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Humans have 3 types of topoisomerases and 6 TOP genes while Escherichia Coli 
has 2 types of topoisomerases and 6 genes



Humans have 3 types of topoisomerases and 6 TOP genes while Escherichia Coli 
has 2 types of topoisomerases and 6 genes

1 Top1 is the anticancer target of camptothecins and indenoisoquinolines

1

2 3

2 Top2a and b are the anticancer targets of etoposide, doxorubicin, mitoxantrone…

3 Gyrase and Topo IV are the antibacterial targets of quinolones



Not counting SPO11, there are 3 types of topoisomerases and 6 TOP genes
in humans

Top1
(Type IB)

Top2
(Type IIA)

Top3
(Type IA)

6 genes:     Top1 Top1mt Top2a Top2b Top3a Top3b

100 kDa    70 kDa 170x2 kDa   180x2 kDa 100 kDa     100 kDa



Reversible transesterifications,
differential geometry
and polarity (5’ vs. 3’ tyrosyl linkage)
of human topoisomerases 

Pommier et al. ACS Chem Rev 2009
http://discover.nci.nih.gov/pommier/pommier.htm

TOP1B enzymes
(TOP1 & TOP1mt)

TOP1A enzymes
(TOP3A & TOP3B)
(Topo I & Topo III)

TOP2A enzymes
(TOP2A & TOP2B)
(Gyrase & Topo IV)

All topoisomerases form a catalytic intermediate 
consisting of a covalent bond between one end 
of the break they make in DNA (and RNA for 
TOP3B) and their catalytic tyrosyl residue

http://discover.nci.nih.gov/pommier/pommier.htm






Biochemical differences between Top1 and Top2

• No ATP
• No divalent metal
• Still effective at 0oC
• Trapped by camptothecins, 

indenoisoquinolines

• hydrolyze ATP
• Mg2+ requirement
• Not effective at 0oC
• Trapped by etoposide, 

anthracyclines, quinolones



Comparison of the 6 human topoisomerases



Topoisomerases and tyrosyl DNA phosphodiesterases (TDPs) handle both the nuclear 
and mitochondrial genomes and their imbalance is source of genomic instability 

Nuclear 
Genome

Mitochondrial 
Genome

TOP1
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DNA topological problems solved by human topoisomerases



RNA topological problems solved by human topoisomerase III beta (TOP3B)

Hypernegative RNA supercoil relaxation?



Functions of human topoisomerases in transcription



Functions of human topoisomerases in genome organization



Functions of human 
topoisomerases in 
genome organization



Functions of human topoisomerases 
in genome organization in mitosis



Top1

TOP1 (nuclear Top1)
TOP1MT (mitochondrial Top1)



Relaxation of DNA by Topoisomerase I (top1)

Top1 is essential for transcription and replication (repair?)

Top1

Rotation:
Supercoil
removal



In addition to Drugs,
Top1 cleavage complexes
can be induced by 
endogenous and exogeno
DNA lesions (abasic sites, 
oxidized bases, 
carcinogenic adducts…) 
and during apoptosis.

+ Sc- Sc

Pommier, Nature Rev Cancer 2006



DNA	supercoiling	
In	the	context	of	chromatin,	where	the	rotation	of	DNA	is	constrained,	DNA	supercoiling	
(over-	and	under-twisting	and	writhe)	is	readily	generated.	TOP1	and	TOP1mt	remove	
supercoiling	by	DNA	untwisting,	acting	as	“swivelases”,	whereas	TOP2a	and	TOP2b	remove	
writhe,	acting	as	“writhases”	at	DNA	crossovers	(see	TOP2	section).	
Here	are	some	basic	facts	concerning	DNA	supercoiling	that	are	relevant	to	topoisomerase	
activity:		
• Positive	supercoiling	(Sc+)	tightens	the	DNA	helix	whereas	negative	supercoiling	(Sc-)	

facilitates	the	opening	of	the	duplex	and	the	generation	of	single-stranded	segments.	
• Nucleosome	formation	and	disassembly	absorbs	and	releases	Sc-,	respectively.	
• Polymerases	generate	Sc+	ahead	and	Sc-	behind	their	tracks.	
• Excess	of	Sc+	arrests	DNA	tracking	enzymes	(helicases	and	polymerases),	suppresses	

transcription	elongation	and	initiation,	and	destabilizes	nucleosomes.	
• Sc-	facilitates	DNA	melting	during	the	initiation	of	replication	and	transcription,	D-loop	

formation	and	homologous	recombination	and	nucleosome	formation.	
• Excess	of	Sc-	favors	the	formation	of	alternative	DNA	structures	(R-loops,	guanine	

quadruplexes,	right-handed	DNA	(Z-DNA),	plectonemic	structures),	which	then	absorb	
Sc-	upon	their	formation	and	attract	regulatory	proteins.	

	
	



The two human Top1s

mtDNA

nDNA



Camptothecin is an alkaloid from
Camptotheca acuminata Decne, a 
rapidly growing tree from China. 
Discovered by Monroe Wall and 
Mansukh Wani who also discovered 
taxol as NCI contract.

Camptothecin and its derivatives used for the treatment of cancers

Topotecan

Irinotecan
(CPT-11)

Belotecan
(CKD-602)

Exatecan
(TTT1i)

Used as free drug
Used as warhead

SN-38
(TTT1i)



Camptothecins as one of Nature’s Paradigms for Interfacial Inhibitors

-1T +1G

Staker …Stewart, PNAS 2002; 99: 15397

Topotecan



Homologous recombination is a key 
pathway for survival to camptothecins

Nitiss & Wang 1988, PNAS

50 µg/ml CPT

rad52D

1988, Mol. Pharmacol

rad52D

Camptothecins were the 1st drugs showing 
synthetic lethality in homologous 
recombination deficient (HRD) cells=> 



Why New Top1 Inhibitors? 

1. Because camptothecins are effective anticancer drugs.
Hence, Top1 is a validated target for cancer treatment.

2. Because agent with a common target have different pharmacology,  
toxicology and exhibit different anticancer activity (for instance top2 
poisons or tubulin inhibitors [colchicine <-> vinblastine]).

3. Because camptothecins have limitations:
• Bone marrow and intestinal toxicity (adults).
• Drug efflux substrates (ABCG2).
• Chemically unstable: E-ring opening.
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Pharmacological limitations of camptothecins:

2. Camptothecins bind reversibly to the top1 cleavage 
complexes.  Hence cleavage complexes reverse rapidly after 
drug removal => prolonged infusions

1. Unstable at physiological pH



v Camptothecin derivatives (Irinotecan and Topotecan) are potent anticancer agents and
highly selective TOP1 inhibitors

v Camptothecins are the only chemical class of TOP1 inhibitors (many tubulin, TOP2…)

v Camptothecins are selective for HR (BRCA) deficient tumors

v Camptothecins have well-established limitations

ü Chemically unstable (inactivated within minutes in plasma)

ü Reversibly block TOP1-DNA complexes (long exposure required to maximize effect)

ü Short plasma half-life (2-3 hours due to rapid clearance)

ü Eliminated from cancer cells by ABC drug efflux transporters (ABCG2 – ABCB1)

ü Dose-limiting bone marrow toxicity

ü Severe diarrhea (Irinotecan)

Rationale for the development of non-camptothecin TOP1 inhibitors



Non-camptothecin TOP1 inhibitors developed by the NCI-Purdue: 
the Indenoisoquinolines: the “LMPs”

LMP400 (Indotecan) and LMP776 (Imidotecan) completed Phase 1
LMP744 is in phase 1

Antony, S,,,Kiselev,,,Pommier,,,CushmanJoint NCI-Purdue University patent, licensed to Linus Oncology
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Burton, J…Doroshow…Pommier 2018 Clin Cancer Res

CCR-COP website

Lymphoma

LYMPHOMA

Goals:
1. Compare LMP400, LMP776 and LMP744
2. Determine MTD in dogs with lymphomas
3. Determine and compare activity of 3 drugs
4. Determine pharmacokinetics in blood and tumor
5. Determine target engagement:

1. gH2HAX
2. TOP1 downregulation



All drugs exhibit antitumor activity in primary dog lymphoma

Amy LeBlanc
CCR COP

James Doroshow
DCTD - CCR



Summary of the clinical oncology trial:

• The two clinical indenoisoquinolines, LMP400 (indotecan) and LMP776 (imidotecan) 
exhibit antitumor activity in dog lymphoma.

• gH2AX response demonstrates target engagement for all drugs
• LMP744 shows remarkable tumor retention and accumulation
• The PK of the LMPs shows long half-lives: LMP744: 17 h; LMP400: 11 h; LMP776: 6 h. 

• The dose limiting toxicity of the indenoisoquinolines (MTD = 17.5 mg/m2 for LMP776; 
MTD > 65 mg/m2 for LMP400; MTD = 100 mg/m2 for LMP744) is bone marrow 
suppression. No diarrhea.

• The 3rd indenoisoquinoline, LMP744 shows even greater antitumor activity.



Precision therapeutics can be defined as the ability to:

1. prescribing effective therapies only to those patients who will respond 
effectively (cure) ó Tumor molecular signature: SLFN11 + HRD…

2.  while limiting toxicity to normal tissues and minimizing side effects
ó Targeted delivery



Second Generation Camptothecins with Targeted Delivery

Camptothecins as
warheads Tumor-specific delivery*  FDA Approved, October 2015

**

*** FDA Breakthrough, August 2017 (Breast)

*

** FDA Breakthrough, February 2016

***



Top2

Top2a – TOP2A: Replication
Highly expressed in replicating and
cancer cells
Top2b – TOP2B: Transcription
Expressed both in replicating and
differentiated cells



Humans have two Top2 enzymes



Top2 catalyze a broad range of reactions



Anticancer
Top2-targeted

drugs

Antibiotics
Top2-targeted

drugs



Structure of a 
topoisomerase II 
cleavage complex 
(Top2cc) trapped 
by etoposide (VP-
16)



Structure of a 
topoisomerase IV 
cleavage complex 
(Topo IVcc) 
trapped by the 
quinolone, 
levofloxacin

Antibacterials







Top3
Top3a – TOP3A: Replication
DNA topoisomerase (single-strands);
resolves hemicatenanes and
prevents recombinations

Top3b – TOP3B: Transcription
DNA topoisomerase (R-loops);
RNA topoisomerase



Decatenation Top2 vs. Top3

Top1A-RecQ
(Top3-BLM/WRN)

Top2
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Disruptions in mRNA metabolism are important in the etiology of 
human disease1. Genetic studies have identified disease-causing muta-
tions in several known mRNA-binding proteins, whereas molecular 
biology approaches have connected disease-related genes of unknown 
function to mRNA metabolism. Using both methods, we found that 
deletion of the gene encoding the topoisomerase TOP3B was associ-
ated with neurodevelopmental disorders, and identified a function 
for this DNA-processing enzyme in mRNA metabolism.

The Finnish disease heritage (FDH) refers to rare Mendelian dis-
orders (http://www.findis.org/) that are more prevalent in Finland 
than elsewhere in the world and that vary substantially in frequency 
between different parts of Finland. This variation reflects extreme 
genetic drift at the causative loci, resulting from multiple population 
bottlenecks that have generated sub-isolates in the overall Finnish 

isolate, particularly in Northeastern Finland2,3. Drift can also mark-
edly elevate the frequencies, in such isolates, of rare alleles with a large 
effect on common traits2. It is unlikely that any single variant could 
substantially influence the overall population risk for specific disor-
ders, such as schizophrenia. We hypothesized, however, that enrich-
ment in Northern Finland for multiple high-impact variants could 
contribute to an increased frequency of particular classes of disorders 
in this region compared with other parts of country, acting along with 
environmental influences such as socioeconomic factors4,5.

The prevalence of several neurodevelopmental phenotypes in 
Finland follows a marked gradient from Northeast to Southwest (Fig. 1),  
as exemplified by schizophrenia, which is almost three times more 
prevalent in Northeastern sub-isolates than in Finland overall4,6,7. 
Considerable evidence supports the association of large deletions, 

1Department of Biochemistry, University of Würzburg, Würzburg, Germany. 2Wellcome Trust Sanger Institute, Hinxton, Cambridge, UK. 3Institute for Molecular  
Medicine Finland, Helsinki, Finland. 4National Institute for Health and Welfare, Public Health Genomics Unit, Helsinki, Finland. 5National Institute for Health and 
Welfare, Department of Mental Health and Substance Abuse Services, Helsinki, Finland. 6Helsinki University Central Hospital, Department of Clinical Genetics, Helsinki, 
Finland. 7Pharma Research and Early Development, Roche Diagnostics GmbH, Penzberg, Germany. 8Department of Psychiatry, Institute of Clinical Medicine, University 
of Oulu, Oulu, Finland. 9Department of Public Health, University of Helsinki, Helsinki, Finland. 10National Institute for Health and Welfare, Chronic Disease Epidemiology 
and Prevention, Helsinki, Finland. 11Department of General Practice and Primary Health Care, University of Helsinki, Helsinki, Finland. 12Vaasa Central Hospital, Vaasa, 
Finland. 13Folkhälsan Research Centre, Helsinki, Finland. 14Unit of General Practice, Helsinki University Central Hospital, Helsinki, Finland. 15Department of Clinical 
Physiology and Nuclear Medicine, University of Turku and Turku University Hospital, Turku, Finland. 16Research Centre of Applied and Preventive Cardiovascular Medicine, 
University of Turku and Turku University Central Hospital, Turku, Finland. 17Department of Clinical Chemistry, University of Tampere and Tampere University Hospital, 
Tampere, Finland. 18Department of Epidemiology and Biostatistics, Imperial College London, London, UK. 19MRC-HPA Centre for Environment and Health, Imperial 
College London, London, UK. 20National Institute of Health and Welfare, Department of Children, Young People and Families, Oulu, Finland. 21Institute of Health Sciences, 
University of Oulu, Oulu, Finland. 22National Institute for Health and Welfare, Department of Chronic Disease Prevention, Helsinki/Turku, Finland. 23deCODE genetics, 
Reykjavik, Iceland. 24Department of Medical Genetics, University of Helsinki, Helsinki, Finland. 25Deceased. 26Department of Genetics, University of North Carolina at 
Chapel Hill, Chapel Hill, North Carolina, USA. 27Department of Psychiatry and Epidemiology, University of North Carolina at Chapel Hill, Chapel Hill, North Carolina, USA. 
28University of Helsinki and Helsinki University Central Hospital, Department of Psychiatry, Helsinki, Finland. 29Analytic and Translational Genetics Unit, Massachusetts 
General Hospital, Boston, Massachusetts, USA. 30Program in Medical and Population Genetics, Broad Institute of MIT and Harvard, Cambridge, Massachusetts, USA. 
31Center for Neurobehavioral Genetics, Semel Institute for Neuroscience and Human Behavior, University of California, Los Angeles, California, USA. 32These authors 
contributed equally to this work. Correspondence should be addressed to N.B.F. (nfreimer@mednet.ucla.edu) or U.F. (utz.fischer@biozentrum.uni-wuerzburg.de).

Received 9 May; accepted 1 July; published online 4 August 2013; doi:10.1038/nn.3484

Deletion of TOP3b, a component of FMRP-containing 
mRNPs, contributes to neurodevelopmental disorders
Georg Stoll1,32, Olli P H Pietiläinen2–4,32, Bastian Linder1,32, Jaana Suvisaari5, Cornelia Brosi1, William Hennah3,5, 
Virpi Leppä3, Minna Torniainen5, Samuli Ripatti2,3, Sirpa Ala-Mello6, Oliver Plöttner7, Karola Rehnström2, 
Annamari Tuulio-Henriksson5, Teppo Varilo3,4, Jonna Tallila2, Kati Kristiansson3, Matti Isohanni8,  
Jaakko Kaprio3,5,9, Johan G Eriksson10–14, Olli T Raitakari15,16, Terho Lehtimäki17, Marjo-Riitta Jarvelin18–21, 
Veikko Salomaa22, Matthew Hurles2, Hreinn Stefansson23, Leena Peltonen2–4,24,25, Patrick F Sullivan26,27,  
Tiina Paunio3,4,28, Jouko Lönnqvist5,6, Mark J Daly29,30, Utz Fischer1, Nelson B Freimer31 & Aarno Palotie2,3,30

Implicating particular genes in the generation of complex brain and behavior phenotypes requires multiple lines of evidence.  
The rarity of most high-impact genetic variants typically precludes the possibility of accruing statistical evidence that they are 
associated with a given trait. We found that the enrichment of a rare chromosome 22q11.22 deletion in a recently expanded 
Northern Finnish sub-isolate enabled the detection of association between TOP3B and both schizophrenia and cognitive impairment. 
Biochemical analysis of TOP3b revealed that this topoisomerase was a component of cytosolic messenger ribonucleoproteins 
(mRNPs) and was catalytically active on RNA. The recruitment of TOP3b to mRNPs was independent of RNA cis-elements and  
was coupled to the co-recruitment of FMRP, the disease gene product in fragile X mental retardation syndrome. Our results indicate 
a previously unknown role for TOP3b in mRNA metabolism and suggest that it is involved in neurodevelopmental disorders.
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Topoisomerases are “magicians of the DNA world,”1 working their 
‘wizardry’ to solve topological problems in DNA metabolism.  
A hallmark of these enzymes is the catalysis of strand-passage reac-
tions. Type I topoisomerases can create a transient break on one 
DNA strand, allow the other strand to pass through the break and 
rejoin the broken ends. As a result, supercoils generated during DNA 
metabolism can be relaxed, interlocked DNA rings can be unlinked 
(decatenation), and knots can be introduced into or removed 
from DNA circles. Whereas most DNA-metabolizing enzymes  
(polymerases, helicases, nucleases and ligases) have counterparts in 
the RNA world, topoisomerases seem to be an exception. In fact, DNA 
topoisomerase III (Top3, a type I topoisomerase) from Escherichia 
coli is capable of catalyzing RNA strand-passage reactions2, suggest-
ing that other members of this family might have comparable  
topoisomerase activity for RNA. However, the relevance of this activity 
in RNA metabolism is unclear. No protein with RNA topoisomerase  
activity has been reported in eukaryotes.

Whereas bacteria and yeast have a single Top3 enzyme, metazo-
ans have two, Top3A and Top3B, which have similar sequences and 
DNA topoisomerase activities but distinct functions. Top3A is essen-
tial for viability in mice, in Drosophila melanogaster and in chicken 
DT40 cells, whereas Top3B is dispensable3–8. Mice ablated for Top3B 
show reduced life span, aneuploidy and a defective DNA damage 

response6,7, but Drosophila and DT40 cells defective in Top3B lack 
obvious phenotypes5,8. Mechanistically, Top3A is part of the DNA 
‘dissolvasome’ that resolves intermediates generated during repair and 
recombination9. The dissolvasome comprises BLM helicase, Top3A, 
RMI1 and RMI2, with RMI1 acting as a bridge between the other sub-
units (Fig. 1a). No comparable Top3B complex has been reported.

Schizophrenia and fragile X syndrome (FXS) are two mental disor-
ders that occur in populations worldwide. Whereas multiple genes con-
tribute to susceptibility to schizophrenia10, inappropriate silencing or 
mutation of a single gene, FMR1, causes FXS11. FXS is a leading cause 
of inherited intellectual disability and autism. The product of FMR1, 
FMRP, preferentially binds coding regions of mRNAs and can stall 
ribosomal translation on mRNAs that are involved in synaptic function 
and associated with autism12,13. FMRP interacts with several proteins 
that associate with RNA12, one of which is Tudor domain–containing 
protein 3 (TDRD3)14. The FMRP-TDRD3 interaction is impaired in 
a disease-associated FMRP missense mutant, I304N, suggesting that 
this interaction may contribute to the pathogenesis of FXS14. Here we 
show that Top3B and TDRD3 form a conserved complex that biochemi-
cally and genetically interacts with FMRP. Notably, the Top3B-FMRP 
interaction is also disrupted by the patient-derived I304N mutation, 
suggesting that Top3B may contribute to the pathogenesis of mental 
disorders. We also discovered that Top3B is an RNA topoisomerase 

1Genome Instability and Chromatin-Remodeling Section, National Institute on Aging (NIA), National Institutes of Health (NIH), Baltimore, Maryland, USA. 2State  
Key Laboratory of Protein and Plant Gene Research, School of Life Sciences, Peking University, Beijing, China. 3Human Genetics Section, NIA, NIH, Baltimore, 
Maryland, USA. 4Department of Biochemistry, University of Toronto, Toronto, Ontario, Canada. 5Developmental Genomics and Aging Section, NIA, NIH, Baltimore, 
Maryland, USA. 6RNA Regulation Section, Laboratory of Genetics, NIA, NIH, Baltimore, Maryland, USA. 7Department of Neurology and Neuroscience, Johns Hopkins 
University School of Medicine, Baltimore, Maryland, USA. 8Section of Infectious Diseases, Department of Internal Medicine, Yale University School of Medicine,  
New Haven, Connecticut, USA. 9Translational Gerontology Branch, NIA, NIH, Baltimore, Maryland, USA. 10These authors contributed equally to this work.  
Correspondence should be addressed to S.Z. (zous@mail.nih.gov) or W.W. (wangw@grc.nia.nih.gov).

Received 16 January; accepted 21 June; published online 4 August 2013; doi:10.1038/nn.3479

Top3b is an RNA topoisomerase that works with fragile 
X syndrome protein to promote synapse formation
Dongyi Xu1,2,10, Weiping Shen1,10, Rong Guo1, Yutong Xue1, Wei Peng1, Jian Sima3, Jay Yang4, Alexei Sharov5, 
Subramanya Srikantan6, Jiandong Yang1, David Fox III1, Yong Qian5, Jennifer L Martindale6, Yulan Piao5,  
James Machamer7, Samit R Joshi8, Subhasis Mohanty8, Albert C Shaw8, Thomas E Lloyd7, Grant W Brown4, 
Minoru S H Ko5, Myriam Gorospe6, Sige Zou9 & Weidong Wang1

Topoisomerases are crucial for solving DNA topological problems, but they have not been linked to RNA metabolism. Here we 
show that human topoisomerase 3b (Top3b) is an RNA topoisomerase that biochemically and genetically interacts with FMRP,  
a protein that is deficient in fragile X syndrome and is known to regulate the translation of mRNAs that are important for neuronal 
function, abnormalities of which are linked to autism. Notably, the FMRP-Top3b interaction is abolished by a disease-associated 
mutation of FMRP, suggesting that Top3b may contribute to the pathogenesis of mental disorders. Top3b binds multiple mRNAs 
encoded by genes with neuronal functions linked to schizophrenia and autism. Expression of one such gene, that encoding 
protein tyrosine kinase 2 (ptk2, also known as focal adhesion kinase or FAK), is reduced in the neuromuscular junctions of Top3b 
mutant flies. Synapse formation is defective in Top3b mutant flies and mice, as well as in FMRP mutant flies and mice.  
Our findings suggest that Top3b acts as an RNA topoisomerase and works with FMRP to promote the expression of mRNAs  
that are crucial for neurodevelopment and mental health.

Nature NeuroScience 2013
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spectrometry and immunoblotting (Fig. 1d,e and data not shown), 
indicating that they are components of the same complex. The levels 
of these proteins were comparable by silver-staining analyses of the 
endogenous complexes (Fig. 1b,d), suggesting that they are present 
in equal molar amounts.

Mass spectrometry identified FMRP and its two homologs, FXR1 
and FXR2, in the immunoprecipitates of both Top3B and TDRD3 
(Supplementary Table 1 and data not shown). We confirmed this 
result by immunoblotting (Fig. 1c,e and data not shown). These 
data agree with previous findings that TDRD3 interacts with FMRP 
and its homologs14 and further suggest that the interaction involves 
the entire Top3B-TDRD3 complex. Indeed, we detected FMRP in 
polypeptides coimmunoprecipitated with HF-Top3B (Supplementary 
Fig. 1b). Moreover, both endogenous and Flag-tagged FMRP 
coimmunoprecipitated with TDRD3 and Top3B (Fig. 1e,f). Top3B 
also coimmunoprecipitated with TDRD3 and FMRP in extracts of 
mouse brain (Supplementary Fig. 1d).

To rule out the possibility that the observed interaction is mediated 
by RNA, we performed Top3B immunoprecipitation using whole-cell 
extract from HEK293 cells treated with RNase A, which degraded 
the cellular RNA (Supplementary Fig. 1e) and eliminated the coim-
munoprecipitation of several RNA-binding proteins (Supplementary 
Table 1 and data not shown). Notably, the presence of TDRD3, 
FMRP and its homologs was retained (Supplementary Table 1 and 
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Figure 1 Top3B and TDRD3 form a complex  
that associates with FMRP; this association is  
disrupted by a patient-derived point mutation  
or substitution of methylated arginine residues  
in FMRP. (a) Schematic representations of  
the Top3A and Top3B complexes. TDRD3 and  
RMI1 are similar to each other in that both  
contain DUF1767 (DUF) and OB-fold domains  
at their N terminus. The unique intervening  
region within each OB-fold domain is indicated  
by a loop. The presence of a ubiquitin-associated  
domain (UBA), a Tudor domain and a CTD domain  
in TDRD3 is also indicated. (b–e) Silver-stained  
sodium dodecyl sulfate (SDS) gels (b,d) and  
immunoblotting (c,e) showing that the endogenous  
Top3B-TDRD3 complex immunoprecipitated  
from whole-cell extracts (WCE) using a Top3B  
antibody (b,c) or from nuclear extracts (NE) using  
a TDRD3 antibody (d,e). IP, immunoprecipitation.  
In d, immunoprecipitation was performed from  
nuclear extracts with (+SP6) or without (−SP6)  
Superose 6 column fractionation (Supplementary  
Fig. 1c). The major polypeptides on the gel (arrows)  
were identified by mass spectrometry. The immunoblotting in c and e also  
shows that Top3B-TDRD3 coimmunoprecipitates with FMRP. SN indicates 
the supernatant after immunoprecipitation. The asterisk marks a 
crossreactive polypeptide. (f) Immunoprecipitation and western blotting 
(bottom) using transfected HEK293 cells showing that FMRP variants 
with a patient-derived I304N mutation, the $RGG deletion or mR-Sub 
within the RGG box16 are defective in their association with Top3B-TDRD3.  
The mR-Sub variant substituted five arginine residues within the RGG  
box (R527K, R533K, R538K, R543K and R545H); the last four residues 
are methylated16. FMRP is double tagged with Flag and enhanced  
GFP (eGFP), and a Flag antibody was used for immunoprecipitation. 
A mock immunoprecipitation was done using untransfected HEK293 
cells. The asterisk marks a crossreactive polypeptide. Top, schematic 
representation of the FMRP domain structure and various mutations.  
A nuclear localization sequence (NLS), two K-homology (KH) domains and 
a nuclear export sequence (NES) are indicated. Full-length blots are shown 
in Supplementary Figure 10. The experiments to obtain the representative 
images were performed at least twice, and the results are reproducible.

that binds multiple mRNAs related to neuronal function and mental 
disorders, promotes expression of a schizophrenia-related gene in 
synapses and is essential for normal synapse formation. Our discovery  
implies that RNA metabolism can create topological stress that is 
resolved by topoisomerases. Because DNA topoisomerases have been 
used as drug targets in cancer therapies, the RNA topoisomerase may 
also be targeted for therapeutic interventions.

RESULTS
Top3b and TDRD3 form a complex that associates with FMRP
We purified the human Top3B complex using two approaches: one, 
establishing a HeLa cell line expressing Top3B double tagged with hex-
ahistidine (His6) and Flag (HF-Top3B) and then immunoprecipitating 
the complex from the nuclear extract with a Flag antibody; and two, 
immunoprecipitating the endogenous complex directly from whole-
cell extracts with a Top3B antibody. Both approaches yielded two major 
polypeptides (Fig. 1b and Supplementary Fig. 1a), which we identified as 
Top3B and TDRD3 by mass spectrometry and immunoblotting (Fig. 1c,  
Supplementary Table 1, Supplementary Fig. 1b and data not shown). 
The Superose 6 gel-filtration profiles of these proteins in nuclear 
extract were coincidental (Supplementary Fig. 1c), suggesting that 
they fractionate as a complex. Reciprocal immunoprecipitation with a 
TDRD3 antibody from nuclear extract before or after Superose 6 frac-
tionation resulted in the same two proteins as those revealed by mass 
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‘Chicken foot’ lesions
DNA structures in which newly 
replicated nascent strands 
anneal to each other following 
the retraction of the replication 
fork. The structure looks like a 
chicken foot.

in REFS 4,9,154,155). The selectivity of topoisomerase 
poisons for cancer cells remains incompletely under-
stood. The main (not mutually exclusive) hypotheses are 
that cancer cells overexpress (TCGA data) and rely more 
on TOP1 and TOP2α for survival, and that DNA damage 
repair pathways are defective in cancer cells.

Because TOP1 is covalently linked to DNA 3ʹ ends 
(FIG. 4a), TOP1 inhibitors act as replication poisons 
by generating replication-induced double-stranded 
ends when a replication fork collides with a trapped 
TOP1cc, thereby generating a ‘replication run-off ’ 
lesion106 (FIG. 4b). Replication fork reversal at these 
blocking sites was also proposed to generate ‘chicken 
foot’ lesions156 (FIG. 4c), which may be resolved by the 
MUS81–EME1 endonuclease157,158.

Another consequence of persistent TOPcc is the 
stalling of transcription complexes. As discussed above, 
TOP1 inhibitors efficiently block transcription elong-
ation, accounting for the preferential impact of TOP1cc 
on long and on highly transcribed genes76,77,79. Although 
transcriptional inhibition is believed to contribute only 
marginally to the anticancer activity of topoisomerase 
inhibitors, it may offer therapeutic potential for neuro-
logical and immune diseases, as demonstrated in animal 
models of Angelman syndrome79. Similarly, transcrip-
tion suppression by TOP1 inhibitors was recently shown 
to protect mice against viral and bacterial infections by 
suppressing the lethal overexpression of inflammatory 
immune response genes159.

Poisoning of topoisomerases by DNA alterations
DNA is reactive to endogenous metabolites and exogen-
ous carcinogens160. It is now well established that many 
DNA alterations interfere with topoisomerase reactions 
and frequently give rise to elevated levels of TOPcc and 
DNA damage (FIG. 4; TABLE 1). It is notable that many 
of these DNA alterations are frequent. Oxidative lesions 
have been estimated to occur at a rate of approximately 
150,000 per cell per day, and base modifications, base 
losses and single-stranded breaks have each been estim-
ated to occur at a rate of several thousands and up to 
105 lesions per cell per day160–163.

Incorporation of ribonucleotides into the DNA by rep-
licative and repair DNA polymerases has emerged to be 
even more frequent than oxidative lesions, with up to one 
ribonucleotide incorporated per thousand bases during 
normal replication in yeast164,165. RNase H2 is the enzyme 
that efficiently removes these ribonucleo tides; however, 
if TOP1 binds to them before RNase H2, they can be con-
verted into nicks after TOP1 cleavage at the ribose166,167 
(FIG. 4j–l). These nicks are generated by nucleophilic attack 
from the 2ʹ-ribose hydroxyl, which releases TOP1 and 
generates a 3ʹ end consisting of a 2ʹ,3ʹ-cyclic phosphate 
(FIG. 4k). Such nicks cannot be extended by DNA poly-
merases or joined by ligases166–168. The ribonuclease 
activity of TOP1 has recently been shown to gener ate 
TOP1-mediated short deletions in transcribed sequences 
that contain short repeats follow ing sequential cleavage by 
TOP1 upstream from the nick167,168 (FIG. 4m). In addition, 

Table 1 | Drugs, DNA alterations and physiological processes that lead to the formation of persistent TOPcc

Causes Consequences for TOP1 enzymes Consequences for TOP2 enzymes

Anticancer drugs acting as 
interfacial inhibitors155

Trapping of TOP1cc by irinotecan, topotecan, 
indenoisoquinolines* and tumour-targeting 
camptothecin derivatives3,154,155

Trapping of TOP2cc by etoposide, 
teniposide, doxorubicin, epirubicin, 
idarubicin and mitoxantrone4

Oxidative DNA lesions 
(8-oxoguanine, 8-oxoadenosine 
and 5-hydroxycytosine)

Induction and trapping of TOP1cc218,219 Induction and trapping of 
TOP2cc220

Abasic sites and DNA 
mismatches

Formation of irreversible TOP1cc221 Formation of irreversible 
TOP2cc220,222–225

Carcinogenic base adducts 
(methylated bases, exocyclic 
adducts, benzo[a]pyrene adducts 
and crotonaldehyde adducts)

Induction and trapping of TOP1cc226–232 Induction and trapping of 
TOP2cc220,233–235

Nicks and DNA strand breaks Formation of irreversible TOP1cc, 
double-stranded breaks, genomic deletions 
and recombination18,167,168,236,237

Formation of irreversible TOP2cc235

UV lesions (pyrimidine dimers 
and 6.4-photoproducts)

Induction of TOP1cc238,239 Enzymatic inhibition240

Ribonucleotide incorporation 
into DNA

Formation of TOP1cc that generate nicks 
with 2ʹ,3ʹ-cyclic phosphate ends and short 
deletions in repeat sequences166–168

Stabilization of TOP2cc with 
asymmetrical cleavage20,169,241

Natural and food products Unknown Stabilization of TOP2cc by flavones, 
tea and wine products205

Genetic defects Unrepaired TOP1cc due to TDP1 
defects177,206,210 in cooperation with 
ATM defects179

Unrepaired TOP2cc due to TDP2 
defects69

Transcription activation Stabilization of TOP1cc at enhancers42 Stabilization of TOP2cc at 
promoters62,65,242,243

ATM, ataxia telangiectasia mutated; TDP, tyrosyl-DNA phosphodiesterase; TOPcc, topoisomerase cleavage complex. 
*Indenoisoquinoline derivatives are in clinical trials.
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Figure 4 | Topoisomerases and DNA damage. a–c | Collision of a replication fork into a TOP1 cleavage complex 

(TOP1cc; part a) produces replication run-off (part b) in which newly replicated DNA (red) is extended by DNA 

polymerases up to the 5ʹ end of the broken DNA, thereby generating a double-stranded end (DSE), which is repaired 

by homologous recombination. Alternatively, replication fork reversal regenerates a reversible TOP1cc and produces 
a ‘chicken foot’ structure (part c). d–i | Processing of TOP1cc can produce DNA damage. The –1 base to which TOP1 

is covalently linked to cleave DNA (FIG. 1a) is shown as a thick black bar; the red lines represent newly synthesized DNA 

strands. Efficient re-ligation of TOP1cc relies on stacking and hydrogen bonding with the +1 base (FIG. 1a), which is 

disrupted by oxidative base damage and mismatches (part d) (TABLE 1). The presence of an abasic site at the +1 position 

interferes with re-ligation by the 5ʹ-hydroxyl end owing to loss of base stacking and hydrogen bonding (part e). 

A TOP1cc 5′ end and a pre-existing nick result in loss of the DNA segment between them (gap) and can lead to 

deletions due to the efficient re-ligation activity of TOP1 (part f). Formation of a TOP1cc at a bulge or a loop can readily 
generate a stretch of single-stranded DNA at the gap (part g). A TOP1cc opposite to a nick results in a DNA 

double-stranded break (DSB; part h), which can be resealed by TOP1 (part i) with another broken DNA end (red), 

thereby generating mutations. j–o | Following ribonucleotide incorporations into the DNA (shown in red) during 

replication (part j), a TOP1cc forming at a ribonucleotide site (part k) is reversed by nucleophilic attack of the 2ʹ-ribose 

hydroxyl, which generates a 2ʹ,3ʹ-cyclic phosphate (2ʹ,3ʹ-CP) end (indicated by the arrowhead) with the release of 

catalytically active TOP1 (part l). Sequential cleavage at a nearby nucleobase by the released TOP1 or by another TOP1 

can generate a short deletion (part m) when the TOP1 forms a cleavage complex on the same strand, upstream of the 

2ʹ,3ʹ-CP. Alternatively, endonucleolytic cleavage (not shown) or excision of the TOP1cc by tyrosyl-DNA 

phosphodiesterase 1 (part n) followed by gap filling can repair the DNA while eliminating the ribonucleotide.  

When the sequential cleavage by a TOP1 is on the opposite strand to the 2ʹ,3ʹ-CP, a DSB is formed (part o).

Nature Reviews | Molecular Cell Biology

Reversible
Top1cc

Replication run-oȭ

Fork reversal
‘chicken foot’

5′ 5′ 5′ 5′

5′ 5′

5′ 5′

5′ 5′
+3

5′

5′ +1 +3

5′ 5′

5′ 5′

5′ +

Re-ligation → recombination

+1
DSB

Re-ligation → deletion

Nick (2′,3′-CP)

Abnormal +1 base
(oxidative lesion, mismatch)

Newly incorporated
ribonucleotide

TOP1

TOP1
release

+1Gap

Deletion

+1
Abasic site

Gap

Bulge

2′,3′-CP (   )

+1 +3–3 –1

+1 +3
–3 –1

DSB

+1 +3

–3 –1

5′

5′

5′
Reversible

TOP1cc

DSE

+1

Gap

5′
–3 –1

+1 +3

)ap Ȯlling → repair

TOP1cc
excision

+1 +3–3 –1

2nd TOP1cc upstream

+1 +3–3 –1

DSB

2nd TOP1cc across

a

e

f g

h

j

i

m

n

k

b

c

d

l

o

(–1)
Nucleobase

O
O

O

O
P

O–

O

(+1)
Nucleobase

O
O

HO

(–1)

TOP1

Nucleobase

O
O

O

P

O

–O O

OH

+1 +3–3 –1

Nick

+1

DSB

+1 +3–3

TOP1

Nick
–1 +1

5′

2′

3′

Irreversible
TOP1cc

REV IEWS

12 | ADVANCE ONLINE PUBLICATION www.nature.com/nrm

ǟ
ɥ
ƐƎƏƖ

ɥ

�!,(++�-

ɥ
�4 +(2'#12

ɥ
�(,(3#"Ʀ

ɥ
/�13

ɥ
.$
ɥ
�/1(-%#1

ɥ
��341#ƥ

ɥ
�++
ɥ
1(%'32

ɥ
1#2#15#"ƥ ǟ

ɥ
ƐƎƏƖ

ɥ

�!,(++�-

ɥ
�4 +(2'#12

ɥ
�(,(3#"Ʀ

ɥ
/�13

ɥ
.$
ɥ
�/1(-%#1

ɥ
��341#ƥ

ɥ
�++
ɥ
1(%'32

ɥ
1#2#15#"ƥ

Replicative DNA damage induced by TOP1cc (Topoisomerase I cleavage complexes)

Pommier, Y., Sun, Y., Huang, S. & Nitiss, J.L.
2016 Nature Rev Mol Cell Biol



Human Diseases linked with topoisomerases

TOP1: Neurological diseases due to lack of removal of TOP1cc 
(in conjuction with TDP1 and ATM deficiencies)

TOP2B: Chromosomose translocations at TOP2Bcc (leukemia, prostate 
cancers…)

TOP3B: Neurodevelopmental disorders (schizophrenia and cognitive 
impairment)

TDP1: SCAN1 (Spinocerebellar Ataxia and peripheral Neuropathy)

TDP2: Intellectual disability, seizures and ataxia



Ataxia
A medical condition that is 
characterized by a lack of 
coordination of voluntary 
muscle movements; it is often 
caused by inherited or 
acquired cerebellum diseases 
(cerebellar ataxia).

Areflexia
The absence of neurological 
reflexes.

Telangiectasias
Small dilated blood vessels in 
the outer layer of the skin or 
in mucosae. Usually a benign 
condition, which can be 
associated with serious genetic 
or acquired diseases.

Apraxia
A neurological motor disorder 
that is caused by partial brain 
damage; affected individuals 
experience difficulty with 
motor planning to carry out 
motor tasks or movements.

Dysarthria
A motor speech disorder 
characterized by poor 
articulation of phonemes. It is 
caused by injuries to the motor 
component of the motor−
speech system of the brain.

Microcephaly
A neurological condition in 
which affected individuals 
present with a smaller than 
normal head owing to defective 
brain development.

Micrognathia
A medical condition that is 
characterized by 
underdevelopment of the jaw. 

Proteasome
A protein complex that 
degrades unneeded or 
damaged proteins. Proteins are 
commonly marked for 
degradation by modification 
with polyubiquitin chains.

PARylation
A post-translational 
modification, also known as 
polyADP-ribosylation, by which 
polymers of ADP-ribose are 
attached to substrate proteins 
by poly(ADP-ribose) 
polymerases (PARPs).

Tyrosyl-DNA phosphodiesterase 1. If the catalytic cycle 
of TOP1 is inhibited by enzyme poisons or DNA distor-
tions, the enzyme becomes permanently trapped by a 
covalent attachment between its active site Tyr residue 
and the 3ʹ end of a SSB (FIG. 3a). TDP1 was discovered 
as a DNA repair factor in a screen that was designed 
to identify activities that were able to hydrolyse such 
phosphotyrosyl bonds26,27. TDP1 orthologues are pres-
ent in all eukaryotes, and loss of the enzyme results in 
hyper sensitivity to TOP1 enzyme poisons22. Intriguingly, 
TDP1 is not able to remove full-length TOP1 from DNA, 
but requires partial degradation of the enzyme by the 
 proteasome28–30. Upon hydrolysis of the phosphotyrosyl 
bond between the TOP1 fragment and the DNA, further 
processing of the lesion is also required. TDP1 produces 
3ʹ phosphate ends, which are incompatible with simple 
religation of the SSB. Thus, the bifunctional polynucleo-
tide kinase 3ʹ-phosphatase (PNKP) is required to remove 
the 3ʹ phosphate, while simultaneously phosphorylating 

the 5ʹ hydroxyl end. Subsequently, the canonical SSB 
repair machinery seals the remaining DNA nick31 (FIG. 3a). 
Interestingly, the activity of TDP1 is not restricted to 
phosphotyrosyl bonds, but it can also release various 
other non-proteinaceous adducts from 3ʹ DNA ends, 
such as those that result from oxidative damage22.

Repair by TDP1 is regulated by several post- 
translational modifications of its amino terminus, which  
modulate stability, affect localization of the enzyme 
or influence its ability to bind to interaction part-
ners (FIG. 3b). Recruitment to sites of DNA damage is 
modulated by sumoylation of TDP1 at Lys111 and by 
PARylation32,33. PARylation depends on a direct inter action 
between TDP1 and PARP1 and is also important to 
recruit downstream SSB repair factors such as X-ray repair 
cross-complementing protein 1 (XRCC1). Recruitment of 
XRCC1 is further promoted by phosphorylation of TDP1 
at Ser81 (REFS 34,35). Interestingly, this phosphoryl-
ation depends on ataxia telangiectasia mutated (ATM) 

Box 1 | DNA–protein crosslink repair pathways and human health

It is intriguing that germline mutations in almost all identified genes that encode components of the three main DNA–

protein crosslink (DPC) repair pathways result in human syndromes that are characterized by genome instability, cancer 

predisposition, premature ageing and/or neurological pathologies. Whether all of these phenotypes are directly related 

to a defect in DPC repair or to other cellular functions of these proteins, is not entirely clear in all cases. The MRN 

complex, for example, has crucial functions during repair of DSBs, which are clearly related to the radiosensitivity and 

immunodeficiency that are observed in patients with mutations in genes that encode MRN subunits. Below, we briefly 

discuss the main diseases that are associated with mutations in DPC repair proteins.

Repair by tyrosyl-DNA phosphodiesterases
Spinocerebellar ataxia, autosomal recessive, with axonal neuropathy (SCAN1; OMIM: 607250) was first identified in a 

large Saudi Arabian family (nine affected individuals) that had homozygous mutations in the tyrosyl-DNA 

phosphodiesterase 1 (TDP1) gene, which map to chromosome 14q31–14q32 (REF. 91). Clinical features of SCAN1 include 

spinocerebellar ataxia (with late onset and slow progression) and areflexia, followed by signs of peripheral neuropathy, 

with the absence of non-neurological symptoms that are otherwise common in ataxia telangiectasia (telangiectasias, 

immunodeficiency, and cancer predisposition). Interestingly, the TDP1-H493R variant, which causes SCAN1, is not only 

catalytically compromised but also becomes covalently trapped in the process of repairing Top1 adducts92. However, 

despite this pathological gain-of-function of the TDP1-H493R variant, this form of SCAN1 is a recessive disorder, 

as wild-type TDP1 is able to repair the TDP1-H493R adducts in heterozygous individuals.
Spinocerebellar ataxia, autosomal recessive 23 (SCAR23; OMIM: 616949) has been identified in three Irish brothers who 

were born to consanguineous parents, and in an unrelated Egyptian case. SCAR23 has been associated with a homozygous 

mutation in the TDP2 gene on chromosome 6p2 (REF. 40). Clinical features include progressive spinocerebellar ataxia, 

epilepsy and intellectual disabilities.

Repair by the MRN complex
Clinical features of ataxia telangiectasia-like disorder 1 (ATLD1; OMIM: 604391) include slowly progressive cerebellar 

degeneration that results in ataxia and oculomotor apraxia, and dysarthria, but without telangiectasia or major defects 

in immunoglobulin production, and without major cancer predisposition but with radiosensitivity. ATLD1 is caused by 
homozygous or compound heterozygous mutations in the MRE11 gene on chromosome 11q21 (REFS 93,94).

Nijmegen breakage syndrome (NBS) ataxia telangiectasia variant V1 (OMIM: 251260) is caused by homozygous or 

compound heterozygous mutations in the NBS1 gene on chromosome 8q21. More than 90% of patients are homozygous 

for a five base pair deletion (657del5), which leads to a frameshift and truncation of the NBS1 protein95–98. There are no 

reliable estimates of worldwide prevalence, but it is likely to approximate to 1 in 100,000 live births (most common in the 

Slavic populations of Eastern Europe)99. Clinical features of this syndrome include microcephaly, growth retardation, 

immunodeficiency, predisposition to cancer (mainly non-Hodgkin lymphoma), and radiosensitivity; neither ataxia nor 

telangiectasia are present. Compound heterozygous mutations in the RAD50 gene (on chromosome 5q31.1) that give rise 

to low levels of RAD50 cause Nijmegen breakage syndrome-like disorder (NBSLD; OMIM 613078)100. Clinical features 

of NBSLD include microcephaly, growth retardation, chromosome instability, radioresistant DNA synthesis, radiation 
hypersensitivity and slight, non-progressive ataxia; there are no signs of telangiectasia or immunodeficiency and 

no evidence of cancer predisposition100,101.

Repair by DPC proteases
Homozygous or compound heterozygous mutations in the SPRTN gene (on chromosome 1q42) cause Ruijs–Aalfs 

syndrome (RJALS; OMIM: 616200). Clinical features of RJALS include growth retardation, early-onset hepatocellular 

carcinomas, micrognathia, chromosomal instability and sensitivity to genotoxic agents68,69.
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Repair of Topoisomerase
covalent complexes



Reversible transesterifications,
differential geometry
and polarity (5’ vs. 3’ tyrosyl linkage)
of human topoisomerases 

Pommier et al. ACS Chem Rev 2009
http://discover.nci.nih.gov/pommier/pommier.htm

Top1B
(Top1 & 
Top1mt)

Top1A

Top2A
(Top2a
Top2b
Gyrase
Topo IV)

All topoisomerases form a catalytic intermediate 
consisting of a covalent bond between one end 
of the break they make in DNA (and RNA for 
TOP3B) and their catalytic tyrosyl residue

http://discover.nci.nih.gov/pommier/pommier.htm


it is plausible that TOP1-generated 2ʹ,3ʹ- cyclic phos-
phate nicks could readily give rise to DSBs when a sec-
ond TOP1cc forms on the strand opposite to the nick 
(FIG. 4o). In contrast to TOP1 enzymes, TOP2 and TOP3 
enzymes cannot generate nicks at newly incorporated 
ribonucleotides because of their covalent linkage to the 
DNA 5ʹ end, which is too far from the 2ʹ-ribose hydroxyl 
to release TOP2 or TOP3. However, TOP2cc that form on 
a ribonucleotide tend to reverse slowly and may also be 
an important source of genomic alterations20,169.

Repair of TOPcc
Two alternative pathways can remove TOPcc: the TDP 
excision pathway and the nuclease pathway (FIG. 5). 
TDP1 and TDP2 have been recently reviewed9,170,171, and 
we highlight only some points here. The redundancy 
of the repair pathways is exemplified in yeast, in which 
knocking out TDP1 results in only weak hypersensitiv-
ity to Top1 poisons unless a second pathway, such as the 
Rad9 cell cycle checkpoint172 or the endonuclease com-
plex Rad1–Rad10 (XPF–ERCC1 in humans; see below), 
is also inactivated173,174. The substrate specificity of 
TDP1 extends beyond the repair of nuclear TOP1cc and 
TOP2cc. TDP1 excises a broad range of 3ʹ-end- blocking 
lesions, including 3ʹ-phosphoglycolates and chain- 
terminating nucleoside analogues, both in the nucleus 
and in mitochondria175,176. The phenotype of TDP1 
inactiv ation depends on the type of mutation (as in the 

case of the TDP1 mutation that occurs in spino cerebellar 
ataxia with axonal neuropathy (SCAN1)177), the speci-
fic experimental model (gkt (the TDP1 orthologue) 
deficiency in Drosophila spp. leads to neuronal defects 
and a shortened life expectancy178) and the presence of 
other mutations in parallel repair pathways (such as in 
the ATM pathway179). The removal of TOP1cc by TDP1 
leaves a 3ʹ-phosphate, which prevents TDP1 from remov-
ing another nucleotide and acting as an exonuclease180,181. 
However, the 3ʹ-phosphate end cannot be readily pro-
cessed by DNA polymerases and ligases unless it is first 
dephosphorylated by polynucleotide kinase phosphatase 
(PNKP). This explains the importance of PNKP and its 
scaffolding partner XRCC1 in the repair of TOP1cc182. 
TDP1 also interacts with and is stabilized by PARP1 
at TOP1cc sites183, implicating multiple factors (and 
pos sibly pathways) in the repair of TOP1cc by TDP1. 
Among them, the most dominant pathway for TOP1cc 
repair in yeast and mammalian cells involves homolo-
gous recombin ation, owing to the formation of DSBs that 
are produced by the collision of replication forks with 
TOP1cc (FIG. 4b). Indeed, TOP1cc are toxic in cells 
with inactivating mutations of homologous recombin-
ation components, including Rad50, Rad52 and Mre11 
in yeast184 and BRCA1, BRCA2, XRCC2, XRCC3 and 
RAD52 in chicken DT40 cells185. The interplay between 
homologous recombination, NHEJ and PARP1 remains 
to be clarified, as Tdp1 is epistatic with Rad52 in yeast186.
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Figure 5 | TOPcc repair. a | Tyrosyl-DNA phosphodiesterase 1 (TDP1) and TDP2 (although much less efficiently and 
therefore shown in parentheses) cleave the TOP1 tyrosyl–DNA covalent bond (middle), releasing TOP1 and leaving 
a 3ʹ-phosphate end (right) that needs to be further processed by polynucleotide kinase phosphatase (not shown). 
b | TOP2 cleavage complexes (TOP2cc) are preferentially repaired by TDP2 and much less efficiently by TDP1 (middle) 
in vertebrates, releasing TOP2 and leaving a 5ʹ-phosphate (right), which can be readily ligated. Yeast, which do not 
encode a TDP2 orthologue, use Tdp1 to excise both Top1cc and Top2cc. In the endonuclease pathways (left), 
topoisomerases are released with the segment of DNA to which they are attached by the action of endonucleases; 
the polarity is opposite for TOP1cc (part a) and TOP2cc (part b).

Epistatic
A genetic phenomenon in 
which an observed phenotype 
depends on the presence of 
other genes. Epistatic 
interactions can arise when 
different genes encode 
components of a complex or 
when two genes function in a 
linear biochemical pathway.
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Parallel repair pathways for abortive topoisomerase cleavage complexes:
• Excision by two dissimilar tyrosyl DNA phosphodiesterases: TDP1 and TDP2
• Endonucleases (Mre11; NER…)

TDP2 also has DNA repair functions beyond TOP2cc:
• 5’-end tyrosyl-DNA phosphodiesterase: VpG 

unlinkase (poliovirus replication) (HPV replication)
• Crystal structures (NSMB; JBC)*: similarity with APE1 

(Mg2+; 5 fingers) but different from TDP1
• Recruitment to TOP2cc by Ub  (JBC)*
• Activity on TOP2cc requires denaturation/ proteolysis 

(JBC)*

TDP1 has a broad range of DNA repair functions beyond 
TOP1cc repair:
• 3’-end cleansing activity: 3’-phosphoglycolates (H202, 

bleomycin, IR)
• 3’-dRP (MMS, alkylating agents) (JBC)*
• Excises chain terminator nucleosides (AraC, AZT, 

abacavir, sapacitabine) (JBC; NAR)*; 3’-nucleosidase
• Both in the nucleus and mitochondria (EMBO J)
• Role in genomic stability in the nervous system 

(PNAS)*
• Coupled with PARP1 (JBC; DNAR)*
• Also excises TOP2cc (JBC)* (no TDP2 in yeast) 58



Normal cells have parallel repair pathways for abortive TOP1cc

TDP1 is coupled with PARP1

59

Discovered this review cycle (NAR; DNAR; JBC)

=> Synthetic lethality

in Mre11- or XPF-ERCC1-deficient cancers?

PARP1 inhibitors synergize with TOP1 inhibitors
(Sci Transl Med 2016; JPET 2014)
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