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Abstract

Topoisomerases are essential enzymes solving DNA topological problems such as supercoils,
knots and catenanes that arise from replication, transcription, chromatin remodeling and other
nucleic acid metabolic processes. They are also the targets of widely used anticancer drugs (e.g.
topotecan, irinotecan, enhertu, etoposide, doxorubicin, mitoxantrone) and fluoroquinolone
antibiotics (e.g. ciprofloxacin and levofloxacin). Topoisomerases manipulate DNA topology by
cleaving one DNA strand (TOP1 and TOP3 enzymes) or both in concert (TOP2 enzymes) through
the formation of transient enzyme-DNA cleavage complexes (TOPcc) with phosphotyrosyl
linkages between DNA ends and the catalytic tyrosyl residue of the enzymes. Failure in the self-
resealing of TOPcc results in persistent TOPcc that threaten genome integrity and lead to cancers
and neurodegenerative diseases. The cell prevents the accumulation of topoisomerase-mediated
DNA damage by excising the topoisomerase DNA-protein crosslinks (TOP-DPC) and ligating the
associated breaks using multiple pathways conserved in eukaryotes. Tyrosyl-DNA
phosphodiesterase (TDP1 and TDP2) cleave the tyrosyl-DNA bonds whereas structure-specific
endonucleases such as Mrell and XPF (Rad1l) incise the DNA phosphodiester backbone to
remove the TOP-DPC along with the adjacent DNA segment. The proteasome and
metalloproteases of the WSS1/Spartan family typify proteolytic repair pathways that debulk TOP-
DPC to make the peptide-DNA bonds accessible to the TDPs and endonucleases. The purpose of
this review is to summarize our current understanding of how the cell excises TOP-DPC and why,
when and where the cell recruits one specific mechanism for repairing topoisomerase-mediated
DNA damage, acquiring resistance to therapeutic topoisomerase inhibitors and avoiding genomic
instability, cancers and neurodegenerative diseases.
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Topoisomerases, topoisomerase-DNA cleavage complexes (TOPcc) and

topoisomerase-DNA protein crosslinks (TOP-DPC).

During transcription and replication, the intertwined DNA double helix (one right helical
turn for 10.5 base pairs) needs to be separated to expose the DNA strands that serve as
templates for the polymerases. In the flank of this local unwinding, the DNA duplex is
overtwisted ahead of the DNA polymerase/helicase complex and undertwisted behind. This
classical “twin helical model” explains the coordinated action of topoisomerases with DNA
tracking processes [1]. DNA underwinding (undertwisting) can generate DNA superhelical
twists (negative supercoiling) and the formation of abnormal DNA structures (palindromic
hairpins, Z-DNA, R- and D-loops) while overwinding (overtwisting) can generate DNA
positive supercoiling. Supercoils, to some extent, can absorb the abnormal DNA twisting. In
the absence of topoisomerase activity, the torsional tension generated by unwinding and
overwinding of DNA arrest DNA transactions, leading to genomic instability.
Topoisomerases are employed by the cell to resolve DNA topological entanglements upon
their formation, thereby securing DNA transactions and genome integrity [2].

Topoisomerases catalyze the topological transformations of DNA via reversible
transesterification reactions in which the catalytic tyrosine in the enzymes attacks the
phosphate group in DNA, acting as a nucleophile and coupling the breaks with a covalent
linkage between the enzyme and DNA [2-4]. This protein-DNA covalent adduct generates a
transient break in the DNA, which enables DNA topological transformations; hence
resolution of the topological problems. By a reversed transesterification mechanism,
topoisomerases catalyze the resealing of the DNA break with their release from DNA upon
resolution of the DNA entanglements.

In humans, the six topoisomerases: TOP1, TOP1mt, TOP2a, TOP2B, TOP3a and TOP3p
are distinct from each other in catalytic mechanisms, structures and functions [2-4].
Additionally, a seventh member of the family, Spo11 belongs to the type Il topoisomerase
family acting in meiotic recombination. Topoisomerases differ in the polarity with which
they cleave the DNA phosphodiester bond via nucleophilic attack with their catalytic
tyrosine residues. TOP1 enzymes attack and attach to the DNA 3"-end while TOP2 and
TOP3 enzymes attack and attach to the 5"-end of DNA. TOP1 enzymes catalyze the
resealing of the DNA breaks by promoting the nucleophilic attack of the phosphotyrosyl
bond by the 5"-hydroxyl end of the DNA whereas TOP2 and TOP3 catalyze the resealing of
the DNA 3’-hydroxyl ends. Hence, the reversal of TOPcc is coupled with DNA resealing.

TOP1 enzymes (TOP1 and its mitochondrial paralog TOP1mt [5]) resolve both DNA
underwinding (undertwisting that can generate DNA superhelical negative supercoiling) and
overwinding (overtwisting that can generate DNA positive supercoiling). The enzymes
function as monomers by cutting one strand of the DNA duplex, controlling the rotation of
the cleaved strand around the intact strand [6]. Eukaryotic TOP1 is associated with both
transcription and replication complexes. It suppresses DNA overwinding ahead of RNA and
DNA polymerases, enabling DNA translocation [7, 8]. It resolves the overwinding resulting
from the convergence of replication forks and transcription bubbles as well as the DNA
underwinding behind replication forks which lead to the formation of R-loops [9, 10]. TOP1
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enzymes also prevent replication fork run-off and promote the advancement of replication
forks [11].

Acting as a homodimers, TOP2 enzymes relax negative and positive supercoiling as well as
DNA catenanes that are formed upon completion of replication. Unlike TOP1, TOP2 cuts
both strands of a DNA duplex (the gate or G-segment) with a 4-base stagger in a Mg?*- and
ATP-dependent manner, which allows a second duplex (the transport or T-segment) to pass
through the enzyme and the broken DNA [2, 12]. TOP2a is highly expressed in dividing
cells and in S-phase as it is essential for decatenating intertwined sister chromatids during
mitosis. TOP2p performs a pivotal role in neural development by forming DNA double-
strand breaks (DSB) at the promoter regions of neuronal genes to facilitate their
transcription [13-16]. TOP2p also promotes the transcription of hormone (estrogen,
androgen and insulins, etc.) responsive genes by generating DSB within their promoters
[17-19].

Monomeric TOP3 enzymes handle underwound (negatively supercoiled) DNA by nicking
one DNA strand thereby driving the passage of the intact strand though the nicked strand
[4]. TOP3B is the sole topoisomerase that can act on RNA and relax RNA supercoiling (e.g.
R-loops) using this strand passage mechanism [20].

Transient TOPcc are key steps for all topoisomerase reactions. Failure to reverse the TOPcc
and their associated DNA break(s) results in DNA-protein crosslinks (TOP-DPC) that block
DNA metabolic processes. Such irreversible TOPcc (which we refer to as TOP-DPC) may
stem from various endogenous and exogenous sources. Endogenous DNA lesions, such as
mismatches, abasic sites and SSB and DSB occur spontaneously and frequently [21-26].
Left unrepaired, they result in TOP-DPC that are genotoxic. Exogenous DNA damaging
agents such as carcinogens, UV, IR and alkylating agents also irreversibly trap
topoisomerases on DNA by inducing dimers and 6-4 photoproducts and cyclobutane
pyrimidine dimers, SSB and DSB, O8-methylguanine, benzopyrene adducts (see Table 1 in

[4D)-

The prototypical exogenous sources that generate TOP-DPC are topoisomerase-targeting
drugs, some of which are widely used in cancer therapy. These small molecules target
topoisomerases by binding at the enzyme-DNA interface [27], thereby incapacitating
topoisomerases for DNA rejoining and completion of their catalytic cycles. Camptothecin
and its derivatives target TOP1 by preferentially binding at the interface of the enzyme-DNA
complexes by forming preferential base stacking with guanine +1 and hydrogen bonds with
key enzyme catalytic residues [28]. Cisplatin adducts have also been shown to trap TOP1cc
[29]. Anticancer TOP2-targeting drugs etoposide and doxorubicin are also interfacial
inhibitors that stabilize TOP2cc with a preference for cytosine -1 and adenine -1,
respectively [30, 31]. Biochemical and structural studies have established a shared
mechanism of action by which topoisomerase inhibitors bind the enzyme-DNA interface by
contacting specific amino acids of the enzyme and stacking against the base pairs flanking
the topoisomerase-mediated cleavage site, resulting in the drug-enzyme-DNA ternary
complex due to “interfacial inhibition” [32-34]. TOP-DPC disrupt DNA transactions by
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generating collisions with traversing DNA or RNA polymerase. Consequently, TOP-DPC
arrest cell cycle and eventually leads to cell death if left unrepaired.

To remove TOP-DPC and repair the associated DNA breaks, the cell must follow a series of
coordinated steps (Figure 1). First, it must detect the TOPcc as being potentially deleterious.
Both replisome and transcription complexes carry DNA repair enzymes. As the DNA is
translocated through these complexes, it is likely that irreversible and sterically blocking
TOPcc (TOP-DPC) will elicit the detection mechanism such as activation of ubiquitylation
pathways that target both the TOP-DPC and its surrounding chromatin environment. This
mechanism is well-established for transcription-coupled nucleotide excision repair (TC-
NER). Once detected, the TOP-DPC need to be “debulked” to enable access to the excision
processes that remove the TOP-DPC and the repair of the associated DNA breaks. This
debulking step is carried out by proteolytic enzymes that digest the TOP-DPC or denature
the topoisomerase polypeptides. The proteasome and the involvement of DPC protease will
be reviewed in more detail in an upcoming issue of DNA Repair. Following the excision of
the TOP-DPC, the protein-free breaks need to be repaired by DNA polymerases, ligases,
end-joining and recombination. Finally, once the DNA is restored, cells have to restart their
metabolic processes. The detailed molecular elements of the DNA “stitching” and cell
“Recovery” step are the least understood.

2. TOP-DPC excision by the tyrosyl-DNA Phosphodiesterases

2.1. TDP1

The cell has specialized mechanisms to remove the covalently bound topoisomerases from
5’-ends (TOP2 and TOP3) or 3’-ends (TOP1) of the DNA. Tyrosyl-DNA
Phosphodiesterases 1 and 2 represent a precise mechanism for excising TOP-DPC. They
catalyze the hydrolysis of the phosphotyrosyl linkage between the enzyme and the DNA,
thereby liberating the broken DNA termini, leaving a phosphate end which can be processed
and restored (“stitched”; Figure 2) by end-joining through either homologous recombination
(HR) or non-homologous end joining (NHEJ) (Figure 2).

Tyrosyl-DNA phosphodiesterase 1 (TDP1) was the first discovered eukaryotic enzyme that
removes topoisomerase polypeptides [35]. It acts as DNA end-cleansing enzyme excising
not only TOP1-DPC but also a variety of 3"-end blocking lesions formed by endogenous or
by exogenous DNA damaging agents [36-42]. Its activity is restricted to DNA ends because
TDP1 is devoid of exonuclease or endonuclease activity and processes only abnormal non-
phosphorylated DNA ends with preference for 3”- vs. 5"-ends [35, 39, 43]. TDP1 deletion in
combination with inactivating mutations affecting the DNA repair enzymes Rad9 or Rad1-
Rad10 renders yeast cells hypersensitive to camptothecin [44-47], consistent with the
important role of TDP1 in the repair of topoisomerase-mediated DNA damage. In addition,
TDP1-deficient vertebrate cells are hypersensitive to oxidative and alkylation DNA damage
[41-43, 48]. Human TDP1 can also serve as a backup excision pathway for TOP2-DPC [43].
Yeast cells do not express a specific TDP2, and their Tdp1 repairs both Topl- and Top2-DPC
[49]. Vertebrate TDP1 exerts its activity against both TOP1 and TOP1mt, as TDP1 is active
both in the nucleus and mitochondria [38, 50].
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2.1.1. TDP1 structure, catalytic mechanism and substrates: Following the
discovery and characterization of TDP1 in yeast, human TDP1 was found by sequence
analysis to be a highly conserved repair enzyme. It belongs to the phospholipase D (PLD)
superfamily [51] characterized by the invariant sequence motif, H(X)K(X)4D. Human TDP1
is a 608 amino acid polypeptide with a molecular mass of 68.5 kDa (Figure 3a) consisting of
two main domains. The N-terminal domain (NTD, residues 1-148) is not necessary for
catalysis, and its structure has not yet been determined. It appears important for regulating
the recruitment of TDP1 to DNA damage sites. The C-terminal catalytic domain (CTD,
amino acid residues 149-608) bears the two active sites, H263 and H493 within the HKD1
and HKD2 motifs, respectively. Its crystallographic structure shows a wide DNA-peptide
binding groove accommodating single-stranded DNA and the topoisomerase polypeptide
[52-58].

TDP1 hydrolyzes tyrosyl-DNA phosphodiester bonds by forming an intermediate covalent
complex, a TDP1cc, involving its active site residue H263 covalently linked to the 3'-
phosphate DNA end as TDP1 cleaves the 3’-tyrosyl topoisomerase-DNA bond [48, 54, 59,
60]. In a second step, the phosphohistidine bond of the TDP1-DPC is hydrolyzed as the
conserved H493 residue of TDP1 activates a water molecule. Mutation of H493 to arginine
results in the neurodegenerative disease SCAN1 (spinocerebellar ataxia neuropathy) with
TDP1 deficiency and accumulation of TDP1-DPC [56, 61-63]. Upon completion of its
reaction, TDP1 releases the TOP1 polypeptide tyrosine and leaves a 3”-phosphate-end that
needs to be further processed by polynucleotide kinase phosphatase (PNKP) and additional
repair pathways [48, 59, 64].

TDP1 is also proficient at hydrolyzing a wide range of adducts from the 3”-ends of DNA,
such as 3”-phosphoglycolate, 3”-abasic sites, TOP1-DPC 3’-phosphotyrosyl, and 3’-non-
phosphorylated nucleotides. TDP1 does not require ATP or divalent ion for its activity and
does not have a preference for single-stranded or blunt-ended substrates [43, 48, 59, 65]. As
mentioned, TDP1 can also hydrolyze the 5’ -phosphotyrosyl ends of TOP2-DPC [39, 43, 49,
66]. We recently showed that the conserved residue Y259 serves to position the
nucleopeptide substrate in phase with the active site histidines in the DNA substrate groove
[58, 66] and that residues S400, W590 and Y204, which are also in the DNA groove drive
the selectivity for 3”- vs. 5’-tyrosyl substrates [66].

2.1.2. Post-translational modifications of TDP1 and recruitment to TOP1-
DPC: Post-translational modifications (PTM) of the NTD of TDP1 (Figure 3a) promote the
recruitment of TDP1 to DNA lesion sites without exerting notable influence on the enzyme
catalytic activity [67-70]. TDP1 phosphorylation at S81 by DNA-dependent protein kinase
(DNA-PK) and Ataxia Telangiectasia Rad3 ortholog (ATR) increases the recruitment of
TDP1 to DNA lesions as well as enhances the interaction of TDP1 with XRCC1 and ligase
I1la, which are crucial for PNKP recruitment [68, 69]. SUMOylation at lysine 111 of TDP1
enhances the accumulation of TDP1 at TOP1cc sites [70]. In addition, TDP1 forms a
complex with poly (ADP-ribose) polymerase 1 (PARP1), which preexists DNA damage, and
PARylation of TDP1 on its NTD stabilizes TDP1 and promotes the recruitment of XRCC1
to TOP1cc damage sites and PNKP participation in DNA repair [67]. Recently, TDP1 has
been found in macromolecular complexes with the transcription-associated arginine
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methyltransferase (PRMT5) protein, which induces methylation of the CTD of TDP1 on
positions R261 and R586. These modifications enhance TDP1 activity, the recruitment of
TDP1 with XRCC1 to DNA and the survival of various cancer cell lines treated with CPT
[71].

2.1.3. TDP1l-associated neurological diseases: The persistence of TOP1-DPC or
TDP1-DPC at DNA termini results in severe neurological disease, such as familial
spinocerebellar ataxia with axonal neuropathy (SCAN1), which is caused by the
homozygous H493R mutation on human TDP1 [61, 72, 73]. The cells derived from SCAN1
patients are hypersensitive to camptothecin (CPT) treatment due to 25-time reduction in
TDP1 activity [61, 63]. Additionally, mice with TDP1 and ATM deficiency exhibit severe
neurological defects [74]. Based on SCAN1-derived cell models, studies have shown that the
TDP1 degradation on TDP1cc by ubiquitylation is negatively controlled by the
deubiquitylating enzyme, UCHLZ3, which might be a promising focus for cancer and
neurological research [75].

Tyrosyl DNA phosphodiesterase (TDP2) was originally discovered as the TRAF and TNF
receptor associated protein (TTRAP) promoting MAPK/INK/p38 signaling as well as
inhibiting the activation of Nuclear factor- kappa beta (NF-kB) [76]. An independent study
discovered TDP2 as the ETS1-associated protein 2 (EAPII), which negatively regulates the
transcription factor ETS1 and the synergistic action of ETS1 and AP-1 [77]. Subsequently,
TTRAP/EAPII was discovered to display tyrosyl DNA phosphodiesterase activity by genetic
screening of yeast S. cerevisiae for CPT hypersensitivity in strains lacking Tdpl and Rad1.
However, the 3’-tyrosyl DNA phosphodiesterase activity of TDP2 was weak in contrast to
its strong 5’-tyrosyl DNA phosphodiesterase activity [78]. TTRAP/EAPII was renamed
TDP2 [78] and its strong 5’ -tyrosyl-DNA phosphodiesterase activity makes TDP2 pivotal
for the repair of TOP2-DPC in higher eukaryotes, as demonstrated by the fact that TDP2
depletion sensitizes cells specifically to TOP2 poisons like etoposide [78-82]. Hence, while
yeast has only one TDP (Tdp1l), vertebrates have both TDP1 and TDP2 for the excision of
TOP1-DPC and TOP2-DPC, respectively. Like TDP1, TDP2 is present both in the nucleus
and mitochondria where it repairs TOP2-DPC that form in the mitochondrial genome [38,
83].

2.2.1. TDP2 structure, catalytic mechanism and substrates: Human TDP2 is a
small two-domain protein of molecular mass 41 kDa (362 amino acid residues) (Figure 3b).
It contains an N-terminal ubiquitin-associated (UBA) domain (amino acids 26-63) that
binds to ubiquitin (Ub) and a C-terminal exonuclease/endonuclease/phosphodiesterase
(EEP) catalytic domain (amino acids 113-362) analogous to APE1 and DNase I [41, 59,
84-87]. Similar to other Mg2*/Mn2*-dependent nucleases, the catalytic domain of TDP2
contains four conserved catalytic motifs (TWN, LQE, GDXN and SDH), which are
important for its phosphodiesterase activity [78, 88]. The non-canonical UBA domain of
TDP2 has four short a-helices, lacks the highly conserved ‘MGF’ sequence of canonical
UBA domains and instead has an “TA’ motif at the same position [85, 86]. Although the
catalytic domain of TDP2 independently displays the 5’-tyrosyl DNA phosphodiesterase
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activity /n vitro, the UBA domain of TDP2 is required for optimal activity of TDP2 and
TOP2cc repair inside cells [86].

Crystal structures of the zebrafish, C. efegans, mouse and human TDP2 catalytic domains
[84, 85, 87, 89] reveal that TDP2 proteins exhibit a monomeric organization with a N-
terminal stretch without regular secondary structure elements, an a-helical bundle domain
and highly ordered conserved C-terminal catalytic domain. TDP2 has a narrow DNA
binding cleft, which can stabilize DNA substrates in a sequence independent manner.
Oxygens present in phosphodiester groups of the three terminal nucleotides of the DNA
phosphodiester backbone form H-bonds with the nitrogen residues of K240, R275, R303
and S320 and position the DNA substrate in the DNA binding channel. The metal
coordination site of human TDP2 is formed by four residues N120, E152, D262 and H351
(N129, E161, D271 and H360 in zebrafish) and chelates one or two magnesium ion [59,
89-92].

The catalytic cycle of TDP2 is fundamentally different from TDP1. Indeed, TDP2 does not
form a covalent intermediate with its DNA substrate but utilizes Mg?* for its catalytic
activity, which can be divided in the following steps: (a) a two-sided active site pocket
recognizes both the DNA and protein components of a TOP2cc, (b) substrate binding allows
conformational changes and activation of the catalytic site of TDP2; and (c) divalent cation
(Mg2*)-mediated catalytic mechanism promotes hydrolysis of the phosphotyrosyl linkage
[84, 93, 94]. Although biochemical metal-titration analysis suggested that TDP2 involves
two metals for its catalytic cycle [88], crystallographic studies indicate that TDP2 may work
via a one-metal ion mechanism [84, 85]. After cleaving off the tyrosine from the 5”-end of
DNA, TDP2 leaves a 5’ -phosphate group ready for repair and religation by the NHEJ
pathway [78, 81].

The phosphodiesterase activity of TDP2 is specific for phosphotyrosyl bonds [59]. It
optimally recognizes and cleaves 5’ -phosphotyrosyl bonds linked to either DNA or RNA
[87], but, as recombinant enzyme, TDP2 only displays weak 3’-phosphotyrosyl activity
[78]. The lack of significant activity against 3" -phosphotyrosyl substrates might be different
in cells as TDP2 inactivation sensitizes TDP1-deficient cells to CPT, indicating that TDP2
can serve as a backup for TDP1 [80]. Although TDP2 can bind apurinic site analogs
(tetrahydrofuran) or 5’—alkylamine adducts (e.g. 6-amino hexanol), it cannot hydrolyze them
[95]. TDP2 prefers 5’-tyrosyl bond at the end of single-stranded substrates (mimicking
denatured TOP2-DPC or even TOP3-DPC) as well as double-stranded 5’-tyrosyl overhang
substrates (mimicking TOP2-DPC) [84, 88]. TDP2 also can cleave a 5’-tyrosine covalently
linked to a ribonucleotide or from a polyribonucleotide (mimics RNA-TOP3Bcc) and co-
crystal of TDP2 bound to a tyrosyl-RNA substrate further reinforces this biochemical data
[87].

TDP2 also possesses a VPg unlinkase activity that hydrolyzes the covalent phosphotyrosyl
bond between viral VPg protein and the 5” end of viral RNA during the life cycle of viruses
of the picornaviridae family [41, 59, 96].

DNA Repair (Amst). Author manuscript; available in PMC 2021 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sunetal.

Page 8

2.2.2. Post-translational modifications and regulation of TDP2: Phosphorylation
of TDP2 at Serine 60 by extracellular signal-related kinase 3 (ERK3) enhances its
phosphodiesterase activity, and S60A mutation renders A549 cells hypersensitive to
etoposide [97]. Interaction with Ub (K48-linked and K63-linked di-Ub) via its N-terminal
ubiquitin-associated (UBA) domain also regulates TDP2 activity [86]. Further studies are
warranted to determine whether TDP2 is recruited by ubiquitylated histones or TOP-DPC
and whether its Ub interactions induce a conformation change to remodel the TDP2 active
site [41, 86, 94].

Ubiquitylation and proteasomal degradation of TOP2-DPC promotes TDP2-mediated repair
[98] and purified TDP2 is unable to process native TOP2cc in vitro unless TOP2 is
proteolyzed or denatured [87]. In addition, the UBA domain of TDP2 is required for optimal
activity of TDP2 and TOP2-DPC repair inside cells [86]. Recently it was reported that
TOP2-DPC are SUMOylated by the SUMO E3 ligase ZNF451/ZATT, which remodels the
TOP2-DPC and allows TDP2 to access the 5”-phosphotyrosyl bond and process the
SUMOylated TOP2-DPC in a proteasome-independent manner [95, 99].

2.2.3. TDP2-associated neurological diseases: Biallelic mutations in TDP2 cause
cerebellar ataxia, epilepsy, and intellectual disability and this condition is denoted as
spinocerebellar ataxia autosomal recessive 23 (SCAR23). First identified in three siblings
from a consanguineous Irish family, SCAR23 was recently found in a patient in the United
States [100, 101]. Another recent study identified a girl patient of Italian origin having a
different mutation (homozygous nonsense variant in exon 3 of TDP2) in TDP2 but
displaying the main features SCAR23 [102]. An Egyptian known to have truncated mutant
allele of TDP2 also suffered from intellectual disability, seizures and ataxia [100]. All these
medical cases indicate that TDP2 is important for normal neural tissue function. The
neurological diseases associated with lack of TDP2 activity are consistent with the normal
occurrence of TOP2- DPC in neurons [14] and the requirement of both TDP2 and TDP1 to
maintain genome integrity [103].

3. Mrell and structure-specific nucleases: redundant excision pathways
process TOP-DPC

TOP-DPC can also be resolved by nucleases that cleave the DNA strand to which the
topoisomerases are linked covalently [4, 104, 105] (Table 1). Meiotic recombination 11
(MREL11) is a versatile enzyme (Figure 4), as it can work both as double-strand-specific 3"
5" DNA exonuclease and single-strand DNA endonuclease [106-108]. MRE11 forms a
heterotrimeric complex, commonly referred to as the MRN complex, with RAD50 (an
ATPase having DNA-binding activity) and Nijmegen breakage syndrome protein 1 (NBS1),
a homologue of yeast Xrs2 [106, 109]. In coordination with CtIP, MRE11 mainly promotes
the processing of DSB by generating 3”-single-stranded DNA tails for homologous
recombination and single-strand annealing [107, 108, 110]. A study in yeast Saccharomyces
cerevisiae provided direct evidence that the Mrel1/Rad50/Xrs2 complex (MRN in humans)
can excise TOP2-like-DPC (SPO11 adducts) from DNA ends [105, 111]. Consistently, in
Schizosaccharomyces pombe, rad32 (S. pombe homolog of Mrel1) in the MRX complex
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excises TOP1, TOP2 and SPO11 adducts from DNA ends [112, 113], with rad32 (S. pombe
homolog of Mrell) deficiency causing hypersensitivity to topoisomerase poisons [114]. In
mammalian cells, MRE11 is essential for the release and repair of TOP2-DPC [115, 116].
This process has been implicated for breast cancers with BRCA inactivation [19, 117].

The role of MRE11 and RAD50 in repairing TOP2-DPC is conserved in viruses and
bacterial cells. In bacteriophage T4, gp46 (MRE11 in human) and gp47 (RAD50 in human)
forms MR-like complex, which are important for the repair of m-AMSA induced T4-
encoded Top2 cleavage complexes [118-120]. The Escherichia coli homolog of the MR
complex consists in the heterodimeric complex of SbcC (RAD50 in human) and ShcD
(MRE11 in human) proteins. The SbcCD complex can excise covalent DNA-bound proteins
in vitro, and promotes repair of quinolone-induced gyrase-DNA complexes in £E. coli cells
[121, 122].

Apart from TOP2-DPC, the MRN complex also repairs TOP1-DPC in Xenopus laevis egg
extracts [123] and yeast [45] and /n vitro studies indicated that MRN can cleave and resect
the 3”-phosphotyrosyl bonds between TOP1 and 3" DNA end [106].

MRN-dependent TOP-DPC repair appears independent from the DSB resection activity of
MRN during homologous repair (HR) and involves the nuclease activity of MRE11. Over-
expression of nuclease-deficient mutants of MRE11 cannot complement MRE11-deficient
cells, and those cells display increased accumulation of spontaneous TOP2-DPC [19, 116].
MRN complex dependent TOPcc repair starts with a nick in either the strand containing the
covalently linked TOPcc or the complementary strand followed by strand resection ina 3’ to
5 direction. A second nick in the complementary strand generates clean DSB which can be
repaired by either mainly NHEJ or HR pathways [105, 116, 124]. This MRE11-dependent
TOP2cc repair remains functional remains even during G1 phase (when HR is non-
functional) in tissue cultured cells and in post-mitotic cells in the brains of embryonic mice
[19, 116].

CtlIP (ortholog of S. cerevisiae Sae2) physically and functionally interacts with the
MRN/MRX complex [125, 126]. CtIP stimulates the endonuclease activity of the MRN
complex /n vitro and the removal of TOP2-DPs by MRN [105, 111-113, 124, 126, 127].
CtIP is tightly regulated and activated by cyclin-dependent kinase (CDK) during S-phase,
which restricts the activity of the MRN/MRX complex to replicating cells (reviewed in
[110]). Physical interaction between phosphorylated CtIP and BRCA1 further contributes to
TOPcc repair [123, 128] and BRCAL promotes the recruitment of MRE11 to TOPcc sites
[19]. Surprisingly, CtIP-deleted cells are more proficient in removing TOP1-DPC than are
wild-type cells, suggesting that CtIP might play an opposite role for TOP1-DPC by
inhibiting their removal [112, 113].

Apart from MRE11, TOP-DPC are also repaired by other endonucleases. The 3’-flap
endonuclease complex Rad1-Rad10 (XPF-ERCCZ) has prominent role in the repair of
TOP1-DPC in yeast, mice and humans [125, 129-132]. Another endonuclease SLX4-SLX1
works in a parallel pathway with TDP1 and can repair TOP1-DPC [125, 133]. Similarly, 5’-
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flap endonuclease XPG is involved in repair of TOP2cc [114, 134]. All the endonucleases
having roles in repair of TOP-DPC have been reviewed in Table 1.

4. Synthetic lethality between the TDP1 and nuclease pathways

Synthetic lethality has been observed in yeast for the Tdpl and the Rad1-Rad10 and the
Mrell exonuclease pathways [44, 130]. The ortholog of Rad1-Rad10 is XPF-ERCCL1, which
is known to be defective in a significant fraction of cancers, and particularly non-small cell
lung cancers [135]. Mrel1l is also frequently inactivated in cancers with mismatch repair
deficiency, and particularly colon cancers [136-138].

Due to the complementary actions of TDP1 and the nucleases XPF-ERCC1 and MRE11-
RAD50-NBS1-CtIP, cancers with inactivation of either of these two nuclease pathways
represent a potential indication for therapeutic strategies selectively enhancing the anticancer
activity of TOP1 inhibitors by combining them with inhibitors of the TDP1 pathway (Figure
5). Because clinical TDP1 inhibitors are not presently available [139, 140], an alternative
strategy to block TDP1 is to use PARP inhibitors [141, 142]. Indeed, TDP1 is coupled with
PARP1 for the repair of TOP1-DPC [67] and inhibiting PARP effectively interferes with
TDP1 action [141, 142], as PARylation of TDP1 by PARP1 recruits TDP1 to TOP1-DPC
[67]. The synthetic lethal scheme illustrated in Figure 5 proposes that combination of PARP
and TOP1 inhibitors, which is highly synergistic [142, 143] and often difficult to combine
due to limiting bone marrow toxicity [144] would be most effective in cancer patients with
XPF-ERCC1- or MRE11-deficient tumors.

5. Debulking of TOP-DPC by the proteasome and SPRTN

Because of the large size of the topoisomerases and the location of the DPC deep inside the
topoisomerases, TDPs and endonucleases require a “debulking” step to gain access to the
phosphotyrosyl bonds (for TDPs) and the DNA adjacent to the TOP-DPC (for the
endonucleases) (Figure 2). Such debulking is primarily done by proteolytic digestion.
Alternatively, topoisomerase protein denaturation and remodeling could be envisioned such
as in the case of ZATT acting as a TOP2 denaturation chaperone [99].

The two main established pathways for proteolytic digestion of TOP-DPC are the
proteasome and non-proteasomal proteases. They are briefly reviewed below and will be
further developed in an upcoming DNA Repair review detailing the proteolytic “debulking”
of TOP-DPC.

5.1. The ubiquitin-proteasome pathway:

Cells have the means to proteolytically digest the covalently DNA-bound topoisomerases, as
exemplified by the ubiquitin-proteasome system (UPS). Ubiquitin is a post-translational
modifier polypeptide consisting of 76 amino acids, whose polymeric conjugation to target
proteins through its lysine 48 residue serves as a signal for proteasome recruitment to
destroy the ubiquitylated proteins. The 26S proteasome acts as the endpoint of the UPS. It
catalyzes the proteolytic degradation of the vast majority of cellular proteins. This large
proteolytic machine comprises 31 subunits assembled into two main components, the 19S

DNA Repair (Amst). Author manuscript; available in PMC 2021 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sunetal. Page 11

regulatory particle that recognizes and unfolds the polyubiquitylated proteins and the 20S
proteolytic core that degrades the target proteins into oligopeptides [145-147].

The important role of UPS in degrading TOP-DPC is well-established. It was first reported
in mouse mammary carcinoma cells that TOP1 inhibitor camptothecin rapidly (within 10
min) induce proteasome-mediated destruction of TOP1 in a ubiquitin activating enzyme
(E1)-dependent manner [148]. Consequently, TOP2a. was found to undergo proteasomal
degradation in solid tumors upon exposure to the clinical TOP2 inhibitor etoposide [149].
Proteasome inhibitors were also shown to overcome resistance of solid tumor cell lines and
of xenografts to etoposide and doxorubicin, another TOP2 inhibitor. Later studies in HeLa
and various cancer cell lines treated with etoposide or its analog teniposide showed that the
proteasome preferentially degrades TOP2p-DPC over TOP2a.-DPC, and that the RNA
polymerase I large subunit is also associated with the TOP2-DPC proteasomal destruction
[150, 151]. Given the crucial role of TOP2p in transcriptional regulation, this finding
suggested that obstruction of the progression of RNA polymerases by drug-trapped TOP2-
DPC elicits signal for ubiquitylation and subsequent proteasomal degradation of the TOP2p-
DPC as well as the transcription machineries. Similarly, TOP1-DPC appear to transiently
block the advancing the RNA polymerase elongation complexes, which arrests transcription
and in turn evokes proteasome-mediated proteolysis of both TOP1-DPC and RNA
polymerases [152].

In parallel, arrest of replication forks by TOP1cc also evokes the UPS to remove TOP1-DPC
by proteolysis, allowing replication fork run-off on the leading strand, which leads to
formation of DSB [153, 154]. A study in mouse carcinoma cells expressing thermolabile
ubiquitin E1 and dominant-negative mutant ubiquitin has demonstrated that etoposide-
induced TOP2B-DPC can still be targeted by the proteasome without being modified by
ubiquitin, as opposed to TOP1-DPC, whose degradation requires proper polyubiquitylation
[155]. These observations suggest TOP1-DPC and TOP2-DPC are recognized by the
proteasome for destruction via different mechanisms, which warrant further investigations.

5.2. Spartan (SPRTN): a non-proteasomal replication-associated protease:

In recent years, mounting evidence demonstrates that SPRTN (SprT-like domain at the N-
terminus), a DNA-binding metalloprotease, acts as an independent proteolytic mechanism to
resolves TOP-DPC as well as other types of DPC in mammalian cells [105]. The initial
study carried out in the yeast Saccharomyces cerevisiae identified Wss1 (Weak Suppressor
of Smt3 Protein 1), the ortholog of SPRTN, as a novel protease processing TOP1-DPC in
parallel to TDP1 [156]. Biochemical experiments showed that Wss1 cleaves TOP1 and other
DPC substrates in a DNA-dependent manner. Subsequent reports in murine embryonic
fibroblast cells (MEFs) and human cells revealed that SPRTN accumulates at ongoing
replication forks where it proteolyzes TOP1-DPC via its SprT-like metalloprotease domain
[157]. Although WSS1 and TDP1 function in distinct pathways to repair TOP1-DPC in
yeast, SPRTN and TDP1 appear to act epistatically in mammalian cells [157, 158].

A role of SPRTN in repairing TOP2-DPC is evidenced by the findings that SPRTN knockout
murine embryo fibroblast (MEFs) and MEFs expressing mutant SPRTN proteins
compromised for their proteolytic activity exhibit increased accumulation and delayed
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clearance of TOP2a-DPC [159]. Also, depletion of the C-terminal DNA binding domain of
SPRTN was found to retard TOP2a.cc removal [159].

Proteolytic digestion by either the proteasome or SPRTN is unable to remove full-length
covalently-linked topoisomerases from DNA due to the unproteolyzable phosphotyrosyl
bond. Therefore, a succeeding nuclease pathway is necessary for clearing the covalent
protein remnants to generate “clean” or “free” SSB or DSB for repair by homolog
recombination or non-homologous end joining (Figure 2). The involvement of protease
pathways for TOP-DPC repair also raises a question about whether proteolytic removal of
the bulky protein adducts is required for nuclease action especially for TDPs, as the
phosphotyrosyl bond is buried by the adducts hence presumably inaccessible.

Previous work has demonstrated that TDP1 is incapable of cleaving full-length native TOP1-
DPC in vitro unless they are proteolyzed or denatured [160, 161]. Akin to processing of
TOP1-DPC by TDP1, an earlier study shows that TDP2 can resolve only denatured or
proteolyzed TOP2-DPC but not the native TOP2-DPC. As mentioned in section 2.2.2, a
more recent report identified ZATT (ZNF451) as a SUMO ligase that catalyzes SUMO-2/3
modification of TOP2-DPC [99], which alters the conformation of TOP2, enabling TDP2 to
process the DPC without proteolysis.

6. Conclusion and Perspectives

TOP-DPC as normal functional intermediates formed during the catalytic reaction cycles of
topoisomerases can be stalled by multiple various sources including endogenous DNA
lesions, carcinogens and exogenous agents particularly topoisomerase inhibitors, leading to
a unique type of DNA damage often referred as irreversible or persistent TOP-DPC or
protein-associated DNA breaks (PADB), which associate a DNA break (SSB or DSB) with
each TOP-DPC. The repair of such frequently occurring DNA damage entails multiple
evolutionarily conserved pathways. Among them, TDP1 and TPD2 constitute an emerging
category of DNA repair enzymes discovered as excision enzyme for TOP-DPC. The
additional participation of the MRN complex, SLX1-SLX4, MUS81 and XPF-ERCCL1 in
TOPcc repair [59] reveals the existence of crosstalk and redundancy between TDPs and
more general nucleases to maintain genomic integrity and chromosomal stability in response
to irreversible TOPcc.

Elucidating the mechanisms determining pathway choices and regulating the division of
labor among such pathways will be of great value for basic cellular and molecular biology
and for the potential development of inhibitors targeting these nucleases to enhance the
activity of topoisomerase inhibitors as anticancer agents. For instance, PARP inhibitors are
synthetic-lethal with TOP1 inhibitors in XPF-ERCC1-deficient cells due to the critical role
of PARP in recruiting TDP1 and the redundancy of TDP1 and XPF-ERCC1 in TOP1-DPC
removal [67, 141, 162]. Hence, PARP inhibitors act at least in part as TDP1 inhibitors in the
case of TOP1-DPC [141]. Another important research area in need of further elucidation is
how the different TOP-DPC excision repair pathways engage each of the different DNA
repair pathways (HR vs. NHEJ vs. MMEJ or SSA) that must restore the DNA once the TOP-
DPC is removed (see Figure 2).
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Figure 1. Architecture of TOP-DPC.
Topoisomerases cleave the DNA phosphodiester bond by carrying out nucleophilic attack of

the hydroxyl end using their active tyrosine residues. This leads to formation of transient
covalent linkages between the protein and the DNA, termed topoisomerase cleavage
complexes (TOPcc). TOP1 enzymes attack the 3’-hydroxyl end of the DNA and cut one
strand of the DNA duplex. TOP1cc can trapped by various endogenous and exogenous DNA
damage and particularly by TOP1 inhibitors camptothecins. The trapped TOP1cc are
referred to as TOP1 DNA-protein crosslinks (TOP1-DPC). b. Homodimeric TOP2 enzymes
conduct nucleophilic attack of the 5'-hydroxyl end and cleave both strands of one DNA
double helix with a 4-base stagger using Mg2* and ATP The resulting transient TOP2cc can
also be trapped by a wide range of DNA lesions and by TOP2 inhibitors such as etoposide
and anthracyclines, leading to formation of TOP2-DPC. The cleavage by each subunit is not
always concerted and single-strand breaks are readily produced by TOP2 enzymes,
especially by their poisoning by etoposide (bottom). c. TOP3 enzymes nick one stand of
single-stranded DNA by covalently linking its active tyrosine residue to the 5" end of the
DNA backbone using Mg?* as a metal cofactor. Whether and how TOP3cc can be converted
into TOP3-DPC require further investigation.
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Figure 2. Repair of TOP-DPC is a sequential multistep process.
It has been proposed that the molecular recognition mechanisms (or detection) of TOP-DPC

involves encounter between the DPC and DNA transaction machineries such as DNA and
RNA polymerases as they advance toward the TOP-DPC. Confrontation between TOP-DPC
and ongoing DNA transactions elicits a signal for ubiquitylation and subsequent proteasomal
degradation that removes the bulky protein component of the DPC (debulking) and expose
the tyrosyl-DNA linkage of the TOP-DPC. The metalloprotease SPRTN, a reported
component of the replisome, is also able to digest the DNA-bound topoisomerases likely
upon the collision between replication fork and TOP-DPC. The debulking step appears to a
prerequisite for the following excision that removes the DNA-linked topoisomerase remnant
using nuclease activities, as it enables the nucleases to gain access to the protein-occluded
broken ends. Tyrosyl-DNA phosphodiesterases (TDP) epitomize the nucleases that repair
TOP-DPC. TDP1 and TDP2 carry out precise excision of TOP-DPC by hydrolyzing the
phosphotyrosyl bond. On the other hand, more general nucleases such as the Mre11-Rad50-
Nbs1 complex clear the remaining peptide likely by incising the DNA segment adjacent to
the DPC. Complete removal of TOP-DPC by excision liberates the DNA termini, allowing
repair of the strand breaks (stitching) by non-homologous end joining (NHEJ), homologous
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recombination (HR), single-strand annealing (SSA) or microhomology end-joining (MMEJ).
Finally, efficient and accurate repair of the DNA breaks ensure the resumption of DNA
metabolisms.
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Figure 3. Domain structures of human tyrosyl-DNA phosphodiesterases.
a. domain structures of human TDP1. The nuclear localization signal (NLS) is highlighted in

pink, the known phosphorylation site in yellow and the known SUMOylation site in blue.
The phosphodiesterase motifs (HKN) are highlighted in magenta. b. domain structure of
human TDP2. The ubiquitin-associated domain (UBA) is highlighted in cyan. The known
phosphorylation site is highlighted in yellow. Catalytic sites are highlighted in magenta. The
UBA (ubiquitin binding domain) in the N-terminus is colored in blue.
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Figure 4. Domain structure of human Mrell.
The phosphodiesterase motifs are highlighted in indigo, the Nbsl interacting domain is

highlighted in green and the Rad50 interacting domain in purple. The DNA binding domains
are highlighted in red.
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Figure 5. Synthetic lethality between the TDP1 and nuclease pathways in human cancers.
PARP1 form a complex with TDP1, which promotes the recruitment of TDP1 to the TOP1-

DPC and activates the TDP1 pathway (green arrow). PARP1 also PARylates TOP1, TDP1
and itself (autoPARylation) (brown arrows). Inactivation of the TDP1 pathway with PARP
inhibitors renders ERCC1- or MRE11-deficient cells to TOP1 inhibitors.
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Nuclease TOPl1cc | TOP2cc Notes References
3’-flap endonuclease complex involved in the nucleotide excision [125, 129-132]
Ra?;;ii‘égééefm) Yes No repair pathway (NER); functions in parallel pathway with TDP1;
humans) TDP1 and Rad1/Rad10 require a single-stranded gap between the 3-
end to be processed and the 5’-end of the DNA.
SIx4-SIx1 (yeast) [125, 133]
SLX4-SLX1 Yes No Endonuclease; works in parallel and redundant pathways with TDP1.
(humans)
Mus81-Mms4 (yeast) DNA endonuclease; preferentially cleaves broken replication forks [129, 130, 163]
MUS81-EME1 Yes No and requires duplex DNA near the 3-end; serves as an alternative
(humans) pathway to TDP1
XPG No Yes 5’-flap endonuclease. [114, 134]
5’-flap endonuclease; works 7 vitro on ssDNA containing 5’- [114, 134]
FEN1 No es phosphotyrosyl substrate
M(reelals/tl)qia\;ljg?zli(lr/sz DNA double-strand 3’5" exonuclease and single-strand [1120361161% 113,
)Il?ADSO/NBSI Yes Yes endonuclease; requires a single-strand gap between the 3”-end to be '
(humans) processed and the 5”-end of the DNA.
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