells of Rev1/msh2 double-deficient mice resembled that of 
the msh2 single mutants (0.40% vs. 0.49%). Compared to WT, msh2 single and 
Rev1;msh2 double mutant B cells showed a strong reduction in the mutation 
frequency (74% and 80%, respectively) (table 1) and mutation load (supplemental 
figure 1). 

Rev1 acts independent of Msh2 during SHM 
The decreased mutation frequency in msh2-deficient B cells is consistent with 
previous publications (Rada et al., 1998;Delbos et al., 2007;Krijger et al., 2009;frey 
et al., 1998) and has been attributed to a selective survival disadvantage of msh2-
deficient B cells (Vora et al., 1999). However, at least in vitro, msh2 deficiency does 
not impair proliferation or survival of splenic B cells (Rada et al., 1998;Delbos et 
al., 2007). furthermore, the proportion of GC B cells in the Peyer’s patch is similar 
between msh2-deficient and proficient mice (Rada et al., 1998). Recently, we 
have proposed an alternative explanation for the reduced mutation frequency, 
in which msh2 is not only involved in the generation of most A/T mutations, 
but also acts synergistic with Ung2 to generate a significant proportion of G/C 
transversions (Krijger et al., 2009). As, Rev1 is the only polymerase known so 
far to introduce G/C to C/G transversions during SHm, we questioned whether 
these transversions depend on msh2, i.e. are generated downstream of Ung2 
or downstream of msh2 and Ung2. Comparing the mutation frequencies for 
each individual base substitution (fig. 2 & Sup. fig. 2), both Rev1;msh2 and 
msh2-deficient B cells exhibit a strong reduction in all A/T mutations (95.3%, c2 
test p<0.01), while both Rev1-deficient and msh2-deficient B cells lacked a large 
proportion of the C/G to G/C transversions (78.6% and 68.4% respectively, c2 test 

Fig. 1.

figure 1. mutation frequency in wt, msh2, Rev1 and msh2;Rev1 double deficient 
B cells. Left panel: fraction (%) of unique sequences that carry mutations. Right panel: 
mutation frequency (%) of unique sequences. mean and SD are indicated.
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figure 2. mutations in rearranged Jh4 intronic sequences from wt, msh2, Rev1 
and msh2;Rev1 double deficient B cells. (A) Pattern of nucleotide substitution. Values 
are expressed as the total numbers of mutations and percentage of total mutations. (B). 
Absolute mutation frequency of A/T mutations, G/C transitions (TS) and G/C transver-
sions (TV). Values are expressed as the percentage of total sequenced base pairs from 
mutated clones. The contribution of single nucleotide substitutions is revealed in S2. 
Asterisks indicate significant changes compared to wild-type (Chi-Square test, all signifi-
cant changes had a p value < 0.05).
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p<0.01), as previously described (Delbos et al., 2007;Krijger et al., 2009;Jansen 
et al., 2006;masuda et al., 2009;Rada et al., 1998;frey et al., 1998). In addition, 
C/G to T/A and A/T to T/A mutations were reduced in Rev1-deficient B cells 
(27.5% and 35.4%, respectively) (c2 test p=0.04 and p=0.01, respectively). As 
Rev1 can only incorporate dCmP, during SHm other polymerases might require 
Rev1 to generate these mutations. In agreement, besides its catalytic function, 
Rev1 has been suggested to play a structural role in TLS (Nelson et al., 2000). 
Although C/G to T/A transitions and A/T mutations have recently been reported 
to be also reduced in B cells expressing a catalytically inactive Rev1, it has been 
suggested that in this setting Rev1 might be stabilized at the AP site, thereby 
preventing the polymerase switch (masuda et al., 2009). 

most interestingly, C/G to G/C transversions disappear almost completely in 
Rev1/msh2-deficient GC B cells, indicating that most msh2-independent C/G to 
G/C mutations require Rev1 (figure 2b). In addition, as C/G to G/C mutations 
are further reduced in Rev1/msh2 double-deficient B cells compared to Rev1 
single-deficient B cells, the Ung/msh2 dependent pathway is likely to require the 
activation of additional polymerase(s) to generate these mutations. 

Mutation distribution in Msh2 mice
In addition to the above mentioned reduction in the number of G/C transversions, 
the distribution of the remaining G/C mutations has been described to be altered 
in the absence of msh2 (Delbos et al., 2007;frey et al., 1998;martomo et al., 
2004;Rada et al., 1998). In agreement, while the targeting of G/C mutations to 
the SHm hotspot RGYW/WRCY hotspots was unaltered in msh2-deficient B cells 
compared to WT B cells (37.6% vs 38.4%) (Rogozin and Kolchanov, 1992;Krijger 
et al., 2009), B cells lacking msh2 showed a more restricted distribution of G/C 
mutations to WGCW motifs than WT B cells (53.7% vs 24.1%). Of note, no 
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figure 3. absolute mutation frequency of g/c transitions and g/c transversions 
within and outside wgcw motifs. Values are expressed as the percentage of total 
sequenced base pairs from mutated clones. The contribution of single nucleotide substitu-
tions is revealed in S3.
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difference was observed between WT and Rev1-deficient B cells. By comparing the 
mutation frequency of the single base substitutions within and outside WGCW 
motifs in WT and msh2-deficient B cells, we observed that the mutation frequency 
of G/C mutations was reduced outside WGCW motifs (0.42% vs 0.21%), but 
increased within WGCW motifs (0.13% vs 0.24%) in msh2-deficient B cells 
compared to WT B cells. The higher frequency within WGCW motifs in msh2-
deficient B cells is caused by increased G/C transitions, while both G/C transitions 
and transversions are reduced outside WGCW motifs (fig. 3 and Sup. fig. 3). 
As AID was found to preferentially deaminate WRC motifs in vitro (Pham et al., 
2003), and the WGCW motif consist of overlapping WRC motifs on both strands, 
it has been suggested that AID deaminates initially WGCW and that processing 
of the U by msh2-msh6 facilitates a secondary round of AID deamination outside 
WGCW motifs (martomo et al., 2004). However, as the distribution of mutations 
in msh2;Ung double-deficient B cells has been described to be comparable to 
WT B cells, it has more recently been suggested that increased WGCW targeting 
in msh2-deficient B cells may instead be caused by increased Ung2 dependent 
error-free repair of uracils outside WGCW motifs (Delbos et al., 2007). While 
both models could explain the decreased mutation frequency outside WGCW 
motifs in msh2 deficient B cells, they do not explain the increased G/C transitions 
within WGCW motifs of msh2 deficient B cells. future analysis comparing the 
mutation frequency of WT, msh2 and msh2;Ung2 double mutant B cells should 
reveal whether in the absence of both Ung2 and msh2 the mutation distribution 
is normalized due to decreased G/C transitions within WGCW motifs, or whether 
the mutation frequency outside WGCW motifs increases. The observation, that 
msh2;Ung2 double mutant mice show comparable mutation frequencies to WT 
B cells, suggest that the latter scenario is more likely.

concluding RemaRks

Combining previously and present observations we suggest that during somatic 
SHm G/C transversions are generated downstream of two pathways which both 
depend on Ung2 generated AP sites. During replication G/C transversions and 
possibly G/C transitions are generated upon replication of AP sites. We suggest 
that during replication the activation of Rev1 is required for the generation of 
most G/C to C/G mutations. In addition G/C transversions can be generated 
independent of replication by TLS across AP sites during gap filling downstream of 
msh2. Besides Rev1, we now suggest that additional polymerases are required to 
generate G/C to C/G mutations during this gap filling process. This model explains 
why in chicken DT40 cells almost all G/C to C/G mutations are dependent on 
Rev1, as these cells are defective in msh2-mediated SHm. In addition we suggest 
that the previously described relative increased targeting of G/C mutations to 
WGCW motifs in msh2-deficient mice relates to an increase in the generation 
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of G/C transitions inside WGCW motifs and simultaneously a decrease in the 
generation of G/C transitions and transversions outside these motifs.

mateRials and methods

Mice
The generation and genotyping of Rev1-deficient and msh2-deficient mice have 
been described previously (Jansen et al., 2006;Wind et al., 1995). While Rev1-
deficient mice were initially not born after backcrossing for two generations to 
C57BL/6, further backcrossing, a hysterectomy and the transfer to a new animal 
facility gave rise to viable offspring. mice were maintained on a pure C57BL6/J 
background at the animal facility of the LUmC.  All experiments were approved by 
an independent animal ethics committee of the LUmC (Leiden, The Netherlands).

Isolation of germinal center B cells and mutation analysis
Germinal center (CD19+, PNA high, CD95+) B cells were sorted from Peyer’s 
patches of 3 months old animals over one year time. DNA was extracted using 
proteinase K treatment and ethanol precipitation. The JH4 3’flanking intronic 
sequence of endogenous rearrangements of VHJ558 famliy members were 
amplified during 40 cycles of PCR using PfU Ultra polymerase (Stratagene) (Jolly 
et al., 1997). PCR products were purified using the QIAquick Gel extraction kit 
(Qiagen) and cloned into the TOPO II blunt vector (Invitrogen Life Technologies) 
and sequenced on a 3730 DNA analyzer (Applied Biosystems). Sequence alignment 
was performed using Seqman software (DNAStar). Calculations exclude non-
mutated sequences, insertions and deletions. Clonally related sequences were 
counted only once. 
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supplemental figure 1. accumulation of mutations in individual Jh4 intronic 
sequences. The mutation load is provided as a frequency of mutated sequences harboring 
a defined number of mutations. The genotypes are indicated.
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supplemental figure 2. absolute mutation frequency of individual nucleotide 
substitutions. Values are expressed as the percentage of defined nucleotide substitutions 
of all mutated sequences derived from a specific genotype as indicated in the legend.
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supplemental figure 3. absolute mutation frequency of g/c transitions and g/c 
transversions within and outside wgcw motifs. Values are expressed as the per-
centage of total sequenced base pairs from mutated clones. The contribution of single 
nucleotide substitutions is revealed in S3.
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aBstRact

To generate high affinity antibodies during an immune response, B cells undergo 
somatic hypermutation (SHm) of their immunoglobulin genes. error-prone 
translesion synthesis (TLS) DNA polymerases have been reported to be responsible 
for all mutations at template A/T and at least a fraction of G/C transversions. 
In contrast to A/T mutations which depend on PCNA ubiquitination, it remains 
unclear how G/C transversions are regulated during SHm. Several lines of evidence 
indicate a mechanistic link between the fanconi Anemia (fA) pathway and TLS. 
To investigate the contribution of the fA pathway in SHm we analyzed fancG-
deficient B cells. B cells deficient for fancG, an essential member of the fA core 
complex, were hypersensitive to treatment with cross-linking agents. However, 
the frequencies and nucleotide exchange spectra of SHm remained comparable 
between wild-type and fancG-deficient B cells. These data indicate that the 
fA pathway is not involved in regulating the outcome of SHm in mammals. In 
addition, the fA pathway appears dispensable for class switch recombination. 
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fANCG IN SHm AND CSR

intRoduction

Within the germinal center (GC), antigen activated B cells undergo class switch 
recombination (CSR) and somatic hypermutation (SHm). During CSR the 
immunoglobulin (Ig) heavy chain constant region is replaced for a downstream 
constant region, to generate an antibody with a different effector function. 
CSR depends on the introduction of double strand breaks in two active switch 
regions of the Ig heavy chain constant regions and involves nonhomologous end-
joining (NHeJ) to ligate the break sites. [1]. To generate high affinity antibody 
variants, GC B cells can introduce point mutations into the variable region of 
their rearranged immunoglobulin (Ig) genes. This process of SHm occurs at an 
extraordinary rate of one in a thousand base pairs per generation [2]. To model 
the underlying mechanism, error-prone polymerases were postulated about half 
a century ago [3]. Yet, only the last two decades revealed the existence of such 
DNA polymerases. In contrast to replicative DNA polymerases, TLS polymerases 
are highly mutagenic when replicating across undamaged DNA [4,5]. At least 
polymerase h, Rev1 and to some degree polymerase k have been related to 
SHm. Since each polymerase displays its own mutation signature, alterations 
in the nucleotide exchange spectrum can often be attributed retrospectively to 
the absence of, or failure in activating specific polymerases. for example, Rev1-
deficient B cells display a selective reduction of G/C to C/G transversions [6–8], 
a finding consistent with the restricted dCmP transferase activity of Rev1 [9]. In 
contrast, the mutation spectra of polymerase  h -deficient B cells from human 
and mice lack a significant fraction of A/T mutations [10–12]. While the lack of 
polymerase k had no effect on SHm [13], polymerase k was found to generate A/T 
mutations in the absence of polymerase h [14]. Recently, it has been demonstrated 
that SHm at template A/T is regulated by site specific monoubiquitination of 
proliferating cell nuclear antigen (PCNA) at lysine 164 (PCNA-Ub). In agreement 
with an important role for PCNA-Ub in recruiting and activating TLS polymerases 
upon replication fork stalling [15–17], analysis of the mutation spectra of 
mutated Ig genes in B cells from PCNAK164R knock-in mice revealed a selective 
10-fold reduction of A/T mutations [18,19] . Consistently, PCNA knock-out mice 
reconstituted with a PCNAK164R transgene showed a reduction of A/T mutations 
in Ig genes [20], suggesting that during SHm PCNA-Ub recruits polymerase h 
and k to introduce mutations at template A/T. The question remains, what are 
the molecular prerequisites that stimulate error-prone polymerases like Rev1 to 
establish transversions at template G/C? 

fanconi anemia (fA) is an autosomal recessive genetic disorder, which at the 
cellular level is characterized by a hypersensitivity to DNA cross-linking agents 
such as Cisplatin [21]. How the fA pathway mediates resistance to cross-links is 
largely unknown. Current models suggest that after replicative DNA polymerases 
are stalled at a DNA cross-link, fANCD2 and fANCI become monoubiquitinated 
by the fA core complex. The fA core complex consists of eight essential fA 
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proteins, fANCA, -B, -C, -e, -f, -G, -L, -m, and two fA-Associated Proteins 
fAAP100 and fAAP24. fANCD2 was shown to stimulate incision of one of the 
strands containing the cross-link and to recruit TLS polymerases to enable a 
direct replicative bypass [22].  In agreement, the TLS polymerases Rev1 and Rev3 
have been demonstrated to act synergistically with the fA pathway for cross-link 
repair in chicken DT40 B cells [23]. In addition, it has been reported recently, 
that fANCD2 modifies the resulting double strand break to prevent Ku70 from 
binding and activating NHeJ [24,25].

As the fA pathway has been associated with damage tolerant TLS 
polymerases, including Rev1, we questioned whether this pathway controls the 
outcome of SHm in mammals. Interestingly, it has been reported that chicken 
DT40 B cells deficient for members of the fA pathway show a decrease in SHm 
[23,26], although the precise mechanism for the decrease in the accumulation 
of non-templated mutations is currently unclear. To determine the role of the fA 
pathway in SHm, we analyzed SHm in fancG-deficient mice. In addition, given 
the inhibitory action of fANCD2 on NHeJ we addressed whether the fA pathway 
is involved in CSR.

Results and discussion

Sensitivity of wild-type and FancG-deficient B cells to cross-linking 
agents
To investigate the involvement of the fA core complex in SHm we first determined 
if B cells of fancG-deficient mice display a fA phenotype. Like cells derived from 
fA patients, mouse embryonic fibroblasts from fancG-deficient mice are unable 
to monoubiquinate fANCD2  and are highly sensitivity to cross-linking agents 
such as Cisplatin [27]. To reveal the activity and specificity of the fA pathway 
in resolving DNA cross-links in primary B cells, B cell cultures from wild-type 
and fancG-deficient mice were established and exposed to Cisplatin and UV-C. 
Compared to WT cells fancG-deficient B cells were highly sensitive to Cisplatin, 
but not to UV-C (fig. 1). These data are in agreement with those of fibroblast cell 
lines derived from fA patients and fA-deficient mice. Apparently, the fA pathway 
is active in primary B cells and plays a role in response to DNA cross-links. 

Mutation frequencies in wild-type and FancG-deficient B cells
To determine the contribution of the fA pathway in the regulation of SHm, we 
sequenced the JH4 intronic region of GC B cells sorted from the Peyer’s patches 
of nine fancG-deficient and nine wild type control mice. By analyzing clonally 
unrelated introns, 1356 mutations were found in 164 mutated intronic sequences 
from wild-type B cells and 1392 mutations in 195 mutated intronic sequences 
from fancG-deficient B cells. In contrast to previous observations made in fA-
deficient chicken DT40 B cells, which demonstrated reduced levels of SHm 
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fANCG IN SHm AND CSR

[23,26], a high frequency of point mutations in somatically mutated Ig genes 
of both, wild-type and fancG-deficient B cells was found (Table 1). The range 
of SHm frequencies observed from the individually analyzed mice is depicted in 
figure 2A. No significant difference in accumulating somatic mutations between 
wild type and fancG-deficient B cells was found (paired Student’s t-test, p=0.3).

Point mutation spectra in wild-type and FancG-deficient B cells
The decrease in non-templated mutations observed in fA-deficient DT40 cells 
[23] may relate to impaired TLS activity. Genetic studies have indicated a role 
for the TLS polymerase Rev1 downstream of the fA pathway upon treatment 
with cross-linking agents [23]. furthermore the recruitment of Rev1 upon UV 
treatment was reported to rely in part on the fA pathway [28]. While DT40 B 
cells strongly depend on Rev1 for SHm [7], SHm in mammals depends only partly 
on Rev1 [6,29]. However, in both systems  Rev1-deficient B cells display reduced 
frequencies of G/C to C/G transversions during SHm [6,7,30]. Therefore, if the fA 
pathway stimulates Rev1 during SHm, a reduction in these mutations is expected 
in fancG-deficient B cells. To address whether the fA pathway regulates TLS 
polymerases during SHm in mammals, we analyzed the pattern of non-selected, 
nucleotide substitutions in the non-transcribed strand of the JH4 intronic region. 

0.1

1

10

100

1000

0 5 10 15 20 25 30 35
UV (J/m2)

Su
rv

iv
al

 (%
)

0.1

1

10

100

1000

0 2 4 6 8 10 12 14 16 18
CisPt (uM)

figure 1. fancg-deficient B cells are sensitive to dna cross-linking agents. fancG-
deficient (red) and wild-type (blue) B cells were stimulated with LPS and exposed to in-
creasing doses of either UV-C (left panel) or Cisplatin (right panel). The percentage of 
survival after four days of culture is shown.

table 1. mutated JH4 intronic regions from wild-type and fancG-deficient GC B cells.

  wt fancg -/-

number of mice 9 9
number of mutated sequences 164 195
total number of point mutations 1356 1392
total number of base pairs sequenced 81606 97418
mutations/base pair (%) 1.7 1.4
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The spectra of nucleotide substitutions were similar between wild-type and 
fancG-deficient mice (c2 test, p<0.01), indicating that Rev1 and also other TLS 
polymerases involved in mammalian SHm do not depend on the fA pathway to 
generate mutations (fig 2.). The decrease in non-templated mutations found in 
fA-deficient DT40 cells [23] may relate to an interspecies difference between 
avian and mammalian SHm. Alternatively, the reduction in mutations observed 
in fA-deficient DT40 cells is not a consequence of impaired TLS activity, but 
regulated at a different level. Analysis of the nucleotide exchange pattern in fA-
deficient DT40 cells is required to distinguish between these possibilities.

Class Switch Recombination in FancG-deficient B cells
Recently, it has been reported that double strand breaks created at cross-links 
or abasic sites are modified by fANCD2 to prevent Ku70 from binding and 
activating NHeJ [24,31]. As CSR depends on NHeJ, we questioned whether 
the fA pathway regulates class switch recombination by inhibiting NHeJ.  To 
determine the capacity of wild-type and fancG-deficient B cells to undergo CSR 
to IgG3 and IgG1, naïve B cells were cultured with lipopolysacharide (LPS) in the 
absence or presence of interleukin-4 (IL-4), respectively (fig. 3). Inactivation of 
fancG resulted in a reduction of IgG3 class switched cells compared to wild-type 
cells. However, as we did not observe a difference in class switching to IgG1, 
the reduction in IgG3 switching may suggest an isotype-specific role of fA in 
CSR. Alternatively, the fA pathway does not play a direct role in CSR, but affects 
the switching process only indirectly. moreover, as the CSR frequencies did not 
increase in fancG-deficient B cells, the formal possibility that the fA pathway 
inhibits CSR by blocking NHeJ can be excluded.

to to
n= 1356 A T G C Total A T G C Total

A - 112 238 93 443 - 8.3 17.6 6.9 32.7
T 72 - 55 149 276 5.3 - 4.1 11.0 20.4
G 227 40 - 136 403 16.7 2.9 - 10.0 29.7
C 37 135 62 - 234 2.7 10.0 4.6 - 17.3

1356 100

n= 1392 A T G C Total A T G C Total
A - 154 257 107 518 - 11.1 18.5 7.7 37.2
T 88 - 58 152 298 6.3 - 4.2 10.9 21.4
G 194 46 - 120 360 13.9 3.3 - 8.6 25.9
C 34 143 39 - 216 2.4 10.3 2.8 - 15.5

1392 100

percentage
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figure 2. normal shm in fancg-deficient B cells. A.) Unaltered accumulation of 
somatic mutations in germinal center B cells of fancG-deficient mice. The frequency of 
SHm (% of mutations) as determined from 9 individual mice are shown per genotype 
(paired Student’s t-test, p=0.3). The mean values and SD are indicated. B.) Normal nucle-
otide exchange pattern in hypermutated Ig genes of fancG-deficient germinal center B 
cells. Values are expressed as the total number of mutations (left panel) and percentage 
of total mutations (right panel). Chi square testing did not reveal any significant changes 
in the pattern (p<0.01).
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concluding RemaRks

In conclusion, our data indicate for the first time that SHm in mammals is not 
regulated by the fA pathway. While mutations at template A/T by polymerase 
h are regulated at the level of PCNA ubiquitination, future studies will have 
to reveal the underlying molecular mechanism how TLS polymerases like Rev1, 
involved in the generation of G/C transversions become activated. The normal 
switching activity to IgG1 and partial reduction to IgG3 suggests, that overall the 
fA pathway is dispensable for CSR. 

mateRial and methods

Mice
The generation and genotyping of FancG-deficient mice has been described 
elsewhere [27]. mice were maintained on pure fVB background at the animal 
facility of the Netherlands Cancer Institute (Amsterdam, Netherlands). All 
experiments were approved by an independent animal ethics committee of the 
Netherlands Cancer Institute (ID 08065 and ID 06003 ) and executed according 
to national guidelines. 

Isolation of germinal center B cells and mutation analysis
Germinal center (CD19+, PNA high, CD95+) B cells were sorted from Peyer’s 
patches. Genomic DNA was extracted using proteinase K treatment and 
ethanol precipitation. The JH4 3’flanking intronic sequence of endogenous 
rearrangements of VHJ558 family members were amplified during 40 cycles of 
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figure 3.  class switch Recombination. Comparison of wild-type (white bars) and 
fancG-deficient B cells (black bars) switched to IgG3 upon activation by LPS, or switched 
to IgG1 upon activation by LPS and IL-4. Data represent the mean and SD of individual 
cultures (n = 3).
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PCR using PfU Ultra polymerase (Stratagene) [40]. PCR products were purified 
using the QIAquick Gel extraction kit (Qiagen) and cloned into the TOPO zero 
blunt vector (Invitrogen Life Technologies) and sequenced on a 3730 DNA 
analyzer (Applied Biosystems). Sequence alignment was performed using Seqman 
software (DNAStar). Calculations exclude non-mutated sequences, insertions and 
deletions. Clonally related sequences were counted only once. 

Class Switch recombination
Naïve splenic B cells from three mice per genotype were obtained by CD43 depletion 
using biotinylated anti CD43 (Clone S7, BD Biosciences), and the Imag system 
(BD Biosciences), as described by the manufacturer. Purified B cells were cultured 
at 105 cells/ml in 24 well plates in ImDm, 8% fCS, 50 μm 2-mercapthoethanol, 
penicillin/streptomycin and 50ug/ml e.Coli LPS (055:B5, Sigma) either in the 
presence or absence of IL-4-containing supernatants generated from X63-m-IL-4 
cell cultures. flow cytometric analysis of surface Ig expression was performed on 
day 4 of culture using goat anti mouse Igm-APC, IgG1-Pe and IgG3-Pe (Southern 
Biotech).  Data were analyzed using flowJo 7.6 software.

Survival
Naïve splenic B cells were obtained and cultured as described above. for 
UV-C irradiation, 105 B cells were irradiated in 0.5 ml medium (254 nm, UV 
Stratalinker® 2400, Stratagene). following irradiation, cells were cultured in 1 ml 
complete medium and LPS. for the survival upon Cisplatin induced DNA damage, 
105 B cells were grown in 1 ml complete medium and LPS in the continuous 
presence of different doses of Cisplatin. for determining the survival, B cells were 
harvested after four days of culture and live (propidium iodine negative) B cells 
were counted by fACS. Data were analyzed using flowJo 7.6 software.
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aBstRact

monoubiquitylation of the homotrimeric DNA sliding clamp PCNA at lysine 
residue 164 (PCNAK164) is a highly conserved, DNA damage-inducible process 
that is mediated by the e2/e3 complex Rad6/Rad18. This ubiquitylation event 
recruits translesion synthesis (TLS) polymerases capable of replicating across 
damaged DNA templates. Besides PCNA, the Rad6/Rad18 complex was recently 
shown in yeast to ubiquitylate also 9-1-1, a heterotrimeric DNA sliding clamp 
composed of Rad9, Rad1, and Hus1 in a DNA damage-inducible manner. 
Based on the highly similar crystal structures of PCNA and 9-1-1, K185 of Rad1 
(Rad1K185) was identified as the only topological equivalent of PCNAK164. To 
investigate a potential role of posttranslational modifications of Rad1K185 in DNA 
damage management, we here generated a mouse model with a conditional 
deletable Rad1K185R allele. The Rad1K185 residue was found to be dispensable 
for Chk1 activation, DNA damage survival, and class switch recombination of 
immunoglobulin genes as well as recruitment of TLS polymerases during somatic 
hypermutation of immunoglobulin genes. Our data indicate that Rad1K185 is not a 
functional counterpart of PCNAK164.

9
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intRoduction

maintaining DNA integrity is crucial to the survival and reproduction of all 
organisms. As a consequence, elaborate mechanisms have evolved to preserve 
genetic information. Cells rely on a complex protein network capable of sensing 
specific DNA damage and triggering adequate responses. Distinct DNA damage 
checkpoints can delay specific phases of the cell cycle and this extra time window 
allows a cell to repair or transiently tolerate DNA damage. If the damage is too 
severe, the system can force the cell to go into senescence or apoptosis [1]. 
Inappropriate DNA damage management has been associated with a variety of 
diseases, like cancer and premature ageing [2].

DNA sliding clamps and post-translational modification (PTm) thereof play 
important roles in DNA replication, recombination, and repair, as well as DNA 
damage responses (DDR), and DNA damage tolerance (DDT) [3]. The homotrimeric 
DNA sliding clamp Proliferating Cell Nuclear Antigen (PCNA) encircles the DNA 
and acts as a critical processivity factor for the replicative polymerases d and e. 
In the presence of stalling DNA lesions, for instance caused by DNA alkylation or 
UV exposure, prolonged exposure of single-stranded DNA may ultimately lead to 
the formation of DNA double strand breaks. To prevent the formation of such 
detrimental secondary lesions, DDT enables DNA replication to be continued. This 
feature renders DDT as an integral component of the overall cellular response in 
surviving genotoxic stress [3]. In eukaryotes two DDT pathways are distinguished: 
translesion synthesis (TLS) and template switching [4]. Both pathways, initially 
identified as the Rad6 epistasis group, strongly depend on DNA damage-inducible, 
site-specific ubiquitylation of PCNA at lysine (K) 164 [5]. DNA damage-inducible 
monoubiquitylation at PCNAK164 (PCNA-Ub) is mediated by the e2 conjugase Rad6 
and the e3 ligase Rad18 and recruits TLS polymerases via their ubiquitin binding 
motifs [6,7,8,9]. These TLS polymerases are capable of replicating directly across 
damaged DNA templates [3]. TLS polymerases have an extended catalytic domain 
that can fit non-Watson-Crick base pairs, allowing this class of polymerases to 
synthesize directly across DNA lesions [10]. Simultaneously, the inherent lack of 
proofread activity renders TLS polymerases error-prone, even in the presence of 
an intact template. further K63-linked polyubiquitylation of PCNA-Ub stimulates 
template switching, which enables stalled replicative polymerases to bypass 
the damage by switching transiently to the intact template strand of the sister 
chromatid [4].

The facts that: 1) a topological equivalent of PCNAK164 exists in mammalian 
Rad1; 2) PCNA ubiquitylation by Rad6/Rad18 is selective for K164; and 3) that in 
yeast PCNA and 9-1-1 are both ubiquitylated in a DNA damage-inducible manner 
by Rad6/Rad18, prompted us to investigate whether the conserved mammalian 
Rad1K185 is not just a topological equivalent but also a functional counterpart 
of PCNAK164. To investigate the role of any PTms of Rad1 in mammals, we 
introduced a K185R mutation in exon 4 of mouse Rad1. We found that the 
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Rad1K185R mutation does not affect mammalian Chk1 activation, DNA damage 
survival, TLS function during SHm and class switch recombination (CSR) of Ig 
genes. These data are consistent with a recent report published by the Ulrich lab, 
suggesting that DNA damage-inducible ubiquitylation of 9-1-1 as observed by fu 
et al. might not exist in yeast [28]. 

In addition, we simultaneously flanked exon 4 by LoxP-recombination sites. 
This strategy allows us to determine a putative role of Rad1K185 modification in 
mammalian DNA damage management and to inactivate Rad1 conditionally in 
mammalian tissues. Cre-mediated deletion of exon 4 inactivates Rad1, providing 
an ideal model system to perform structure function analyses of Rad1 in a 
mammalian system. 

mateRials and methods

Cloning of Rad1K185R targeting vector
The 5’ arm of homology (~3 kbp) was amplified with a PmeI site at the 5’ end 
and an AscI site at the 3’ end (fWD: 5’-TTT TGT TTA AAC ACC AGA CTG GCT 
TCA AGT TCT TG-3’ and ReV: 5’-TTT GGC GCG CCT CTT TAA AGA CAC CTG 
ATT CCA A-3’). The 3’ arm of homology (~2.5 kbp) was amplified with a SbfI 
site at the 5’ end and a NotI site at the 3’ end (fWD: 5’-TTT CCT GCA GGG TAA 
CCA CAA AGC ATT TTA TA-3’ and ReV: 5’-TTT GCG GCC GCT GTT TGG ATC 
CAC TAA ATG CCA TGC-3’). To generate a Rad1 exon 4 containing the K185R 
mutation the 5’ portion of exon 4 was amplified using a natural HindIII site in 
the fWD primer 5’-GCA TGC TAG AAG CTT GGC AGA T-3’ and the mutagenic 
reverse primer: 5’- GCA CTG ACG TAC CTG AAA TAC GGC CGG TCA GGA GAC 
ACA GTG ATC T-3’. The 3’ portion of exon 4 was amplified using the mutagenic 
forward: 5’-AGA TCA CTG TGT CTC CTG ACC GGC CGT ATT TCA GGT ACG 
TCA GTG C-3’ and the reverse primer ReV: 5’-TTT TTA ATT AAC TCA AGG TTG 
GAA AAT TAT GGA AT-3’ containing a PacI site at the 3’ end. To obtain the 
HindIII, PacI flanked K185R mutant exon4 of Rad1, the partial products were 
mixed and amplified using the fWD and the ReV primer. All PCR products were 
amplified with Pfu polymerase (Promega) and subcloned in the TOPO blunt 
vector (Invitrogen) for sequencing (3730 DNA analyzer, Applied Biosystems). To 
generate the targeting vector, the fragments containing the 5’ arm of homology 
(AH), the 3’ of AH and the mutated Rad1 exon 4 were cloned into the pfLeXIBLe 
targeting vector [29], using the indicated restriction sites. 

Generation of Rad1K185R mice and genotyping
e14 129/Ola embryonic stem cells were electroporated with NotI linearized 
Rad1K185R targeting vector. To screen for homologous recombination of the 
targeting vector in targeted eS cells, DNA was extracted from the eS cell clone 
and PCR primers specific for the proper integration of the targeting vector (5’AH: 
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fWD: 5’-CCC CGG AGA TAG AGT CTA ACA TG-3’ (P1 fWD, figure 1A); ReV: 
5’-TAG CAT ACA TTA TAC GAA GTT ATG GCG-3’ (P1 ReV, figure 1A) and 3’AH: 
fWD: 5’-GTA TGC TAT ACG AAG TTA TCC TGC AG-3’ (P2 fWD, figure 1A); ReV: 
5’-GAG GGC TTC AGT AGC GAC AGC-3’ (P2 ReV, figure 1A)) were used. PCR 
cycle: 1) 94 ºC, 2 minutes; 2) 94 ºC, 30 seconds; 3) 60 ºC, 1 minute; 4) 72 ºC, 3 
minutes; 5) 72 ºC, 10 minutes. Step 2 to 4 were repeated 34 times.

Homologous recombinant e14 129/Ola eS cell clones with a normal karyotype 
were injected into B6 blastocysts to obtain chimeric mice. To detect chimeric 
mice with a mutant Rad1 allele, mice were genotyped with the following PCR 
primers: fWD: 5’-AGG TAC GTC AGT GCG ATT ACC CT-3’ (G1 fWD, figure 
1A); ReV1: 5’-GTA GAA GGT GGC GCG AAG GGG-3’ (G1 ReV, figure 1A) and 
ReV2: 5’-GTA GAT TAT GAG AAT CGG CTT CCA AC-3’ (G2 ReV figure 1A). 
Germline competent mice were crossed with the flpe deleter strain (provided by 
S. Dymecki, Harvard medical School, Boston, mA) to delete the selection cassette 
in vivo [30]. Genotyping of flpe deleted Rad1K185R mice: fWD: G1 fWD (figure 
1A) and ReV 5’-CCC TCA AGA TGT AAC CTC ATC TAC-3’ (G3 ReV, figure 1A).

All experiments were approved by an independent animal ethics committee 
of the Netherlands Cancer Institute (ID 8065) and executed according to national 
guidelines.

Derivation of Rad1K185R mouse embryonic fibroblast cell lines

mouse embryonic fibroblasts (mefs) were derived from embryos at day 14.5 of 
gestation. mefs were maintained in complete medium (ImDm, 8% fCS, 50 μm 
2-mercapthoethanol, penicillin/streptomycin). Immortalization of mef cell lines 
was established by lentiviral-mediated shRNAs targeting p53 [31].

DNA damage survival

Naive splenic B cells from three mice per genotype were obtained by CD43 
depletion using biotinylated anti CD43 (Clone S7, BD Biosciences), and the Imag 
system (BD Biosciences), as described by the manufacturer. for UV-C irradiation, 
105 B cells were irradiated (254 nm, UV Stratalinker® 2400, Stratagene) in 
0.5 ml complete medium containing 50 μg/ml E. Coli LPS (055:B5, Sigma). for 
g-irradiation, a 137Cs source was used. following irradiation, cells were cultured 
in 1 ml complete medium and LPS. To determine DNA damage sensitivity, the 
survival of 105 B cells grown in 1 ml complete medium and LPS in the continuous 
presence of different doses of cisplatin (CisPt) or methyl methanesulfonate (mmS) 
was determined after four days of culture. The number of viable (propidium 
iodine negative) B cells was determined by fACS. Data were analyzed using 
flowJo 8.8.6 software.

Isolation of germinal center B cells and mutation analysis

Germinal center (CD19+, PNA high, CD95+) B cells were sorted from Peyer’s 
patches. Genomic DNA was extracted using proteinase K treatment and 
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ethanol precipitation. The JH4 3’flanking intronic sequence of endogenous 
rearrangements of VHJ558 family members were amplified during 40 cycles of 
PCR using PfU Ultra polymerase (Stratagene). PCR products were purified using 
the QIAquick Gel extraction kit (Qiagen) and cloned into the pCR-Blunt II TOPO 
vector (Invitrogen Life Technologies) and sequenced on a 3730 DNA analyzer 
(Applied Biosystems). Sequence alignment was performed on the first 300 bp 
starting from the intronic region using Seqman software (DNAStar). Calculations 
exclude non-mutated sequences, insertions, deletions, and SNPs. Clonally 
related sequences were counted only once. Statistical analysis was performed as 
described [17].

Class switch recombination
Naive splenic B cells from three mice per genotype were obtained by CD43 
depletion as described above. Purified B cells were cultured in complete medium 
containing LPS either in the presence or absence of 10% IL-4-containing 
supernatants generated from X63-m-IL-4 cell cultures [32]. flow cytometric 
analysis of surface Ig expression was performed on day 4 of culture using goat 
anti mouse Igm-APC, IgG1-Pe and IgG3-Pe (Southern Biotech). Data were 
analyzed using flowJo 8.8.6 software.

Chk1 activation Western blotting
One day prior to UV irradiation wild type and Rad1K185R mefs were seeded at 
1.6*106 cells per 15 cm dish in 20 ml complete medium. The next day, cells were 
washed with PBS and irradiated with 100 J/m2 UV-C (254 nm, UV Stratalinker® 
2400, Stratagene) after removal of the PBS. Hereafter complete medium was 
added. 10, 40 and 70 minutes later cells were harvested by scraping the cells 
in cold PBS, centrifuged (500 x g). After removal of the supernatant, cells were 
lysed in 200 ml eLB buffer (150mm NaCl; 50mm Hepes pH 7.5; 5mm eDTA; 0.1% 
NP-40; protease inhibitors (Roche)) and incubated for 30 minutes on ice. Next, 
samples were centrifuged for 10 minutes at 20,800 x g (4°C). The supernatant 
was transferred to a new tube and the protein concentration was measured using 
standard Bradford method. Western blotting was performed using standard 
protocols. NuPAGe 3-8% Tris-Acetate gels (Invitrogen) were used for protein 
separation. Antibodies used were: mouse anti-Chk1, 1:1000 (sc-8408, Santa 
Cruz); rabbit anti-pChk1 S345, 1:1000 (clone 133D3, Cell Signaling); mouse 
anti-Actin, 1:10,000 (clone C4 (mAB1501R), milipore). 

Results

generation of Rad1k185R mutant mice with a floxed exon 4

To test the possible role of Rad1K185 modifications in controlling mammalian DDT, 
we generated a mouse mutant with a site-specific Rad1K185R mutation in exon 4 of 
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the Rad1 locus (figure 1A). Simultaneously, we also flanked this exon with LoxP 
recombination sites, which allows conditional inactivation of the Rad1K185R allele 
and functional analysis of Rad1 in higher eukaryotes. To identify homologous 
recombinants, we established a long range PCR strategy to detect homologous 
recombinant eS cells (primer sets P1 and P2, figure 1A). To prevent possible 
detrimental effects of the selection cassette, Rad1K185R mice were crossed with the 
flpe deleter strain to remove the selection cassette in vivo [30]. mice homozygous 
for Rad1K185R were obtained by intercrossing heterozygous mice. Heterozygous 
and homozygous Rad1K185R mice were born at mendelian ratios, indicating that 
the Rad1K185R mutation has no detrimental effect on mouse development (data 
not shown). 

Rad1K185 does not control Chk1 activation

mammalian 9-1-1 has been implicated in the activation of the checkpoint kinase 
Chk1, a critical activation step for DDR [24]. for example, upon UV irradiation Hus1-
deficient mefs display significant lower levels of serine (S) 345 phosphorylated 
Chk1 (pChk1 S345) [33]. moreover, fu et al. have shown that PTm of 9-1-1 plays 
a role in DDR activation as well, as rad17-K197R sgs1Δ yeast cells also have an 
impaired DDR [27]. These observations led us to postulate that possible PTms 
at Rad1K185 could also contribute to the activation of the mammalian DDR. As 
opposed to Hus1-deficient mefs and rad17-K197R sgs1Δ yeast cells, Rad1K185R 
mefs do not display impaired DDR activation after DNA damage as revealed by 
pChk1 S345 levels (figure 2). 

Rad1K185R B cells display normal DNA damage sensitivity 

modification of PCNA plays an important role in the regulation of DDT, as 
PCNAK164R cells are extremely sensitive to various DNA damaging agents, primarily 
DNA damaging agents that cause replication blocking lesions [5]. Besides the 
importance of PCNA modification in DDT, 9-1-1 modification in yeast seems to 
play a role in DNA damage management as well [27]. fu et al. showed that rad17-
K197R yeast cells are sensitive to the alkylating agent methyl methanesulfonate 
(mmS) [27]. Hence, we determined the sensitivity of Rad1K185R B cells to replication 
blocking lesions such as induced by mmS, UV-C and CisPt. moreover, as 9-1-1 
was shown to be involved in the repair of DNA double strand breaks (DSBs) 
by means of homologous recombination [34,35], we also investigated whether 
Rad1K185R B cells were more sensitive than WT cells to g-irradiation. In contrast to 
rad17-K197R yeast cells, Rad1K185R B cells were as sensitive as WT B cells to mmS, 
as well as CisPt, UV-C and g-irradiation (figure 3). 

Rad1K185 is not involved in the regulation of SHM and class switch 
recombination (CSR)

The majority of point mutations generated during SHm depend on TLS [11]. 
During non-SHm TLS, the TLS polymerases Rev1, polymerase h and k need their 
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ubiquitin binding motifs to efficiently interact with PCNA-Ub after DNA damage 
[6,7,8,9]. However, during SHm only polymerases h and k require PCNA-Ub for 
their recruitment. Polymerases h and k are responsible for the generation 90% of 
all mutations at template A/T around the initial mismatch [16,17,18,19,36,37]. 
Interestingly, TLS polymerases involved in G/C transversions, like Rev1, are 
not controlled by PCNA-Ub, suggesting that G/C transversions are regulated 
differently [16,17]. Rev1 interacts with Rev7, and Rad9 can recruit Rev7 to the 
site of DNA damage [25]. Additionally, 9-1-1 was shown to physically interact 
with polymerase k and that recruitment of polymerase k to the chromatin was 
dependent on checkpoint activation [26]. Therefore, we postulated a role for 
Rad1K185-specific modification in SHm. However, unlike PCNAK164R B cells, Rad1K185R 
B cells are capable of undergoing normal SHm, as we observed no significant 
changes in the base exchange pattern of JH4 intronic sequences of germinal 
center B cells (figure 4). 

Exon 1
WT Rad1 allele

* PGK puro∆TK

K185R5’ AH 3’ AH
Rad1 targeting vector

A

B

L LF F

Targeted Rad1 allele*
PGK puro∆TK

LF FL

P1 FWD P1 REV P2 FWD P2 REV

2 3 4 5 6

Flpe-deleted Rad1 allele*
LFL

Cre-deleted Rad1 alleleL

G1 FWD G3 REV

WTHet H2O WTHet H2O

Non-Flipped Flipped

500 bp
400 bp
300 bp

200 bp

G1 FWD G2 REV

G1 REVG1 FWD

figure 1. targeting strategy and genotyping Rad1k185R mouse. A) Targeting strategy 
Rad1K185R mouse. LoxP recombination sites are represented by black triangles. flpe recom-
bination sites are represented by white triangles. PCR primers are represented by gray 
arrow heads. Please note that this figure is not drawn to scale. B) Genotyping PCRs for 
non-flipped (Primers G1 fWD, G1 ReV and G2 ReV) and flipped Rad1K185R mice (Primers 
G1 fWD   and G3 ReV).
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We also tested whether the Rad1K185R mutation had any effect on CSR in B 
cells (figure 5). The Rad1K185R mutation does not affect ex vivo class switching of 
naive B cells to IgG3 or IgG1. 

discussion

The DNA sliding clamps PCNA and 9-1-1 are critical docking stations for 
proteins involved in diverse processes such as replication, recombination, and 
DNA damage management. Site-specific PTm of these sliding clamps helps to 
coordinate the activation of specific pathways. Stalled replication forks activate 
the Ub-conjugase/ligase Rad6/Rad18 complex to mediate PCNAK164-specific 
ubiquitylation and subsequent stimulation of DDT. In this regard, the recent 
finding that in S. cerevisiae the same Rad6/Rad18 complex ubiquitylates Rad17, 
the yeast Rad1 orthologue, at lysine residue 197 was quite intriguing [27]. 
However, Rad17K197 is not conserved and based on structural arguments unlikely 
to be a substrate of Rad6/Rad18 [23]. Yet, structural comparisons by Doré et al. 
did reveal a lysine residue (K185) in the Rad1 subunit of 9-1-1 that is indeed a 
topological equivalent of PCNAK164 [23].

To investigate whether PCNAK164 and Rad1K185 are not just topological 
equivalents, but also functional counterparts, we first tried to identify DNA 
damage-inducible Rad1 ubiquitylation in different mammalian cell lines. After 
extensive experimentation we were unable to observe any DNA damage-
inducible PTms, in particular ubiquitin modification of Rad1 (data not shown). As 
this approach proved unsuccessful for potentially a number of reasons, we took 
a genetic approach by introducing a Rad1K185R mutation in the mouse germline. 
Being aware of the fact, that equal topology does not necessarily imply equal 
functionality, we simultaneously flanked exon4 of Rad1 with LoxP sites. This 
strategy allows conditional inactivation of endogenous Rad1 and study structural 
variants of mammalian Rad1 in the absence of wild type Rad1.

Our data clearly demonstrate that any PTm at Rad1K185 does not play a role 
in DNA damage management, SHm or CSR. These studies are in line with recent 

pChk1 S345

Chk1

min. after UV- 10 40 70 - 10 40 70

WT K185R

Actin

figure 2. Rad1k185R mefs have 
normal chk1 activation. WT and 
Rad1K185R mefs were irradiated with 
100 J/m2 UV-C and harvested after 10, 
40 and 70 minutes after irradiation. 
Subsequently, the Chk1 phosphor-
ylation status at S345 (pChk1 S345) 
was investigated by Western blotting 
using pChk1 S345-specific antibod-
ies. The results are representatives of 
two independent experiments.
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observations made by the Ulrich lab [28]. Their results argued against a role 
of DNA damage-inducible and Rad17K197-specific ubiquitylation and the relevant 
phenotypes of the rad17-K197R yeast strain. Specifically, in this particular study 
the authors reported that modification of Rad17 is independent of: 1) DNA 
damage; 2) Rad6/Rad18; 3) the acceptor site Rad17K197; and 4) loading of the 
complex onto DNA, a prerequisite for PCNAK164 ubiquitylation [28]. furthermore, 
the authors were unable to observe DNA damage sensitivity or defects in DNA 
damage checkpoint signaling in rad17-K197R yeast cells. Instead, they showed 
that all 9-1-1 subunits are (poly)ubiquitylated and that this modification likely 
directs proteasomal degradation [28].

Collectively, our data show that putative PTms at Rad1K185 do not play a role 
in DNA damage management, which is in line with recent observations made in 
the Ulrich lab [28]. We conclude that mammalian Rad1K185 is a mere topological, 
but not a functional counterpart of PCNAK164.

Having flanked Rad1 exon 4 with LoxP recombination sites allows a conditional 
inactivation of Rad1 in mice and cell lines derived thereof. Upon deletion of exon 4, 
any alternative splicing gives rise to out-of-frame transcripts downstream of exon 3. 
As Rad1 null embryos are not viable [38], our and equivalent systems of Rad9 [39] 
and Hus1 [40] will enable a detailed structure/function analysis of the mammalian 
9-1-1 DNA sliding clamp in DNA damage management in future studies.
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figure 3. Rad1k185R B cells do not display sensitivity to various dna damaging 
agents. WT (blue) and Rad1K185R (Red) B cells were stimulated with LPS and exposed to 
increasing amounts of UV-C (A), mmS (B), CisPt (C) and g-irradiation (D). The percentage 
of survival is shown on the y-axis after four days of culture. Data represent the mean 
and SD of individual cultures (n = 3). The results are representatives of two independent 
experiments.
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Number Percentageto to
n=360 A G C T Total A G C T %

A - 60 17 45 122 - 16.7 4.7 12.5 33.9
G 56 - 17 20 93 15.6 - 4.7 5.6 25.8
C 16 18 - 33 67 4.4 5.0 - 9.2 18.6
T 26 14 38 - 78 7.2 3.9 10.6 - 21.7

n=215 A G C T Total A G C T %
A - 36 22 22 80 - 16.7 10.2 10.2 37.2
G 34 - 21 7 62 15.8 - 9.8 3.3 28.8
C 4 9 - 17 30 1.9 4.2 - 7.9 14.0
T 13 8 22 - 43 6.0 3.7 10.2 - 20.0

W
T

K
18

5R
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WT Rad1K185R

Number of mice 3 3
Number of mutated sequences 55 48
Total mutations 360 215
Total bp sequenced 16262 13359
Mutations/bp (%) 2.2 1.6
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figure 4. normal shm in Rad1k185R gc B cells. A) mutated JH4 regions from WT and 
Rad1K185R GC B cells. B) Rad1K185R GC B cells display a normal nucleotide exchange pattern 
in hypermutated Ig genes. In the left panel, values are expressed as the total numbers of 
mutations. In the right panel, values are expressed as the percentage of total mutations. 
Chi square testing did not reveal any significant changes in the nucleotide exchange 
pattern (p<0.01). C) Relative contributions of A/T mutations, G/C transversions and G/C 
transitions in the different mouse strains. Values are expressed as the percentage of total 
mutations.

figure 5. csR is not altered in 
Rad1k185R B cells. WT (gray bars) and 
Rad1K185R (black bars) B cells were tested 
for their ability to switch to either IgG3 
or IgG1 by stimulation with LPS or LPS 
and IL-4, respectively. Data represent 
the mean and SD of individual B cell 
cultures from three independent mice. 
The results are representatives of two 
independent experiments.
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summaRizing discussion

Consistent with the central dogma of molecular biology ‘DNA makes RNA 
makes Protein (or regulates the expression/translation of other RNAs)’, a single 
mutation in the DNA can alter biological functions and hence mutagenesis plays 
a fundamental role in evolution, carcinogenesis, and in establishing adaptive 
immunity. Spontaneous mutations often arise as DNA replication errors and can 
increase dramatically upon activation of error-prone translesion synthesis (TLS) 
polymerases during DNA damage tolerance (DDT). While germline mutations are 
the driving force in evolution, somatic hypermutation (SHm) of immunoglobulin 
genes plays a central role in the generation of effective adaptive immunity. Over the 
last decade it has become clear that in eukaryotes TLS polymerases are regulated by 
ubiquitination of the DNA sliding clamp Proliferating Cell Nuclear Antigen (PCNA). 
We here discuss the role of PCNA modification in higher eukaryotes during DDT 
and SHm. finally, we present an updated model regarding nature’s creativity in 
transforming effective repair pathways into mutator pathways during SHm.

PCNA modification during DNA damage tolerance
Upon replication fork stalling, PCNA is monoubiquitinated (PCNA-Ub) by Rad6/
Rad18 and further polyubiquitinated (PCNA-Ubn) by mms2/Ubc13/Rad5 at lysine 
residue 164 (PCNAK164) in S. cerevisiae and higher eukaryotes  (Kannouche et 
al., 2004;Hoege et al., 2002;Arakawa et al., 2006). In S. cerevisiae PCNA-Ub 
is essential for the activation of TLS polymerases to replicate directly across the 
stalling lesion (Stelter and Ulrich, 2003) and PCNA-Ubn for template switching. 
While chicken and mammalian PCNAK164R mutant cells are highly sensitive to 
replication-blocking agents, the exact role for PCNA modification in higher 
eukaryotes is less clear.  (Hoege et al., 2002;Stelter and Ulrich, 2003;Niimi et al., 
2008;Arakawa et al., 2006) (Chapter 4). 

PCNA-Ub during DNA damage tolerance
Using cells lines derived from PCNAK164R knock-in and Polymerase h (Polh)-
deficient mice we determined the role of PCNAK164 modification in the regulation 
of Polh (Chapter 4). Polh is highly efficient and error-free when replicating 
UV-induced cyclobutane pyrimidine dimers (CPDs) and cisplatin induced 
intrastrand GG crosslinks. Inherited mutations in Polh cause a variant form of 
Xeroderma Pigmentosum (XP-V), which - similar to NeR-deficient XP patients – is 
characterized by a hypersensitivity and hypermutability to UV damage, and a 
strong predisposition to skin cancer (masutani et al., 1999;Johnson et al., 1999). 
By comparing PCNAK164R and PCNAK164R;Polh double mutant cell lines we provide 
the first evidence that unlike in S. cerevisiae, Polh can be activated in the absence 
of PCNAK164 modification to bypass UV and cisplatin induced DNA damage. In 
agreement, we observed a strong reduction, but not ablation of TLS across a 
TT-CPD and an intrastrand GG crosslink in PCNAK164R and Rad18-deficient cells 
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using a gapped plasmid assay (Chapter 5). While in the absence of Polh TLS 
across a TT-CPD becomes highly mutagenic (Hendel et al., 2008;Dumstorf et al., 
2006), TLS in the absence of PCNA modification is highly accurate, suggesting 
that Polh can perform error free TLS in the absence of PCNA modification. future 
studies using PCNAK164R;Polh double mutant cell lines will reveal whether this is 
the case, and whether TLS can still occur across these lesions in the absence of 
both PCNA modification and Polh.

TLS across the other major UV lesion 6-4PP is reduced three fold in a gapped 
plasmid assay using PCNAK164R cells (Chapter 5). Interestingly, while only 37 
percent of TLS in WT cells is accurate across 6-4PP, TLS in PCNAK164R cells is 65% 
accurate. As these observations mimic those of Rev1-deficient cells (Jansen et 
al., 2009a), PCNA-Ub may stimulate error prone Rev1 mediated TLS across this 
lesion. Indeed only part of the sensitivity of PCNAK164R cells can be attributed 
to a defective activation of Polh (Chapter 4). However, as Rev1 in mammals is 
essential to completely recover from UV induced replication blocks in mammals, 
while PCNA modification is not (Jansen et al., 2009a) (Chapter 4) and the 
knockdown of Rev1 in PCNAK164R cells increases the sensitivity to UV irradiation 
(chapter 5), at least some of the functions of Rev1 are PCNA-Ub independent. 
These observations, are in good agreement with a recently proposed model 
(Jansen et al., 2009a) in which error prone TLS across 6-4PP has been suggested 
to depend on the BRCT domain of Rev1 during early DNA damage bypass, while 
a later Rev1-dependent DNA damage bypass does not require this domain. We 
now speculate that PCNA-Ub is involved in early but not late Rev1-dependent 
DNA damage bypass, in which the BRCT domain of Rev1 may directly bind to 
PCNA-Ub during the former (Guo et al., 2006). future DNA fiber labeling analysis 
using the PCNAK164R cells will determining whether in mammals, in contrast to 
chicken DT40 cells (edmunds et al., 2008) PCNA modification is required for this 
early DNA damage bypass.

finally the observations that knockdown of Rev3, the catalytic component 
of Polz, renders PCNAK164R cells more sensitive to UV (Chapter 5), the fact that 
Rev3-deficient cells are unable to recover from UV induced replication blocks 
(Jansen et al., 2009b), and the stronger requirements for Rev3 in TLS across 6-4PP 
and intrastrand GG crosslink in gapped plasmid assays (Chapter 5 ) (Shachar 
et al., 2009) suggest that in mammals the activity of Polz acts at least partly 
independent of PCNA-Ub. The requirement of PCNA-Ub for activation of the 
remaining Y family members Polk and Poli during DDT is currently unknown. 
Knock down of these polymerases in the established PCNAK164R cells are likely to 
address the question. 

PCNA-Ubn during DNA damage tolerance
Damage-inducible PCNA-Ubn has been observed in mammals (Chiu et al., 2006), 
although to a lesser extent as compared to S. cerevisiae, and was found to be 
mediated by two Rad5 orthologs, HLTf and SHPRH (motegi et al., 2006;motegi et 
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al., 2008;Unk et al., 2006;Unk et al., 2008). It has been previously described that 
knockdown of Shprh or Hltf in HCT116 cells results in a mild sensitivity to mmS 
(motegi et al., 2006;motegi et al., 2008). However, we were unable to detect 
any increased sensitivity to UV, mmS and cisplatin in Shprh/Hltf double deficient 
primary-activated B cells (Chapter 3). furthermore, we did not observe any defect 
in TLS efficiency or accuracy across TT-CPD, 6-4PP and GG-crosslink lesions in 
Shprh/Hltf double deficient mefs using a gapped plasmid assay (Chapter 5). 
These observations suggests that in contrast to PCNA-Ub, Shprh/Hltf-mediated 
PCNA-Ubn is not essential for survival upon exposure to replicating stalling 
agents and TLS across TT-CPD, 6-4PP and GG-crosslink lesions. However, as we 
observed residual formation of PCNA-Ubn in Shprh/Hltf double deficient cells we 
are unable to exclude a role of PCNA-Ubn in these processes. In agreement, it has 
been reported that in human fibroblasts knockdown of mmS2 and inhibition of 
K63 polyubiquitination increases the frequency of UV-induced mutations (Li et 
al., 2002;Chiu et al., 2006) using HPRT mutagenesis as a read out. 

Regulation of mutagenesis downstream of AID deamination
Observations made in the last decade indicated that during SHm of Ig genes all 
mutations depend on AID, G/C transversions completely depend on Ung2 and 
partly on Rev1 (but not on its BRCT domain), while most A/T mutations depend 
on mutSa, PCNAK164 modification and Polh (and in its absence Polk). In this thesis 
we have further examined the contributions of the above mentioned proteins 
and suggested that: PCNA-Ub acts downstream of Ung2 and msh2 to generate 
A/T mutations by activating selectively Polh and Polk, while Polh generates most 
of the residual A/T mutations in the absence of PCNA-Ub (Chapter 2 and 4). 
The generation of PCNAK164-dependent A/T mutations is not affected by Shprh/
Hltf mediated PCNA-Ubn, although a role for PCNA-Ubn cannot be excluded due 
to residual PCNA-Ubn in the absence of Shprh and Hltf (Chapter 3). About half 
of all G/C transversions depend on the synergistic action of Ung2 and mutSa 
(Chapter 2 and 7), in which Rev1 can act independently of msh2 to generate G/C 
to C/G transversions (Chapter 7). 4) G/C transversions generated downstream of 
Ung2 or Ung2/mutSa do not depend on PCNA-Ub, fancG (and therefore fancD2 
ubiquitination) and lysine 185 of Rad1, which does not exclude a role for the 
9-1-1 complex in establishing defined mutations (Chapter 2, 8, 9). Additional 
site-specific mutations within the 9-1-1 complex are required to provide a more 
definitive answer. 

Combining these and previous findings we here propose an updated model 
(fig. 1) regarding the generation of base substitutions during SHm, in which 
uracils are introduced by AID on both strands at distinct phases of the cell cycle. 
U introduced during S phase, in front of the replication fork mimic a template 
T during replication, generating selectively G/C transitions. Alternatively the U 
is recognized by Ung2 and converted into an abasic, i.e. apyrimidinic (AP) site. 
If not repaired, the AP site causes replicative polymerase to stall and activate 
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specific TLS polymerases to bypass this non-instructive lesion, generating both 
G/C transversions as well as transitions. It is currently unclear whether TLS across 
AP sites during SHm occurs at the replication fork, during postreplication gap 
filling or during both. Ung2-dependent A/T mutations are generated by the 
combined action of PCNA-Ub and Polh, possibly during the extension phase of 
TLS across the AP site or alternatively during error-prone post replication gap 
filling. Uracils generated behind the replication fork or outside the S-phase would 
be recognized as a U:G mismatch by mutSa, resulting in the formation of an exo-I 
generated single stranded gap. The fill in reaction requires the combined action 
of PCNA-Ub and Polh (or Polk in the absence of Polh) to generate mutations 
at template A/T. We now suggest that during this gap filling process Polh or 
high fidelity polymerases become stalled upon encountering an AP site. The 
subsequent activation of specialized TLS polymerases enables TLS across the AP 
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site, explaining the proposed synergism between msh2 and Ung2 in generating 
G/C transversions. Three scenarios can explain the existence of Ung2-dependent 
AP sites within the msh2/exo-1-dependent single strand gap: 1.) The AP site may 
preexist as a result of the combined action of AID and Ung2 prior to the gap 
formation, or 2.) A U exist in the single stranded gap and as such is efficiently 
removed by Ung2, and/or 3.) A secondary, transcription independent attack by 
AID takes place on the single strand gap, and the U is immediately processed into 
an AP site by Ung2. 

concluding RemaRks

Although PCNAK164 modification is important for DNA damage tolerance, 
alternative mechanisms are employed in mammals to recover from DNA damage 
induced replication blocks. future studies determining protein interactions and 
epistasis experiments using knock down strategies in the established PCNAK164R 
cells should further reveal the relevance of defined of PCNAK164 modification in 
DDT and DNA repair, and identify the nature of the alternative DDT pathways. 
As SHm cannot be mimicked in vitro, novel mouse models should finally reveal 
whether the alternative TLS activation pathways contribute to the generation of 
G/C mutations during SHm.
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nedeRlandse samenVatting VooR niet-
ingewiJden

DNA is de genetische blauwdruk voor elke cel in ons lichaam en bestaat uit lange 
ketens van bouwstenen (nucleotiden) die samen coderen voor alle eiwitten in het 
menselijk lichaam. er zijn vier verschillende nucleotiden in het DNA (A,T,G en C) 
en slechts één verandering (mutatie) in deze nucleotiden kan de functie van een 
eiwit al veranderen. Het is daarom essentieel dat een cel zijn DNA zonder fouten 
verdubbelt (repliceert) als het gaat delen. DNA replicatie van intact DNA wordt 
uitgevoerd door replicatieve DNA polymerasen die bijna geen fouten maken. 
Deze polymerasen zijn echter niet in staat om over beschadigd DNA te repliceren, 
terwijl elke cel voortdurend wordt blootgesteld aan factoren die DNA schade 
kunnen veroorzaken. een cel beschikt over DNA reparatie mechanismen die DNA 
schade kunnen herstellen. DNA schade wat echter niet opgemerkt wordt door 
deze reparatie mechanismen functioneert als een “wegversperring” voor de 
replicatieve DNA polymerasen, wat resulteert in een replicatie stop. er is een groot 
risico verbonden aan deze replicatie stop, omdat dit kan leiden tot breuken in 
het DNA en uiteindelijk cel dood. Om door te gaan met replicatie beschikt de cel 
over gespecialiseerde translesie synthese (TLS) polymerasen, DNA polymerasen 
die in staat zijn verschillende soorten DNA schade te repliceren. De bekendste 
TLS polymerase is polymerase h, een polymerase dat defect is in patiënten met 
de variante vorm van Xeroderma Pigmentosum (XP-V). Polymerase h kan efficiënt 
en foutvrij over DNA schade repliceren dat veroorzaakt is door UV bestraling. 
Deze eigenschap is cruciaal, aangezien cellen van XP-V patiënten sneller dood 
gaan na blootstelling aan UV bestraling en XP-V patiënten gevoelig zijn voor 
de ontwikkeling van huidkanker veroorzaakt door zonlicht. echter, wanneer 
polymerase h repliceert over een andere vorm van DNA schade of intact DNA dan 
maakt het fouten en introduceert het mutaties in het DNA. Het is dus afhankelijk 
van de DNA schade en de TLS polymerase die gebruikt wordt of replicatie 
foutvrij is. Het is dan ook van groot belang dat TLS polymerasen gereguleerd 
worden zodat TLS polymerasen alleen actief zijn wanneer de replicatieve DNA 
polymerases niet in staat zijn om het DNA te repliceren.

De afgelopen tien jaar is het duidelijk geworden dat in gist TLS polymerasen 
gereguleerd worden door modificatie van het eiwit PCNA. Tijdens replicatie 
omcirkelt PCNA het DNA en vormt het een platform waar andere eiwitten (zoals 
polymerasen) aan kunnen binden. Onderzoek heeft aangetoond dat PCNA 
modificatie geconserveerd is van gist tot zoogdieren, maar de exacte rol van 
deze modificatie is momenteel nog onduidelijk in zoogdieren. In dit proefschrift 
hebben we de rol van PCNA modificatie in zoogdieren onderzocht, met behulp 
van een muizenstam waarin PCNA niet gemodificeerd kan worden.

In hoofdstuk 4 en 5 hebben wij laten zien dat cellen waarin PCNA niet 
gemodificeerd kan worden (PCNAK164R cellen), gevoelig zijn voor DNA schade die 
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een replicatie stop veroorzaken. Deze gevoeligheid wordt tenminste gedeeltelijk 
veroorzaakt door verlaagde activatie van TLS polymerasen. Dit bewijst dat, net 
als in gist, PCNA modificatie in zoogdieren belangrijk is om over DNA schade 
te repliceren. echter, waar in gist PCNA modificatie essentieel is om over DNA 
schade te repliceren, hebben wij bewezen dat dit niet opgaat voor zoogdieren. 
Door cellen te vergelijken die zowel polymerase h als PCNA modificatie missen 
(PCNAK164R;Polh cellen) met PCNAK164R cellen, hebben wij bewezen dat, terwijl in 
gist polymerase h compleet afhankelijk is van PCNA modificatie, in zoogdieren 
polymerase h ook onafhankelijk van PCNA modificatie geactiveerd kan worden. 
Naast polymerase h, hebben wij ook bewezen dat andere TLS polymerasen, zoals 
Rev1 en Polymerase z onafhankelijk van PCNA modificatie kunnen werken.

Mutaties tijdens een afweerreactie
Ons afweersysteem bestaat uit veel verschillende type cellen, zoals B cellen, die 
allen als doel hebben lichaamsvreemde stoffen zoals bacteriën en virussen te 
verwijderen uit ons lichaam. elke dag worden er miljoenen B cellen gemaakt 
door ons lichaam die allemaal een verschillende specificiteit hebben. De 
specificiteit van een B cel wordt bepaald door de mate waarmee de B cel een 
lichaamsvreemde stof kan herkennen met een eiwit op de buitenkant van de B 
cel, de B cel receptor of antilichaam. Nadat een lichaamsvreemde stof ons lichaam 
is binnen gedrongen, worden B cellen specifiek voor deze lichaamsvreemde stof 
geactiveerd. Geactiveerde B cellen kunnen hun antilichaam optimaliseren door 
mutaties te introduceren in het DNA dat codeert voor het antilichaam tijdens 
een proces genaamd somatische hypermutatie (SHm). SHm begint wanneer het 
eiwit AID een nucleotide (de C) verandert in het DNA. Deze DNA verandering 
kan vervolgens herkend worden door het eiwit Ung2 of door het eiwit complex 
msh2/msh6. Door B cellen te vergelijken die deze eiwitten missen met B cellen 
die naast Ung2 of msh2 ook PCNA modificatie missen, hebben wij bewezen 
dat PCNA modificatie nodig is voor het introduceren van mutaties zowel na 
herkenning door Ung2 als door msh2/msh6 (hoofdstuk 2). PCNA modificatie 
activeert polymerase h tijdens SHm en reguleert zo de introductie van mutaties 
op de nucleotiden A en T, doordat polymerase h deze fouten maakt als het over 
onbeschadigd DNA repliceert. echter, polymerase h kan tijdens SHm, net als 
na UV bestraling, ook onafhankelijk van PCNA modificatie geactiveerd worden 
(hoofdstuk 4). Rev1 is de andere TLS polymerase die bekend is betrokken te zijn 
bij SHm, en is verantwoordelijk voor een deel van de mutaties op de nucleotiden 
G en C. Wij hebben aangetoond dat Rev1 tijdens SHm niet door PCNA modificatie 
geactiveerd wordt (hoofdstuk 2) en zowel na herkenning van Ung2 als na msh2/
msh6 geactiveerd kan worden (hoofdstuk 7). Het is momenteel nog onduidelijk 
hoe Rev1 en andere polymerasen die G en C mutaties introduceren, geactiveerd 
worden tijdens SHm. Terwijl er aanwijzingen zijn dat Rev1 geactiveerd wordt 
door de “fanconi Anemia pathway” buiten SHm, hebben wij een rol tijdens SHm 
uitgesloten (hoofdstuk 8).
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conclusie

In dit promotie onderzoek is aangetoond dat hoewel PCNA modificatie belangrijk 
is voor de activatie van TLS polymerasen tijdens SHm en tijdens replicatie over 
beschadigd DNA, dit niet het enige mechanisme is om TLS polymerasen te 
activeren. Toekomstig onderzoek zal moeten uitwijzen wat de exacte rol van 
PCNA modificatie binnen en buiten DNA damage tolerance is en hoe TLS 
polymerasen onafhankelijk van PCNA modificatie gereguleerd worden. 
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frank, Anita, Lenny, Lauran, Roelof en iedereen van de proefdierafdelingen 
bedankt voor alle hulp! Zonder jullie was dit promotie onderzoek niet mogelijk 
geweest.

Naast iedereen die direct betrokken was bij mijn promotie onderzoek, wil ik 
ook iedereen op H7/B3 bedanken voor de leuke tijd op het lab. Victor, hoewel 
jij aan T cellen werkte zijn wij toch snel goede vrienden geworden. fietsen in 
mijn eentje van het lab naar huis is toch niet hetzelfde! Adriaan, mijn promotie 
begon met een plek op het lab naast jou. Wat was het fijn om te zien dat chaos 
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en succes prima samen gaan. Joost, ik ben blij dat jij de werkplek van Adriaan 
overnam, succes in Boutique Lize! Chiel, Inge, elisa, Rogier en Bert het was altijd 
erg gezellig met jullie, en ik hoop jullie nog vaak te zien. Naik and Jonno, thanks 
for the many non scientific chats. De laatste op het lab die ik wil bedanken is 
evert, ik denk niet dat ik snel iemand anders tegen kom waar ik zo om moet 
lachen! 

Lieve pappa en mamma, jullie hebben mij altijd in alles gesteund. Ik ben er 
dan ook van overtuigd dat ik zonder jullie nooit zo ver gekomen was. Ook de rest 
van mijn familie, bedankt!  

Lieve Vanessa, jij bent het beste wat mij is overkomen. Hoe druk het soms ook 
is in ons leven, bij jou kom ik tot rust. Ik heb genoten van de afgelopen jaren en 
kijk uit naar wat de toekomst ons zal brengen.

Peter








