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Clarifying the role of TOP2 in genome organization is necessary to understand how genome structure
relates_to nuclear function. In addition, finding that transcription drives conversion of TOP2
breaks into chromosomal translocations can be used to avoid oncogenic chromosomal aberrations and
leukemia

The DNA is packed and folded in loops to fit inside the nucleus. This
compression in the DNA leads to torsions that are dissipated by the enzyme topoisomerase type 1l
(TOP2). TOP2 acts in the same locations where the DNA folds to form loops. | found that the role of
TOP2 in these locations is to facilitate compaction of the DNA during loop formation. During its
normal enzymatic activity, TOP2 temporary cuts and reseal the DNA to relax torsions, but sometimes
it fails resealing the breaks and becomes trapped in the DNA. These breaks have to be repaired and
can lead to DNA damage, chromosomal aberrations and cancer. | quantified how TOP2 breaks leads to
chromosomal translocations and found that although the initial breaks caused by TOP2 activity depend
on the foldin? of the DNA, transcription is responsible of processing these breaks increasing
genome instability and leading to oncogenic chromosomal translocations.
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Initial background to the study

The mammalian genome is folded and packed into loops or topological associated domains
(TADs). Loops are formed by the structural maintenance of chromosome complexes (SMC)
cohesin. Cohesin loads in the chromatin and translocates along until it encounters a pair of
CTCEF (CCCTC-binding factor) that stops it. The base of the loop, bound by cohesin and CTCF,
is called loop anchor or boundary. Topoisomerase 2 (TOP2) relieves torsional stress in the
DNA (supercoiling and entanglements) by producing a transient double DNA break (DSB) and
passing another DNA. During this process, TOP2 covalently binds to the ends of the broken
DNA forming a short-lived intermediate called TOP2 cleavage complex (TOP2cc). As part of
its normal catalytic cycle, TOP2 religates the ends of the DSBs and dissociates without
causing any damage. TOP2 poisons such us etoposide or other chemotherapeutic drugs, and
sometime spontaneously, increase the levels of TOP2cc inhibiting the ligation step, trapping
TOP2 in the cleavage complex. These permanent DNA-protein adducts requires the removal
of TOP2 from the DNA ends and the repair of the DSB. These lesions generate genome
instability and the oncogenic translocations responsible of secondary leukemias after
chemotherapy, like therapy-induced acute myeloid leukemia (t-AML).

| developed a method called END-seq, which detects breaks in the genome (Canela et al.
2016) and | adapted it to map TOP2 transient breaks as a readout of TOP2 activity (Canela
et al. 2017 and 2019). | found that TOP2 breaks localize in loop anchors bound by cohesin
and CTCF and TOP2 breaks correlate with the binding of cohesin, but it is still unknown the
role of TOP2 and the source of the topological stress that TOP2 releases. In the other hand,
among the sites of loop anchors and TOP2 activity were the breakpoints of chromosomal
translocations found in patients that developed t-AML, suggesting that continuous TOP2
breakage at loop anchors makes them vulnerable to genome instability, but it is still unknown
the mechanisms that promote TOP2 breaks to generate chromosomal translocations.

Objectives of the study
1. Determine how TOP?2 lesions leads to oncogenic chromosomal translocations.
2. Characterize the role of TOP2 in genome organization and loop formation.

Research methods
For both objectives, | used Abelson-immortalized mouse preB cells, as they are easily arrested
in G1 with the Abelson kinase inhibitor Imatinib (Gleevec) avoiding the background breaks for
END-seq of poisoning TOP2 replication, and the toxicity of topoisomerase inhibition during S-
phase and mitosis.

To study how TOP2 lesions leads to oncogenic chromosomal translocations. PreB cells were
arrested in G1 with Imatinib for 48 hours and then treated with etoposide to map by END-seq
total TOP2 lesions/breaks, by a combination of exonucleases ExoVIl and ExoT to ensure all
DSB ends are free of protein (TOP2cc), or only protein-free DSBs with ExoT alone.
Transcription was assayed by nascent RNA-seq. Chromosomal translocations by HTGTS (Hu
et al. 2016) expressing a zinc finger nuclease (ZFN) targeting the T cell receptor locus to
generate a "bait" DSB to capture by translocation etoposide generated DSBs. For transcription
inhibition or stimulation and proteasome inhibition drug pre-treatment was performed for 2
hours prior to etoposide treatment.

To identify the function of TOP2 in genome organization, | used CRISPR/Cas9 gene editing
technologies to generate preB cells lines with the AID degron sequence knocked into the
genes. PreB cells were arrested in G1 were treated with auxin to degrade TOP2a and cohesin
components and used for ChlP-seq and END-seq.

Research results
1. Determine how TOP2 lesions leads to oncogenic chromosomal translocations.
()Investigate how etoposide-dependent DSBs can lead to chromosomal translocations.




To understand the relationship between TOP2 breaks and translocations, we performed high-
throughput genome-wide translocation sequencing (HTGTS), a translocation sequencing
approach, which relies on the generation of bait DSBs at a defined location, and the
subsequent capture of “prey” DSBs (Fig.1A). To generate a “bait’DSB we expressed a zinc
finger nuclease (ZFN) targeting the T cell receptor locus in preB-cells, deficient for Lig4 as
classical NHEJ suppresses chromosome rearrangements, at the same time of treatment with
etoposide (Fig.1B).
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Figure 1. AHTGTS schema. B. Genome profile of chromosome 6 comparing TOP2 lesions by END-seq (red) and
translocations by HTGTS (green), in preB cells not treated (NT, upper) and etoposide treated (ETO, lower). Bait DSB is
indicated. C. Venn diagram showing overlap between translocations in cis to the bait (chr6) (green) and TOP2 lesions
detected by END-seq upon etoposide treatment (red). D. Nascent RNA-seq levels of TOP2 lesions in chromosome 6 between
the lesions that overlap with translocations and the ones that not (*** p<0.0001 t-test). E. Barplot comparing mean number of
translocations in the presence or absence of IFNB in genes that are not-transcribed, transcribed and INFB induced. F. Left:
comparison of the fraction of TOP2 lesions that translocate in sites with low transcription (RPKM<0.1) vs high transcription
(RPKM=>1), right: same but in upon transcription inhibition with DRB. G. Same as F but for AsiSl-induced protein-free DSBs.

We found that from all TOP2 breaks in the same chromosome as the bait, only 17% (Fig.1C)
exhibited translocations and they were enriched in transcribed areas (Fig 1D). Treatment with
interferon beta (IFNB) prior to etoposide resulted in the transcriptional induction of 400 genes
and it increased translocations in these genes (Fig.1E). And inhibition of transcription
abolished translocations upon etoposide (Fig.1F). Thus, transcription promotes TOP2-
mediated translocations. Etoposide induced translocations require removal of TOP2 from the
DNA to generate protein-free DSBs, to test how transcription impacts translocation of protein-
free DNA ends, we induced translocations expressing the restriction enzyme AsiSI which
produces“clean’DSBs. AsiSI-induced DSBs also translocated more at transcriptionally active
than inactive broken loci (although not significant), but transcription inhibition did not decrease
AsiSI translocations significantly (Fig.1G). Thus, transcription is necessary of translocations
of TOP2 breaks compared to those originated from protein-free DNA ends.

(i) Determine the kinetics of generation and repair of TOP2cc across the genome

To understand how transcription promotes TOP2-mediated translocations, we modified the
END-seq assay to discriminate between TOP2-induced DSBs before and after TOP2 has
been removed from the break, allowing us to distinguish the proportion of TOP2cc (TOP2
trapped at the DSBs) and protein-free DSBs for every TOP2 break (Fig.2A). The amount of
total TOP2 lesions (TOP2cc and protein-free DSBs) in a given site remained constant during
the time, but protein-free DSB increased (Fig.2B-C). We noticed that these dynamics were
different between genomic locations (Fig.2B), the initial TOP2 lesions (TOP2cc), correlates
with cohesin binding, and the conversion rate to protein-free DSB correlates with the level of
transcription (Fig.2D). Inhibition of transcription suppressed the enrichment of protein-free
DSB in highly transcribed loci (Fig.2E). In conclusion, transcription increases the rate at which
trapped TOP2ccs are converted into protein-free DSBs which in turn promotes translocations.
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Figure 2. A.Schematic representation of the different TOP2 lesions (left: intact TOP2cc, partially degraded TOP2cc, degraded TOP2cc, right:
protein-free DSB) and their detection by END-seq. END-seq uses ExoVIl + ExoT to detect all TOP2 lesions, and only ExoT to detect protein-
free DSB. B. Scatter plots of the levels of END-seq signal using ExoVIl + ExoT (TOP2 lesions) and only ExoT (protein-free DSBs) after 30
minutes, 2.5 h and 12 h of ETO treatment. C. Ratio of protein-free DSB to total TOP2 lesions for the times of B. D. Top: TOP2 lesions divided
by deciles by the level of TOP2 trapping (left) measured at 30 minutes post ETO treatment or processing levels (right) measured at 2.5h post
ETO treatment. Bottom: average levels for each decile of transcription, cohesin and CTCF binding plotted as a heatmap. E. Left: Average
fraction of protein-free DSB with and without transcription inhibition (DRB) for each quartile defined in the right. Rigth: Histogram of
transcription levels, colors represent each quartile from low and not transcribed (white) to highly transcribed (dark purple)

(iii) Evaluate of the mechanisms of processing and repair of TOP2cc.

Trapped TOP2ccs revert upon washing etoposide from the media. We study how transcription
affects to the reversibility by measuring the levels of TOP2ccs before and immediately after
etoposide washout, and define the fraction of TOP2cc reversible and irreversible (Fig.3A-B).
Most of the TOP2ccs were reversible (88%)(Fig.3A-B). To examine whether transcription
affects reversibility we divided the TOP2 breaks into bins according with the level of
transcription at their locations in repair deficient cells (Fig.3C-E). We found that the conversion
of reversible into irreversible TOP2cc correlates with transcription, but irreversible TOP2cc
does not accumulate, they are rapidly converted into protein-free DSB (Fig.3C). The
conversion of irreversible TOP2cc to protein-free DBS depends on TDP2, in absence of TDP2
the irreversible TOP2cc fraction accumulates but it is still relative insensitive to transcription
(Fig.3D). Thus, transcription mostly affects to the conversion between reversible to irreversible
TOP2cc. In addition, we found that proteasome inhibition increased the reversible TOP2cc
fraction, and reduced the protein-free DSBs (Fig.3E). Irreversible TOP2cc were also increased
may be by post-translation modifications of TOP2cc. In conclusion, transcription accelerates
the conversion of reversible TOP2cc to irreversible by proteasome degradation of TOP2.
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Figure 3. A.Schematic representation of the different TOP2 lesions. Unprocessed TOP2ccs that disappear immediately upon washout of etoposide
(ETO) are referred as “reversible TOP2ccs” (light blue). Partially processed or postranslational modified TOP2ccs retained upon ETO washout are
referred to as “irreversible TOP2ccs” (dark blue). Fully processed TOP2cc correspond to protein-free DSBs. The fraction of each of these TOP2 lesions
shown for Lig4”- B. Scatterplots comparing the levels of TOP2 lesions (ExoVII+ExoT), DSB (ExoT) and TOP2cc (TOP2 lesions - DSB) upon 2.5 hours
of ETO before (x axis) and immediately after washout of ETO (y axis). C-E. Left: TOP2 lesions in Lig4-/- (C), TDP2-/- Lig4-/- (D) or Lig4-/- cells treated
with proteasome inhibitor epoxomicin (E), were divided in 200 bins with increasing levels of transcription, and the relative levels of DSBs (red) and
reversible and irreversible TOP2cc (light blue, dark blue and red respectively) were measured for each bin. Right: average levels of transcription plotted
against the fraction of DSBs (red) and irreversible TOP2cc (dark blue) per bin for each genotype.
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2. Identify the function of TOP2 in genome organization and loop formation.

(i) Analyze genome organization in the absence of TOP2

To analyze the role of TOP2 in cohesin function, | examined cohesin binding by ChiP-seq in
absence of any TOP2 activity. Mammals have two TOP2: TOP2q, that is essential for mitosis
and expressed only in proliferating cells, and TOP2(, the one acting at loop anchors. | have
generated Abelson-immortalized preB cells with an inducible auxin-based degron system
(mAID) (Natsume et. al 2016) to deplete TOP2a in cells Top23-/- arrested in G1 to avoid the
toxicity of the lack of TOP2a in dividing cells. | found that absence of TOP2 activity decreases
modestly the binding of cohesin by ChlP-seq. Next, | also generated degron preB cell lines
for components of cohesin such as RAD21, component of the cohesin ring, WAPL, cohesin
unloader, and also for CTCF. First, | combined the degron of WAPL, cohesin unloader, with
the absence of TOP2. WAPL depletion accumulates cohesin that aggregates forming axial
structures called vermicelli that condensate the chromatin in interphase. | found that upon
WAPL depletion the absence of TOP2 decreases cohesin binding and impairs the formation
of vermicelli (Fig.4) indicating that TOP2 is necessary for DNA compaction by cohesin. | am
now working in understanding why TOP2 activity is needed for vermicelli formation upon
WAPL depletion.
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In parallel, | have generated the degron of RAD21, a component of cohesin, with and without
TOP2. And in the same way the degron of CTCF was also generated. Cohesin or CTCF
depletion eliminates all chromatin loops but it is rapidly reversible by washing the auxin out
from the media, making loops to reappear. | am now evaluating whether these dynamics
depends on TOP2 activity.
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(i) Monitor how TOP?2 is recruited to loop anchors and how its activity is modulated.

By protein co-immunoprecipitation TOP2[3 interacts only with the cohesin components SMC1
and SMC3. | could not detect interaction with RAD21, STAG1, STAG2, PDS5 and CTCF. The
interaction of TOP23 with SMC1 and SMC3 is not direct, and is mediated by DNA. To evaluate
whether TOP2( is actively recruited by cohesin of by the topological stress generated by
cohesin constraining the chromatin, | have generated stable preB cell lines with a system to
induce the formation of an artificial loop mediated by Cas9, called CLOuD9 (Morgan et al.
2018). This system, called CLOuD9 (Morgan et al. 2018) consists in 2 CRISPR/dcas9 with a
dimerization domain tethering two locations in the chromosome. | induced a loop between the
beta-globin promoter and the locus control region (LCR) enhancer. | am currently checking
the loop formation by 4C (circular chromosome conformation capture) and if TOP2f3
recruitment by END-seq with etoposide.

(iii) Measure torsional stress across the genome produced by cohesin advancement.

To characterized torsional stress, | have set up:

(1) Negative supercoiling mapping using psoralen-biotin. Psoralen preferentially intercalates
in negatively supercoiled DNA and biotin coupling allows to purification and sequencing.

(2) Mapping positive supercoiling by GapR-ChlP-seq. | set up the inducible expression in the
preB cells of GapR, a bacterial protein that associates in vivo with positive supercoiled DNA
(Guo et al. 2021). The use of a tag allows mapping the binding regions and identification of
positive supercoiling by ChiP-seq. As a preliminary data, | detect GapR binding at loop
anchors and follows cohesin binding.
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