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ABSTRACT

Mitotic chromatin is largely assumed incompatible with transcription due to changes in the
transcription machinery and chromosome architecture. However, the mechanisms of mitotic
transcriptional inactivation and their interplay with chromosome assembly remain largely
unknown. By monitoring ongoing transcription in Drosophila early embryos, we reveal that
eviction of nascent mRNAs from mitotic chromatin occurs after substantial chromosome
compaction and is not promoted by condensin I. Instead, we show that the timely removal of
transcripts from mitotic chromatin is driven by the SNF2 helicase-like protein Lodestar (Lds),
identified here as a modulator of sister chromatid cohesion defects. In addition to
transcriptional termination, we uncovered that Lds cooperates with Topoisomerase 2 to ensure
efficient sister chromatid resolution and mitotic fidelity. We conclude that mitotic
transcriptional termination is not a passive consequence of cell cycle progression and/or
chromosome compaction but occurs via dedicated mechanisms with functional parallelisms to

sister chromatid resolution.
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INTRODUCTION

Mitotic chromosome assembly is essential for faithful genome distribution during mitosis.
Defects in this process can damage dividing chromosomes, causing DNA breaks and genetic
instability. This process encompasses changes in the compaction level and the topology of
genome organisation, with concomitant global shutdown of most transcriptional activity
(Gottesfeld & Forbes, 1997; Piskadlo & Oliveira, 2016). Nevertheless, how the structural
changes that occur on mitotic chromatin impact its transcriptional state, while long postulated

(Gottesfeld & Forbes, 1997), remains an open question.

The architectural reshaping of mitotic chromosomes is primarily mediated by the condensin
complexes. Condensins are ring-like protein complexes known to extrude DNA molecules in
an ATP-dependent manner (Davidson et al, 2019; Ganji et al, 2018; Kim et al, 2019), thereby
leading to chromosome compaction. This process occurs with the concurrent resolution of
sister chromatids, driven by two primary mechanisms: 1) the removal of protein-mediated
linkages around DNA molecules, by the cohesin destabilising factor WAPL, which removes
the molecular glue from chromosome arms (Gandhi et al, 2006; Gimenez-Abian et al, 2004;
Kueng et al, 2006; Losada et al, 1998; Sumara et al/, 2000); 2) the resolution of topological
DNA-DNA links (e.g. catenations), by Topoisomerase 2 (Top2), which introduces a dsSDNA
break in one of the chromatids, allows for strand passage, and reseals the break (Pommier et
al, 2016). Condensin-mediated chromosome compaction and removal of cohesin from
chromosome arms aid in this process by positioning DNA molecules in a manner that biases
Top2 activity towards the decatenation of DNA-DNA intertwines (Baxter et a/, 2011; Piskadlo
& Oliveira, 2017; Piskadlo et al, 2017; Sen et al, 2016).

Alongside these structural changes, mitotic chromosomes switch off most of their
transcriptional activity (Gottesfeld & Forbes, 1997). In some cell types, such as the rapid
divisions of early Drosophila embryos, entry into mitosis dictates abortion of ongoing
transcription (Rothe et al, 1992; Shermoen & O'Farrell, 1991). The mechanisms that drive
transcription termination/abortion and how they relate to the structural changes remain poorly
understood. Recent studies propose that cohesin release contributes to the removal of active RNA
Polymerase II (Polll) from chromosomes since abnormal cohesin retention is sufficient to
accumulate active Polll along chromosome arms (Perea-Resa et al, 2020). Chromosome

compaction is also assumed to actively or passively contribute to the switch off of transcription
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(Gottesfeld & Forbes, 1997), although this remains untested. The loop extrusion activity of SMC
complexes (Davidson et al., 2019; Ganji et al., 2018; Kim et al., 2019) (in particular of condensin)
is a likely candidate to stall Polll or drive its eviction. Accordingly, condensin is often found at
transcription termination sites in yeast mitotic chromosomes and is proposed to contribute to
transcript release (Nakazawa et al, 2019). Moreover, mitotic bookmarking by TATA-binding
protein (TBP) depends on local condensin inactivation (Xing et al/, 2008). However, studies in
bacteria showed that condensins can bypass the transcriptional machinery despite a reduction of
speed upon their encounter (Brandao ef al, 2019). Thus, it remains unclear if condensin loading on

mitotic chromosomes influences transcription termination in metazoans.

In parallel to changes in chromosome organisation, regulation of the transcriptional machinery
offers a direct layer of regulation of transcriptional switch-off. For example, in vitro studies
support that biochemical inactivation of the basal transcription machinery, driven by Cdk1-
mediated phosphorylation, prevents de novo transcription initiation (Akoulitchev & Reinberg,
1998; Bellier et al, 1997; Gebara et al, 1997; Long et al, 1998; Segil et al, 1996) but the prevalence
of this inhibition in vivo remains unclear. Studies in human cells proposed that the transcription
termination Factor 2 (TTF2) drives the removal of active Polll in mitosis (Liu et al, 1998) whereas
the transcription initiation inhibitor Gdownl was shown to gain access to chromatin solely
during mitosis to repress mitotic transcription (Ball et al, 2022). Recent studies have also
proposed that specific mechanisms ensure promoter clearance upon mitotic entry, mediated by
Polll-mediated activation of Topl, to release topological stress (Wiegard et al, 2021) or
hyperactivation of P-TEFb, to enhance transcriptional elongation (Liang et a/, 2015).

However, and despite these findings, it remains unclear how these pathways impact
transcription dynamics relative to cell cycle progression and concomitant changes in
chromosome architecture, as this process has never been monitored in real-time. Using live-
cell imaging of ongoing transcription in dividing Drosophila early embryos, we show that
condensin-I mediated compaction does not drive mitotic transcription inactivation (MTTI).
Instead, we reveal that the SNF2 helicase-like protein Lds, the Drosophila orthologue of human
TTF2 (Liu et al., 1998), ensures prompt eviction of nascent RNAs from mitotic chromatin. In
parallel to MTI, Lds also aids DNA decatenation of sister chromatid intertwines. We conclude
Lds holds a dual function in mitotic chromosomes, uncovering unforeseen functional

parallelisms between mitotic transcription inactivation and sister chromatid resolution.
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RESULTS

A genetic screen for modifiers of cohesion loss uncovers lodestar as a strong suppressor
of cohesion defects

We have previously established a genetic screen to find modulators of sister chromatid
cohesion (Silva et al, 2018). This screen uses the morphology defects in Drosophila wings
obtained upon depletion of the cohesin stabiliser separation anxiety (san) (Hou et al, 2007,
Ribeiro et al, 2016; Rong et al, 2016; Williams ef a/, 2003). Changes in the wing morphology
phenotypes are then used to unbiasedly identify conditions that could either enhance or
suppress the defects associated with cohesion loss (Silva et al., 2018). In a subsequent search
for additional cohesion modifiers, using the same approach, we uncovered the SNF-2-like
helicase lodestar (Ids), the putative orthologue of the human TTF2 (Liu ef al., 1998), as a
modulator of the defects associated with cohesion loss. When san RNAi was driven by the
wing imaginal disc blade region-specific driver Nubbin Gal4 (nub-Gal4), flies ecloded with
significant adult wing abnormalities (Fig 1 and (Ribeiro et al., 2016; Silva et al., 2018)).
However, co-expression of san RNA1 with 1ds RNAi (but not with luciferase-RNA1) efficiently
suppressed these abnormalities and wings were significantly closer to normal morphology.
Hence, depletion of Lds is likely a potent suppressor of cohesion defects observed after san
RNAI (Fig 1).
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Figure 1- Depletion of Lds strongly suppresses the defects associated to cohesin loss.

(A) Tissue-specific RNAI in the pouch of the larvae wing imaginal discs using the nubbin-Gal4 driver and
the upstream activating sequence (UAS)/Gal4 system. (B) Representative images of Drosophila adult wings
that resulted from larvae wing imaginal discs expressing a control RNAi (mCherry RNAI), a /ds RNAI, or
co-expressing san RNA1 with control RNAi (san RNAi control RNAi) or with /ds RNAi (san RNAi Ilds
RNAI). (C) Quantification of Drosophila adult wing phenotypes expressing individual control RNA1 or /ds
RNAI transgenes (light green bars), co-expressing san RNAi and control RNAi (orange bar), or co-
expressing san RNAi and /ds RNAi (blue-green bar). Classes used for phenotypic quantification were
previously described in (Silva ef al., 2018), and a representative example for each class is shown on top of
the graph: class 1 (wild-type wings); class 2 (adult wings with weak developmental defects); class 3 (adult
wings with moderate developmental defects; san RNAi-like wing phenotype); class 4 (highly abnormal adult
wings); and class 5 (absence or vestigial adult wings). Representative images shown in (B) of adult wings
co-expressing san RNAi and control RNAi correspond to class 3, whereas wings co-expressing san RNAi
and /ds RNAI correspond to class 2. Results are the mean of three independent biological replicas for adult
wing phenotypes of Drosophila co-expressing san RNAi with control RNAi1 or with /ds RNAi and two
independent experiments for wing phenotypes expressing individual RNA1 transgenes (control RNAi or /ds
RNAI). The results of independent experiments are represented by black dots. Class scoring average
(standard deviation): control RNAi (1.0+£0) (n=224), Ids RNAi (2.0+0) (n=222), san RNAi control RNAi
(2.996+0.006) (n=223), san RNAI lds RNAi (2.0£0) (n=245). ****p < 0.0001; one-way ANOVA with
Bonferroni’s multiple comparison test; n represents the total number of scored flies.

Lds has been previously described as a maternal-effect gene whose loss of function mutations
are associated to mitotic defects during early embryogenesis (Girdham & Glover, 1991).
Additionally, a dominant gain of function allele was found to impair meiotic chromosome
segregation (Szalontai et al, 2009). However, it remains unknown how this protein contributes

to the fidelity of nuclear division.

Lds is associated with mitotic chromatin and required for mitotic fidelity across various
tissues

We next sought out to investigate if Lds is also required for the fidelity of mitosis in somatic
tissues. We used live-cell imaging analysis to probe for the accuracy of mitosis upon RNAi-
mediated depletion of Lds in the developing wing disc. We used nub-Gal4 to drive RNA1 for
lds (alone), specifically in the wing pouch. We found that in the absence of Lds, the nuclear
division is slightly delayed and severely compromised, with a high frequency of anaphase
bridges at mitotic exit (Fig 2A-C). Our results confirm that Lds is required for mitotic fidelity
in developing wing epithelia, similar to what was reported for embryonic syncytial divisions

((Girdham & Glover, 1991) and Fig S1).
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Figure 2- Lds is associated with mitotic chromatin and required for mitotic fidelity

(A) Representative images of cells in the wing disc pouch upon nub-Gal4-mediated RNAi for luciferase
(top) or 1ds (bottom). Cells also express HisH2AvD-mRFP1 (magenta) and centromeric marker cid-EGFP
(green); Times (min:sec) are relative to NEBD; scale bar is 5 pm and applies to all images.

(B) Mitotic timing of defined from NEBD to anaphase onset; each dot represents a different cell (n=77 cells
from at least 6 independent movies per condition); black lines the mean; statistical analysis performed using
the non-parametric Mann-Whitney test.

(C) Frequency of segregation defects during mitosis in Drosophila wing discs. Graph depicts the average
frequency of segregation defects observed upon luciferase or Lds depletion, represented as Mean = SEM
(n=9 discs luciferase RNAi; n= 7 discs lds RNAi; average of 11 cells measured per disc)

(D,E) Localisation of Lds-EGFP (green) throughout mitosis in Drosophila wing discs (D) and Drosophila
syncytial embryos (E). Times are relative to NEBD, flies also express HisH2AvDmRFP1 (magenta). Scale
bars are 10 pm and apply to all images.
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In order to gain further insight into the mitotic functions of Lds, we generated flies carrying a
C-terminal EGFP-fusion at the endogenous 1ds locus (using Crisp-Cas9-based genome editing)
and assessed its localisation in Drosophila dividing tissues. In both wing discs and syncytial
embryos, we observed that Lds is excluded from chromatin during interphase but gains access
to mitotic chromatin around the time of nuclear envelope breakdown (NEBD) (Fig 2C,D). The
chromatin levels of Lds are maximised during metaphase and decay as cells exit mitosis. These
results suggest that Lds acts specifically on mitotic chromatin to ensure faithful genome

partition. We, therefore, sought to investigate how Lds contributes to mitotic fidelity.

Lds mediates the timely release of RNA transcripts from mitotic chromatin

In vitro studies have previously demonstrated that Lds (also known as factor 2) has
transcription termination activity (Price et al, 1987; Xie & Price, 1997; Xie & Price, 1996, 1998).
However, this activity has never been demonstrated in vivo, and it remains to be determined
how it relates to a putative role in chromosome segregation. We focused our analysis on
establishing whether transcription termination upon mitotic entry could be defective in the
absence of Lds. For this, we used Drosophila early embryos as a prime model system. Despite
the reduced level of transcription (solely restricted to a minor wave of zygotic transcription
(Tadros & Lipshitz, 2009)), several tools allow for efficient monitoring of transcriptional
dynamics by live cell imaging. We used a system that enables the visualisation of a reporter
transcript that carries MS2 loops at its 5’ and is expressed under the early zygotic gene
hunchback (hb) promoter (Garcia et al, 2013). Upon transcription initiation in flies carrying
MCP-EGFP, MCP binds the MS2 loops, and the GFP signal is readily detected at the
transcription site, enabling the analysis of transcription in real-time (Garcia ef al., 2013). Using
this approach, we monitored the time of transcript release relative to mitotic progression and
chromosome compaction. We find that in wild-type embryos, complete removal of the labelled
nascent transcripts from chromatin was only observed following NEBD, considerably after the
initiation of chromosome condensation (Fig 3A,B and S3). This finding suggests that transcript

release may be mediated by unknown mechanisms that operate shortly after NEBD.
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Figure 3- Lds, but not condensin I, is required for timely release of nascent transcripts in mitosis

(A) Analysis of ongoing transcription monitored by MCP-EGFP labelled nascent transcripts on a reporter
locus containing MS2 loops (green), in the refered experimental conditions. Flies also express H2AvD-
mRFP1 (magenta). Scale bar is 10 pm and applies to all images.

(B) Time of clearance of MCP-labelled transcripts from mitotic chromatin, relative to nuclear envelope
breakdown. Each dot represents a single cell and black bars the mean; n= 140 (luciferase RNAi), 122 (Lds
RNAI), 150 (Cap-D2 RNAI) and 63 (barren™V after injection of TEV protease) nuclei, derived from 5-12
individual embryos per experimental condition.

(C) Frequency of anaphase figures with MCP-EGFP signals (labelling nascent transcripts) observed on/off
mitotic chromatin. Graph depicts average from 15 (luciferase) and 17 (lds) independent movies. Error bars
are SEM.

(D) Segregation defects upon inhibition of transcription (microinjection with 1 mg/ml alpha-amanitin in
early interphase) in luciferase and 1ds RNAi. Graph depicts mean +£ SEM of the frequencies of defects scored
in 11 (luciferase RNAi, H>O and Ids RNAIi, amanitin) or 8 (Ids RNAi, H,O and Luc RNAIi, amanitin)
independent embryos; a total of ~800 nuclei were scored per condition.
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Then, we asked if Lds could drive transcript release in these divisions. We monitored the
kinetics of nascent mRNAs disappearance from chromatin in embryos depleted of Lds. We
used nanos Gal4 (nos-Gal4) driver to induce Lds depletion in the germline, which, similar to
what we observed in the wing, leads to severe mitotic defects in these early embryonic divisions
(Fig S1), that can be rescued by ectopic addition of Lds (Fig S2A). When looking at the
dynamics of ongoing transcription in these embryos, we observed that nascent mRNAs remain
attached to mitotic chromatin for much longer in the absence of Lds, relative to controls, and
full transcript release could only be detected on average ~3.5 min after NEBD (Fig 3A,B). This
delay is partially restored upon ectopic addition of mRNA coding for an RNAi-resistant form
of Ids (Fig S2B). Notably, while anaphases from control embryos rarely retain nascent mRNAs
bound to chromatin, upon Ids RNAi, we detected nascent mRNAs still attached in ~44% of
anaphases, sometimes remaining throughout the entire cell division cycle (Fig 3C). This
localisation is, in most cases, symmetrically placed and consistent with the reporter's location
(i.e. ~1/3 of the left arm of chromosome 3). These observations imply that the detected mRNAs
are still present at the active transcript site in the later stages of mitosis. We, therefore, conclude
that Lds is critical for the active removal of nascent transcripts during mitosis. This finding
supports the working hypothesis that removal of engaged transcripts occurs via dedicated
machinery, and not simply as a by-product of the structural changes that occur on the mitotic

chromatin.

To confirm this notion, we then asked whether condensin I complex loading, enhanced around
the time of NEBD (Oliveira et a/, 2007), also contributes to transcripts release. We tested this
idea by analysing the time of removal of MCP-labelled transcripts from chromatin in embryos
depleted for one of the condensin I subunits, Cap-D2. The prediction is that if condensin I
activity drives transcripts eviction, its depletion should alone induce a delay in nascent RNA
removal. In contrast to this expectation, we observed that RNAi for Cap-D2 did not impose
any noticeable delay in nascent mRNA eviction relative to controls (Fig 3). Similar results were
obtained upon acute inactivation of the kleisin subunit prior to mitotic entry (TEV-mediated
cleavage of the condensin I subunit Barren (Piskadlo ef al., 2017)). Using this approach, and
although the frequency of severe anaphase bridges and mitotic defects was very high (Piskadlo
et al., 2017), these changes in chromosome organisation were not associated to any delay in
the timing of transcripts release (Fig 3). Altogether, these results suggest that loop extrusion

mediated by condensin I complexes does not contribute to the eviction of RNA Polll from
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chromatin during mitosis, and support the hypothesis that timely termination of transcription

during mitosis relies on specific mechanisms, driven by the helicase-like protein Lds.

Transcription termination failures are not the sole cause of the mitotic defects associated
to the loss of Lds.

Considering the high frequency of mitotic defects observed in embryos depleted of Lds, we
asked whether abnormally trapped Polll could be the source for the observed errors. We
reasoned that if the segregation defects associated to loss of Lds derive from transcriptionally-
dependent events, transcription inhibition should be sufficient to restore mitotic fidelity. To
test this notion, we performed transcription inactivation experiments. We microinjected
embryos with 1 mg/ml alpha-amanitin in early interphase, which is sufficient to abolish
transcription, as evidenced by the absence of MS2-labelled reporter RNAs in the subsequent
interphase (Fig S4). Transcription inhibition in wild-type embryos did not compromise mitotic
fidelity. This finding implies that, in contrast to prior reports (Liang et al, 2008; Staudt et al,
2006), ongoing transcription is not required for mitotic fidelity, at least within the short time
frames of this experimental set-up.

Next, we used the same approach to inhibit transcription in Ids RNAi embryos. This analysis
revealed that in the presence of transcription (control H>O injection), lds RNAi embryos
present ~43 % of abnormal anaphase figures. Upon alpha-amanitin injection, the frequency of
these defects is not significantly reduced (41%). These findings imply that the presence of
trapped nascent mRNAs on mitotic chromatin is not the primary source of defects that

compromise mitotic fidelity in Lds-depleted embryos.

Lds cooperates with Topoisomerase 2 in sister chromatid resolution

Since transcription inhibition does not rescue the segregation defects observed upon depletion
of Lds, we reasoned that those mitotic defects were likely to result from transcription-
independent events. We thus hypothesised that Lds might hold additional roles in mitotic
fidelity beyond transcriptional termination. We focused on the fact that the most prominent
phenotype was a high frequency of chromatin bridges to investigate whether Lds contributes
to the resolution of sister chromatids.

To test this, we probed for potential genetic interactions of lds with other conditions known to
be involved in the resolution of sister chromatids throughout mitosis. We envisioned two
possible ways Lds contributes to the resolution of sister chromatids. One way could be via the

stabilisation of cohesin-mediated linkages at the metaphase-anaphase transition, thereby
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hindering the efficient release of this proteinaceous glue. The second would imply a
contribution to the removal of DNA-DNA ties (catenations), catalysed by topoisomerase 2 with
the help of condensin I (Piskadlo & Oliveira, 2017). Following this rationale, we employed the
same strategy presented above and used the modulation of wing-morphology defects as a read-
out for potential genetic interactions. Despite the high percentage of mitotic defects, depletion
of Lds alone does not cause detectable adult wing-morphology abnormalities, possibly due to
compensatory proliferation pathways that ensure tissue homeostasis (Ryoo et al, 2004). We
next probed for the effect of co-depletion of Lds with other players known to contribute to
sister chromatid resolution. We found that removal of Lds could enhance the phenotype
associated with overexpression of a modified version of cohesin where the interfaces between
Smc3 and Rad21 are covalently linked (Eichinger ef al/, 2013). This covalent fusion promotes
cohesin stability by preventing WAPL-mediated release and was previously shown to induce
moderate defects in wing morphology (Ribeiro et al., 2016) (Fig 4A). The resulting defects
were more severe if this fusion is expressed with concomitant depletion of Lds (Fig 4A).
Similarly, co-depletion of Lds was also an effective enhancer of the defects associated with the
impaired removal of DNA-DNA catenations, including RNAIi for the condensin subunit Cap-
D2 and RNAI for Top2 (Fig 4A).
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Figure 4- Lds genetically interacts with various players in sister chromatid resolution but does not

control cohesin levels in mitosis.

(A) Wing morphology phenotypes obtained depletion of Lds combined with control co-depletion (luciferase
RNAI) or expression/depletion of chromosome architecture modulators. Wing morphology defects were
classified according to their severity (1= normal wings and 5= no wing); depicted numbers indicate the
average morphology grade and the number of flies counted, from at least 2 independent experiments.

(B) Live cell imaging analysis of the kinetics of Rad21-EGFP (green) removal from mitotic chromosomes
in luciferase RNA1 and 1ds RNAi conditions. DNA is marked with H2ZAvD-mRFP1 (magenta); times are
relative to NEBD; scale bar is 10 um and applies to all images.

These findings support the hypothesis that Lds is involved in the efficient resolution of sister
chromatids. To distinguish whether it works through the release of cohesin and/or DNA
catenations, we first monitored the dynamics of the cohesin removal in the presence or absence

of Lds. These results revealed that upon depletion of Lds, and similarly to control strains, the
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cohesin kleisin subunit Rad21-EGFP was mainly detected at the centromeric regions and not
along chromosome arms (as observed upon WAPL removal (Oliveira et al/, 2014)) (Fig 4B).
These findings confirm that the removal of cohesin complexes along chromosome arms is
unperturbed. Moreover, we could not detect any delay in the kinetics of Rad21-EGFP removal
at the metaphase to anaphase transition (Fig 4B), supporting an efficient Separase-mediated
cleavage of cohesin. Altogether, these results support that Lds does not enhance or stabilise
cohesin complexes on DNA in a way that could potentially preclude the efficient removal of

cohesin-mediated linkages.

We thus focused on investigating how Lds could contribute to the removal of DNA catenations,
either directly or via interaction with other modulators. We first probed for the presence of
Condensin I and Top2 on mitotic chromosomes upon Lds removal. We used strains expressing
endogenously-tagged Barren-EGFP (Kleinschnitz et al, 2020) and Top2-EGFP (developed
here, see Materials and Methods). In both cases, we found that Top2-EGFP and Barren-EGFP
were efficiently recruited to mitotic chromosomes (Fig 5 A and B), indicating that Lds is not
required for the chromatin targeting of these critical players in chromosome resolution.
Interestingly, we observed a significant enrichment of both Top2 and Condensin I subunit
Barren at the site of the anaphase bridges observed upon depletion of Lds (Fig 5 A and B).
These findings imply that DNA bridges caused by lds knockdown retain the machinery
responsible for DNA resolution. Reciprocally, we find that DNA bridges that result from
improper sister chromatid resolution induced by other means (e.g. RNAI for the condensin I
subunit Cap-D2) retain high levels of Lds, as evidenced by the increased amount of Lds-EGFP
at those sites (Fig 5C). These results suggest that the bridges observed upon Lds loss are likely
caused by unresolved DNA catenations, resulting in the hyper-recruitment of their resolution
machinery at mitotic exit. Interestingly, the presence of Lds in chromatin bridges caused by

other means suggests that Lds is by itself part of this resolution mechanism.
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Figure 5- Lds localizes to DNA bridges

(A, B) Chromatin localisation of chromosome assembly factors (Top2 (A) and Condensin I subunit Barren
(B)) upon loss of Lds in metaphase cells and anaphase figures where DNA bridges could be identified. DNA
is marked with H2AvD-mRFP1 (magenta); scale bars are 10 pm and apply to all images.

(C) Localisation of Lds-EGFP (green) in embryos depleted of condensin I subunit Cap-D2; DNA is marked
with H2AvD-mRFP1 (magenta); scale bars are 10 um and apply to all images.

To further test a potential cooperation between Lds and the primary enzyme responsible for
DNA decatenation, Top2, we sought to probe for a possible interplay between these two
proteins on mitotic chromatin. For this, we established conditions to trap Top2 on mitotic
chromatin artificially: embryos were microinjected with UbcH10PN to induce metaphase arrest
(Oliveira et al, 2010) and subsequently microinjected with the Top2 inhibitor I[CRF-193. Under
these conditions, we observed a sharp increase in the amount of Top2-EGFP detected, despite
the overall decompaction of mitotic chromatin (Fig 6B). We then used the same assay to
monitor the behaviour of Lds-EGFP upon Top2 inhibition. We found that upon ICRF-193
injection, there was a sharp increase in chromosome-bound Lds-GFP levels (~2.5 fold) (Fig
6C). Notably, the rise in Lds-GFP does not follow the same kinetics as Top2. It increases faster
than Top2 itself, reaching a steady-state on equimolar concentrations at later time points. These
findings imply that Lds is sensitive to Top2 inhibition and is either co-enriched on mitotic
chromosomes via direct binding to Top2 and/or is recognising topological changes on DNA

induced upon Top2 inhibition.

To distinguish between these two possibilities, we monitored the dynamic behaviour of both
proteins using Fluorescence Recovery After Photobleaching (FRAP) with and without ICRF-
193 treatment. For this analysis, the fluorescence of an entire metaphase plate was bleached,
and the fluorescence recovery was subsequently monitored. This analysis revealed that Top2
displays a highly dynamic association with chromatin (ti2= 36.6 + 10.8 sec), in accordance

with previous reports (Christensen et al, 2002; Tavormina et al, 2002). A similar analysis on
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Lds demonstrates that Lds-EGFP displays a comparable dynamic turnover (ti2= 32.4 + 5.7
sec). Importantly, we observed that treatment of ICRF-193 increased the half-time of Top2
recovery significantly (ti,= 4.43 = 1.51 min, p<0.0001 One-way ANOVA), evidencing the
differential mode of binding of this molecule to chromatin in the presence of the inhibitor. In
contrast, Lds retains its high turnover rate (t1,=40.14 + 8.94 sec), indicating it is not co-trapped
with Top2 on chromosomes. Altogether, these results suggest that Lds is likely sensitive to
changes in the DNA molecule induced by Top2 inhibition, which may aid in the efficient

resolution of sister chromatid intertwines.
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Figure 6 — L.ds chromatin association is sensitive to Top2 inhibition
(A-C) Levels of EGFP-Top (B) and Lds-EGFP (C) loading on mitotic chromatin of metaphase arrested
embryos (UbcH10!*S injection) upon subsequent injection of DMSO/ICRF-193; graphs depict integrated
intensities normalized to the first time point, represented as mean (dots) + SD (grey area); n=54 (Lds+ ICRF-
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193, Lds+DMSO, Top2 + ICRF-193) or 47 (Top2 + DMSO), derived from 8-9 independent embryos per
experimental condition.

(D-F) FRAP analysis with and without ICRF-193 treatment for EGFP-Top2 (E) and Lds-EGFP (F).
Metaphase-arrested embryos were microinjected with DMSO/ICRF-193 and an entire metaphase plate was
bleached 10 min after. Graphs depict recovery of fluorescence signal over time. Dots represent average and
grey areas SD; Top2: n= 14 (DMSO) and 18 (ICRF-193) metaphases; Lds: n= 11 (DMSO) and 9 (ICRF-
193) metaphases, derived from 3-7 independent embryos per experimental condition.

Lds has a dual function in mitosis

Considering the dual role observed for Lds on mitotic transcription termination and sister
chromatid resolution, we next asked if these two functions are interdependent or represent two
distinct actions required during mitosis. To address this, we probed whether transcript release
depends on Top2 activity. We monitored the time of MCP-labelled transcripts disappearance
from chromatin, in situations of impaired Top2, achieved by microinjection of the Top2
inhibitor ICRF-193 before mitotic entry. This treatment resulted in a significant increase the
MCP-EGFP signals in both luciferase and Ids RNAI, possibly due to transcription stalling
caused by Top2 inhibition/trapping (Fig 7A,-C). However, ICRF-193 injection does not change
the timing of transcript release, and a significant delay is solely detected in the absence of Lds,
independently of the Top2 activity state (Fig 7A,D). These results imply that Top2 activity is

not required for efficient transcriptional termination in these embryos.
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Figure 7 — Top2 is dispensable for timely release of mitotic transcripts from chromatin.

(A,B) Representative images of mitotic nuclei in prophase (1 min before NEBD) and metaphase (1 min
before anaphase onset), upon RNAI for luciferase/lds, microinjected with water (A) or ICRF-193 (B). Scale
bars are 5 pm and refer to all images.

(C) Integrated intensity for the MCP-EGFP signal measured 1 minute before nuclear envelope breakdown
with and without ICRF-193 injection. (luciferase RNAi + H>O n= 45 nuclei from 7 independent embryos;
lds RNAi + H,O n= 40 nuclei from 8 embryos; luciferase RNAi + ICRF n= 34 nuclei from 7 embryos; lds
RNAIi + ICRF-193 n= 40 nuclei from 8 embryos). Statistical analysis was performed using Kruskall-Wallis
test, using Dunn's test for multiple comparisons.

(D) Time (min) of disappearance of the MCP-EGFP signal from chromatin in the referred conditions, relative
to NEBD; n= 196 (luciferase RNAi + H,0), 205 (Ids RNAi + H>0), 43 (luciferase RNAi + ICRF) and 30
(Ids RNA1 + ICRF-193) nuclei, derived from at least 3 independent embryos per experimental condition.

DISCUSSION:

Here we uncovered the depletion of Ids as a strong suppressor of the defects associated with
cohesion loss. We showed that Lds contributes to mitotic fidelity, as a dual-function chromatin
factor: it ensures prompt transcription termination and efficient sister chromatid resolution. We
further show that removal of mitotic transcripts from chromatin does not rely on Top2 strand
passage activity or efficient chromosome decatenation. These findings suggest that Lds may
modulate mitotic chromatin to facilitate both processes. Notably, cohesin has also been
involved in these two activities, which can explain the suppressor effect on wing morphology.
Specifically, the presence of cohesin is known to preclude efficient sister chromatid resolution,
possibly by keeping sisters in such proximity that favours sister chromatid intertwining as
opposed to their resolution (Farcas et al/, 2011; Sen et al., 2016). Cohesin retention is also
required and sufficient for active transcription on mitotic chromosomes (Perea-Resa ef al.,
2020). Hence, our findings uncovered unprecedented links between these two processes that

re-shape chromatin during mitosis both at the structural and functional levels.

Classic views have postulated that mitotic transcription inhibition (MTI) would be a passive
consequence of mitosis, either due to changes in chromosome organisation and/or by
biochemical changes imposed by the rise in cdkl activity (Gottesfeld & Forbes, 1997). In
contrast with these dogmas, our results suggest that MT1 is driven by an active mechanism that
ensures prompt transcriptional shutdown upon mitotic entry. Note that in the absence of Lds,
chromosomes can still condense and progress through mitosis with regular timings (or with
slight delays). These findings imply that transcripts can remain engaged with mitotic chromatin
despite the chromosomal compaction and high Cdkl activity. Collectively, these findings

support that MTI is a more active and regulated process than previously anticipated.
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The need for dedicated machinery to support such mechanisms may have evolved to facilitate
mitotic progression. A tempting hypothesis is that pervasive transcription can compromise
mitotic fidelity. Indeed, some evidence refers to increased mitotic defects upon chronic
perturbation of putative MTI players, although these defects have never been analysed in great
detail. For example, RNAi for TTF2 or Gdownl leads to an increase in the presence of
binucleated cells or p53 activation after aberrant mitosis (Ball et al., 2022; Jiang et al, 2004),
whereas impairment of Polll clearance through P-TEFb removal leads to delays in the
progression of cell division (Liang et al., 2015). Furthermore, the mitotic defects observed upon
WAPL depletion could be rescued upon transcription inhibition, arguing that most defects
associated with WAPL loss are caused by transcription-mediated events (Perea-Resa et al.,
2020). In the present work, although transcription inhibition does not rescue the frequency of
mitotic defects after depletion of Lds, it is still possible that pervasive transcription perturbs
mitotic fidelity, although to a minor extent compared to defects caused by defective sister
chromatid resolution. In Drosophila syncytial blastoderm embryos, transcription levels are
low, restricted to the minor wave of zygotic gene activation (Pritchard & Schubiger, 1996).
Conversely, topological issues are expected to be high due to the extremely fast genome
replication. Hence, it is conceivable that in this particular system, errors in mitosis after
depletion of Lds are mostly caused by decatenation defects rather than impaired transcription
termination or pervasive transcription. The synergy between the emerging players in MTI as
participants in other functions in chromosome architecture and/or transcriptional control, as
illustrated in the present study, brings an additional challenge to the understanding of how
transcription termination defects impair mitotic fidelity, and the mechanistic understanding of

this interference this remains unknown.

The uncovered link between sister chromatid resolution and mitotic transcription termination
reported here raises intriguing questions on how these two combined systems may have
evolved and specialised across the tree of life. In mammalian cells, another SNF2 helicase-like
protein, Plkl-interacting checkpoint helicase (PICH), has been documented to aid in sister
chromatid resolution during anaphase by cooperating with Top2 and Top3 (Baumann et al,
2007; Pitchai et al, 2017; Spence et al, 2007). Drosophila does not have a true PICH
orthologue. Lds and PICH share very low homology, except for the conserved helicase-like
domains, common to the entire SNF2-like family (e.g. Lds does not have TPR domains, known

to promote binding to its co-factor BEND3 (Pitchai et al., 2017)). Moreover, PICH is found
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mainly in the centromeric region (Baumann et al., 2007), whereas we see Lds located all over
chromosomes in Drosophila embryos. However, it is possible that in Drosophila, Lds shares
the function of both PICH and TTF2, the latter known to participate in mitotic transcription

termination in human cells (Jiang et al., 2004), which have diverged in mammalian systems.

It also remains to be established how Lds can perform both functions at the mechanistic level,
but it is conceivable that both mitotic transcription termination and sister chromatid resolution
could rely on common mechanistic principles. In line with what has been observed for other
SNF2-like proteins (Durr ef al, 2006), Lds may induce helical torsion on DNA which could
drive Pol II eviction, concomitantly favouring substrate recognition by Top2. Lds may thus be
a previously unknown player in ensuring proper directionality to Top2 reactions, which is
essential for efficient genome partitioning (Piskadlo & Oliveira, 2017). Further studies are

required to establish how Lds acts on mitotic chromatin to impose this dual outcome.

MATERIALS AND METHODS

Fly strains

Transgenic flies expressing EGFP-Top2 or Lds-EGFP were obtained by CRISPR-mediated
mutagenesis, performed by WellGenetics Inc., using modified methods of (Kondo & Ueda,
2013). In brief, gRNA sequences GTACATCTGTTCGATGGACA[GGG] (Top2) or
GGCGCCTGTAAGGACACCAT[CGQG] (Ids) were cloned into U6 promoter plasmid(s). Cassette
EGFP containing EGFP and two homology arms were cloned into pUC57-Kan as donor template
for repair. CG10223 or lds/ CG2684-targeting gRNAs and hs-Cas9 were supplied in DNA
plasmids, together with donor plasmid for microinjection into embryos of control strain w/1118].
F1 flies were screened by PCR and further validated by genomic PCR and sequencing. CRISPR
generates a break upstream of CG10223/top2 or downstream of /ds/ CG2684 and is replaced by
cassette EGFP.

All other strains used in this study were previously described and are summarised in Table 1.

Table 1. Genotype of the fly strains used in this study

#CHR lab
internal Genotype Reference/Source
reference

1881 w*:; lds-EGFP CRISPR[EGFP] (Lds-EGFP) this study
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wlli8: EGFP-CG10223 CRISPR[EGFP]/ CyO

1882 (EGFP-gTop2)

this study

this study (recombined
from CHR#1882 and

BDSC#23651, (Schuh et
al, 2007))

this study (derived from

CHR#1881 and

BDSC#23651, (Schuh et

al., 2007))

1883 w*: Rec(EGFP-CG10223 CRISPR[EGFP], HisH2AvD-mRFP1) / CyO ;

1893 w*: HisH2AvD-mRFPI; lds-EGFP CRISPR[EGFP]

Derived from
w¥ If/CyO; {w[+mC]=GAL4::VP16-nos.UTR}1C
1892 BDSC #64277

(nosGal4)
(Van Doren et al., 1998)
Derived from
BDSC #86108
1890 w* P(nub-GAL4.K)2; MKRS/TM6,B (nub-Gal4)

(Ng et al, 1996)
(Wu & Cohen, 2002)

vl se*vlsev?!; Ply[+t7.7] v[+t1.8] =TRiP.HMS01389 |attP2

1891 BDSC # 34980
(Ids RNAI)
Lsc*vlisev?! s Py[+t7.7] v[+t1.8]=VALIUM20-mCherry)attP2 (mChe
na g of v / ) ¢ Y BDSC # 35785
RNAI)
1889 Yy Py[+t7.7] v[+t1.8]=TRiP.JF01355)attP2 (Luc-RNAi) BDSC # 31603
1276 w!8-UAS-san RNAi(P(KK101696)VIE-260B)/CyO VDRC # 180610
w8 nubbin-Gald, UAS-san RNAi(P(KK101696)VIE-260B)/CyO (Ribeiro et al., 2016)
1888 Yyl Py[+t7.7] v[+t1.8]=TRiP.JF01280)attP2 (Cap-D2 RNAI) BDSC #31478
Iyl Ply[+t7.7] v[+t1.8]=TRiP.JF01300)attP2
1751 g - I / ) BDSC #31342
(Top2 RNAI)
1398 w*;P(UAS-Smc3-Rad21-EGFP) (Eichinger et al., 2013)
1152 w* P(tubpr-Rad21(wt)-EGFP) (Oliveira et al., 2014)
Derived from (Garcia et
1884 y[1] wl*]; P{w[+mC]=nos-MCP.EGFP}8; nosGal4
al.,2013)
1885 v[1] w[*]; P{hbP2-MS2-lacZ}JB38F (Garcia et al., 2013)
1560 w; Barrt3%/ Df(2L)Exel7077, Barr(175 - 3TEV)-mycl0 IIL.5 (Piskadlo et al., 2017)
1886 w*; Rec (nos-MCP.EGFP, Df(2L)Exel7077, HistH2AvD-mRFPI),; this study
Microinjections

Embryos were prepared for imaging and microinjected as previously described (Carmo et al,
2019). Embryos were then microinjected with proteins/drugs at the following concentrations:
alpha- amanitin (1 mg/ml), UbcH10!!*S (prepared as in (Oliveira et al., 2010), at ~30 mg/ml);
ICRF-193 (280 uM); mRNA for RNAI resistant lds (1 mg/ml; prepared using mMESSAGE
mMACHINE T3 transcription kit (Thermo Fisher), using Lds ORF subcloned in pRNA vector,
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after  site-directed  mutagenesis to  replace the RNAi  target sequence

“CCGGCTCAATCTGCTAATGAA” by “TAGGCTGAACCTTCTGATGAA”).

Microscopy

Imaginal discs and early embryos were prepared for live cell imaging as previously described
(Carmo et al., 2019; Silva et al., 2018). All time-lapse movies of live embryos/wing discs
(except Rad21-EGFP imaging) were obtained using Confocal Z-series stacks with a Yokogawa
CSU-X Spinning Disk confocal, mounted on a Leica DMi8 microscope, with a 63x 1.3NA
glycerine immersion objective, using the 488 nm and 561 nm laser lines and an Andor iXon
Ultra EMCCD 1024x1024 camera. The system was controlled with Metamorph software
(Molecular Devices). For imaging of Rad21-EGFP, confocal Z-series stacks were acquired on
a Andor Dragonfly Spinning Disk confocal, mounted on a Nikon Ti2 microscope, with a 60x
1.2 NA water immersion objective, using the 488 nm and 561 nm laser lines and a Andor Sona

sCMOS 4 MPix camera using a 1600 x 1350 FOV.

Quantitative imaging analysis

For images analysis, z-stacks were max-intensity projected using FIJI. Mitotic errors were
manually evaluated based on H2AvDmRFP1 (and Cid-EGFP in wing discs) signals. Times of
anaphase and transcripts eviction were measured relative to nuclear envelope break down,
defined by the time chromatin signal loses its round organisation. Transcript removal time was
defined by the time MCP-EGFP labelled reporter transcripts were either no longer detected or
observed outside the chromosomal region.

For quantitative analysis of chromatin bound levels of Top2/Lds (Fig 6) images were max
projected, background subtracted, and Gaussian blurred (FIJI) and cropped for individual
metaphases. ROIs were selected based on segmentation of the Histone mRFP1 channel, using
automatic Huang threshold, to select for chromosomal area. Integrated Intensities were

measured for each ROI in either Lds/Top2 and normalised to the first time point.

Fluorescence Recovery After Photobleaching

FRAP analysis was performed in embryos from strains expressing solely the EGFP-tagged
version of Lds or Top2 and HisH2ZAvDmRFP1 to monitor chromatin. Embryos were arrested
in metaphase (UbcH10¢!!%%) and subsequently microinjected with DMSO/ICRF-193. FRAP
analysis was performed 10 minutes after the second microinjection to allow for stabilisation of

protein accumulation on chromatin. 4 pre-bleach images were acquired every 15 sec; 14 z-
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stacks 0.8 um apart, followed by photobleaching of an entire metaphase with 1 pulse of 470
nm laser, using Andor's Mosaic system (90% laser power). A total of 2-5 metaphases were
bleached per embryo. Fluorescence recovery was monitored by subsequent imaging as
described for pre-bleaching imaging. Quantitative analysis for fluorescence recovery for each
metaphase was performed as above, measuring the integrated intensity of chromosomal regions
(Hist-mRFP1-defined) over time, normalised to the image before bleach. Exponential curves
were fit to a one-phase association equation (Y=YO0 + (Plateau-Y0)*(1-exp(-K*x))) using

GraphPad prism 9.0 to estimate half-times of recovery (K).

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 9.0. As most data sets did not pass
the normality test (D'Agostino-Pearson normality test), non-parametric tests were used
including Kruskal-Wallis one-way ANOVA (for multiple comparisons) or Mann-witney.

Details for each comparison can be found on the respective figure legends.
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Figure S1 — Segregation defects in Drosophila syncytial embryos depleted of Lds.

(A) Representative images of the types of segregation errors observed upon depletion of Lds by RNAi
in the germline, driven by nanos-Gal4. Scale bar is 5 pm and applies to all images.

(B) Frequency of segregation defects observed in control (no RNAi, n=5 embryos) and Lds-depleted
embryos (n=23 embryos). Graph represents mean and error bars SEM
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Figure S2 — Expression of RNAi-resistant lds partially rescues the defects associated to RNAi-
mediated lds depletion

(A) Scheme of the experimental layout for the rescue experiments: young embryos were microinjected with
in vitro transcribed mRNA for Lds (RNAI resistant) and allowed to develop while translation occurs (~1.5
hr). Images were taken ~1.5 hr later to monitor transcription dynamics (using MCP-EGFP/MS2 system) and
segregation defects (based on HisH2AvD-mRFP1 labelled chromatin)

(B) Frequency of segregation defects observed in luciferase/Lds-depeted embryos, after injection of water
or mRNA coding RNAi-resistant lds (luciferase-RNAi + H,O n=10 embryos; 1lds-RNAi + H,O n=15
embryos; Ids-RNAi + mRNA 1ds RNAI resistant n=8 embryos)

(C) Quantification of the timing of disappearance of transcripts from chromatin during mitosis (relative to
NEBD) in the referred conditions. Bars represent mean and error bars SEM (luciferase-RNAi + H,O n=171
nuclei from 7 independent embryos; Ids-RNAi + H,O n= 191 nuclei from 9 independent embryos; 1ds-RNA1
+ mRNA Ids RNAI resistant n= 360 nuclei from 17 independent embryos)
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Figure S3 — Detailed analysis of the presence of nascent transcripts on chromatin

Representative examples of nuclei undergoing mitotic divisions, with concomitant analysis of nascent
transcripts (MCP-EGFP, green) and chromatin (HistH2AvDmRFP1, magenta). Bottom panels depict MCP-
EGFP signal alone and chromatin area is depicted with a grey line. Note that full transcript removal is only
observed after NEBD, when chromosome compaction is virtually complete.

Images were taken every 30 seconds. Scale bars are 5 pm and apply to all images.
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Figure S4 — Microinjection of alpha amanitin efficiently inhibits early zygotic transcription

(A) Kinetics of transcription initiation in a Lds-depleted embryo (non-injected), depicting ongoing
transcription in the subsequent cycle. Times are relative to the previous anaphase. DNA is labelled in
magenta and nascent transcripts are in green, labelled with MCP-EGFP bound to the MS2 loops present in
the transcription reporter.

(B) Lds-depleted embryos were microinjected with 1 mg/ml alpha-amanitin in late mitosis/early interphase,
and monitored for the subsequent cycle. Note that in contrast with the non-injected embryos, no transcription

can be detected from the reporter gene
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