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MOLECULAR BIOLOGY

Untangling the roles of TOP2A and TOP2B in

transcription and cancer

Liis Uuskiila-Reimand'* and Michael D. Wilson'2*

Type Il topoisomerases (TOP2) are conserved regulators of chromatin topology that catalyze reversible DNA
double-strand breaks (DSBs) and are essential for maintaining genomic integrity in diverse dynamic processes
such as transcription, replication, and cell division. While controlled TOP2-mediated DSBs are an elegant solution
to topological constraints of DNA, DSBs also contribute to the emergence of chromosomal translocations and
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mutations that drive cancer. The central importance of TOP2 enzymes as frontline chemotherapeutic targets is
well known; however, their precise biological functions and impact in cancer development are still poorly understood.
In this review, we provide an updated overview of TOP2A and TOP2B in the regulation of chromatin topology and
transcription, and discuss the recent discoveries linking TOP2 activities with cancer pathogenesis.

INTRODUCTION

The double-helical structure of DNA is fundamental for its com-
paction and precise replication, yet it holds an inherent risk of topo-
logical constraints in the genome. Rotation of the DNA double-helix
during transcription, replication, chromatin condensation, and other
cellular processes produces super-helical stress in DNA that poses
threat to genome stability. In eukaryotic cells, DNA topoisomerase II
(TOP2) enzymes resolve topological constraints by transiently
nicking both DNA strands to create double-strand breaks (DSBs)
that allow passage of the intact DNA segment (I1). However, TOP2
activities can be intrinsically harmful as a failure to reseal the TOP2-
linked DSBs introduces cytotoxic lesions, genome instability, and cell
death and is associated with the emergence of chromosomal trans-
locations and mutations that contribute to oncogenesis (2, 3). It is
therefore important to understand the spatial and temporal context
of TOP2 functions in the genomes of healthy cells, and the mecha-
nisms that contribute to TOP2-mediated genomic transactions in
cancer initiation and progression.

Vertebrates encode two TOP2 isoforms, TOP2A and TOP2B. In
addition to their functions in cell nucleus, both TOP2A and TOP2B
also localize to and are required in the nuclei and mitochondria
(Fig. 1A). While the individual molecular functions of TOP2A and
TOP2B, their implications to development and human disease, and
the mechanistic interactions with chemotherapeutic, environmental,
and dietary substances are subjects of active research, much still
remains unknown. Here, we discuss the current progress and recent
advances in the field of TOP2. We specifically focus on the genome
biology, microscopy and chromatin landscape studies, and mecha-
nistic investigations to understand the role of TOP2-mediated DNA
breaks and their significance in transcription and cancer.

BASIC STRUCTURE AND FUNCTION OF TOP2
The structure and function of TOP2 are shared across the tree of
life and found in organisms in all phylogenetic domains including
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eukaryotes, prokaryotes, and archaea (4, 5). TOP2 acts as a homodimer
that catalyzes cleavage and religation of DNA DSBs using adenosine
triphosphate (ATP) hydrolysis. Each monomer of the TOP2 homodi-
mer cleaves one DNA strand and forms a gate to pass the uncleaved
DNA segment (Fig. 1B). TOP2 attaches temporarily to 5" ends of
cleaved DNA via covalent phospho-tyrosyl bonds, known as TOP2-
DNA cleavage complexes (TOP2ccs), that protect the cleaved DNA
ends from being recognized by cellular DNA damage response (DDR)
pathways. Once the strand passage is completed, TOP2ccs are quickly
and seamlessly religated and TOP2 dissociates from DNA (Fig. 1B) (1).

TOP2 enzymes include key structural and functional domains
(Fig. 1C). The N-terminal domain is required for the conformational
changes of TOP2 that are mediated by ATP binding and hydrolysis.
The central breakage-reunion domain harbors an active tyrosine site
that is required to establish covalent complexes between TOP2 and
the 5’ termini of the DNA DSB ends (6, 7). The C-terminal domain
contains nuclear localization motifs and is subject to extensive post-
translational modifications that regulate the catalytic activity, protein-
protein interactions, and DNA binding properties of TOP2 (7-9).

Vertebrates have two paralogs of TOP2 genes, TOP2A and TOP2B,
that originate from a whole-genome duplication event in early
chordate evolution (Fig. 1C) (10, 11). While the catalytic and struc-
tural properties of TOP2A and TOP2B are similar, they are not
functionally redundant and show characteristic expression patterns
and distinct yet overlapping functions (7, 12).

TOP2A is essential for cell division, is highly expressed during
mitosis, and is required for mitotic chromosome condensation and
segregation (13-16). Genetic deletion of Top2a in mice leads to severe
defects in nuclear division and blastocyst lethality at the four-cell
stage (12, 17, 18). TOP2A is also important for structural mainte-
nance of chromosomes, as acute auxin-inducible degradation of
TOP2A during cell cycle disrupted the mitotic chromosomal struc-
ture and led to premature mitotic exit (19). The loss of TOP2A cannot
be compensated by TOP2B despite the conserved structure and
catalytic activity of the two topoisomerases (12, 20). Conversely, the
residual DSB activity that has been observed in TOP2B knockout
cells reflects some functional compensation through redundant
activity of TOP2A (21, 22).

TOP2B is expressed in both dividing and nondividing cells and
contributes to transcriptional regulation (16, 23-27). Top2b knockout
mice develop in utero but die shortly after birth because of respiratory
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Fig. 1. Cellular localization, catalytic cycle, and evolutionary conservation of TOP2 enzymes. (A) TOP2A and TOP2B are detected in the nucleoplasm, nucleoli, and
mitochondria in the cell. (B) Eukaryotic TOP2 binds helix-helix crossovers of DNA as a homodimer that cleaves both strands of duplex DNA with 5'-four base overhangs
and forms the TOP2cc by covalently attaching the catalytic tyrosine (Tyr) to the 5-ends of the cleaved DNA. TOP2cc allows the passage of the uncleaved helix and the
subsequent seamless religation of the DNA breaks. (C) Protein domains of yeast and human TOP2 enzymes. Colors show homologous regions of the enzymes. The N-terminal
domain is responsible for ATP binding and hydrolysis. The central domain harbors tyrosine (Tyr) active sites to form covalent bonds with DNA and cleave and religate the
DNA helix. The C-terminal domain shows the largest extent of evolutionary diversity and is involved in the association and dissociation of TOP2 with the DNA. TOP2
mutations associated with the self-poisoning phenotype and short insertions and deletions are shown in red.

deficiencies caused by failure to innervate the diaphragm and other
developmental defects in cerebral corticogenesis and motor and
sensory neurons (28, 29). Besides its role in neurogenesis (30), TOP2B
is required for ovulation (31), retinal development (32), B cell
development (33), natural killer cell development (34), and replica-
tion of the human papillomavirus genome (35).

The functional differences of TOP2A and TOP2B are believed to
originate, in part, from their distinct C-terminal domains (36, 37)
that for both proteins are classified as intrinsically disordered do-
mains (38, 39). Proteomic studies have also revealed a myriad of post-
translational modifications at this domain, the vast majority of which
have not been ascribed a function (40). For instance, C-terminal
domains of TOP2A and TOP2B contribute to their interactions
with DNA and strand passage activity (9, 39, 41, 42), are involved in
regulating the decatenation checkpoint, and contribute to the drug
sensitivity of TOP2A and TOP2B (43-45). The C-terminal domains
of TOP2A and TOP2B also contain regions that regulate their
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nucleolar accumulation and binding to RNA (46, 47). In addition,
the C-terminal region of TOP2A, but not TOP2B, has a unique
chromatin tether (ChT) domain that promotes interactions with
chromosomes and localization to mitotic centromeres (48). Exploring
the differential structure and function of the C-terminal domain of
TOP2A and TOP2B represent new opportunities for paralog-specific
drug development.

TOP2 AS A CANCER CHEMOTHERAPY TARGET

Chemotherapeutic targeting of TOP2 enzymes is routinely used to
treat solid tumors and hematological malignancies including leukemia,
lymphoma, sarcoma, neuroblastoma, germ-cell malignancies, and
breast, lung, gastric, bone, and bladder cancers (49). The two major
classes of drugs include TOP2 poisons and catalytic inhibitors. These
compounds disrupt the catalytic cycle of TOP2 through distinct
mechanisms of action and lead to accumulation of torsional stress,
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triggering of DDR pathways, and apoptosis primarily in rapidly
proliferating cancer cells (50-52).

TOP2 poisons such as etoposide and doxorubicin form ternary
complexes of TOP2 and DNA that trap TOP2 to 5’ termini of DNA
DSBs and inhibit the religation of broken DNA strands (Fig. 2A)
(50, 51). Etoposide is a poor DNA intercalator; however, extensive
interactions of etoposide with DNA are promoted and stabilized when
a complex is formed with TOP2 (44). These “poisoned” TOP2ccs
obstruct normal cellular functions and activate DDR and repair
pathways in which the DNA ends with trapped topoisomerases are
processed, leading to the accumulation of protein-free “naked” DSBs
that become cytotoxic if not seamlessly religated (52, 53). The TOP2
poisons currently in therapeutic use interact with both TOP2A and
TOP2B. This lack of specificity has been associated with the emer-
gence of severe side effects including cardiotoxicity, chromosomal
translocations, and secondary malignancies (54-56).

TOP2 inhibitors impair the enzymatic activity of TOP2 by dis-
rupting the noncovalent catalytic steps in the TOP2 reaction cycle
leading to different biochemical and cellular consequences (Fig. 2B)
(50, 53). For instance, merbarone substantially decreases the catalytic
activity of TOP2 by specifically blocking TOP2 cleavage of its sub-
strate DNA helix (57). The compounds ICRF-193 and ICRF-187
reduce the ATP hydrolysis step of the TOP2 catalytic cycle, prevent
the reopening of the adenosine triphosphatase (ATPase) domain,
and keep the protein in the dimerized form that blocks enzyme
turnover and further catalytic cycles (58, 59). ICRF-187 is also used
in the clinic as combination therapy with doxorubicin or other
anthracyclines to reduce cardiotoxicity and heart failure in patients
receiving anthracycline chemotherapy (50).

Recent screens of genotoxic agents have identified pyridostatin
(PDS) and CX5461 as highly potent TOP2 poisons (60-62). Both
are small-molecule G4 ligands that can stabilize four-stranded
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Fig. 2. Mechanism of action of TOP2 poisons and inhibitors in chemotherapy.
(A) TOP2 poisons such as etoposide trap TOP2 to 5' termini of DNA DSBs, block
religation of breaks, and cause accumulation of TOP2cc-blocked DSBs. In contrast,
the small-molecule ligand pyridostatin traps TOP2A at the G-quadruplex (G4)
structures and induces DNA damage and cell cycle arrest. (B) Merbarone inhibits
TOP2 catalytically, stabilizes noncovalent TOP2-DNA complexes, and inhibits the
formation of enzyme-mediated DSBs. The TOP2 inhibitors ICRF-193 and ICRF-187
decrease the ATPase activity of TOP2 and lock TOP2 in a closed clamp conformation
that holds the cleaved and uncleaved DNA duplexes.
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G-quadruplex and R-loop DNA secondary structures by trapping
TOP2 and provoking rapid induction of DNA DSBs and cytotoxicity
specifically at the highly transcribed G-rich regions of the genome
(Fig. 2A) (60-62). Compared to canonical TOP2 poisons that non-
specifically target both TOP2A and TOP2B, the cytotoxic and DNA
damaging effects of PDS are specifically driven via TOP2A poisoning
while CX5461 preferentially targets TOP2B (62, 63). The cytotoxicity
of PDS primarily depends on the transcription of RNA polymerase II
(Pol II); however, CX5461 treatment affects both RNA Pol I tran-
scription of ribosomal DNA (rDNA) genes in the nucleolus and
RNA Pol II transcription in the nucleus (62). Therefore, PDS and
CX5461 are attractive candidates for anticancer drug development,
with CX5461 currently undergoing phase 1 clinical trials for treatment
of breast, ovary, pancreas, and prostate cancers (clinicaltrials.gov).

RESOLVING TRAPPED TOP2CC

Trapped TOP2ccs block essential metabolic transactions of DNA
and activate DDR signaling and end processing of the protein-linked
DSBs. Unblocking of the protein-linked DSBs is primarily mediated
by either proteolytic degradation of trapped TOP2 followed by
cleavage of the 5’ phosphotyrosyl bond with DNA, nucleolytic
resection, or SUMOylation-induced direct hydrolysis of phos-
photyrosyl bonds between TOP2cc and DNA (64, 65). In the first case,
TOP2 enzymes are modified by ubiquitin for subsequent 26S protea-
some degradation that removes stalled TOP2 from the DSB ends
(66, 67). The remaining TOP2 peptides from the 5" DNA cleavage
sites are hydrolyzed by tyrosyl-DNA phosphodiesterase 2 (TDP2),
resulting in protein-free DNA ends suitable for religation (68, 69).
In the second case, trapped TOP2ccs are subjected to nucleolytic
resection coordinated by DNA DSB repair proteins such as MRE11,
CtIP, BRCAL, and others (70-74). A third mechanism involves
proteasome-independent resolution of TOP2-DNA cross-links by
E3 SUMO ligase ZNF451 (aka ZATT) and TDP2 (75). Recent study
demonstrated that ZNF451 interaction with TOP2cc induces con-
formational changes that facilitate TDP2 access to the phosphotyrosyl
bonds between TOP2 and DNA. Whereas ZNF451-mediated
SUMOylation of TOP2ccs amplifies the interactions between TOP2ccs
and TDP2, and stimulates phosphodiesterase activity of TDP2 for
direct reversal of TOP2-DNA cross-links (75).

Once the trapped TOP2 enzymes are removed from DSBs,
protein-free naked DNA ends are religated and repaired by two major
DSB repair pathways, the cell cycle-independent nonhomologous
end joining (NHE]) pathway and the homologous recombination
(HR) pathway; however, the latter only functions during DNA rep-
lication in proliferating cells (76).

TOP2A AND TOP2B IN CARCINOGENESIS

Inappropriate processing of trapped TOP2ccs and incorrect religation
of the protein-free DSBs can trigger chromosomal rearrangements
that drive certain hematological and solid tumors such as leukemia
and prostate cancer (77-79). These translocations are associated with
adverse side effects of TOP2 poisoning chemotherapy. For instance,
approximately 2 to 15% of patients treated with TOP2 poison
etoposide develop therapy-induced acute myeloid leukemia (t-AML)
that typically involves recurrent translocations of the Mixed-lineage
leukemia gene (MLL or KMT2A) at 11q23 and its numerous fusion
partner genes (78, 80, 81).
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Notably, up to 80% of infant leukemias carry the analogous de
novo 11q23 fusions that are found in adult chemotherapy-treated
t-AML patients (78). The presence of these translocations in umbilical
cord and newborn blood, the high concordance among identical
twins, and the early onset of disease have provided molecular proof
of in utero origin of leukemia-initiating translocations (82). Further-
more, epidemiologic studies suggest that maternal exposure to TOP2-
poisoning dietary compounds (e.g., bioflavonoids in green tea and
soya) or environmental chemicals (e.g., metabolites of benzene in
cigarette smoke and reactive oxygen species) may damage DNA
and induce translocations by affecting the cleavage and religation of
TOP2 DNA breaks in developing embryos (49).

Considering the chromosomal rearrangements at the MLL 11q23
locus that independently arise in both therapy-induced and infant
leukemias, Cowell and colleagues (80) proposed a model in which
illegitimate fusion events of MLL with its potential fusion partner
genes are promoted by their transcription-mediated proximity. The
study suggests that trapping of TOP2B-linked DSBs in MLL and its
translocation partners that are transcribed in the common tran-
scription factory allows incorrect end-joining (80). This idea was
further supported by Gothe et al. (22) who measured the transloca-
tion frequencies and distances between MLL and its fusion partners
(e.g., ENL, AF4, AF6, and AF9) in individual cells treated with
etoposide using the high-throughput C-Fusion three-dimensional
(3D) imaging method. Although broken by a similar frequency, the
study demonstrated that the closer spatial proximity of MLL and
ENL favored the formation of MLL-ENL fusions twice as often than
other fusions, indicating that opportunistic fusions are more fre-
quently enabled by a proximal genome structure.

TOP2B-mediated DSBs are also linked with the emergence of de
novo TMPRSS2-ERG fusions found in >50% of prostate cancer ge-
nomes (77, 83). Transcription of TMPRSS2, ERG, and other androgen-
responsive genes in prostate tissue is regulated by androgen signaling
that co-recruits TOP2B and androgen receptor to the androgen-
responsive genes. The spatial proximity of TMPRSS2 and ERG is
induced by transcription in the common transcription factory
(77, 84). Therefore, incomplete TOP2B cleavage at TMPRSS2 and
ERG translocation breakpoints and the physical proximity of the broken
ends may increase the probability for TMPRSS2-ERG translocations.

Trapping of TOP2B has long been implicated as the main source
of DNA damage and genomic rearrangements in leukemia and
prostate cancer (78, 80). However, experiments in TOP2B-depleted
cells treated with etoposide demonstrated that TOP2A can also
contribute to DNA DSBs and translocations at the 11q23 MLL locus
(21, 22, 85). 1t is likely that the variation in the expression levels of
TOP2A and TOP2B in different cell types and cell cycle phases, and
specific interactions with TOP2 trapping compounds contributes to
these processes.

CHARTING THE TOP2-OME: DNA-PROTEIN AND
PROTEIN-PROTEIN INTERACTIONS OF TOP2

Next-generation sequencing and other high-throughput techniques
allow us to explore the genome- and proteome-wide interactions of
TOP2A and TOP2B and have revealed novel insights into their mo-
lecular functions and regulation. Several studies have now mapped
genome-wide binding sites for TOP2A and TOP2B (21, 86-92),
catalytically active TOP2ccs (85, 88, 93), global TOP2-induced DNA
breakomes (21, 22, 88, 89, 94-96), and proximal-protein interactions
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of TOP2B (Table 1) (86). These studies have analyzed endogenous
TOP2 functions under unperturbed conditions and mapped etoposide-
induced TOP2-DNA interactions to uncover genomic regions as
hotspots of TOP2-mediated DNA damage upon chemotherapy
treatment (Table 1). Genome-wide TOP2 activities have been mapped
in primary mouse hepatocytes, thymocytes, neurons, B cells, T cells,
and mouse embryonic fibroblasts (MEFs). However, the current
knowledge of TOP2 activities in human cells mostly originates from
cell lines of cancer origin, while no data are available for TOP2
binding or DSBs in primary human tissues (Table 1).

TOP2 at transcriptionally active genes and

regulatory elements

The genome-wide binding patterns of TOP2A and TOP2B, and
DSB activity is consistently found at transcriptionally active regions
and gene-regulatory elements. DNA binding sites of TOP2A and
TOP2B are enriched at the promoters, enhancers, and gene bodies
of actively transcribed genes. These also coincide with RNA Pol II
occupancy, deoxyribonuclease I hypersensitivity, and posttrans-
lational histone modifications characteristic of open chromatin
(14, 21, 85-92, 97, 98). Similarly, TOP2-associated DNA DSBs
frequently accumulate at transcriptionally active regions and are
enriched at promoters, 5 splice sites, and active enhancers (89, 94).

Open-chromatin regions and active regulatory elements are also
more vulnerable to DNA damage induced by TOP2-targeting chemo-
therapy. Cells treated with the TOP2 poison etoposide undergo
significantly higher levels of DNA breaks at the promoters and
transcription start sites (TSS) of actively transcribed genes compared
to less-transcribed genomic regions (22, 88, 89, 93, 95). This is ex-
plained by transcription-driven collisions of trapped TOP2ccs and
elongating RNA Pol II that overwhelm the cellular DDR pathways
and cause genome-wide accumulation of cytotoxic DSBs. Catalytic
inhibition of RNA Pol II before TOP2 poisoning prevents formation
of DSBs, further confirming the cooperation between TOP2 and
RNA Pol I in transcription regulation (22). Cell type-specific tran-
scription programs are therefore important determinants of cellular
vulnerabilities to DNA damage driven by TOP2 poisons.

When assessing the role of topoisomerases in vivo versus during
cancer treatment, it is important to consider the different cellular
effects that are caused by covalent trapping of topoisomerases on
the chromatin compared to genetic loss of function of topoisomerases.
For example, chemotherapeutic poisoning and inhibition of TOP1
and TOP2B has shown to down-regulate the expression of very long
genes (>200 kb), particularly in neuronal cells (27). However, sub-
sequent studies in Topl conditional knockout mice have demon-
strated that only a fraction of long genes are differentially expressed,
suggesting that the consequences of genetic deletion of TOP1 are
much smaller than the effects of TOP1 poison topotecan treatment
(99), and it is reasonable to expect similar results for genetic dele-
tion of Top2b.

The TOP2-CTCF-cohesin connection

Genome-wide mapping of TOP2B binding has revealed that its
occupancy overlaps with the binding sites of chromatin architectural
regulators CTCF and the cohesin complex (21, 86, 88, 90, 91, 97).
DNA binding of cohesin is an important determinant involved
in the recruitment of TOP2B to the genomic sites of its activity. For
instance, depletion of the cohesin subunit SMC3 in MEFs not only
abolished cohesin binding but also proportionally reduced the
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Table 1. Overview of studies and high-throughput techniques to describe endogenous and etoposide-induced TOP2-DNA interactions and DNA DSBs

in human and mouse.

Endogenous TOP2 functions

Etoposide-directed TOP2 functions

TOP2A binding

ChlIP-seq
« Mouse MEFs

Reference

« Mouse thymocytes

« Human RPE-1 cells

TOP2B binding

ChlIP-seq

» Mouse primary neurons

« Human MCF?7 cells

« Mouse liver (86)

« Mouse MEFs

« Mouse thymocytes (90)

« Human MCF10A-AsiSI cells (89)

« Human glioblastoma cell lines, tumors

ChlP-exo

» Mouse liver (86)

BLISS
» Human MCF10A-AsiSI cells R (89) -
e s
R T Rt

ChlIP-seq
« Human MCF10A-AsiSI cells (89)

END-seq

«Human Hela cells

TOP2B binding
Reference

51)

TOP2cc maps

TOP2Acc-mapping
(97) « Human K562 cells

CC-seq
« Human RPE-1 cells (93)

DSB maps

DSB-seq, SSB-seq
« Human HCT116 cells

(21,88, 96)

, Nalm6, HCT1

BLISS, sBLISS
« Human TK6, K562, CD34" cells
DSBCapture

TOP2B protein-protein interactions

BiolD

« Human Hela cells (86)

genome-wide occupancy of TOP2B and etoposide-induced DSBs
(88). On the other hand, depletion of the cohesin-releasing factor
WAPL stabilized chromatin-cohesin interactions and simultaneously
increased TOP2B occupancy and the overall frequency of DSBs at
cohesin binding sites upon etoposide treatment of the cells (88).

Strong association of TOP2B with CTCF and cohesin has also been
exploited by computational models developed to predict the global
DNA occupancy of TOP2B and TOP2-induced DSBs (88, 91). These
models use chromatin features for which genome-wide data are
widely available, and may help make predictions for TOP2B func-
tion in cell types and species where assaying TOP2B occupancy or
TOP2ccs has not been possible for technical reasons.

TOP2 at topologically associating domain boundaries

Topologically associating domains (TADs) are self-associating loop-
like structures of the 3D genome that contain interacting cis-regulatory
elements and target genes (100-103) and are formed by CTCF and
cohesin-mediated chromatin loop extrusion (104-106). Approximately
50% of CTCF and cohesin binding sites at TAD boundaries are
co-occupied by TOP2B (21, 86, 88, 90, 91, 97), a phenomenon that
is especially evident at the chromatin loop anchors conserved in
multiple species and cell types, suggesting potential constitutive
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function of TOP2B in genome organization and its contribution to
evolutionary dynamics (86). TAD boundary regions are also hotspots
for etoposide-induced DNA damage (21, 22, 88, 96).

It has been shown that DNA supercoiling at TSS decreases in
the presence of TOP2 and TOP1 inhibitors, such as ICRF-193 and
camptothecin, in a transcription-dependent manner (107). The
supercoiling domain boundaries also coincide with CTCF sites,
suggesting that topoisomerases, especially TOP2B, may function at
TAD boundaries (86). In support of this, computational modeling of
chromatin loop extrusion has shown that TOP2B-mediated DNA
breaks at the TAD boundaries are needed to relax transcription-
induced supercoiling that pushes cohesins from the source of tran-
scription toward the TAD boundaries (108). TAD boundaries
at clusters of enhancer loci, also known as stretch or super-
enhancers, are particularly prone to TOP2B-mediated DSBs be-
cause of asymmetrical loop extrusion, indicating the robust
presence and activity of TOP2B at the TAD boundaries during this
process (96).

The involvement of TOP2A in torsional stress management at
TAD boundaries is less characterized. Experiments in TOP2B-
depleted cell lines have shown that TOP2A binding and DSBs also
occur at CTCF and cohesin binding sites at TAD boundaries,
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similarly to TOP2B (21, 22). Therefore, TOP2A and TOP2B may
function redundantly under certain circumstances in regulating
topological stress at TAD boundaries that likely depends on their
expression in different cell types. However, while the presence and
purpose of TOP2B, and potentially TOP2A, at topological and
supercoiling domain boundaries makes intuitive sense, the biological
role of these interactions in vivo remains to be established. Given
that DNA supercoiling at TAD boundaries is also affected by TOP1
catalytic inhibition (86, 107), the role of TOP1 in torsional stress
management at TAD boundaries should also be considered.

Because TOP2A and TOP2B are potentially functionally redundant
and yet essential for cell viability, dissecting their exact functions
during establishment of chromatin contacts is challenging. In a
recent study, TOP2 involvement in reestablishing the interphase
chromosomal structures after cell division was addressed using human
colorectal cancer cell lines with a full TOP2B knockout through
auxin-inducible degradation of TOP2A (109). Unexpectedly, regardless
of tremendous chromatin changes occurring from M to G; transi-
tion, the Hi-C chromatin conformation maps revealed only ~600 lost
or gained chromatin loops in the auxin-treated G, reentry cells and
slightly increased size of condition-specific loops, whereas chromo-
some compartments and trans contacts remained unchanged (109).
Because auxin-induced degradation eliminated ~70% of TOP2A, it
is still possible that the remaining TOP2A in these cells contribute
to the resolution of chromatin supercoiling resulting from loop
extrusion. The role of TOP1 in reestablishing interphase chromatin
loops from M to G; transition should also be examined as it may
compensate for decreased TOP2 activities given that TOP1 interacts
with RNA Pol IT on mitotic chromosomes and promotes mitotic
transcription by resolving transcription-mediated supercoiling (110).

Overall, the question whether TOP2 is directly involved in chro-
matin loop interactions requires further clarification. Given the null
and conditional knockout phenotypes of Top2b in mice, it is possible
that TOP2B binding at TAD boundaries and other cohesin-interacting
sites allows it to function rapidly at specific times and in cell types
experiencing topological challenges, without playing a central role
in loop extrusion.

TOP2 at nucleolar rDNA loci

TOP2A and TOP2B localization and functions have also been studied
in the nucleoli where they regulate RNA Pol I transcription (Fig. 1A).
Nucleoli are dynamic biomolecular condensates involved in ribo-
somal biogenesis that form around actively transcribed rDNA loci
(111). rDNA loci are among the most heavily transcribed regions of
the genome, whereas the number of rDNA repeats and transcribed
rRNA genes vary considerably between cell types, individuals, and
disease states.

The shuffling of TOP2A and TOP2B between the nucleoplasm
and the nucleolus is regulated by cellular ATP (Fig. 1A) (112, 113).
TOP2A and TOP2B rapidly translocate to the nucleolus in response
to suboptimal cellular levels of ATP, whereas the restoration of
optimal ATP levels relocates the topoisomerases back to the nucleo-
plasm. A function of TOP2A in nucleoli is to alter rDNA topology
at the rRNA core promoter, and it is required for the assembly of
the functional RNA Pol I preinitiation complex and transcription
initiation at the rDNA promoters in human cells (114). TOP2B
binding to the rDNA spacer promoter and the transcribed rDNA
regions suggests its role in resolving DNA supercoiling during RNA
Pol I elongation (86).
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Notably, the increased number of nucleoli, hyperactivation of
RNA Pol I-mediated rDNA transcription, and elevated ribosome
production are common features of cancer cells (115). While the
role of TOP2A and TOP2B in oncogenic hypertranscription is not
yet directly addressed, there is evidence about their contribution in
the response to cancer chemotherapy via modulation of RNA Pol I
transcription. It has been shown that nucleolar localization of TOP2
proteins significantly increases the tumor sensitivity to RNA Pol I
inhibitors such as MBH-21, whereas the nuclear localization of TOP2
significantly decreases the effectiveness of the same drug (113). In
addition, high rates of RNA Pol I transcription and the proportion
of transcriptionally active to inactive rDNA repeats are important
determinants for cancer cell sensitivity to CX5461 (116), a chemo-
therapy compound that targets TOP2B activity in RNA Pol I tran-
scription in the nucleoli (62, 63). Thus, TOP2 subnuclear localization
and RNA Pol I activity could help identify cancer patients who
could potentially benefit from CX5461 and RNA Pol I inhibitors,
and provide alternative avenues for cancer therapeutics develop-
ment to specifically target nuclei in tumor cells.

TOP2A and TOP2B in mitochondria
Mitochondria are semi-autonomous organelles with their own
circular double-stranded genomes that require topoisomerase activity
to resolve topological problems (117). TOP1MT is the only vertebrate
topoisomerase exclusively functioning in the mitochondria. TOPIMT
introduces single-strand breaks to mitigate negative supercoiling
during mitochondrial transcription, replication, and translation
(118, 119). Although encoded in the nuclear genome, both TOP2A
and TOP2B also translocate to the mitochondria where they func-
tion in a tissue- and growth condition-dependent manner (Fig. 1A)
(120, 121). TOP2B participates in the regulation of mitochondrial
DNA (mtDNA) replication and transcription by resolving positive
supercoiling of mtDNA (121). TOP2A cleavage complexes have been
detected at both ends of triple-stranded noncoding D-loop region
that controls mtDNA replication, suggesting the role of TOP2A in
decatenating mtDNA circles during replication, and possibly pro-
tecting D-loop ends from degradation (120). TOP2A knockdown in
HeLa cells did not affect the topology or copy number of mtDNA
(121, 122). This raises the question of whether TOP2B could com-
pensate in mitochondria for the loss of TOP2A. So far, mitochon-
drial targeting sequences of TOP2 have not been identified, and it is
still unknown how and when TOP2A and TOP2B are located to
mitochondria and what is the significance of this in vivo (123).
Most TOP2-targeting anticancer compounds are intended to
function in the nuclei of highly proliferating cancer cells; however,
they have also been implicated in mitochondrial dysfunction and
damage in postmitotic cells. For instance, a common side effect of
doxorubicin treatment involves off-target poisoning of TOP2B in
the mitochondria of cardiomyocytes that induces DSBs and tran-
scriptional changes and results in mitochondrial dysfunction and
cardiotoxicity (56). In addition, treatment with TOP2-inhibiting
fluoroquinolone antibiotics such as ciprofloxacin causes accumula-
tion of positive supercoiling of mtDNA that arrests mitochondrial
transcription and replication. Depletion of mtDNA copy number
blocks cell proliferation and differentiation, explaining side effects
associated with fluoroquinolone antibiotics (121). It has been shown
that nuclear TDP2 and the mitochondria-specific short isoform of
TDP2 (TDP2s), both transcribed in the nucleus, facilitate the re-
moval of abortive TOP2ccs in the mitochondria, while the deletions
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of TDP2 and TDP2s sensitize cells for TOP2-targeting poisons
(124). Therefore, further clarification on the effects of TOP2-targeting
drugs on mtDNA maintenance and stability, as well as mitochondria-
specific poisoning of TOP2 in chemotherapy-resistant cancer cells
is of high therapeutic importance. As for the nuclear genome, the
ubiquitous presence of TOP2B in the mitochondrial genome also
leads to notable phenotypes in the context of TOP2 poisons, yet its
biological function under normal conditions will be more nuanced
and difficult to discern.

Protein-protein interactions of TOP2A and TOP2B
Interacting proteins of TOP2A and TOP2B have been detected in
previous proteomics studies and detailed experiments, and are
curated across different species in open-access databases [e.g.,
BioGRID (125)]. In addition, proteome-wide proximal-protein
interactions of TOP2B have been mapped in HeLa cells (86).
Analysis of protein-protein interaction networks has provided
invaluable insights into the molecular functions of TOP2B. Besides
its interactions with CTCF (126), TOP2B also interacts with subunits
of the cohesin complex (RAD21, STAGI, STAG2, and SMCI1A) and
cohesin loading factors (NIPBL, PDS5A, and PDS5B), supporting
its functions at TAD anchors (86). In accordance with its localiza-
tion to nucleolus and rDNA loci, TOP2B interacts with nucleolar
proteins that are involved in rDNA gene regulation, such as DDX18,
DDX31, SDAD1, and RRP15 (86). Future studies should identify
the interaction partners of TOP2A and TOP2B in the nucleolus to
further explain their functions and shuffling between nucleoplasm
and nucleolus. TOP2B also interacts with ZNF451, an E3 SUMO-
protein ligase that facilitates the processing of trapped TOP2ccs inde-
pendently of the proteasome (75, 86). In addition, TOP2B interacts
with TOP2A and TOP1 (86, 127-129) and their concerted functions
during transcription regulation in eukaryotes have been addressed
recently (27, 89, 92, 94, 130). TOP2A-TOP2B heterodimers have
been described in HeLa cells (129), potentially explaining the sub-
stantial interactions of the two proteins (86). However, the context
of activity and specialized tasks of TOP2A-TOP2B heterodimers,

CTNNB1 BRCA1

BLM MDM4/
F

FAM131B
LMNA

BRD4 BXW7

ERCC6__ copss

HIST1H4AFBX028

SMURF2

MAPK1

their potential role in fine-tuning the transcriptional output and
chromatin dynamics, or resolving particular DNA secondary struc-
tures remains to be characterized.

To summarize the high-confidence protein-protein interactions of
TOP2A and TOP2B, we reviewed data available in the BioGRID data-
base (thebiogrid.org, version 4.4.205). We selected high-confidence
interactions that were confirmed in two or more independent studies
or experimental approaches (Fig. 3). This analysis revealed 41 proteins
interacting with TOP2A and 27 proteins interacting with TOP2B, in-
cluding 12 proteins interacting with both topoisomerases (MYC,
TOP1, TP53, CHD4, HDACI1, UBE2I, PIAS4, RNF4, ZNF451,
ASB3, HSD3B2, and XRCCE6; Fig. 3). Notably, >30% of TOP2A- and
TOP2B-interacting proteins are encoded by frequently mutated
cancer driver genes, including tumor suppressor genes (BLM, BRCA1,
TP53, FBXW7, CTCF, ESR1,and NOTCH1) and oncogenes (MAPK1,
MDM4, CHD4, and MYCN). Several known cancer genes are also
involved in translocations and amplifications (BRD4, CTNNBI,
MYC, ERG, ESR1, RARA, NOTCH1, TOP1, FAM131B, LMNA, and
RANBP?2) according to the COSMIC Cancer Gene Census database
(v92) (131). Furthermore, most of interaction partners of TOP2A
and TOP2B associate with cancer patient survival in various cancer
types [The Cancer Genome Atlas (TCGA); Fig. 3].

Together, genome-wide, proteome-wide, and detailed biochemical
and functional analyses have been instrumental to our understanding
of the shared and distinct functions and regulatory mechanisms of
TOP2A and TOP2B, and their contributions to genome dynamics
and stability. A deeper understanding of topoisomerase biology is
fundamental to improving our knowledge of existing chemotherapies
and the development of novel strategies for cancer treatments.

TOP2 IN RNA POL Il TRANSCRIPTION

Transcription-associated supercoiling accumulates on both sides of
RNA Pol II as it translocates along DNA, and is mitigated by com-
bined activities of TOP2 and TOP1 enzymes (Fig. 4). While TOP1
preferentially resolves the positive supercoiling favoring the RNA
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Fig. 3. High-confidence protein-protein interactions of TOP2A and TOP2B. Known protein-protein interactions were retrieved from the BioGRID database (v4.4.205)
and the recent studies (75, 86, 130). Interactions were filtered to only include interactions detected in at least two independent studies or experimental approaches.
Orange nodes indicate known cancer driver genes (from COSMIC Cancer Gene Census database), red circles highlight human transcription factors [from (7156)], and cancer
patient survival-associated markers are shown in bold [data from The Cancer Genome Atlas (TCGA)].
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Fig. 4. The roles of TOP2A, TOP2B, and TOP1 in RNA Pol Il transcription regulation. (A) The breaking model. TOP2B catalyzes DNA DSBs to promote permissive chromatin
structures and facilitate RNA Pol Il pause release for rapid activation of transcription. TOP1 removes DNA supercoils of elongating RNA Pol Il via single-strand breaks (SSBs).
(B) The nonbreaking model of transcriptional activation of immediate early genes (IEGs). Catalytic inhibition of TOP2A induces RNA Pol Il promoter-proximal pause release
independently of formation of DNA breaks. Negative supercoiling at TSS facilitates separation of DNA molecules, allowing tandem recruitment and transcription of mul-
tiple RNA Pol Il complexes. Topological feedback loop of transcribing polymerases cancels negative and positive supercoiling. (C) Topoisomes assembled by MYC or MYCN
transcription factors unite TOP1 and TOP2A or TOP2B, respectively. Topoisomes stimulate enzymatic activities of topoisomerases to overcome topological challenges

resulting from high-output transcription of MYC/MYCN-regulated genes.

Pol II elongation (132), a growing body of evidence indicates isoform-
specific functions of TOP2A and TOP2B in mitigation of positive
and negative DNA supercoiling in RNA Pol II pause release and
transcriptional elongation.

Breaking model of RNA Pol Il pause release

An emerging model of the function of TOP2B in transcription
regulation can be referred to as the “breaking model” whereby
TOP2B-mediated DSBs are proposed to be key regulators that
promote permissive chromatin structures and facilitate RNA Pol II

Uuskiila-Reimand and Wilson, Sci. Adv. 8, eadd4920 (2022) 2 November 2022

pause release for rapid transcription in the nonproliferating cells
(Fig. 4A). On the basis of this model, TOP2B DSBs are required for
efficient transcription initiation of a subset of stimulus-induced genes,
including the targets of estrogen and androgen receptors (26, 77),
glucocorticoid receptor targets (133), neuronal early response genes
(97), and serum-induced immediate early response genes (134).
While TOP2-mediated DNA breaks are considered short-lived
and protected by covalent bonds between TOP2 and DNA, normal
cells proficient for p53-mediated apoptosis and senescence are shown
to accumulate persistent DSBs that are correlated with TOP2B activity
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at the sites of RNA Pol II pause release (89, 94). DSBs at paused
promoters activate DDR that halts cell cycle progression and recruit
NHE] repair proteins such as XRCC4 and PARP1 to broken sites
(26, 77, 89, 97, 134). Further supporting the formation of DNA breaks
during RNA Pol II pause release, a functional relationship between
TOP2B-induced breaks and poly(adenosine diphosphate-ribose)
polymerase (PARP) enzymes in chromatin reorganization is apparent
in developing mouse spermatids (135). When activated by DNA
DSBs, PARP1 and PARP2 bind to the TOP2B-induced break sites,
undergo structural changes, and start to synthesize PAR polymer
that initiates removal of TOP2B-PARP complexes from DNA and
their further degradation (135). The cycles of PAR formation and
degradation therefore provide a mechanism that allows chromatin
decondensation and transcription initiation through controlled
TOP2B breaks, whereas genetic or pharmacological inhibition of
PARP leads to increased TOP2B activity in mouse spermatids (135).
Opverall, RNA Pol II pause release in response to intra- or extracellular
activating signals could serve as a mechanism that generates cell type—
specific and stimulus-induced distributions of DSBs in the genome.

Nonbreaking model of RNA Pol Il pause release

An alternative model of RNA Pol II pause release through repres-
sive functions of TOP2A has recently been proposed that challenges
the accepted mechanism of TOP2B-induced DSBs in the transcrip-
tional regulation of paused genes (Fig. 4B) (92). By investigating the
genome-wide effects of merbarone, a TOP2 catalytic inhibitor that
prevents formation of TOP2cc (Fig. 2B), Herrero-Ruiz et al. (92)
observed a rapid and robust up-regulation of immediate early genes
(IEGs) in human retinal pigment epithelial 1 (RPE-1) cells inde-
pendently of the formation of TOP2A- or TOP2B-induced DSBs.
Genetic depletion experiments further showed that the activation of
IEGs was primarily caused by TOP2A inhibition and accumulation
of negative supercoiling at the TSS that caused promoter-proximal
pause release of RNA Pol II, suggesting that TOP2A catalytic activity
favors promoter-proximal pausing of RNA Pol II that minimizes
the expression of IEGs under basal conditions (92).

The study proposes that robust up-regulation of IEGs upon
TOP2A inhibition could be achieved by tandem recruitment and
elongation of multiple RNA Pol II complexes, and DNA supercoiling
management in the topological feedback loop where negative super-
coiling behind the first transcribing RNA Pol IT absorbs the positive
supercoiling generated by the next approaching Pol II complex
(Fig. 4B). In contrast to the DNA breakage model, this study favors
a scenario in which transcriptional up-regulation does not entail a
risk for genome integrity, and instead suggests that the observed
TOP2-induced DSBs during transcription are consequential rather
than causal of transcriptional up-regulation (92). However, future
studies should determine the mechanisms that endogenously con-
trol TOP2A inhibition in RNA Pol II pause release, in addition to
the reported pharmacological inhibition. Last, it is also possible that
the different regulation of RNA Pol II pause release and activation
of IEGs by TOP2A and TOP2B depends on their protein abundances
in different cell types and the competition of the two proteins in
binding the specific gene promoters.

Topoisomes

To support the rapid bursts of transcription and supercoiling, the
activity of TOP2 and TOP1 at highly transcribed regions can be
stimulated through the formation of specialized complexes with
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transcription factors. Using biochemical and genomic approaches,
Das et al. (130) demonstrated that in proliferating cells, a MYC-MAX
transcription factor dimer recruits TOP2A and TOP1 and forms
ternary “topoisome” complexes that are critical for resolving DNA
topological issues associated with high-output transcription of MYC-
regulated promoters (Fig. 4C). In postmitotic cells such as neurons
where TOP2A and MYC are not expressed, the MYCN-MAX tran-
scription factors instead interact with TOP2B and TOP1 to assemble
the topoisome and manage the high-level torsional stress arising from
expression of MYCN-regulated genes (130). In each topoisome,
MYC or MYCN directly stimulates the activities of TOP1 and either
TOP2A or TOP2B, respectively. TOP2A and TOP2B are thought to
be mutually exclusive in these complexes, with TOP2A only inter-
acting with MYC and TOP2B with MYCN to support transcriptional
bursts of MYC/MYCN promoters (130).

The function of topoisomes in amplifying the activity of topo-
isomerases at the high-output promoters raises a question whether
other transcription factors and oncogenes besides MYC and MYCN
can also assemble similar topoisome complexes, and how these com-
plexes could contribute to carcinogenesis. Because MYC as well as
TOP2A, TOP2B, and TOP1 translocate to the nucleolus and con-
tribute to the regulation of rDNA genes (86, 112-114, 136, 137), itis
also possible that specialized topoisomes play an important role in
ribosome biogenesis, providing potential novel strategies to block
cancer cell growth via nucleolar-specific targeting of topoisomes.

MECHANISTICINSIGHTS INTO TOP2-INDUCED CARCINOGENESIS
Stabilization of TOP2ccs by chemotherapeutic, dietary, and environ-
mental compounds and unfaithful resolution of trapped TOP2-DNA
adducts is a known source for DNA damage and malignant translo-
cations in the noncancerous cells (Fig. 5). However, emerging
evidences show that impaired TOP2 cleavage and religation that
contributes to potential cancer driver mutations and oncogenesis also
occurs under physiological conditions in the absence of TOP2 poisons
(Fig. 5). TOP2 positioning at promoters, enhancers, and CTCF and
cohesin binding sites therefore suggests mechanisms by which
tissue-specific DNA damage and oncogenesis could be imparted.

Impact of transcription and chromatin architecture on
TOP2-mediated translocations

The principles of TOP2 cleavage in translocation process have been
recently explored using high-throughput genome-wide translocation
sequencing (88), whole-chromosome fluorescence in situ hybridiza-
tion (FISH) (138), and high-throughput C-Fusion 3D approaches
(22). Collectively, these studies have revealed that TOP2-linked trans-
locations occur at actively transcribed sites and near TAD boundaries
(21, 22, 88, 96, 138), supporting the role of intrinsic cell- and tissue-
specific selection processes and mechanisms in generation of ge-
nomic rearrangements (139).

Emergence of TOP2-induced DSBs and translocations at highly
transcribed loci is often associated with cell exposure to TOP2 poi-
soning compounds that trap TOP2ccs to the genome. At the sites
where trapped TOP2ccs block RNA Pol II elongation, a rapid DDR
and processing of trapped TOP2ccs takes place (22, 138). While this
process is crucial to convert the trapped TOP2ccs into protein-free
DSBs for further repair, it also enables the formation of illegitimate
fusions, especially when the broken DNA ends of the two loci be-
come into a close proximity (Fig. 5) (22). On the contrary, most of
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Fig.5. TOP2 role in tumorigenesis. Normally short-lived TOP2-DNA cleavage intermediates become stalled and trapped to the chromatin by (i) chemotherapeutic,
dietary, and environmental TOP2 poisons, (ii) mutations in TOP2, cohesin, and DNA repair enzymes, and (iii) endogenous cellular processes that prolong TOP2-DNA inter-
actions, such as RNA Pol Il pausing. In proliferating cancer cells, trapped TOP2ccs block the essential steps in DNA replication and cell division, which overwhelms the DNA
damage repair mechanisms and leads to accumulation of cytotoxic DNA lesions and apoptosis of the cancer cell. However, encounter of the stalled TOP2ccs with the
transcription machinery in the normal nondividing cells and rapid processing of TOP2-DNA intermediates into protein-free DSBs provide the means for emergence of
tissue-specific DNA damage and mutagenesis, including tumorigenic translocations, deletions, and short indels.

the trapped TOP2ccs at transcriptionally inactive loci remain intact
and, upon removal of TOP2 trapping compound, are reversed by
TOP2 without the generation of protein-free DSBs (88). Thus, the
risk of therapy-induced chromosomal translocations is determined
by the rate at which trapped TOP2ccs are processed at the transcrip-
tionally active regions and the spatial proximity of the fusion partners.

Cancer-associated translocations also arise from endogenous
TOP2-induced DNA breaks that occur during RNA Pol II pause
release (Fig. 5) (89). By analyzing DSBs in the MCF10A breast cancer
cell line and chromosomal rearrangements detected in breast cancer
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patients, Dellino et al. (89) observed that intragenic DSBs were en-
riched at 5’ splice sites of promoter-associated long introns and active
enhancers within gene-body introns. Supporting the role of endog-
enous DSBs and release of paused RNA Pol IT in translocation pro-
cess, the study demonstrated that only the introns bound by TOP2B,
DSB repair protein XRCC4, and RNA Pol II pS5 that marks tran-
scriptional elongation were associated with translocation breakpoints
of breast cancer. Furthermore, while RNA Pol II pause release
directs the formation of tissue-specific endogenous DSBs, the prox-
imity to the loop anchors further increases their probability to
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undergo translocations (89). Thus, TOP2-induced breaks during
RNA Pol II pause release that could be triggered by various intra-
and extracellular stimuli may predispose for cell type-specific chro-
mosomal translocations.

Error-prone resolution of stalled TOP2ccs

Removal of trapped TOP2 adducts and repair of the resulting DSBs
is a complex cellular challenge that involves coordinated activities
of different enzymes and pathways and serves as a crucial mecha-
nism for tumor suppression and genome stability (140). However,
the cellular mechanisms of resolving trapped TOP2ccs may also
contribute to the emergence of translocations and other mutations
in cancer genomes (Fig. 5). Systematic analysis of these mecha-
nisms in normal and cancer cells will ultimately help understand
their role in cancer pathogenesis and identify novel targets for ther-
apeutic intervention.

Somatic mutations and transcriptional depletion of genes re-
sponsible for processing and removing the stalled TOP2 adducts
have important roles in tumorigenesis. For example, germline loss-
of-function mutations in the tumor suppressor ATM, a kinase that
activates responses to facilitate the removal of trapped TOP2ccs and
further DNA DSBs repair, predispose patients for lymphoid and
thymic malignancies (90, 141). Inactivating mutations in the tumor
suppressor genes BRCAI and BRCA2 predispose individuals for
breast and ovarian cancers due to switch from the HR pathway to
the more erroneous NHE] pathway for DSB repair (142). It has been
shown that BRCA1 promotes the removal of estrogen- and etoposide-
induced TOP2 adducts from DSB ends, whereas cells that are deficient
for BRCA1 have higher risk for TOP2cc-dependent DNA damage
especially at the estrogen-regulated promoters (74). Because breast
and ovary tissues rely on estrogens for their proliferation, the muta-
tions in BRCA1/2 that compromise the fidelity of TOP2 adducts
repair at estrogen-responsive promoters therefore explain the role
of these mutations in initiation of breast and ovarian cancers.

A growing body of evidence demonstrates that the activity of DNA
repair proteins could be prone to errors and increase the probability
for inaccurate processing of TOP2-linked DSBs. For example,
Sciascia and colleagues (143) showed that inhibiting proteasome-
mediated degradation of stalled TOP2ccs before etoposide treatment
prevented a robust DDR and minimized the occurrence of DSBs
and chromosomal translocations that would otherwise have been
expected. Thus, if not degraded, trapped TOP2ccs retain their enzy-
matic competency and, upon etoposide washout, can reseal the
protein-linked DSBs in an error-free manner without invoking DDR
signaling (143).

Nucleolytic resection is another potentially error-prone mecha-
nism that resolves trapped TOP2ccs (73). For example, MRE11 endo-
nuclease that exhibits 5" and 3’ nucleolytic activity causes loss of
short sequences at the processed DNA ends before religation (3, 72).
Hence, MRE11 and other nucleases that remove additional nucleo-
tides from the DNA ends can lead to aberrant repair of trapped
TOP2ccs but may also give rise to potentially tumorigenic somatic
mutations and deletions in the genome (Fig. 5).

Last, inaccurate religation of TOP2-mediated DSBs provokes gene
fusions. On the basis of a comprehensive analysis of more than
2500 cancer genomes, most structural variants have no sequence
homology at their breakpoint junctions and are therefore likely the
consequence of NHE] rather than HR-mediated rejoining of broken
DNA ends (139). An essential core factor of NHE] pathway that
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reseals the TOP2-mediated DSBs, the ligase 4 (LIG4) enzyme, how-
ever, is also responsible for illegitimate end joining of these breaks
and resulting chromosomal rearrangements (138). Although LIG4
knockout cells become hypersensitive to etoposide and accumulate
DSBs, the genome-wide FISH analysis of LIG4 knockout cells in-
stead revealed significant decrease of chromosomal translocations
in LIG4™" cells compared to wild types (138). Thus, LIG4-mediated
rejoining of TOP2-induced DNA breaks may result in errors that
provoke fusions downstream of TOP2 proteolysis and DSB end
processing (138).

Rewiring of TOP2 breakome in cancer
Proteins interacting with TOP2, such as CTCF and cohesin subunits
(RAD21, SMCI1A, STAGI, and STAG2), as well as the binding sites
of CTCF and cohesin are subject to frequent somatic mutations in
different cancer types (144-147). These mutations are linked with
disruptions in TAD organization, gene-enhancer interactions, and
transcriptional deregulation of cancer genes (148). However, muta-
tions that disrupt the chromatin binding or functions of cohesin and
CTCF may also interfere with the activities of TOP2B (21, 22, 88).
For instance, mutations in the cohesin complex or its regulatory
subunits that either decrease or increase cohesin residence time on
DNA also reduce or prolong TOP2-DNA interactions (88), and thus
have potential to alter the frequency of TOP2-induced DSBs and
translocations, and affect the outcome of TOP2-targeting chemo-
therapy. Also, single-nucleotide polymorphisms at CTCF and cohesin
binding sites may alter the frequency of TOP2-induced DSBs or rewire
the DSBs to novel sites. It has been shown that single-nucleotide
polymorphisms that reduced the binding of CTCF in mouse B cells
also reduced the etoposide-induced DSBs at the same sites (21). In
addition, mutations at the conserved bases of the CTCF DNA binding
motif that prevented CTCF binding to the TAD anchor overlapping
the t-AML translocation hotspot of MLL in hematopoietic cells also
substantially reduced etoposide-induced DSBs at this site compared
to parental cells (22). It is therefore possible that TOP2 activities at
chromatin loop anchors may interact with somatic mutational pro-
cesses in cancer genomes that disrupt existing CTCF binding sites
or create new binding motifs and TOP2 DSB sites. Overall, encoding
mutations of CTCF and cohesin, and their binding site mutations,
could alter TAD structures, cause TOP2-mediated chromatin fragility,
and affect the transcription of genes involved in oncogenesis or
tumor suppression.

Copy number and somatic mutations in TOP2
The copy number and expression of TOP2 is often altered in human
cancers and associated with poor prognosis and shorter overall patient
survival, likely due to the ability of TOP2 to support transcription
and replication of cancer cells (TCGA) (149, 150). For instance, sys-
tematic analysis of >24,000 solid tumors demonstrated that TOP2A
is amplified in approximately 4% of all tumors, with the highest rate
of amplifications found in >10% gallbladder and gastro-esophageal
malignancies (149). TOP2A coamplification with oncogenic HER2
tyrosine kinase located ~700 kb centromeric from TOP2A is frequent
in patients with breast, ovarian, gastroesophageal, and pancreatic
cancers (149). As another example, overexpression of TOP2B in a
subset of gliomas has shown to modulate transcription of MYC and
PDGFRA oncogenes and promote proliferation of glioma cells (151).
Unlike CTCF and cohesin genes that are frequently mutated
in cancer, surprisingly little is currently known about the somatic
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mutations of TOP2A or TOP2B and their roles in oncogenesis.
However, recent analyses of whole-genome sequencing datasets of
human cancers have revealed a rare somatic mutation in p.K743N
of TOP2A that occurs in less than 0.1% of the tumors analyzed and
has been identified in cases of gastric, pancreatic, and prostate cancers
and cholangiocarcinoma (Fig. 1C) (152, 153). This mutation affects
TOP2A DNA cleavage domain and causes a specific pattern of
insertion-deletion (indel; ID) mutagenesis entitled as ID_TOP2A
(Fig. 5) (152, 153). To date, 18 indel mutational signatures have
been described in human cancers comprising distinctive set of
mutations caused by different mutation processes (152, 154). On the
basis of this information, ID_TOP2A that gives rise to 2- to 4-base
pair (bp) de novo duplications matches with previously reported
indel signature 17 (ID17), whereas the deletions of 2, 3, 4, or =5 bp
(mostly 6 to 8 bp in size) observed in ID_TOP2A in the nonrepetitive
genomic sequences are associated with ID8 signature (152, 153).
Correlation of a higher mutational activity and higher expression
of genes indicates that the ID_TOP2A signature likely exhibits
transcription-associated DNA damage at TOP2A cleavage sites
(152, 153). Furthermore, orthologous TOP2A-p.K743N mutation
introduced in the genome of budding yeast (Saccharomyces cerevisiae)
induced higher cleavage activity of TOP2 and led to emergence of
2- to 4-bp duplications similar to ID17 signature (153). These results
demonstrate a potential oncogenic role of mutations of TOP2 genes.

A markedly similar indel mutator phenotype to human ID_TOP2A
(and ID17) has also been described in the yeast p.F1025Y and
p-R1128G Top2 double-mutant (Fig. 1C). Functional characterization
of this Top2 double-mutant revealed self-poisoning and stabilized
cleavage intermediates that are trapped to DNA, similarly to TOP2
poisoning with etoposide (155). Elevated DNA cleavage observed in
double-mutant yeast cells was independent of cellular ATP and was
associated with up to 80-fold increase of de novo 2- to 4-bp duplica-
tions compared to wild-type yeast strains (155). These duplications
arise from blunt end gap filling of the protein-free DNA ends by
DNA polymerase and ligation by the NHE]. Notably, both p.F1025Y
and p.R1128G mutations map to the C-terminal dimerization region
of the yeast Top2 protein and are therefore divergent from the
TOP2A p.K743N mutation associated with ID_TOP2A signature in
human cancer genomes (Fig. 1C) (155).

While more evidence regarding the TOP2 potential mutator
phenotypes will become available in the future as more human cancer
genomes are sequenced, the current observations suggest that
elevated expression and mutations in TOP2 are potential drivers of
mutational processes in cancer in addition to their more established
involvement with therapy-related carcinogenesis.

CONCLUDING REMARKS

The localization of TOP2A and TOP2B to the most essential parts
of the vertebrate genome makes them crucial cellular assets for solving
topological challenges. While the essential role of TOP2A in cell
division has been well established, the in vivo functions of TOP2B
remain more elusive. Evidence to date supports a model where
TOP2B is positioned in standby mode, waiting to participate in
solving extreme topological challenges that occur during normal
development, cellular differentiation and stimulation, and repro-
duction. To fully untangle the role of TOP2A and TOP2B, more
work is needed to (i) define the essential molecular events and
cellular processes that require TOP2B and (ii) identify the structural
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features that govern the unique expression patterns and interactions
of the two topoisomerases.

In terms of carcinogenesis, it is becoming clear that endogenous
cellular processes that prolong TOP2-DNA interactions can lead to
structural rearrangements and mutations that have the potential to
drive cancer. A better understanding of TOP2 functions in different
subcellular locations (e.g., the nucleus, nucleolus, and mitochondria)
is an exciting area of topoisomerase research with direct relevance
to cancer. While the efficacious use of TOP2 poisons as frontline
chemotherapeutics clearly illustrates how we can exploit the known
features of TOP2-chromatin interactions in the clinic, the recurrent
secondary malignancies and cardiotoxicity underscore the need for
continued innovation in the field. For example, identifying TOP2-
targeting compounds with different modes of action and propensity
for poisoning of TOP2A over TOP2B or perhaps even reducing
TOP2B levels before treatment have clinical potential. Continued
research on the basic mechanisms of TOP2 function in vitro and
in vivo will be essential for understanding genome regulation in
health and cancer.
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