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Abstract

Although some genomic rearrangements are caused by replication or transcription, the etiology of
others is unclear. Reporting in Ce//, Canela et al. (2017) reveal that type Il topoisomerase-
mediated release of torsional strain at chromosomal loop anchors generates DNA double-strand
breaks that drive multiple oncogenic translocations in a transcription-independent manner.

It is becoming increasingly clear that the higher-order organization of chromosomes into
spatially restricted chromatin domains plays a critical role in the regulation of transcriptional
programs (Dixon et al., 2016). Long-range chromatin loops occur between promoters and
enhancers to initiate transcription. Other chromatin loops, called “insulated neighborhoods,”
isolate enhancers from interacting with inappropriate gene promoters outside of the loop
(Hnisz et al., 2016a) (Figure 1). While it is clear that chromatin loops are mediated by the
ring-shaped protein complex cohesin and are often anchored by the insulator protein CTCF
binding to its DNA recognition sequences, how chromatin loops form is a long-standing
question (Dixon et al., 2016). Recent ground-breaking work spearheaded by Andre
Nussenzweig’s group (Canela et al., 2017) reveals that a type Il topoisomerase (TOP2)
functions at chromatin loop anchors to dissipate the torsional strain generated by chromatin
loop formation, providing compelling evidence for an “extrusion” model of chromatin loop
formation (Dixon et al., 2016) (Figure 1). Furthermore, the DNA double-strand breaks
(DSBs) induced by TOP2 at chromatin loop anchors can trigger genome instability that
drives carcinogenic translocations.

DNA-based processes, such as replication, repair, and transcription, as well as packaging the
genome into chromatin and chromosome condensation, all generate torsional strain within
the genome. This is relieved by transient breaking and rejoining of either one strand of DNA
by type | topoisomerase or of both DNA strands by TOP2. Failure of TOP2 to accurately
reseal the DSBs it generates causes susceptibility to mutation and genome rearrangements,
apparent from therapy-related acute myeloid leukemia (t-AML) caused when the TOP2
inhibitor etoposide, which inhibits DNA sealing but not DNA cutting, is used as a
chemotherapy drug (Leone et al., 1999). To test the hypothesis that oncogenic chromosomal
translocations are due to failure to accurately rejoin TOP2-induced DSBs, Canela and
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colleagues (2017) used their innovative END-seq method in which biotinylated hairpin
adapters are ligated onto DNA DSBs (Canela et al., 2016) to map DSBs in primary B cells
in the presence of etoposide (Canela et al., 2017). They discovered that TOP2-induced DSBs
occurred in the same DNA regions that typically undergo translocation within the MLL gene
and its translocation partners ENL, AF9, and AF4. Intriguingly, in some cases the same
DSBs occurred without etoposide treatment, albeit at approximately 10-fold lower
frequency, indicating that DSBs at certain translocation breakpoints reflect the normal
function of TOP2. This finding explains why de novo AML and t-AML are caused by
translocations between identical breakpoints.

Strikingly, the function of TOP2 in causing DSBs at translocation breakpoints was not
limited to the specific cell type in which the translocation causes human disease. For
example, TOP2-induced DSBs occurred in B cells at the TMPRSS2 gene that mediates
translocations in 50% of prostate cancer in humans, even though this gene is not expressed
in B cells (Canela et al., 2017). Similarly, TOP2-induced DSBs within the MLL gene and its
translocation fusion partners occurred in human breast cancer cells. As such, the DSBs that
cause these oncogenic translocations result from normal TOP2 function in numerous
different cell types. Therefore, oncogenic translocations are probably more promiscuous
than previously documented, while their ability to drive carcinogenesis likely involves
selection processes that occur only in specific cell types.

A key question is what biological process generates the torsional strain that has to be
relieved by TOP2 at oncogenic translocation breakpoints? This study shows that of the two
mammalian TOP2 isoforms, TOP2B was clearly responsible for the DSBs at the
translocation breakpoints because they did not occur in mouse embryonic fibroblasts null for
TOP2B (Canela et al., 2017). In agreement, the DSBs colocalized with TOP2B protein on
the genome. Although TOP2B is known to induce DSBs within specific genes during
transcription (Calderwood, 2016), transcription was convincingly shown to be dispensable
for generation of most DSBs by TOP2B (Canela et al., 2017). Intriguingly, TOP2B-induced
DSBs and TOP2B protein colocalized on the genome with the insulator protein CTCF and
the RAD21 subunit of cohesin (Canela et al., 2017), indicating that TOP2B functions at
anchors of chromatin loops. Although transcription was not essential for most TOP2B-
induced DSBs (Canela et al., 2017), they may themselves promote efficient transcription
through chromatin loops. For example, almost one-third of all TOP2B-induced DSBs
occurred within 1 kb of transcription start sites. This provides a logical explanation for the
marked preference of translocations at transcription start sites (Chiarle et al., 2011). The
TOP2B-induced DSBs tended to be enriched at both ends of promoter-enhancer loops of
active genes, along with TOP2B, CTCF, and cohesin (Canela et al., 2017). These data are
consistent with TOB2B functioning to relieve torsional strain to further stimulate the
promoter-enhancer looping that initiates transcription (Figure 1). This idea could be tested
by determining whether MEFs lacking TOP2B have reduced promoter- enhancer looping
and/or reduced transcriptional activation of corresponding genes.

TOP2B-induced DSBs at translocation breakpoints reflect the 3D chromosome architecture
and provide unparalleled insight into the mechanism of chromatin loop formation (Canela et
al., 2017). Hi-C chromosome mapping of loop anchor positions showed that the location of
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DSBs identified via END-seq overlapped with the location of loop anchors, in addition to
cohesin and CTCF (Canela et al., 2017). Furthermore, chromatin loops are the cause of
TOP2B-induced DSBs at loop anchors. This was apparent from the fact that single-
nucleotide polymorphisms between two different mice species that reduced CTCF and
RAD21 occupancy also resulted in loss of TOP2B-induced DSBs (Canela et al., 2017). That
chromatin loops induce topoisomerase-mediated DNA breaks indicates that the mechanism
by which chromatin loops form, which was previously unclear, induces torsional strain. This
finding is consistent with a loop extrusion model, whereby cohesin forms progressively
larger loops but stalls at loop anchors by interaction with boundary proteins like CTCF
(Figure 1). Consistent with the loop extrusion model, as opposed to CTCF recruiting cohesin
to chromatin, the probability of a DSB at any given loop anchor was directly proportional to
the amount of the cohesin loader SCC2/SCC4 within the chromatin loop (Canela et al.,
2017).

Taken together, this pioneering study (Canela et al., 2017) has revealed that TOP2B relieves
torsional strain that is generated as chromatin fibers are extruded through cohesin during
chromatin loop formation and that the TOP2B-induced DSBs at loop anchors can lead to
oncogenic genome rearrangements. The TOP2B-induced DSBs may additionally provide a
mechanism to account for the insertions/deletions, tandem duplications, and mutations that
inactivate loop anchors in other human diseases, including many cancers in which aberrant
activation of oncogenes occurs via hijacking of an enhancer normally insulated in an
adjacent chromatin loop (Ji et al., 2016; Hnisz et al., 2016b; Weischenfeldt et al., 2017). As
such, the mechanism used to generate the 3D chromatin architecture has been adopted to
drive cancer and is also likely to have played an important role in evolution.
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Figure 1. Model for How DNA Damage Occursat Chromatin Loop Anchors
After recruitment by the cohesin loader, cohesin slides along chromatin, extruding a

chromatin loop and inducing torsional strain in the chromosome, until its movement is
stopped by encountering CTCF. Topoisomerase TOP2B is recruited to the chromatin loop
anchor to relieve the torsional strain by breaking and resealing the DNA, but occasionally it
does not reseal the breaks, leading to oncogenic chromosome rearrangements.
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