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DNA-protein crosslinks represent a severe kind of DNA damage as they disturb essential processes, such as
transcription and DNA replication, due to their bulkiness. To ensure the maintenance of genome integrity, it is
necessary for all living organisms to repair these lesions in a timely manner. Over recent years, much knowledge
has been obtained regarding the repair of DNA-protein crosslinks (DPC), but it was only recently that the first
insights into the mechanisms of DPC repair in plants were obtained. The plant DPC repair network consists of at
least three parallel pathways that resolve DPC by distinct biochemical mechanisms. The endonuclease MUS81

resolves the DPC by cleaving the DNA part of the crosslink, the protease WSS1A is able to degrade the protein
part and the tyrosyl-DNA-phosphodiesterase TDP1 can hydrolyse the crosslink between a protein and the DNA.
However, due to the variety of different DPC types and the evolutionary conservation of pathways between
eukaryotes, we expect that future research will reveal additional factors involved in DPC repair in plants.

1. Introduction

DNA repair is particularly important in sessile organisms like plants
as they are constantly exposed to harmful environmental sources such
as UV-light. Besides these environmental sources, endogenous factors
also threaten the genome integrity of plants, as these factors can cause
severe DNA damage within cells. Photosynthesis for example, is a
constant source of reactive oxygen species. DNA-protein crosslinks
(DPC) represent a specific kind of damage that have not been taken into
account whilst other basic mechanisms of DNA repair were elucidated.
DPC are defined by a covalent linkage between a protein and DNA and
are very large due to their proteinaceous part that impairs many
chromatin-based processes by steric hindrance. To maintain cell via-
bility and access to important genetic regions, plants have evolved at
least three independent pathways to repair this kind of highly toxic
lesion [1]. Research on DPC repair in plants is still in its infancy;
however, it is of high relevance due to the broad variety of conserved
DNA repair pathways in plants. This review will focus on recent find-
ings about DPC repair in plants, as well as on DPC repair proteins from
other organisms, whose homologs might also play a role in plant DPC
repair.

2. Formation of different DPC types

As all types of nuclear proteins can be linked to DNA by various
mechanisms, DPC differ in their size, their physicochemical properties
and the nature of the crosslink itself. In general, DPC can be subdivided
into four different classes dependent on the presence and type of DNA
breaks adjacent to the DPC (Fig. 1). Type 1 DPC are not associated with
DNA breaks; instead, the protein is linked to an intact DNA strand. This
type of DPC occurs very often, as theoretically any kind of protein close
to the DNA can form an adduct under the influence of various en-
vironmental, endogenous or chemical agents [2]. UV light and IR, for
example, can directly induce Type 1 DPC, since the direct deposition of
radiation onto DNA or proteins leads to the formation of free radicals
within the molecules, which are subsequently able to react with each
other, thus forming covalent bonds [3]. Reactive oxygen species or
reactive aldehydes, which are produced as by-products of various me-
tabolic processes like photosynthesis or the demethylation of histones,
are endogenous sources for the formation of Type 1 DPC [4-8].
Common chemical crosslinkers for the induction of Type 1 DPC are
formaldehyde, platin compounds like cisplatin, and cytosine analogues
like 5-azacytidine (5-azaC) and zebularine. Formaldehyde and cisplatin
are considered broad range chemical crosslinkers, as they not only in-
duce DPC but also DNA-DNA or protein-protein crosslinks [9,10]. On
the other hand, the cytosine analogues zebularine and 5-azaC constitute

Abbreviations: AP site, apurinic/apyrimidinic site; BER, base excision repair; DSB, double strand break; DPC, DNA-protein crosslink; HR, homologous re-

combination; IR, ionising radiation; SSB, single strand break; UV, ultraviolet
* Corresponding author.
E-mail address: holger.puchta@kit.edu (H. Puchta).

https://doi.org/10.1016/j.dnarep.2020.102787
Received 10 December 2019; Accepted 7 January 2020
Available online 08 January 2020

1568-7864/ © 2020 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/15687864
https://www.elsevier.com/locate/dnarepair
https://doi.org/10.1016/j.dnarep.2020.102787
https://doi.org/10.1016/j.dnarep.2020.102787
mailto:holger.puchta@kit.edu
https://doi.org/10.1016/j.dnarep.2020.102787
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dnarep.2020.102787&domain=pdf

L. Hacker, et al.

DPC Type Natural sources
. UV-light
Type 1 lonizing radiation

Reactive aldehydes
Metal compounds
Reactive oxygen species

Increased amount of AP

DNA Repair 87 (2020) 102787

Common chemical
crosslinkers

Broad range chemical crosslinker:
*  Formaldehyde

* Cisplatin

- Also causes DNA-DNA crosslinks

Mechanistic crosslinker:

* 5-azaD

* Zebularin

- Linking DNMT to the DNA

Broad range chemical crosslinker:

Type 2 sites «  MMS
Alkylating agents
Imbalance of repair Mechanistic crosslinker:
» NH P EHZVINES +  Olaparib
«  MK4827
MD@){ * Veliparib
5 -> Trap PARP1 at the DNA
. * Closely located AP sites Mechanistic crosslinker:
Type 3: * Bulky DNA adducts « CPT
* Nicked DNA - Prevents DNA-backbone from re-
ligating

T 4 ¢ Closely located AP sites
ype 4. ¢ Bulky DNA adducts

* Nicked DNA

OH
3¢
e
P oH

Mechanistic crosslinker:

* FEtoposide

* Teniposid

- Prevent DNA-backbone from re-
ligating

Fig. 1. Induction of different DPC Types. Overview of the natural sources and common chemical crosslinkers that lead to the formation of DPC Type 1, 2, 3 and 4.

mechanistic crosslinkers as they are able to trap the reaction inter-
mediate of the methyltransferase DNMT at the DNA [11,12]. As the
sources and types of trapped proteins are highly diverse, there is also a
great variety of different crosslink bonds within this type of DPC [2,13].

While Type 1 DPC include both enzymatic and non-enzymatic DPC,
Type 2-4 consist only enzymatic DPC, which can be produced sponta-
neously by abortive enzymatic reactions on the DNA, in which covalent
DNA-protein intermediates get stabilized [14]. IR and UV-light also
contribute to the formation of enzymatic DPC, however this contribu-
tion is more indirect as they induce various kinds of DNA damage such
as apurinic sites (AP sites), base mismatches, deaminations, single
strand breaks (SSBs) and double strand breaks (DSBs) [15]. Type 2 DPC
represent a DNA-adduct next to an AP site, which arises during base
excision repair (BER) either with the poly(ADP-ribose) polymerase
PARP1, or with the DNA polymerase Polf} stabilized at the DNA [14].
The crosslink between PARP1 and the DNA might be a Schiff base at the
3’-end, that can arise spontaneously when there is a persistant increased
amount of AP sites in the DNA [18]. The formation of PARP1 DPC gets
promoted further upon treatment with alkylating agents like MMS
(methyl methanesulfonate) [17]. Olaparib, MK4827 and veliparib are
additional mechanistic crosslinkers contributing to the formation of
Type 2 DPC, as they inhibit PARP1 and thereby trap it at the DNA [20].
Plants possess three homologs of PARP1, namely PARP1, PARP2 and
PARP3. For PARP1 and PARP2, it could already be shown that they

probably contribute to plant BER [21-23]. Thus, PARP1 DPC might also
be biologically relevant in plants. Pol DPC, on the other hand, are
formed under the presence of oxidising agents that are causing the
formation of 2-desoxyribonolactone (dL) AP sites. This kind of lesion
can be efficiently repaired via long patch BER. Nevertheless, during
attempted short patch BER of the dL lesion, Pol} becomes covalently
trapped at the 5’-end of the AP site, thus causing a harmful crosslink
[16,24]. However, plants do not harbour a Polf} homolog, and PolA,
which is the only member of the X polymerase family in plants, is not
able to bypass dL lesions [25-27]. Furthermore, it is not yet known
whether plants perform short patch BER [25]. Thus, the significance of
this Type of DPC probably remains obsolete in plants.

Type 3 and 4 DPC consist of trapped topoisomerase cleavage com-
plexes, which can occur spontaneously in processes where DNA must be
unwound or disentangled, such as DNA replication, recombination,
transcription or chromosome segregation [14]. DNA topoisomerases are
capable of relaxing the DNA by inducing transient DNA breaks. To-
poisomerase 1 (TOP1) produces SSBs, while Topoisomerase 2 (TOP2)
produces DSBs. Their function relies on an active tyrosyl residue in the
reactive centre of the enzyme, with which they can attack the phos-
phate of the DNA backbone in a reversible manner. However, the re-
action intermediate can be trapped under certain conditions [28].
Thereby, DNA defects such as mismatched bases, single strand breaks,
AP sites or bulky DNA adducts foster the formation of both Type 3 and
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Type 4 DPC [29]. Although the origins of both types of DPC are very
similar, the complexes are very distinct chemically and thus the con-
sequences for genome integrity differ greatly. In Type 3 DPC, TOP1 is
connected with the DNA via a tyrosyl-phosphodiester bond at the 3’-end
of a SSB. In contrast, in Type 4 DPC the trapped TOP2 is associated with
the DNA via two tyrosyl-phosphodiester bonds at the 5-ends of a
double strand break (DSB) [28]. As a result, Type 4 DPC represent a
significantly more toxic DNA damage than Type 3 DPC. In cancer
treatment, the cytotoxicity of Type 3 and Type 4 DPC is used to se-
lectively kill actively dividing cells with specialized inhibitors. In par-
ticular, inhibitors are used to prevent the DNA backbone from re-li-
gating. Camptothecin (CPT) and CPT derivatives function in this
manner and are used to stabilize Type 3 DPC, while etoposide and te-
niposide are common agents in stabilizing Type 4 DPC [30-32]. The
functional mechanism of DNA topoisomerases is highly conserved
amongst all living kingdoms, therefore Type 3 and Type 4 DPC are also
of high biological relevance in plants [33].

3. Analysis of DPC repair in plants

Since DNA replication and subsequent cell division are highly de-
pendent on genome integrity, the susceptibility of DNA repair mutants
to certain genotoxins in sensitivity analyses is often determined by their
amount of viable cells. For sensitivity analyses in bacteria, fungi and
animals, cell cultures are used to determine the amount of living cells
after exposure to certain genotoxins. In plants, however, sensitivity
analyses can be carried out with whole, multicellular organisms. In
contrast to unicellular organisms or cell cultures, the number of viable
cells is not counted, but the biomass is determined after genotoxin
treatment. As plants also possess rapidly dividing meristematic tissues,
cell death upon replication blockages can also be microscopically vi-
sualized in roots of young seedlings. Roots are especially suitable for
this kind of examination as their cells are quickly dividing and easy to
observe. Furthermore, meristematic cells are especially sensitive
against genotoxic stress, as they are the precursors of all differentiated
tissues and thus, maintenance of genome integrity is even more im-
portant in these cells [34].

4. Repair of DPC in plants

DPC represent steric obstacles to DNA replication and transcription
machineries and thus can lead to blocked replication forks, chromo-
somal aberrations or even cell death if not repaired in time. Due to the
various sources and the broad range of possible target proteins, they are
proposed as one of the most abundant DNA lesions [35]. Hence, cells
possess a variety of specialized but also canonical mechanisms to repair
this kind of highly toxic lesion. In yeast and bacteria, nucleotide exci-
sion repair (NER) is involved in the repair of smaller Type I DPC (< 16
kDa) before S-phase [36-38]. In mammals, the cross-linked protein
should not be bigger than 11 kDa to be channelled into the NER
pathway. Thus, NER is more important in the repair of DNA-peptide
crosslinks, in which the protein has already mainly been degraded [39].
Since Type 2-4 DPC all contain larger proteinaceous components, they
would require pre-processing by the 26S proteasome or by specialized
proteases before the repair mechanism by NER could take place. Al-
though this interplay seems to be quite plausible, it has yet to be
proven.

On the other hand, homologous recombination (HR) seems to con-
tribute to the repair of bulkier but also small DPC during S- and G2-
phase [35,39]. It could be shown that different HR mutants from bac-
teria, fungi and mammals exhibited enhanced sensitivity to crosslinking
agents like formaldehyde, 5-azaD or etoposide [38,40,41]. Ad-
ditionally, it was demonstrated that the frequency of y-H2AX foci in
mammalian cells was increased by treatment with CPT [42]. Thus, it
seems as if HR is participating in the repair of Type 1, 3 and 4 DPC.
However, since Type 1 DPC-inducing agents such as formaldehyde and
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cisplatin also cause distinct DNA damage such as interstrand and in-
trastrand crosslinks, it cannot be excluded that, under these conditions,
enhanced HR is just the result of other repair pathways like the Fanconi
anemia pathway [35]. Therefore, the contribution of HR in the repair of
Type 1 DPC needs to be investigated further. As etoposide and CPT are
very specifically acting agents, HR can be assumed to be important for
the repair of Type 3 and 4 DPC.

Due to the lack of scientific evidence, only little is known about how
these canonical repair mechanisms might contribute to DPC repair in
plants. However, an involvement of NER and HR in the repair of ze-
bularine-induced DNA damage could be demonstrated in Arabidopsis,
whereby somatic HR was shown to be upregulated following zebularine
treatment [11,43]. Furthermore, the hypersensitivity of Atatm and Atatr
mutants and the additive sensitivity of double mutants against zebu-
larine indicates that both DNA damage response kinases mediate the
HR based repair. As the Arabidopsis mutant for the NER factor XPF also
demonstrated partial zebularine sensitivity, NER might also be involved
in the repair [11]. This indicates a conserved role for both NER and HR
in the repair of Type 1 DPC.

Besides these canonical DNA repair factors, three more specialized
factors were recently characterized, which are directly involved in the
repair of DPC in plants [1]. The following section will elucidate how the
endonuclease MUSS81, the metalloprotease WSS1A and the tyrosyl-
DNA-phosphodiesterase TDP1 are involved in DPC repair in plants by
targeting distinct features of the crosslink. Thereby, the DNA part of the
crosslink can be cleaved endonucleolytically, the protein part can be
degraded by proteolytic decay, or the bond between DNA and protein
can be resolved.

4.1. Endonucleolytic cleavage of a DPC

Endonucleolytic cleavage of DPC in plants is mainly facilitated by
the structure-specific Holliday junction (HJ) resolvase MUSS81 that
specifically targets the DNA part of a DPC [1]. MUS81 (Methyl me-
thansulfonate, UV sensitive) belongs to the family of XPF/MUS81 en-
donucleases and is highly conserved in the eukaryotic kingdom [44].
Together with EME], it forms a heterodimeric functional complex,
which catalyses the cleavage of specific DNA intermediates [45,46].
Thus it preferentially cuts 3’-flaps, stalled replication forks, p-loops and
nicked HJs, and to a lesser extent probably as a heterotetramer, it also
cuts intact HJs [47-51]. The mechanism by which it resolves these
structures is a nick-counternick mechanism, cleaving the DNA strand
that opposes the strand [47]. It was shown that plants deficient in
MUS81 exhibited enhanced sensitivity to DNA-crosslinking agents such
as MMC and cisplatin. MUS81 was therefore first classified as an im-
portant factor in the repair of interstrand and intrastand crosslinks
[8,51]. Since human and yeast cells deficient in MUS81 also showed
increased sensitivity to CPT, the protein became an interesting candi-
date in the research of DPC repair in plants [52,53]. It could be shown
that Atmus81 mutants displayed a hypersensitivity to CPT, consistent
with the previous results from other eukaryotes, thereby demonstrating
that MUS81 is an important factor in the repair of Type 3 DPC in plants
[1]. Furthermore, an increased sensitivity to cisplatin indicates that
MUS8I is capable of resolving Type 1 DPC. Due to its substrate pre-
ference, it appears likely that MUS81 tends to process DPC next to
single strand breaks or stalled replication forks, independent of protein
and crosslink type. However, the mechanism of how MUSS81 resolves
DPC is probably not the direct excision of the DPC but the incision of
the strand that opposes the nick, thus forming a DSB. This subsequently
requires other repair pathways, such as homologous recombination or
replication fork regression [53].

Another endonuclease that might contribute to DPC repair in plants
is MRE11, which is part of the conserved MRN-complex. Besides
MRE11, the MRN-complex consists of the recombinase RAD50 and the
signal transduction protein NBS1. The MRN-complex is a crucial factor
in DSB repair [54,55]. Whereas NBS1 is signalling the damage, MRE11
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is responsible for 3’-end resection and RAD50 is needed for the induc-
tion of HR or for long range tethering of two DNA ends [56]. In contrast
to its function in DSB repair, the role of the MRN complex in plant DPC
repair has yet to be investigated in detail. However, it is known that the
MRN-complex plays a major role in the removal of the TOP2-like SPO11
dimer during meiosis, since meiocytes deficient in MRE11 showed
highly fragmented chromosomes [57]. In this case, SPO11 is bound to
both ends of a DSB, thereby resembling a DPC. As a result, the MRN-
complex might contribute to the repair of Type 4 DPC in plants, but
there is still a lack of evidence for somatic cells. In bacteria, fungi and
mammals, the MRN-complex and its respective homologs have already
been demonstrated to be involved in DPC repair, suggesting that this
function of the MRN-complex is highly conserved in all living king-
doms. DPC repair by the MRN-complex is initialized by a DPC depen-
dent endonucleolytic incision of the DNA by MRE11. After 3’-end re-
section of the generated SSB, a second incision is induced at the
complementary DNA strand. This is also resected in a 3’- to 5’- direc-
tion, thus forming a clean DSB, which can be further processed by ca-
nonical DSB repair mechanisms such as non-homologous end joining or
HR [58]. As DPC repair by the MRN-complex occurs completely in-
dependent of the protein linked to the DNA, it was suggested that the
MRN-complex is able to contribute to the repair of all DPC Types. In
Schizosaccharomyces pombe and Xenopus laevis, the contribution of
MREI11 to the repair of both Type 4 and Type 3 DPC has already been
demonstrated [59,60]. As yeast cells deficient in Mrell displayed en-
hanced sensitivity to formaldehyde, in comparison to other HR-defi-
cient mutants such as Scrad51 or Scrad52, it is presumed that Mrell
also contributes to the repair of Type 1 DPC [38,58]. However, in
contrast to these results, as yet there is no evidence that the MRN-
complex is also involved in the repair of Type 2 DPC.

4.2. Proteolytic degradation of a DPC

The existence of a protease that specifically degrades proteins
bound to the DNA was only discovered a few years ago. Wssl (weak
suppressor of SMT protein 1) is a metalloprotease, that was identified in
a synthetic lethality screen in yeast cells deficient in Tdpl, which is
strongly dependent on the presence of Wssl. In subsequent experi-
ments, it was shown that Wss1 specifically degrades the protein part of
a DPC, independent of identity, in a replication- coupled manner [61].
Wssl is thereby able to digest at least Type 1, 3 and 4 DPC, as it is
neither dependent on a DNA break, nor on the crosslink- or protein-type
[61,62]. In animals, this function is fulfilled by the protease Spartan
(SPRTN/DVC1), which is related to Wss1 as it shares a common domain
organization [63,64]. Due to their broad substrate specificity, DPC-
proteases from the SPRTN/Wss1 family are controlled by several me-
chanisms to ensure that only proteins covalently linked to the DNA are
degraded, as opposed to other nuclear proteins, which would have
harmful consequences. One underlying mechanism of control is ubi-
quitin switch, in which the deubiquitination of SPRTN/Wssl by an
unknown mechanism enables it to localize to the chromatin. In a second
level of control, SPRTN/Wss1 requires DNA to become proteolytically
active. Experiments have shown that the presence of single stranded
DNA is necessary for the proteolysis of crosslinked proteins, whereas
double stranded DNA leads to autocleavage of the protease [65]. After
proteolysis of the DPC, a small peptide remnant remains attached to the
DNA, which is bypassed by translesion synthesis [66]. The removal of
the peptide remnant by NER is also speculated, but experimental evi-
dence is lacking [58]. Interestingly, it was predicted that mono-
cotyledonous plants such as maize or rice have both a Spartan homolog
and two Wssl homologs - WSS1A and WSS1B [35]. Dicotyledonous
plants like Arabidopsis thaliana harbour the two homologs WSS1A and
WSS1B as well, but a Spartan homolog has yet to be identified. Studies
on the function of the two WSS1 homologs indicated that only WSS1A is
involved in DPC repair in plants, whereas no function has yet to be
demonstrated for the WSS1B homolog. CRISPR/Cas generated knockout
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mutant lines of WSS1A, but not of WSS1B, displayed increased sensi-
tivity to cisplatin and CPT. This demonstrates that WSS1A is at least
involved in the repair of Type 1 and Type 3 DPC in plants, whereas
WSS1B might be evolutionary redundant. Furthermore, the Atwss1A
mutants exhibit a fasciated phenotype, a significantly reduced root
length compared to the wild type and an enhanced number of dead cells
in the root meristem, thus indicating an elementary function of WSS1A
for proper cell division in plants [1].

Another protease that might contribute to DPC repair in plants is the
aspartic protease DDI1 (DNA damage inducible 1). Ddil was previously
characterized in yeast and mammals and was predicted to be involved
in numerous processes such as protein secretion, mitotic checkpoint
control and control of proteasomal gene expression [67-69]. Plants
harbour a Ddil homolog as well, for which an interaction with the
proteasome and ubiquitylated proteins was shown to increase their
stability [70,71]. However, all of these functions are dependent on the
conserved N-terminal encoded UBL (Ubiquitin binding like) domain,
but in yeasts and plants it is also dependent on the presence of a C-
terminal UBA (Ubiquitin associated) domain. In addition to these do-
mains, Ddil encodes for a highly conserved RVP (retroviral protease)
domain and therefore was predicted to function as a protease as well
[72]. Indeed, a more current study in yeast revealed that Ddil acts as a
DPC protease alongside Wssl. It was found that the overexpression of
Ddil in wss1 tdpl was sufficient to reduce the growth defect of the
double mutant, whereas the additional deletion of Ddil in wssI tdpl
further enhanced the phenotype [62]. Moreover, yeast mutant lines
deficient in Ddil showed increased susceptibility to hydroxyurea, cis-
platin, CPT and etoposide, thereby indicating that Ddil is involved in
the repair of DPC Type 1, 3 and 4, in a replication coupled manner.
However, Ddil seems to work independently of Wssl, as the double
mutant exhibits a synergistic effect when exposed to DPC-inducing
agents [62,73]. Slight differences in sensitivity to distinct DPC-inducing
agents revealed that Ddil preferably proteolyses Type 4 DPC, whereas
Wssl seems to be more important in the resolution of Type 1 and 3
DPC. Further experiments demonstrated that the functional domain of
Ddil in the proteolysis of DPC is indeed the RVP domain [62]. Since the
RVP domain of Ddil is highly conserved in the eukaryotic kingdom, it is
possible that its function in DPC repair is evolutionarily conserved and
thus also preserved in plants [72,74].

DPC proteolysis by the 26S proteasome was one of the first known
mechanisms in DPC repair. It was shown relatively early that the 26S
proteasome contributes to the degradation of DPC, as mammalian cells
treated with the proteasome inhibitor MG132 accumulated Type 3 DPC
[75,76]. The participation of the proteasome was expected to be only
involved in the repair of enzymatic DPC, since these are undergoing
polyubiquitylation which is necessary for proteasome-mediated de-
gradation [39,77]. Indeed, the contribution of the proteasome in DPC
proteolysis could be demonstrated not only in the repair of Type 3 DPC,
but also in Type 2 and 4 DPC [24,78,79]. Recently, however, it was
shown in Xenopus egg extract that Type 1 DPC are also rapidly poly-
ubiquitinated during replication, as long as they have exposed lysine
residues. Although this indicates that the proteasome aims at the same
targets as Wss1 and SPRTN, it does not mean that one of the two factors
is redundant. In contrast to SPRTN and Wssl, the active site of the
proteasome is buried in the 20S core particle and is therefore probably
only sufficient for a first degradation step of very bulky DPC [80]. The
active site of SPRTN and Wss1, on the other hand, is exposed and thus
suitable to degrade the protein very close to the DNA, subsequently
leaving only a small peptide remnant. Hence, it was predicted that the
proteasome might work upstream of SPRTN/Wss1 and that they prefer
different DPC, as ubiquitylation is not necessarily needed for SPRTN/
Wss1 mediated proteolysis [65,80]. Since the 26S proteasome is highly
conserved in the eukaryotic kingdom, its function in DPC repair might
also be conserved in plants. However, this question requires further
investigation because the regulation of the ubiquitin proteasome sig-
nalling pathway is more complex in plants than in other eukaryotes
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[81,82].

4.3. Enzgymatic hydrolysis of a DPC

Besides the protein and the DNA part of a DPC, the crosslink bond
itself can also be directly resolved. TDP1 (Tyrosyl DNA phosphodies-
terase 1), for example, is a specialized enzyme capable of hydrolyzing
3’-adducts of bulky lesions. It was postulated to be involved in the re-
pair of both Type 3 and Type 2 DPC [79,83]. Its function in the repair of
Type 2 DPC, however, has only recently been discovered. In mouse fi-
broblasts, TDP1 is able to resolve the crosslink between the 3’-sugar
phosphate of the DNA and a lysine primary amine of PARP1 after
preceding proteolysis of PARP1 by the proteasome [79]. Its function in
the repair of Type 3 DPC, on the other hand, has already been ex-
tensively examined. It was shown in yeast that the TDP1 homolog is
able to hydrolyse the phosphodiester bond between the 3’-phosphate of
the DNA backbone and the active tyrosyl residue of Topl [84].
Therefore, there are several underlying regulatory mechanisms. A di-
rect interaction of Parpl and Tdpl was demonstrated to result in the N-
terminal PARylation of Tdpl thereby stabilizing and recruiting it to
Type 3 DPC in proliferating cells [85]. Tdp1l can also become sumoy-
lated at lysine 111, which leads to the recruitment to Type 3 DPC in
transcriptionally active areas [86,87]. If a Type 3 DPC is located on the
leading strand during replication, this can lead to a replication fork run-
off or cleavage of the replication fork, thereby producing a DSB. In
response to this, Tdpl becomes phosphorylated and thus recruited to
the Type 3 DPC induced DSB [58,86,88]. As the crosslink is inaccessible
due to the size of Topl, a preceding partial degradation by the pro-
teasome is needed before Tdp1l can hydrolyse the phosphodiester bond
[75,89,90]. Following crosslink hydrolysis, a 3’-phosphate remains at
the DNA, which prevents simple re-ligation, meaning further processing
of the lesion is required. It was shown that PNKP (Polynucleotide kinase
phosphatase) removes the 3’-phosphate from the DNA, and subsequent
BER is responsible for sealing the nick [91].

Studies in yeast cells demonstrated that only mutants deficient in
Tdpl and at least one other repair enzyme exhibit hypersensitivity to
CPT. Thus, Tdpl in yeast serves as a backup pathway in the repair of
Type 3 DPC [92,93]. In vertebrate cells, however, the knock-out of the
TDP1 gene alone was sufficient to mediate hypersensitivity to CPT
[85,94]. This suggests a distinct relevance of Tdpl in DPC repair for
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Fig. 2. Repair factors of different DPC types.
In plants MUS81, WSS1A and HR contribute to
the repair of Type 1 and 3 DPC. NER is an
additional factor in the repair of Type 1 DPC,
whereas TDP1 is acting in the repair of Type 3
DPC. In other eukaryotic organisms such as
vertebrates or fungi, the involvement of further
factors in DPC repair has been demonstrated.
In vertebrates the proteasome is involved in
the repair of Type 1-4 DPC. Additionally,
TDP1 is an important factor in the repair of
Type 2 DPC and TDP2 and the MRN-complex
participate in the repair of Type 3 and 4 DPC.

Type 4

Proteasome In fungi, Ddil contributes to repair of Type 1, 3
e and 4 DPC and Mrell was shown to be in-
volved in the repair of Type 1 DPC. In fungi, it
MRN-complex was also demonstrated that Wss1 and HR are
Wss1 contributing to the repair of Type 4 DPC.
Ddi1
HR

different eukaryotic organisms. Studies of the TDP1 enzyme in Arabi-
dopsis indicated a similar function in plants as in yeast. The phenotype
and sensitivity to crosslinking agents of the Attdpl single mutant did
not differ from the wild type. In combination with mutations in WSS1A
or MUS81, however, a synergistic effect could be observed. The double
mutants exhibited an increased number of dead cells in the root mer-
istem as well as an enhanced sensitivity to CPT. This implies that TDP1
serves as a backup pathway for the repair of Type 3 DPC in plants [1].

TDP2 is another specialized enzyme in vertebrates whose function is
associated with the hydrolysis of the two phosphotyrosyl bonds be-
tween Top2 and the DNA. TDP2 prefers to process the 5-phosphotyr-
osyl termini of Type 4 DPC, but also has a weaker ability to dissolve 3’-
phosphotyrosyl bonds from Type 3 DPC. Thus, vertebrate cells that are
deficient in TDP2 depict hypersensitivity to etoposide and, in combi-
nation with a mutation in TDPI, an additive effect on susceptibility to
CPT [95,96]. This signifies that apart from its function in the repair of
Type 4 DPC, TDP2 is needed in a backup pathway to resolve Type 3
DPC in the absence of TDP1 in vertebrates. Regarding regulation,
phosphorylation of the serine-60 residue of TDP2 is necessary to acti-
vate its phosphodiesterase activity [97]. In order to hydrolyse the
crosslink, TDP2 first needs to gain access to it. This can occur via two
different ways. The first is the preceding proteolytic degradation of the
protein via the proteasome. In a second way, the SUMO E3 Ligase
ZNT451/ZATT (Zinc finger protein Associated with TDP2 and TOP2)
was demonstrated to sumoylate TOP2 thereby inducing a conforma-
tional change of the protein. In addition to this function, ZNT451/ZATT
is able to recruit and activate TDP2. Due to the conformational change
of TOP2, TDP2 is subsequently capable to gain access to the crosslink
without preceding proteolysis [98,99]. After successful hydrolysis of
the crosslink, the resulting DSB can be repaired directly by non-
homologous end joining [100].

In the search for a plant homolog, Confalonieri and his group were
able to identify three homologous isoforms of human TDP2 in plants,
which are distributed differently amongst the phylogenetic groups.
Dicotyledonous plants such as Arabidopsis harbour only the first iso-
form TDP2a, whereas monocotyledonous plants such as maize and rice
often possess two isoforms [101]. Initial analyses in Medicago truncatula
suspension cultures have already shown that the overexpression of
TDP2a leads to a tolerance towards etoposide [102]. This indicates that
the function of TDP2 in plants might be similar to the function in
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humans, but this issue remains to be analysed further (Fig. 2).
5. Interplay of different DPC repair factors in plants

Initial results revealed that at least three different independently
working factors contribute to DPC repair in plants. The endonuclease
MUS81 endonucleolytically cleaves the DNA part of a DPC, the protease
WSS1A degrades the protein part and the phosphodiesterase TDP1 is
able to hydrolyse the crosslink bond between TOP1 and the DNA.
Various analyses of the respective mutant lines, such as the comparison
of the root lengths and number of dead cells in the root meristem or
exposure to the crosslinking agents cisplatin or CPT, revealed to what
extent these factors contribute to DPC repair in plants. For the repair of
Type 1 DPC, it was demonstrated that both the AtwssIA and the
Atmus81 mutant displayed enhanced sensitivity to cisplatin, indicating
that both factors are involved in the repair of Type 1 DPC. As the
Atwss1A mus81 double mutant exhibited an increased number of dead
cells in the root meristem and an additive effect towards cisplatin, in
comparison to the single mutant lines, it was postulated that WSS1A
and MUS81 work in parallel pathways. However, since the Atwss1A
mutant exhibited an even more enhanced sensitivity to cisplatin com-
pared to the Atmus81 mutant, it can be concluded that proteolytic de-
gradation by WSS1A is the main pathway in the repair of Type 1 DPC,
although MUS81 dependent repair also plays an important role. In the
repair of Type 3 DPC, on the other hand, different sensitivities upon
exposure to CPT revealed that endonucleolytic cleavage of the DNA by
MUS81 is the favoured pathway, while proteolytic degradation by
WSS1A is the second most preferred pathway. As Attdpl mutant lines
only displayed sensitivity to CPT when one of the two other factors was
missing as well, it was concluded that TDP1 only serves as backup
pathway in the repair of Type 3 DPC and thus plays only a minor role in
plants [1] (Fig. 3). Information about the repair of Type 2 and 4 DPC in
plants is still missing and will be an interesting topic for future research.

6. Conclusion and perspectives

DPC are highly toxic lesions and therefore pose a major threat to
genome integrity in plants. In order to ensure the viability of cells, this
damage must be detected and repaired in a timely manner. Research in
DPC repair in plants has only just begun and therefore many details are
still lacking. As most proteins identified so far are evolutionary con-
served, a wide variety of factors may be unveiled soon in plants. As so
many factors from different repair networks seem to be involved in DPC
repair, and proteins never before connected to DNA repair were
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Fig. 3. Repair of Type 3 DPC in plants. Type 3 DPC can be
resolved at least via three different pathways in plants. The
most favoured way is the repair by endonucleolytic cleavage
of the DNA by MUS81, whereas proteolytic degradation of
TOP1 by WSSI1A represents the second most preferred way.
The phosphodiesterbond of Type 3 DPC can also be directly
hydrolysed by TDP1. This, however, only occurs to a smaller
extent and thus hydrolysis by TDP1 serves more as a backup
pathway only when WSS1A or MUS81 are absent.

recently uncovered in their function in DPC repair, this further high-
lights the importance of this research field. It will be an exciting task in
the future to unravel further factors involved in plant DPC repair and to
understand the complicated regulation network of the individual pro-
teins, as our current knowledge represents only the tip of the iceberg.
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