
Molecular Mechanisms of Topoisomerase 2 DNA-Protein 
Crosslink Resolution

Amanda A. Riccio, Matthew J. Schellenberg, R. Scott Williams*

Genome Integrity and Structural Biology Laboratory, National Institute of Environmental Health 
Sciences, US National Institutes of Health, Department of Health and Human Services, Research 
Triangle Park, NC, USA

Abstract

The compaction of DNA and the continuous action of DNA transactions, including transcription 

and DNA replication, create complex DNA topologies that require Type IIA Topoisomerases, 

which resolve DNA topological strain and control genome dynamics. The human TOP2 enzymes 

catalyze their reactions via formation of a reversible covalent enzyme DNA-protein crosslink, the 

TOP2 cleavage complex (TOP2cc). Spurious interactions of TOP2 with DNA damage, 

environmental toxicants and chemotherapeutic “poisons” perturbs the TOP2 reaction cycle, 

leading to an accumulation of DNA-protein crosslinks, and ultimately, genomic instability and cell 

death. Emerging evidence shows that TOP2-DNA protein crosslink (DPC) repair entails multiple 

strand break repair activities, such as removal of the poisoned TOP2 protein and rejoining of the 

DNA ends through homologous recombination (HR) or non-homologous end joining (NHEJ). 

Herein, we discuss the molecular mechanisms of TOP2-DPC resolution, with specific emphasis on 

the recently uncovered ZATTZnf451-licensed TDP2-catalyzed TOP2-DPC reversal mechanism.
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Introduction

Chromatin architecture and the collective action of DNA replication and RNA transcription 

creates positive and negative DNA supercoiling by over- and under-winding DNA strands, 

and DNA catenation—the linking together of DNA strands[1]. Topoisomerase 2 (TOP2) 

regulation of DNA topological strain is critical for transcription, DNA replication, and 

recombination[2]–[4]. The mammalian Type IIA topoisomerases, TOP2α and TOP2β, 

resolve DNA topology by creating paired DNA strand breaks in a DNA duplex, and gating 
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passage of a second DNA duplex. A critical intermediate in this reaction is a protein-linked 

DNA double strand break or a TOP2 protein-DNA crosslink (TOP2-DPC), also known as 

the TOP2 cleavage complex (TOP2cc). Despite being a requisite reaction state central to 

regulating DNA topology in the cell[5]–[8], TOP2-DPCs pose unique threats to genomic 

integrity. Clinically important and frontline chemotherapeutic TOP2 inhibitors, such as 

etoposide, exploit this critical intermediate and stabilize the TOP2cc, or “poison” TOP2 

leading to accumulation of TOP2-DPCs double-strand breaks (DSBs) and cellular death[9]. 

When left unrepaired, TOP2-DPCs block progression of RNA and DNA polymerases, and 

are recombinogenic intermediates that can catalyze the generation of DNA deletions and 

translocations (reviewed in [10]).

The two mammalian isoforms of TOP2, TOP2α (170 kDa) and TOP2β (183 kDa), share 

~70% identity, despite originating from distinct genes[11]–[15]. TOP2α is expressed 

predominantly in proliferating cells, and TOP2β is expressed in all cells, but is the only 

isoform found in non-dividing and terminally differentiated cells[16], [17]. TOP2 enzyme 

architecture can be delineated into three functional regions: the N-terminal ATPase, the 

DNA gate, and the C-gate (Figure 1A)[18]. Both TOP2 isoforms also contain a C-terminal 

domain that is largely unstructured, but plays a regulatory role in tuning TOP2 activity[19]–

[22]. The DNA-gate is comprised of the TOPRIM domain, Winged-helix domain, the tower 

domain (Figure 1A and 1B). The DNA gate and C-gate are collectively referred to as the 

cleavage ligation core, which is the minimum region required for DNA cleavage (Figure 1B)

[23]–[25]. Both TOP2α and TOP2β proceed via the same reaction mechanism to alter DNA 

topology. In this sequence, TOP2 binds to a DNA duplex (termed the G-segment) and 

creates paired nucleotide incisions in the phosphate backbone of both DNA strands with a 

four base-pair staggered spacing to create transient, reversible DNA double strand breaks 

(DSBs) (refer to [5], [26] for detailed descriptions). A transesterification reaction and the 

formation of covalent enzyme-phosphotyrosyl linkages between the 5’-phosphate ends of 

the incised duplex and an active site TOP2 tyrosine facilitate the reversibility of TOP2-DNA 

cleavage reactions (Figure 2A). Following the transit of a second DNA duplex (T-segment 

DNA), the DSB is reversed with re-ligation of the DNA ends, and the enzyme subsequently 

is released from DNA.

This complex mechanistic framework presents vulnerabilities through which the TOP2 

reaction can be interrupted. Indeed, TOP2 reactions are variably sensitive to DNA damage, 

chemotherapeutics, and environmental perturbations that can either accelerate the TOP2-

DNA cleavage reaction, or stall DNA re-ligation to poison the reaction cycle, and shift the 

cleavage/ligation equilibrium to favor accumulation of TOP2-DPCs (Figure 2A). TOP2 

poisons can be both endogenous or exogenous factors (Figure 2B)[27], [28]. Endogenous 

DNA damage poisons include, but are not limited to: abasic (also known as apurinic and 

apyrimidinic) sites formed spontaneously or during base excision repair reactions[29], 

ribonucleotides introduced during DNA replication and repair[30]–[34], and bulky alkylated 

bases[34]–[38]. Exogenous TOP2 poisons are compounds found in our food or 

environmental toxicants. This mechanistic vulnerability of TOP2 is exploited by potent 

chemotherapeutic TOP2 poisons such as etoposide or doxorubicinthat stall the TOP2 

reaction by binding directly to the TOP2cc intermediate and stabilizing TOP2-DPCs, 

causing genomic instability and cell death in cancer cells[25], [39]–[41].
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TOP2-DPCs are typified by 5’-phosphotyrosyl (5’-Y) covalent linkages with the TOP2 

protein adducted at the ends of a DSB. Failure to resolve and accurately repair TOP2-DPCs 

can lead to mutagenesis, translocations, neurological disease, and carcinogenesis[26], [42]–

[45]. Furthermore, translocations caused by TOP2-DPCs[29] lead to leukemias with a poor 

prognosis[46]. It is estimated that 2-3% of patients that receive TOP2 inhibitors, as a 

chemotherapeutic agent, will develop acute myeloid leukemia (AML), which, are frequently 

accompanied by translocations within the mixed lineage leukemia (MLL) gene[29], [47]–

[49]. Given the consequences of unrepaired or incorrectly repaired TOP2-DPCs to genome 

integrity, the cell has evolved redundant pathways to safeguard the genome and facilitate the 

removal of TOP2-DPCs. Repair of TOP2-DPCs reverses damage caused by 

chemotherapeutics, and underlies tumor drug resistance that causes treatment to fail. 

Therefore, defining the DNA damage response to chemotherapy-induced DPCs is vital to 

ensure the best possible treatment outcomes, and for the development of new therapies or 

cotherapies. In this review, we provide an overview of the direct reversal of TOP2-DPCs 

mediated by TDP2 and ZATT, and discuss the alternative cellular strategies for TOP2-DPC 

resolution.

TDP2 directly resolves Phosphotyrosyl-DNA linkages

TDP2 (Tyrosyl-DNA Phosphodiesterase 2) is a highly specific enzyme that specifically 

reverses 5’-Y linkages characteristic of TOP2-DPCs, and is important for cellular survival 

following treatment with TOP2 poisons including etoposide[50]. Loss of TDP2 results in 

hypersensitivity to TOP2 poisons and impairs transcription and neuronal development[44]. 

Emerging evidence has revealed that the cellular response to TOP2-DPCs is multifaceted, 

and vertebrate cells have evolved redundant biochemical solutions to resolving aberrant 

topoisomerase reactions. TDP2 and nuclease complexes that resolve the TOP2-DNA linkage 

are blocked from acting directly on the TOP2-DNA bond by the proteinaceous TOP2 shell. 

This obstacle must be overcome to initiate the repair process and is an import regulatory step 

in TOP2-DPC repair. Cellular strategies that accomplish this task include remodeling of the 

TOP2-DPC with a chaperone like function by the ZATTZNF451 (Zinc-Finger Associated 

with TOP2 and TDP2) SUMO2 (Small Ubiquitin like modifier 2) E3 ligase[51] to license 

their removal by TDP2.

Our understanding of the molecular mechanisms for specific resolution of TOP2-DPCs was 

propelled a decade ago with the discovery of the 5’ Tyrosyl- DNA phosphodiesterase 

TDP2[50]. The 41 kDa TDP2 protein is structurally defined by two domains: an amino-

terminal Ubiquitin Associated (UBA) domain that binds to Ubiquitin (Ub) [52] and a C-

terminal catalytic domain sharing homology to the Exonuclease-Endonuclease-Phosphatase 

(EEP) nuclease superfamily (Figure 3A). The UBA domain is connected to the catalytic 

domain via a flexible linker region, as determined through limited proteolysis and small 

angle X-ray scattering (SAXS), whereas the EEP domain is a globular folded catalytic 

domain[53], [54]. The TDP2 EEP domain contains a mixed α-β fold with 12 stranded anti-

parallel β - sandwich enveloped by several helical elements and an active site that catalyzes 

phosphotyrosyl-DNA hydrolysis (Figure 3B). Detailed work employing structural biology 

and biochemical analyses[53], [55] have shown that TDP2 engagement and processing of 

DPCs involves: (i) a two-sided active site pocket tailored to recognize both the DNA and 
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protein components of a DNA-protein crosslink, (ii) substrate-induced fit conformational 

change that regulates assembly of the TDP2 active site, and (iii) a single Mg2+-mediated 

catalytic mechanism promoting hydrolysis of the phosphotyrosyl linkage DPC linkage.

TDP2 is a phosphodiesterase that efficiently hydrolyzes 5’-Y DNA, even amongst the 

presence of a vast excess of undamaged DNA. This activity demands an active site 

specifically tailored to recognize a 5’-Y. Interestingly, the genetic screens that identified 

TDP2 were originally designed to detect alternative activities that repair Camptothecin 

induced TOP1 adducts typified by 3’-Y-linked DPCs. Indeed, TDP2 can process 3’-Y [50], 

albeit much less efficiently than 5’-Y adducts [50], [55]. Although apurinic site analogs 

(tetrahydrofuran) or 5’–alkylamine adducts (e.g. 6-amino hexanol) are hydrophobic and 

small enough to be accommodated in the 5’–adduct binding site of TDP2, they are resistant 

to hydrolysis. The specificity of TDP2 for an aromatic tyrosine leaving group is likely 

conferred by a conserved arginine which forms a cation–π interaction that stabilizes the 

negatively charged phenolate transition state[53] (Figure 3B). Therefore, efficient TDP2 

hydrolase activity is defined by three features of the 5’–adduct — hydrophobicity, size, and 

aromaticity that restrict it to 5’-Y DNA ends. The TDP2 DNA-binding trench recognizes the 

DNA 5’-end through sequence-independent interactions, and also serve an important 

regulatory function for the enzyme. Structures of TDP2 obtained in the absence of DNA 

substrate show that the β2Hβ helix “grasp” DNA-binding loop adopts multiple 

conformations, including an extended state that is stabilized by a cis-peptide[53]. In this 

“apo” state metal-coordinating residues in the active site are misaligned, which disrupts 

stable binding of metal in the active site. Binding the 5’–end of a DNA stabilizes a closed 

state (Figure 5C) and relays a conformational shift through W307 and D350 (human TDP2 

numbering) to shift Mg2+–coordinating residues and the Mg2+ ion into the correct position 

for catalysis. Thus these DNA induced fit conformational changes link DNA 5’–end binding 

to enzyme activation. In this way, and analogous to modern secure computing environments, 

TDP2 uses “two-factor authentication” to enforce hydrolysis of only the correct substrates 

containing an aromatic 5’ leaving group on a DNA end.

TOP2-DPCs require multistep processing for resolution

TOP2-DPCs bulky adduct architecture is a hindrance to the direct reversal phosphotyrosyl 

phosphodiesterase activity of TDP2. It is clear that TDP2 activity is accelerated on free 

phosphotyrosyl modified ends as compared to intact TOP2-DPCs[53], [56]. Biochemical 

and cellular biological evidence suggests that several strategies have evolved to license 

TOP2-DPCs for direct resolution. These strategies include proteolytic processing, or 

remodeling of the TOP2-DPC (Figure 4A). Both the proteasome and metalloproteases 

proteolytically degrade TOP2 protein[51], [57] in a process that presumably generates DNA 

ends adducted with variable sized peptide adducts. Proteosomal degradation of TOP2-DPCs 

has been observed in the presence of high concentrations of etoposide[58], [59]. Recently, 

metalloproteases that are capable of cleaving both TOP1 and TOP2 and include the human 

SPARTN, yeast WSS1 and the drosophila Maternal Haploid (MH) proteins[60]–[62]. 

SUMO and/or ubiquitination play a role in the metalloprotease-dependent resolution of 

TOP2-DPC for the human, yeast, and X. laevis[60], [61], [63] adding additional levels of 
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regulation. It is not known if proteolytic activities are coordinated with TDP2 tyrosyl DNA 

phosphodiesterase activities at this time.

Alternatively, remodeling of TOP2-DPC conformational states facilitates direct removal of 

the DPC[51]. The subsequent removal of variable 5’ phosphotyrosine DPCs ends then can 

occur either by direct hydrolysis of the phosphotyrosyl linkage by TDP2, or by nucleolytic 

processing, such as through the action of MRX Mre11/Rad50/Nbs1/CtIP nuclease complex 

which also excises the flanking DNA duplex region (Figure 4B)[64]. In the former and 

simplest case, the DNA termini will be ligation competent (5’ P and 3’ OH) and DNA ligase 

will religate the DNA termini. If the termini of DNA does not contain ligation competent 

ends, the ends of DNA must then be repaired by the non-homologous end joining (NHEJ) 

and additional repair enzymes are required prior to ligation[31], [51], [65], [66]. The cellular 

decision to choose one pathway of removal over another i.e. proteolytic removal vs 

remodeling utilizes an undetermined mechanism.

Regulation of TDP2 activity by post-translational modifications

Similar to other cellular processes, posttranslational modifications have been implicated in 

the removal and remodeling of TOP2-DPCs[51], [67], [68]. Ubiquitination and 

SUMOylation may enhance the efficiency or even be critical for the recruitment of the 

proteasome and additional end-processing repair factors[69], [70]. Likewise, 

posttranslational modifications may also dictate pathway decisions and organization of 

repair. Various biochemical and structural observations highlight the importance of 

posttranslational modifiers in regulating TDP2 activity and recruitment during the resolution 

of TOP2-DPC[51], [52], [71]. It has been postulated that Ub could regulate intrinsic 

activities of TDP2 or bring about a conformation change which may remodel TDP2 active 

site[52]. C. elegans TDP2 binds to both K48-linked and K63-linked di-Ub via its N-terminal 

UBA domain[52]. Complementation with TDP2 WT, but not an N-terminal deletion of 

residues 1-100 reduces the hypersensitivity of etoposide in TDP2 deficient DT40 cells, 

indicating a role for Ub in the resolution of TOP2-DPCs[52]. However, the exact role of Ub 

in the resolution of TOP2-DPC is still unclear.

Phosphorylation also regulates TDP2, and TDP2 and extracellular signal-regulated kinase 3 

(ERK3) were shown to interact in a yeast-two hybrid screen[72]. TDP2 is phosphorylated in 

an ERK3-dependent manner and ERK3 is upregulated in lung cancer cells and human lung 

tumors. Mutations that remove a phosphorylation site of TDP2 (S60A) in A549 cells yield 

cells that are hypersensitive to etoposide. However, S60A does not abrogate TDP2 

phosphorylation in vitro, potentially indicating that ERK3 can possibly phosphorylate other 

sites of TDP2. S60A also substantially decreased 5’ phosphodiesterase activity and 

phosphomimic mutant S60D slightly increased activity in vitro as compared to WT 

activity[72], suggesting phosphorylation regulates catalytic activity. Phosphorylation may 

also serve as a mechanism for recruitment of additional repair factors to provide an 

additional level of TDP2 regulation.
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Licensing of TOP2-DPCs for direct reversal by ZATT

Although intact TOP2-DPCs are resistant to TDP2 hydrolyase activity in vitro, heat 

denaturation of TOP2-DPCs facilitates TDP2 mediated phosphotyrosyl bond cleavage of 

denatured TOP2-DPCs[33]. This biochemical observation hinted that alternative 

mechanisms might facilitate remodeling of intact TOP2-DPCs to facilitate TDP2 processing. 

Remodeling of TOP2-DPCs might be advantageous and more efficient than energetically 

consuming processes of proteasome mediated proteolytic degradation, which occurs on the 

order of hours following exposure TOP2 drug treatment. Moreover, in a liquid 

chromatography-tandem mass spectrometry screen using TDP2 as the bait protein, TDP2 

associated with SUMO2/3-modified full-length TOP2α and TOP2β proteins, rather than 

proteolyzed remnants of the topoisomerase proteins[51]. Tandem affinity purification (TAP) 

of SUMOylated TDP2 associated proteins yielded a highly purified complex containing four 

components: (i) TOP2α (ii) TOP2β (iii) SUMO2 and (iv) the ZATTZNF451 (poly Znf 

protein Associated with TDP2 and TOP2) SUMO2 E3 ligase. However, these SUMOylated 

TOP2 molecules did not purify with a catalytically inactive TDP2 mutant or when ZATT 

was knocked down, which suggests that these complexes are soluble TDP2 reactions 

products liberated from chromatin by TDP2, and that ZATTZNF451 was a previously 

unidentified regulator of TDP2 activity. Consistent with a DNA repair role, ZATT CRISPR 

knockout cells are hypersensitive to etoposide, and purified recombinant ZATT markedly 

stimulates TDP2-catalyzed direct reversal of reconstituted, intact TOP2-DPCs. Furthermore, 

probing of the global conformational states of purified TOP2-DPCs using limited tryptic 

proteolysis showed that ZATT binding to TOP2-DPCs regulates a conformational change in 

the TOP2 molecule. Together these results suggest that ZATT remodels the TOP2-DPC to 

license TDP2 processing of the DNA-protein crosslink[51].

ZATT (aka ZNF451 or COASTER, Coactivator for steroid receptors) is a transcriptional 

corepressor of androgen receptor[73]–[75]. ZATT is a 120 kDa protein comprised of 11 

central Zinc finger domains (ZnFs) (Figure 4A and B). In addition to the central ZnFs, other 

known domains or motifs of ZATT include: (i) two N-terminal SUMO-interacting motifs 

(SIMs) separated by a “PLRP” motif which comprise an E3 SUMO2 ligase domain, (ii) an 

N-terminal coil-coil (cc) motif, (iii) a PilT N-terminal “PIN” domain and (iv) a ubiquitin-

interacting motif (UIM) (Figure 5A)[73], [74], [76], [77]. Interestingly, ZNF451 exists in 

four splicing isoforms. Isoform 1 encodes a 1061 amino acid protein, ZATT. Isoform 2 lacks 

residues 870-917, termed COASTER, and isoform 3 encodes a C-terminal deletion of 

933-1061 with alternate amino acids in positions 919-932[76]. An additional isoform of 

unknown function is generated from alternative splicing that fuses the N-terminal SUMO2 

ligase domain with a lamina-associated polypeptide (LAP2) domain[75] (Figure 5A).

The structure and function of the central ZNFs, PIN/NYN is largely unexplored. ZnF repeat 

domains often act as transcription factors that bind DNA and/or RNA among other 

functions. Other proteins containing similarly clustered C2H2 zinc fingers often bind to 

longer DNA sequences and recognize a target DNA sequence[78]. It has yet to be 

determined if the multiple consecutive ZNFs perform one or more of these functions. 

PIN/NYN domains are Rossman fold domains found frequently in nucleases and can be 

involved in a wide variety of cellular processes including DNA repair[77], but the function 
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of ZATT–PIN/NYN domain is unknown. ZATT binding to Ubiquitin (Ub) occurs through 

the C-terminal UIM residues 1050-1061, and deletion of the UIM drastically reduced 

binding to GST-Ub[76]. However, it is not known if ZATT binds to a single mono-

Ubiquitinated proteins, polyUb, or specific Ubiquitin chain linkages. Ubiquitin binding may 

function to recruit ZATT to ubiquitinated cellular proteins as part of the DNA damage 

response perhaps directing repair decisions, such as has been observed for RNF168 

catalyzed ubiquitination of H2A, which recruits 53BP1[79].

A well-characterized function of ZATT is its E3 SUMO2 ligase activity. Both ZATT and 

TOP2 are amongst the most highly SUMOylated proteins in human cells[80]. ZATT binds to 

both SUMOI and SUMO2/3, but with a strong preference for SUMO2/3 (Figure 5C, PDB 

ID: 5D2M)[73]. The dual-SIM domains (SIM-PLRP-SIM; residues 31-49) direct SUMO2 

binding SUMO2 E3 ligase activity [73], [81] (Figure 5C). Mutations in this region, L48/

V49A, lead to a reduction in SUMO2 binding and impaired auto-SUMOylation of 

ZATT[76]. In addition to the dual SIM motif, E3 ligase activity requires the first predicted 

ZnF domain[81]. ZATT nuclear enrichment in promyelocytic leukemia (PML)[74] bodies 

may be driven by ZATT-mediated autoSUMOylation, whereby SENP1-driven deconjugation 

of SUMO disrupts cellular localization of ZATT to PML bodies[76]. Many sites of ZATT 

auto-SUMOylation have been identified, but attempts to mutate known SUMO consensus 

site lysine mutations of these residues fail to abrogate SUMO conjugation of ZATT[81]–

[83]. SUMO conjugation regulates cellular function, as was shown for the SUMO E2 Ubc9. 

AutoSUMOylation of Ubc9 alters selection of its targets for SUMO conjugation. 

Additionally, Ubc9 autoSUMOylation negatively regulates Ubc9-dependent SUMOylation 

of septin, which in turn, alters cellular morphology[84]. It is possible that ZATT binding 

SUMO2/3 and autoSUMOylation may regulate targets of ZATT-dependent SUMOylation 

and TOP2-DPC repair.

SUMOylation of TOP2 and TOP2-DPCs

TOP2 is highly SUMOylated during mitosis[67], [85] and in response to TOP2 inhibitors 

(Figure 4D)[51], [86], [87]. SUMOylation may also act to recruit other repair factors or act 

as a scaffold, regulating protein interactions, which may ultimately dictate the cellular 

decision to choose one pathway of repair verses another. It is posited that SUMOylation 

marks TOP2-DPCs to distinguish them from normal reaction state intermediates of TOP2. 

SUMOylation is known to play a role in recruitment of other DNA repair factors as well as 

altering catalytic activity or other biological functions such as DNA binding. In X. laevis, 

PIASy-dependent SUMOylation of TOP2 on residue K660 (near the DNA binding cleft), 

inhibits decatenation[88] and impaired SUMOylation of TOP2. ZATT E3 SUMO ligase 

catalyzes the majority of TOP2 SUMOylation in mammalian HEK293 cells, and TOP2 

SUMOylation is significantly impaired in ZATT knockout cells. Consistent with these 

observations, ZATT displays a marked preference for SUMOylating TOP2-DPCs compared 

to free TOP2. In HEK293 cells, the drugs ICRF-193 and etoposide both bind to TOP2 and 

trigger ZATT-dependent TOP2 SUMOylation. While the precise interplay of ZATT-

dependent SUMOylation with other repair pathway remains to be explored, it is clear that 

ZATT-mediated SUMOylation regulates recruitment of TDP2[51]. TDP2 engagement of 

SUMO2 occurs through a unique split-SUMO interacting motif (split-SIM)[51] (Figure 3C). 
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The split SIM interface uses 5 surface loops from the EEP domain to expand the canoncial 

SUMO2/3 binding SIM interface. TDP2 is likely targeted to TOP2-DPCs by ZATT mediated 

SUMO2/3 E3 ligase activity.

Clinical Implications

While current chemotherapeutic TOP2 “poisons” stabilize TOP2-DPCs, it is likely that 

enhanced 5’-Y hydrolysis and TOP2-DPC resolution would confer etoposide resistance. 

Indeed, TDP2 which catalyzes 5’-Y linkage reversal is a key modulator of drug resistance to 

TOP2-targeted chemotherapeutic drugs[44], [50], [65] through a NHEJ DSB repair 

pathway[66], [89]. Etoposide treated TDP2 RNAi knockdown cells have increased 

formation of nuclear γH2AX foci, a marker of DSBs[50], and TDP2 KO cells are 

hypersensitive to TOP2 poisons that are used in the clinic such as etoposide, doxorubicin, 

and amsacrine (m-AMSA)[90]. Additionally, TDP2 has been shown to be overexpressed in 

lung cancer and knock down of TDP2 increases lung cancer cells sensitivity to TOP2 

inhibitors[91], [92]. However, TDP2 deletion also increases genome rearrangements 

triggered by etoposide, underlining the importance of TDP2 in treatment outcomes[45], 

[65].

TDP2 remains a viable small molecule drug target and several small molecules that inhibit 

TDP2 in vitro have been generated (Figure 5D)[93], [94]. Both deazaflavin derivatives and 

furoquinolinediones have shown potential for clinical applications. Deazaflavin derivatives 

show potent synergy in combination with etoposide and furoquinolinediones therapeutic 

benefit has been observed at non-toxic concentrations[95], but this effect may be 

complicated by impacts of the compounds on altering etoposide efflux[96].

Given the interplay of ZATT-TDP2 in TOP2-DPC reversal, as well as ZATT-catalyzed 

SUMOylation of TOP2-DPCs, uncovering effective ZATT or TDP2 inhibitors in 

combination with TOP2 inhibition may serve as a powerful chemotherapeutic regimen to 

overcome intrinsic or acquired tumor drug resistance. ZATT KO cells display etoposide 

sensitivity and overexpression of ZATT in a dose-dependent manner provides etoposide 

resistance[51]. Therefore, ZATT expression levels may be a good predictor of a tumor’s 

sensitivity to TOP2 drugs and a good predictor of treatment outcome.

Conclusion and Outlook

DNA strand break repair is driven by DNA damage response (DDR) proteins bearing DNA 

damage-specific molecular recognition and reversal activities. DDR protein-nucleic acid 

interfaces, enzymatic activities, DNA scaffolding activities, and dynamic protein 

conformational states are impacted by heritable mutations linked to human cancer 

predisposition. DNA repair machinery is a viable therapeutic target to modulate cellular 

resistance to DNA damage for improved disease treatment. In order to best design 

therapeutics, it is essential to address the overarching challenge of understanding how DNA 

damage surveillance apparatus promotes DNA repair to maintain genome stability. Given the 

danger of a covalent DNA-protein crosslink, the cell has complex overlapping and 

multifaceted pathways for TOP2-DPC resolution. What is unclear is how the cell makes the 
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decision to choose a proteasomal-dependent or remodeling of TOP2 to gain access to the 5’-

Y. Future studies that explore the interplay between the known TOP2-DPC DNA damage 

response proteins, and yet to be discovered factors are needed to address these questions.
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Figure 1: Schematic of topoisomerase 2 domain structure.
A. Four main protein regions: the N-terminal ATPase, a DNA gate, a C-gate, and a 

disordered C-terminal domain (CTD). PDB: 4GFH S. cerevisiae. B. TOP2 is defined by 

ATPase, TOPRIM domain, Winged-helix domain, the tower domain, a C-gate, and a 

disordered C-terminal domain (CTD). The DNA gate and C-gate or the cleavage ligation 

core is the minimum region required for catalytic DNA cleavage. * indicates ATPase domain 

active site. Bottom: Rotation of panel a 90 degrees
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Figure 2: Topoisomerase-2 Cleavage Ligation Equilibrium and Topoisomerase Poisons.
A. TOP2 Catalytic cycle. TOP2 binding G-segment DNA (Left). TOP2 cleaves DNA 

generating a double strand break of the G-segment DNA and the reaction intermediate is a 

TOP2-DPC (right). The presence of TOP2 “poisons” shifts the catalytic cycle equilibrium to 

favor a trapped DNA complex. B. Examples of the chemical structures of Topoisomerases 

“poisons” to include: DNA damage substrates, dietary supplements, chemotherapeutics, and 

environmental toxicants.
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Figure 3: Tyrosyl–DNA Phosphodiesterases-2 (TDP2).
A. Domain organization of TDP2. B. Chemical reactions facilitating direct hydrolysis of a 5’ 

phosphotyrosyl bond, such as will exist in TOP2-DPC reaction intermediates. C. Mouse 

TDP2 catalytic domain bound to SUMO PDB ID: 5TVQ. D. Upper left panel, DNA bound 

TDP2 C-terminal Endonuclease-Exonuclease-Phosphate (EEP) (PDB ID: 5INL) Upper right 

panel, Inhibitor bound TDP2 EEP (PDB ID: 5J42). Green residues in stick and cartoon show 

conformation of motif 7 in inhibitor bound state. Residues important for engaging inhibitor 

or DNA binding are shown in orange sticks. Bottom: 180 degree rotation of upper panels.
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Figure 4: Overview of TOP2-DPC resolution.
A. Variable 5’ DNA termini produced subsequent to (1) protease degradation (2) ZATT-

licensed Remodeling of TOP2-DPC. Protease digestion of TOP2 removes TOP2 protein 

leaving behind a variable length peptide of TOP2 and a 5-phosphotyrosol linkage. 

Accessibility of the 5’ phosphotyrosyl linkage can also be regulated by remodeling. ZATT 

binds to and remodels TOP2-DPC promoting 5’ phosphotyrosyl linkage accessibility. B. 

Removal of 5’Y. (Left) Nucleolytic processing mediated by a large complex of DNA repair 

proteins importantly CtIP, MRN. (Right) Direct Resolution of the 5’ phosphotyrosyl by 

Tyrosyl—DNA Phosphodiesterases 2 (TDP 2) producing a ligation competent 5’P on DNA.
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Figure 5: ZATT domain architecture and SUMOylation.
A. Four splicing isoforms ZnF451: ZATT (isoform1), isoform2 and 3 and ZnF451 Lap2a. 

ZATT domain structure consists of 2 N-terminal SUMO interacting motifs (SIMs), 11 Zinc 

Finger domains (ZnFs), PilT N-terminal domain (PIN) NYN domain, and a Ubiquitin 

Interacting Motif (UIM). B. Uniprot alignment of predicted central ZnF domains of ZATT. 

C. X-ray Crystal structure PDB ID: 5D2M. ZNF451 in complex with SUMOylation 

machinery, SUMO2 and the E2 Ligase, Ubc9. Znf451 dual SIM domain and PLRP is 

composed of amino acids 30-50 bound to SUMO2. D. Model of ZATT interaction in TOP2-

DPC resolution. ZATT, an E3 ligase, along with other SUMOylation machinery (E1 ligase, 

E2 ligase (human Ubc9/yeast Sae2) SUMO2 (S2) allows for SUMOylation of TOP2-DPCs. 

ZATT binds to TOP2-DPC allowing for remodeling and TDP2 accessibility to the 5’Y.
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