
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Regulation of translesion synthesis polymerases during somatic hypermutation
and DNA damage tolerance

Krijger, P.H.L

Publication date
2011

Link to publication

Citation for published version (APA):
Krijger, P. H. L. (2011). Regulation of translesion synthesis polymerases during somatic
hypermutation and DNA damage tolerance. [Thesis, externally prepared, Universiteit van
Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:26 May 2023

https://dare.uva.nl/personal/pure/en/publications/regulation-of-translesion-synthesis-polymerases-during-somatic-hypermutation-and-dna-damage-tolerance(ee8d3ee9-52b7-4349-8c0b-45639ceafd58).html


10

SuMMarIZInG dIScuSSIon



10



191

10

SUmmARIZING DISCUSSION

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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