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Molecular biology

NEDDylated Cullin 3 mediates the adaptive response to
topoisomerase 1 inhibitors

Alice Meroni', Jan Grosser?, Sumedha Agashe’, Natasha Ramakrishnan’, Jessica Jackson’,
Priyanka Verma', Laura Baranello?, Alessandro Vindigni'*

DNA topoisomerase 1 (TOP11) inhibitors are mainstays of anticancer therapy. These drugs trap TOP1 on DNA,
stabilizing the TOP1-cleavage complex (TOP1-cc). The accumulation of TOP1-ccs perturbs DNA replication fork
progression, leading to DNA breaks and cell death. By analyzing the genomic occupancy and activity of TOP1,
we show that cells adapt to treatment with multiple doses of TOP1 inhibitor by promoting the degradation of
TOP1-ccs, allowing cells to better tolerate subsequent doses of TOP1 inhibitor. The E3-RING Cullin 3 ligase in
complex with the BTBD1 and BTBD2 adaptor proteins promotes TOP1-cc ubiquitination and subsequent pro-
teasomal degradation. NEDDylation of Cullin 3 activates this pathway, and inhibition of protein NEDDylation or
depletion of Cullin 3 sensitizes cancer cells to TOP1 inhibitors. Collectively, our data uncover a previously un-
identified NEDD8—Cullin 3 pathway involved in the adaptive response to TOP1 inhibitors, which can be targeted
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to improve the efficacy of TOP1 drugs in cancer therapy.

INTRODUCTION

DNA topoisomerases play essential roles in maintaining the ho-
meostasis of DNA topology, resolving topological stress generated
by DNA replication, transcription, and chromatin remodeling (I).
Topoisomerase 1 (TOP1) relaxes superhelical tension on the DNA
by introducing a break in one of the two DNA strands and allowing
one end to rotate freely to release torsional stress. At the same time,
TOP1 stays covalently bound to the other DNA end and catalyzes
the religation reaction as soon as the torsional stress is resolved. This
intermediate state, commonly referred as the TOP1-cleavage
complex (TOP1-cc), is extremely transient and thus not detectable
in living cells (2, 3).

TOP1 is specifically inhibited by camptothecin (CPT) (4, 5), the
prototype of several compounds widely used for cancer treatment
(6). Topotecan and irinotecan are two CPT analogs approved by
the U.S. Food and Drug Administration (FDA) for the treatment
of colorectal, ovarian, and lung cancer (7). More recently, the
FDA approved the use of a HER2-directed antibody conjugated
to a different CPT analog (Enhertu) that specifically targets
HER2-positive breast cancers and gastric adenocarcinomas (8-
10). The efficacy of these inhibitors is often limited by the develop-
ment of chemoresistance (11). As drug resistance is a major limita-
tion of chemotherapy, defining the underlying mechanisms that
govern drug response is key to develop novel and more effective an-
ticancer strategies.

CPT selectively targets TOP1 when it is covalently bound to
DNA as a TOP1-cc intermediate. The trapping of TOP1-cc by
CPT results in the accumulation of detrimental DNA-protein
adducts and single-strand DNA (ssDNA) breaks (7). These bulky
protein-DNA adducts constitute an obstacle for DNA replication
progression, leading to fork slowing and reversal (12, 13). Moreover,
the associated single-strand breaks can be converted into lethal
double-strand breaks (DSBs) upon collision with the replication
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machinery (14, 15). Because of this mechanism of action, CPT is
particularly toxic to actively replicating cells (16—-18).

Stabilized TOP1-ccs are repaired through different pathways
(19). Tyrosyl-DNA phosphodiesterase 1 (TDP1) is a critical player
in this process that cleaves the covalent bond between TOP1 and the
DNA in TOPI-cc (20-23). Moreover, before being targeted by
TDP1, TOP1-ccs need to be partially degraded by the proteasome
(24), implying that TOP1-ccs are subject to ubiquitin conjugation as
a degradation signal. Previous studies implicated the breast cancer
type 1 susceptibility protein (BRCA1) and the E3 Cullin complexes
in TOP1 ubiquitination (25-27). However, little is known about the
mechanisms that control TOP1 ubiquitination. Once TOP1-cc has
been cleared from the DNA, many factors contribute to the repair of
the single-strand break, including XRCC1, PARP1, MRE11, CtIP,
XPF, and XPG (28, 29). Recently, nonproteasomal proteases have
also been implicated in the repair of TOP1-ccs, although their
exact function needs further investigation (30, 31).

Most of the previous studies focused on how cells respond to
treatment with a single dose of TOPI1 inhibitor, neglecting the
fact that cells can adapt to genotoxic stress and that patients are
treated with multiple drug doses in clinical settings. For example,
earlier studies showed that cells exposed to low doses of ultraviolet
(UV) or ionizing radiation are able to better cope with a subsequent
treatment with a higher radiation dose (32-37). Moreover, we re-
cently demonstrated that BRCA-deficient cancer cells adapt to
treatment with multiple cisplatin doses by up-regulating a special-
ized replication fork recovery pathway, called repriming (38). These
studies highlighted how studying the effect of multiple drug doses is
crucial to understanding how cells adapt to treatment with a specific
drug and modulate cancer therapy response. However, the mecha-
nism of adaptation to TOP1 inhibition has not been investigat-
ed yet.

In this work, we implemented a multiple dose scheme to study
the adaptive response to TOP1 inhibitors. We treated cells with a
low dose of TOP1 inhibitor—CPT—(called predose), followed by
a second treatment with a higher dose (called challenging dose)
24 hours later. Using this experimental setup, we investigated the
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adaptive response mechanism that allows cells to better cope with
subsequent doses of TOP1 inhibitors. Genome-wide mapping of
TOP1 upon treatment with the two CPT doses revealed decreased
TOP1 binding at transcription start sites (TSSs) and early replica-
tion sites, as compared to cells treated with the challenging dose
alone. Accordingly, we found that treatment with multiple CPT
doses reduces the levels of TOP1-ccs and causes a concomitant re-
duction in the levels of DNA breaks and replication fork perturba-
tions commonly detected upon treatment with a single dose of
TOP1 inhibitors. Adaptation to CPT or other TOP1 inhibitors
does not rely on TDP1, but it involves the degradation of TOP1-
ccs mediated by the Cullin 3 (CUL3) E3 ubiquitin ligase in
complex with the specific BTB domain containing 1 and 2
(BTBD1 and BTBD2) adaptor proteins. Moreover, we found that
NEDDylation is crucial to activate CUL3 function and promote
TOP1-cc degradation. In agreement with this model, we also
found that suppression of this adaptive response mechanism by in-
hibition of protein NEDDylation or depletion of CUL3 sensitizes
cancer cells to TOP1 inhibitors. These findings inspire an approach
for chemotherapy regimens that combine TOP1 inhibitors with
NEDDylation inhibitors.

RESULTS

Treatment with multiple CPT doses decreases TOP1
accumulation on DNA

To study the adaptive response to CPT, we implemented a multiple-
dose scheme where we first treated human retinal pigment epithelial
(RPE-1) cells with 25 nM CPT for 1 hour (“predose”; Fig. 1A), a
condition that did not cause any significant cell cycle perturbation
or reduced viability within 24 hours (fig. S1, A to C). Next, we
allowed cells to adapt for 24 hours in the absence of the drug
before challenging them with a higher concentration of CPT for 1
hour (“challenging dose,” 0.1 or 1 uM; see Fig. 1A). Last, we collect-
ed all the samples at the same time after the challenging dose for the
follow-up experiments.

Being TOP1 the unique target of CPT (4), we first looked at its
genomic distribution and occupancy by chromatin immunoprecip-
itation sequencing (ChIP-seq) in RPE-1 cells, comparing the rela-
tive response to the CPT challenging dose in the presence or
absence of the predose. The ChIP-seq approach detects TOP1
bound on chromatin, regardless of whether it is covalently
engaged with the DNA (TOPIl-cc) or not (fig. S1D). TOP1
binding is prominent at TSSs, and addition of CPT traps and stabi-
lizes TOP1-ccs, resulting in an increased TOP1 ChIP-seq signal
(39). Accordingly, we found that treatment with the challenging
dose alone led to an increase in TOP1 occupancy at TSSs relative
to the untreated sample (Fig. 1B and fig. S1, E and F, for tracks at
selected genes) while not changing the overall distribution of the
enzyme along the gene bodies (fig. S1G). Contrarily to what was
detected by treating cells solely with the challenging dose, treatment
with predose + challenging dose caused a decrease in TOP1 binding
at TSSs relative to the cells treated with the predose alone (Fig. 1C,
fig. S1, E and F, for tracks at selected genes, and fig. S1G). These data
suggest that the cellular response to the challenging dose of CPT is
different when cells are “primed” with the predose.

As DNA topology plays an important role in the replication
process and low doses of CPT perturb DNA replication (13, 40),
we analyzed TOP1 binding in relation to replication timing. We

Meroni et al., Sci. Adv. 8, eabq0648 (2022) 9 December 2022

used publicly available Repli-seq datasets from RPE-1 cells to iden-
tify early and late replicated domains (41). The analysis of TOP1
binding at early versus late replicated regions revealed a clear
skew of TOP1 occupancy on the early replicated sequences
(Fig. 1, D and E, and fig. S1, H and I, for tracks at selected
domains). This is in line with the notion that early DNA replication
occurs within actively transcribed chromatin (42, 43), which is pref-
erentially bound by TOP1 (39). TOP1 could assist replication origin
firing (44) and/or fork progression by removing supercoiling ahead
of the DNA polymerase (45). Because of the size of the regions an-
alyzed (1 MB on average), the resolution of Repli-seq does not allow
to appreciate clear differences between CPT treatments. Thus, we
used publicly available Okazaki fragment sequencing (OK-seq) da-
tasets in RPE-1 cells (41, 46) to identify replication initiation sites
within the early replicating domains previously identified by Repli-
seq. The curated list contained about 2900 replication initiation
sites, which were used for the downstream analysis. Inspecting
TOPI binding at these regions revealed a sharp peak centered
around the initiation sites (Fig. 1F), although we cannot exclude
that TOP1 enrichment at these sites is due to TOP1 association
with TSSs. Treatment with the CPT challenging dose alone in-
creased TOP1 enrichment at the initiation sites compared to the un-
treated sample (Fig. 1F). In contrast, treatment with the predose +
challenging dose caused a decrease in the TOP1 signal compared to
the predose alone (Fig. 1G), similarly to the results obtained at TSSs
(Fig. 1, B and C). To highlight the effect of the predose on the cel-
lular response to the challenging dose, we compared the ratios
between the TOP1 ChIP-seq profiles after challenging dose and un-
treated (red curve in Fig. 1H) versus predose + challenging dose and
predose alone (orange curve in Fig. 1H). A marked reduction in the
fraction of TOP1 stabilized by the challenging dose was observed
when cells were primed with the predose (Fig. 1H). Altogether,
these data suggest that cells adapt to treatment with the CPT
predose by modulating the amount of TOP1 bound to chromatin,
at both TSSs and early replication initiation sites.

The adaptive response to CPT lowers the levels of TOP1-ccs

Because ChIP-seq only assesses the total amount of TOP1 bound to
DNA—either engaged or not in a cleavage complex with DNA—we
used the Rapid Approach for DNA Adduct Recovery (RADAR)
assay to specifically measure the amount of TOP1-ccs (fig. S1D)
(47, 48). TOP1-cc is a short-lived intermediate, and it is barely de-
tectable if not stabilized by CPT. This can be observed both in the
untreated conditions and in the cells treated only with predose,
leading to comparably low TOP1-cc levels (Fig. 2A). Notably,
while the RADAR assay did not detect a significant increase in
TOPI1-ccs 24 hours after predose compared to untreated cells
(Fig. 2, A and B, and fig. S2A for RADAR DNA loading control),
the ChIP-seq assay revealed increased TOP1 occupancy 24 hours
after predose treatment, compared to the untreated sample
(Fig. 1, B and C, and fig. S1G, compare orange versus red curve).
These data suggest that the predose alone does not lead to an in-
crease in the TOP1-cc levels but only to an increase of TOP1
bound to DNA (Fig. 1B), allowing a direct comparison between
the TOP1-cc levels of samples treated with the challenging dose
alone and samples treated with predose + challenging dose. We
found that while the challenging dose alone increased TOP1-ccs,
consistent with the ChIP-seq results (Fig. 1B), the combination of
the predose + challenging dose lowered TOP1-ccs compared to the
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Fig. 1. Adaptive response to CPT decreases TOP1 bound to DNA without affecting TOP1 distribution genome wide. (A) CPT treatment scheme. (B) TOP1 occupancy
(expressed as counts per million reads) at TSSs + challenging dose (1 uM CPT, 1 hour). — 5 kb and + 5 kb indicate reads within 5 kb upstream or downstream of TSS. Dashed
line indicates the input sample. Significance between challenging dose treated versus untreated samples for TOP1 was calculated using a Wilcoxon rank-sum test.
P < 0.0001 comparing means of average signal + 500-bp window around TSS. (C) TOP1 occupancy (expressed as counts per million reads) at TSS in cells treated
with the predose (25 nM CPT, 1 hour) + challenging dose (1 pM CPT, 1 hour). — 5 kb and + 5 kb indicate reads within 5 kb upstream or downstream of TSS. Dashed
line indicates the input sample. Significance between predose + challenging dose treated versus predose treated samples for TOP1 was calculated as in (B). P < 0.0001. (D)
TOP1 enrichment at early and (E) at late replication domains detected by Repli-seq + predose and + challenging dose. (F) TOP1 enrichment at replication initiation sites +
challenging dose (1 uM CPT, 1 hour). Dashed line indicates the input sample. Significance between challenging dose treated versus untreated samples for TOP1 was
calculated as in (B). P < 0.0001. (G) TOP1 enrichment at replication initiation sites in cells treated with the predose (25 nM CPT, 1 hour) + challenging dose (1 uM CPT, 1
hour). Significance between predose + challenging dose treated versus predose treated samples for TOP1 was calculated as in (B). P < 0.0001. (H) Relative enrichment of
TOP1 at replication origins. The plot shows the ratio of ChIP-seq reads detected in the CPT-treated sample (challenging dose) to its relative control.

challenging dose alone (Fig. 2, A and B, and fig. S2A for RADAR Because TDP1 is key for the repair of TOP1-ccs, responsible for
DNA loading control). The total expression level of TOP1 did not  cleaving the covalent bond between TOP1 and the DNA (20-23), we
vary upon the different CPT treatments (Fig. 2C), suggesting that tested whether the adaptive response to CPT was TDP1 dependent.
the adaptive response to CPT only affects the levels of TOP1  We measured TOP1-cc accumulation and total TOP1 levels in RPE-
bound to DNA or engaged in a TOP1-cc. 1 TDP1 knockout (TDP1 KO) cells. Similar to the results obtained

in RPE-1 wild-type (WT) cells, we found that treatment of TDP1
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Fig. 2. The adaptive response to CPT lowers the levels of TOP1-ccs, independently of TDP1. (A) Top: Experimental scheme for the RADAR assay + predose (25 nM
CPT) and =+ challenging dose (1 pM CPT). Bottom: Representative RADAR assay to measure TOP1-covalent complexes in WT and TDP1 KO cells. (B) RADAR assay quan-
tification of TOP1-ccs; values are normalized relative to the untreated WT control and plotted as TOP1-cc fold change mean + SEM (N = 3). Repeated-measures (RM) one-
way analysis of variance (ANOVA), *P < 0.05, ***P < 0.001, and ****P < 0.0001. (C) Total cellular TOP1 levels in WT and TDP1 KO cells + predose (25 nM CPT) and + chal-
lenging dose (1 uM CPT). (D) Total cellular Tdp1 levels in WT and TDP1 KO cells 24 hours after treatment with the + predose (25 nM CPT).

KO cells with the predose + challenging dose led to a decrease in the
levels of TOP1-cc compared to the challenging dose alone without
affecting the total levels of TOP1 (Fig. 2, A to C, and fig. S2A for
RADAR DNA loading control). In addition, we assessed TDP1
protein levels by Western blot and found that the total levels of
TDP1 did not change 24 hours after treatment with the predose
alone (Fig. 2D). Collectively, these data suggest that the adaptive re-
sponse to CPT is not linked to changes in TDP1 expression, and it
does not depend on the TDP1-mediated repair of TOP1-ccs.

To test whether the adaptive response to CPT triggers more
general changes in gene expression, we performed differential ex-
pression analysis comparing RNA sequencing (RNA-seq) data
from untreated versus cells treated only with predose and harvested
24 hours later (Fig. 1A). However, we did not detect any significant
change in gene expression between the two conditions (fig. S2B),
suggesting that the cellular adaptation to CPT treatment is not trig-
gered by changes in the cellular transcriptome.

The adaptive response to CPT reduces replication stress
and DNA damage

Previous studies indicate that TOP1 inhibition by CPT delays rep-
lication fork progression (13). We posited that if cells adapt to mul-
tiple CPT doses by reducing the net amount of TOP1-ccs during the
challenging dose, this should attenuate the replication delays previ-
ously observed upon a single CPT treatment. To test this hypothesis,
we used the DNA fiber assay, in which we first pulse-labeled RPE-1
cells with the thymidine analog 5-iodo-2'-deoxyuridine (IdU; red),
for 20 min, followed by labeling with the second thymidine analog
5-chloro-2'-deoxyuridine (CldU; green), for 1 hour, in the presence

Meroni et al., Sci. Adv. 8, eabq0648 (2022) 9 December 2022

of 100 nM CPT (Fig. 3A). In agreement with a previous study (13),
we observed that treatment with the challenging CPT dose alone
induced DNA replication fork slowing (Fig. 3A, compare lanes 1
and 3). Next, we pretreated cells with the CPT predose (25 nM)
24 hours before thymidine labeling and treatment with the chal-
lenging dose (Fig. 3A). While treatment with 25 nM CPT was pre-
viously shown to induce fork slowing immediately after drug
treatment (13), we observed that pretreatment with 25 nM CPT
24 hours before fiber labeling did not affect fork progression
(Fig. 3A, compare lanes 1 and 2). However, treatment with the
predose + challenging dose reduced the replication fork slowing
phenotype observed upon treatment with challenging dose alone
(Fig. 3A, compare lanes 3 and 4). In the absence of TDP1I, the rep-
lication fork slowing induced by the challenging dose alone was
even more pronounced compared to WT cells (Fig. 3A, compare
lanes 3 and 7). However, the replication slowing phenotype was
rescued in the presence of the predose + challenging dose
(Fig. 3A, compare lanes 7 and 8), mirroring the results obtained
in TDPI1-proficient cells. To statistically compare the differences
between the samples treated with the challenging dose alone
versus the samples treated with the predose + challenging dose,
we also represented the results of the DNA fiber assay as a percent-
age of DNA replication fork progression in CPT treated relative to
untreated cells (Fig. 3B). We found that this value was reduced to
approximately 70% when WT cells were treated with the challeng-
ing dose alone. However, the fork progression rates were only
reduced to approximately 87% upon addition of the predose
(Fig. 3B). In TDP1 KO cells, the fork progression rates were
reduced to 57% by treatment with the challenging dose alone and

4 0of 19

€202 ‘ST Afenuer uo A1s;eAlun uobulysepn e B10'a0us 108 MMM//:SAdNY Wol) papeoumoq



SCIENCE ADVANCES | RESEARCH ARTICLE

Fig. 3. The adaptive response to
CPT reduces replication stress and
DNA damage. (A) Top: Experimental
scheme for the DNA fiber assay +
predose (25 nM CPT) and + challeng-
ing dose (100 nM CPT). Bottom: Dot
plot and median of CIdU/IdU ratios in
WTand TDP1 KO cells (N = 3). Kruskal-
Wallis test; ns, nonsignificant,

*P < 0.05 and ****P < 0.0001. (B)
Mean + SEM of % of DNA replication
progression in CPT treated relative to
untreated WT and TDP1 KO cells

(N = 3). Treatment was performed
following the scheme of (A) and
using 100 nM or 1 uM CPT as chal-
lenging dose. The % values were
calculated by dividing the CldU/IdU
median values of the CPT-treated
samples by the corresponding values
of the untreated samples. RM one-
way ANOVA, *P < 0.05, **P < 0.01,
***p < 0.001, and ****P < 0.0001. (C)
Scatterplot of newly fired origins in
WT and TDP1 KO cells + predose (25
nM CPT) and + challenging dose (100
nM CPT). Each dot represents a single
origin; the X and Y coordinates cor-
respond to the CldU/IdU ratio of
either fork origin arms (arbitrarily
designated as first and second tracts).
The shaded area represents a ratio of
>0.7 between the two tracts, indica-
tive of symmetric forks. Percentages
in the right corner indicate total
symmetric forks. (D) Top: Experi-
mental scheme for the neutral comet
assay + predose (25 nM CPT) + chal-
lenging dose (100 nM or 1 uM CPT).
Bottom: Representative pictures of
single comets from the neutral comet
assay in WT and TDP1 KO cells. (E)
DSBs quantification represented with
a box-and-whisker Tukey plot of the
olive moment from the neutral
comet assay (N = 3, >150 cells ana-
lyzed for each experiment). Kruskal-
Wallis test, *P < 0.05, **P < 0.01, and
***%p < 0.0001. Scale bars, 20 um. (F)
Western blot of y-H2AX and total
H2AX in WT cells treated + predose
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rescued to approximately 84% in the presence of the predose + chal-
lenging dose (Fig. 3B). Notably, we obtained similar results when we
treated both cell lines with a higher concentration of CPT (1 uM) as
challenging dose (Fig. 3B). The same results were also confirmed in
colon cancer (RKO) and human osteosarcoma (U20S) cells, indi-
cating that the observed adaptive response phenotype is not cell type
specific (fig. S3, A and B).

Treatment with DNA-damaging agents such as TOP1 inhibitors
induces asymmetry at preexisting replication forks (49). This

Meroni et al., Sci. Adv. 8, eabq0648 (2022) 9 December 2022

TDP1 KO

30~l—-—.——— PCNA

happens because the probability of simultaneously trapping
TOP1-ccs on both sides of the fired origins is lower compared to
trapping TOP1-ccs only on one side at any given time. In agreement
with these findings, treatment with the challenging CPT dose alone
led to a decrease in the percentage of symmetric forks from 69 to
10% when comparing untreated versus CPT-treated cells
(Fig. 3C). However, replication fork symmetry increased to 58%
in the presence of the predose + challenging dose (Fig. 3C).
Similar results were obtained with the TDP1 KO cells (Fig. 3C).
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Collectively, these results suggest that the reduction in TOP1-ccs  challenging dose alone and rescues replication fork progression.
induced by the addition of the CPT predose decreases the perturba-  This adaptive phenotype is specific for TOP1 inhibitors, as it was
tions in replication fork dynamics caused by treatment with the
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not detected using UV-C radiation as predose or as challenging
dose (fig. S3, C and D).

Recent studies, including our own work, suggested that cells can
rescue DNA replication fork slowing by repriming, which allows re-
sumption of DNA synthesis downstream of DNA lesions (38, 50,
51). To test whether this mechanism is also involved in the rescue
in fork progression observed upon treatment with multiple CPT
doses, we used the ssDNA-specific S1 nuclease to determine
whether the CldU-labeled tracts contained ssDNA gaps that
would form upon repriming (52). However, we could not detect
any change in gap formation associated with multiple CPT doses
(fig. S3E). Similar results were obtained using a nondenaturing im-
munofluorescence approach that directly monitors ssDNA gap ac-
cumulation (fig. S3F) (53), suggesting that cells do not use
repriming to rescue replication fork progression under these condi-
tions. Moreover, we found that depletion of RAD18, an E3 ubiquitin
ligase that plays a central role in translesion synthesis (TLS) by pro-
moting proliferating cell nuclear antigen (PCNA) mono-ubiquiti-
nation and the downstream recruitment of TLS polymerases (54),
did not rescue fork progression under the same conditions, suggest-
ing that TLS is also not involved in the adaptive response to CPT
(fig. S3, F and G).

CPT generates single-strand breaks that are converted into DSBs
when encountered by a moving replication fork (14, 15). In agree-
ment with this model, we found that treatment with the challenging
CPT dose alone (100 nM or 1 uM) led to an increase in DSBs by
neutral comet assay (Fig. 3, D and E). However, the levels of
DSBs induced by the challenging dose were significantly reduced
when cells were pretreated with a low dose of CPT 24 hours
before (Fig. 3, D and E). Notably, because of their inability to
repair the damage, TDP1 KO cells accumulated even more DSBs
upon treatment with a single CPT dose compared to WT cells.
Nonetheless, treatment with the predose + challenging dose also di-
minished DSBs in this repair-deficient background, suggesting that
other factors may be able to clear TOP1-ccs from DNA (Fig. 3, D
and E). In agreement with the comet results, we also found that
treatment with the predose + challenging dose lowers the levels of
y-H2AX and RAD51 foci caused by treatment with the challenging
dose alone (Fig. 3F and fig. S3I). In summary, our results show that
the adaptive response to CPT lowers the damage induced by the
drug, and this translates into a reduction of replication stress and
DNA breaks.

TOP1-cc ubiquitination mediates the adaptive response to
CPT by promoting TOP1cc degradation

TOPI1-ccs can be degraded through the ubiquitin-proteasome
pathway (24, 55, 56). Therefore, we asked whether the adaptive re-
sponse to CPT requires protein ubiquitination. To this end, we in-
hibited the E1 ubiquitin enzyme by using a low concentration of the
specific E1 inhibitor TAK-243 (0.1 uM) (57). Our Western blot
analysis confirmed that prolonged treatment with low concentra-
tion of TAK-243 markedly decreased the levels of ubiquitinated
proteins without affecting the total levels of TOP1 protein (57).
Ubiquitinated proteins started to reaccumulate 4 hours after inhib-
itor removal in both WT and TDP1 KO cells (Fig. 4A). Next, we
studied whether suppressing protein ubiquitination by E1 inhibi-
tion abrogates the effect of the CPT challenging dose on replication
fork progression by DNA fiber assay. TAK-243 was added 1 hour
before treatment with the predose and removed 4 hours before

Meroni et al., Sci. Adv. 8, eabq0648 (2022) 9 December 2022

performing the DNA fiber assay in the presence of the challenging
dose (see scheme of Fig. 4B). Removing the inhibitor 4 hours before
performing the DNA fiber assays partially restored protein ubiqui-
tination (Fig. 4A), which is necessary for replication initiation and
elongation (58). Treatment with E1 inhibitor abrogated the replica-
tion fork rescue phenotype conferred by the predose in both WT
and TDP1 KO cells (Fig. 4B and fig. S4A), suggesting a role for
E1 ubiquitination activity in the adaptive response to CPT.

Next, we tested whether TOP1-cc ubiquitination is specifically
required for the adaptive response to CPT. The detection of
TOPI1-cc ubiquitination is challenging because of its transient
nature and paucity with respect to the total TOP1. We optimized
a protocol to specifically monitor TOP1-cc ubiquitination by
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and
Western blot (Fig. 4C), based on the work of Sun et al. (59). First,
we extracted DNA covalently bound to TOP1-ccs using the same
protocol of the RADAR assay (see Materials and Methods) (48).
Next, we digested the DNA with micrococcal nuclease to release
single nucleosomes and loaded the samples on an SDS-PAGE gel.
The samples were normalized for the total DNA content as in the
case of the RADAR assay. By probing with the anti-TOP1 antibody,
we were able to detect a single band corresponding to unmodified
TOPI in all the samples, confirming that TOP1 was effectively
pulled down in these experiments (Fig. 4D). Moreover, we were
able to detect endogenous TOP1 ubiquitination as a high-molecu-
lar weight smear using the anti-ubiquitin antibody. Treatment with
the challenging dose alone induced an increase in ubiquitinated
TOP1-ccs, in agreement with previous findings (24, 55, 56)
(Fig. 4, D and E, compare lanes 1 and 2 for WT and lanes 5 and 6
for TDP1 KO). The levels of ubiquitinated TOP1-ccs were further
increased upon treatment with the predose + challenging dose
(Fig. 4, D and E, and fig. S4). Notably, we were not able to detect
a similar increase in ubiquitinated TOP1-ccs in TDP1 KO cells
treated with multiple CPT doses. A possible explanation for these
results is that treatment of TDP1 KO with a single CPT dose
leads to a strong increase in the ubiquitination levels of TOP1-ccs,
which might be close to the detection limit of the assay, precluding
the detection of any further increase that might be caused by the
addition of the predose (Fig. 4, D and E, and fig. S4B).

On the basis of previous studies showing that the proteasome
regulates TOP1 and TOP1-cc levels (56) and considering that treat-
ment with multiple CPT doses decreases the levels of TOP1-ccs
(Fig. 2, A and B), we tested whether TOP1-cc ubiquitination pro-
motes its proteasome-mediated degradation. To this end, we inhib-
ited the 26S proteasome with a low dose of MG132 (0.5 uM) and let
cells recover for 30 min after inhibitor removal (see the experimen-
tal scheme in Fig. 4F). Our Western analysis showed that both WT
and TDP1 KO cells accumulate ubiquitinated proteins during this
prolonged treatment with MG132 (Fig. 4F). Moreover, we found
that the total ubiquitin signal did not decrease 30 min after
MG132 removal. Next, we performed the DNA fiber analysis
under the same experimental conditions and found that the fork
slowing phenotype caused by the challenging dose alone was not
rescued upon addition of the predose when cells were pretreated
with MG132 (Fig. 4G and fig. S4C). These results suggest that a
functional proteasome system is needed for adaptive response to
CPT, likely to degrade TOP1-ccs.
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The CUL3 E3 ligase complex promotes TOP1-cc
ubiquitination upon treatment with multiple CPT doses
Protein ubiquitination is mediated by the conjunct action of three
enzymes: the E1 ubiquitin—activating enzyme, the E2 ubiquitin—
conjugating enzyme, and the E3 ubiquitin ligase enzyme that spe-
cifically binds the target protein. The technical challenge in detect-
ing ubiquitinated TOP1 species also translates into determining the
E3 ligase involved in this process. Recent studies associated two
Cullin Ring E3 ubiquitin ligases, CUL3 and CUL4, with TOP1 ubiq-
uitination (25, 26). Therefore, we sought to investigate whether
these two Cullins were involved in the adaptive response to CPT.
We found that loss of CUL3 did not affect TOP1 total levels in
WT and TDP1 KO cells (Fig. 5A) but affected their ability to
adapt to treatment with multiple CPT doses. Specifically, the
DNA fiber experiments showed that the replication fork rescue phe-
notype observed upon treatment with the predose + challenging
dose was no longer detectable in cells depleted of CUL3 (Fig. 5B).
We then investigated the role of CUL3 in TOP1-cc accumulation
during the adaptive response to CPT by RADAR assay. We found
that depletion of CUL3 prevented the reduction of TOP1-ccs caused
by treatment with multiple CPT doses in both WT and TDP1 KO
cells (Fig. 5, C and D, and fig. S5A for RADAR DNA loading
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control). In addition, we measured the ubiquitination state of
TOP1-cc in the absence of CUL3 and observed that the loss of
CULS3 prevented the increase of TOP1-cc ubiquitination associated
with the adaptive response to CPT (fig. S5, B to D; compare lanes 6
and 8 of fig. S5B).

Two adaptor proteins, BTBD1 and BTBD2, were previously
shown to mediate the interaction between TOP1 and CUL3 (60).
Depletion of either BTBD1 or BTBD?2 alone did not affect the adap-
tive response to CPT (fig. S5, E and F). On the other hand, the con-
comitant loss of BTBD1 and BTBD2 abrogated the fork rescue
phenotype associated with treatment with multiple CPT doses
(fig. S5G), suggesting that these two proteins play redundant roles
in the adaptive response to CPT. To confirm that the interaction
between BTBD1 and TOP1 is required for this response, we repeat-
ed the DNA fiber assays in BTBD1/BTBD2-depleted cells express-
inga BTBD1 (AC) mutant that carries a deletion of 112 amino acids
at the C terminus, preventing its interaction with TOP1 (Fig. 5E)
(60). Expression of WT BTBD1 in BTBD1/BTBD2-depleted cells
rescued fork progression upon treatment with the predose + chal-
lenging done (Fig. 5F, compare lanes 5 and 6). However, replication
fork progression was not rescued upon expression of the BTBD1
(AC) mutant, confirming that the interaction between TOP1 and
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Fig. 5. The CUL3 complex promotes TOP1-cc ubiquitination. (A) Western blot for CUL3 and TOP1 in WT and TDP1 KO cells silenced for CUL3. (B) Top: Experimental
scheme for the DNA fiber analysis in WT and TDP1 KO cells silenced with either siCTRL or siCUL3, + predose (25 nM CPT), and * challenging dose (100 nM CPT). Bottom:
Mean + SEM of % of DNA replication progression in CPT treated relative to untreated cells (N = 3). RM one-way ANOVA, ****P < 0.0001. (C) Top: Experimental scheme for
the RADAR assay + predose (25 nM CPT) and + challenging dose (1 uM CPT). Bottom: Representative RADAR assay of WT TDP1 KO cells silenced with either siCTRL or
siCUL3 and treated as shown in (B). (D) RADAR assay quantification of TOP1-ccs; values are normalized with respect to the untreated WT control and plotted as TOP1-cc
fold change mean + SEM (N = 3). RM one-way ANOVA, *P < 0.05, **P < 0.01, and ****P < 0.0001. (E) Western blot for BTBD1 in cells silenced for BTBD1 and BTBD2 and
overexpressing either BTBD1-WT or BTBD1-AC mutant. (F) Mean + SEM of % of DNA replication progression in CPT relative to untreated WT cells silenced either with
siCTRL or siBTBD1 and siBTBD2 and complemented with either BTBD1-WT or BTBD1-AC mutant (N = 3). RM one-way ANOVA, ***P < 0.001 and ****P < 0.0001.
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BTBD1 is crucial for the adaptive response to CPT (Fig. 5F, compare
lanes 7 and 8).

Next, we depleted Cullin 4 (CUL4A and CUL4B) to test whether
the observed phenotype was specific for CUL3 or shared by other
Cullins. However, loss of Cullin 4 led to a significant decrease in the
rates of replication progression even in untreated cells, precluding a
proper evaluation of its role in the adaptive response to CPT (fig.
S5H). On the basis of recent findings that TOP1-ccs can be ubiqui-
tylated by RNF4 after SUMOylation (59), we also tested whether
loss of RNF4 affects the adaptive response to CPT. Our data show
that RNF4 is not involved in this adaptive process, suggesting that
SUMOylation of TOP1-cc is not necessary for adaptation (fig. S5, I
and ). Collectively, our findings suggest that a pathway mediated by
CULS3, and its adaptor proteins BTBD1 and BTBD2, controls the
adaptive response to CPT by promoting TOP1-cc ubiquitination
and degradation.

NEDDylation regulates the CUL3-dependent adaptive
response to CPT

NEDDylation is a ubiquitin-like posttranslational modification
pathway, and specific E1, E2, and E3 enzymes collaborate to conju-
gate the NEDD8 molecule on protein targets (61). NEDDS is a small
peptide, very similar to ubiquitin that regulates protein function or
interaction. NEDDylation is a poorly studied posttranslational
modification that is gaining attention for its regulatory role in the
DNA damage response (62, 63) and was implicated in the regulation
of Cullins (64-66). We used the specific NEDD8 El-activating
enzyme inhibitor pevonedistat (MLN4924) to study the role of
NEDDylation in the adaptive response to CPT (67, 68). First, we
treated WT and TDP1 KO cells with MLN4924 (0.1 uM) for 26
hours and verified that treatment with this low dose of MLN4924
inhibits CUL3 NEDDylation by Western blot (Fig. 6A). We con-
firmed that treatment with MLN4924 reduced the ratio between
the higher molecular weight band of CUL3, corresponding to the
NEDDylated CUL3 (69), and the lower band, corresponding to un-
modified CUL3, in both cell lines (Fig. 6A). In addition, we moni-
tored the total NEDDylation levels with an anti-NEDDS8 antibody
and confirmed that treatment with the MLN4924 inhibitor reduces
the total levels of NEDDylation, which mostly come from NEDDy-
lated Cullins (Fig. 6B) (70, 71). By DNA fiber analysis, we found that
inhibition of NEDDylation throughout the entire duration of the
multiple-dose experiment abrogated the adaptive response to
CPT (Fig. 6C and fig. S6A). We found that the effect of NEDDyla-
tion inhibitor was completely reversible after 4 hours of removal
because the levels of CUL3 NEDDylation and total NEDDylation
were fully restored at this time point (Fig. 6, D and E). We then per-
formed a DNA fiber assay, removing the NEDDylation inhibitor 4
hours before thymidine labeling. Under these experimental condi-
tions, we found that addition of the predose with the challenging
dose was able to rescue CPT-induced fork slowing in both WT
and TDP1 KO (Fig. 6F and fig. S6B). On the basis of these results,
we propose that CUL3 NEDDylation is critical for the adaptive re-
sponse to CPT and that cells can adapt to treatment with multiple
CPT doses only if CUL3 NEDDylation is restored before treatment
with the challenging dose.

Meroni et al., Sci. Adv. 8, eabq0648 (2022) 9 December 2022

Loss of CUL3 or NEDDS8 inhibition increases cancer cell
sensitivity to CPT

Irinotecan and topotecan are CPT analogs widely used for cancer
treatment (6, 7). We asked whether these two analogs trigger the
same adaptive response observed with CPT. We used two concen-
trations of irinotecan and topotecan that are comparable to the CPT
doses used in our previous experiments, based on the median inhib-
itory concentration (ICsq) values previously reported for these
TOP1 inhibitors (72, 73). To our knowledge, there is no available
information on the actual concentration of TOPI inhibitors
present in tumor cells in vivo. However, the nanomolar concentra-
tions of irinotecan and topotecan used in our experiments closely
reflect the concentrations derived from the peak plasma levels of pa-
tients treated with these two drugs (74-77). We found that treat-
ment with the challenging dose alone of either analog induced
replication slowing, and this was rescued by addition of the
predose (Fig. 7A and fig. S7A). The challenging dose also led to
the accumulation of TOP1-ccs, which was significantly lowered
upon addition of the predose (Fig. 7, B and C, and fig. S7B for
RADAR DNA loading control), confirming that the adaptive re-
sponse is activated following treatments with these clinically rele-
vant CPT analogs.

Next, we tested whether treatment with a combination of CPT
and CUL3 small interfering RNAs (siRNAs), MLN4924, or both
affects cell viability in U20S and colon cancer cells (RKO), as a
model of cancer that is often treated with CPT analogs (78-81).
Our MTS assays showed that addition of MLN4924 or CUL3 deple-
tion significantly increased cancer cell sensitivity to CPT (Fig. 7, D
and E, and fig. S7, C and D). There was no further sensitization to
CPT when CUL3-depleted cells were treated with MLN4924, sup-
porting the notion that CUL3 and NEDD8 work in the same
pathway (Fig. 7, D and E). Together, the data indicate that CUL3
and NEDDS8 play an important role in modulating the adaptive re-
sponse to CPT and can be exploited for combinational therapies
in tumors.

DISCUSSION
DNA TOP1 inhibitors are widely used as anticancer drugs that act
by trapping the topoisomerase on DNA, resulting in the stabiliza-
tion of TOP1-ccs. The accumulation of these bulky TOP1-ccs per-
turbs DNA replication and transcription, ultimately leading to
DNA breaks and cell death. Here, we studied how cells adapt to
treatment with multiple CPT doses. Cellular adaptation is the
process by which cells adapt to treatment with low doses of geno-
toxic stress and optimize their response to subsequent treatments
with the same genotoxic agent. Understanding how cells adapt to
multiple drug doses has become increasingly important in the
context of cancer treatment where patients are treated with multiple
rounds of chemotherapeutics. This process has been initially inves-
tigated in cells treated with multiple rounds of x-ray radiation and
oxidative stress (32—-37, 82) and more recently extended to cells
treated with platinum-based compounds (38). However, little is
known about the mechanisms of cellular adaptation to other geno-
toxic agents, including DNA TOP1 inhibitors, and mechanistic in-
sights into how multiple-dose regimens affect the DNA replication
stress response are lacking.

Our data show that cells adapt to treatment with multiple CPT
doses by activating a molecular pathway that promotes the
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WT and TDP1 KO cells (N = 2). RM one-way ANOVA, *P < 0.05 and **P < 0.01.

degradation of TOP1-ccs, thereby allowing cells to better tolerate
subsequent doses of CPT, as well as other TOP1 inhibitors. This
adaptive response pathway is mediated by the E3-RING CUL3
ligase and the BTBD1 and BTBD2 adaptor proteins, which
promote TOP1 ubiquitination and its subsequent proteasomal deg-
radation (Fig. 8). NEDDylation of CUL3 is essential to activate this
pathway, and inhibiting protein NEDDylation sensitizes cancer
cells to TOP1 inhibitors (Fig. 8). This pathway selectively targets
TOP1-ccs bound to chromatin, but it does not cause a reduction
in the total TOP1 protein levels, which would otherwise lead to in-
creased genomic instability (83, 84) and transcriptional dysregula-
tion (85, 86). This might result in a higher fraction of TOP1 bound
on the DNA (or localized in the vicinity of DNA, perhaps as part of
a protein complex) (39, 85) but not covalently engaged with the
DNA. The activation of this TOP1-cc degradation pathway increas-
es tolerance to subsequent doses of TOP1 inhibitors by reducing
replication perturbations and accumulation of DNA breaks that
would normally originate from the collision of replication forks
with TOP1-ccs. Our fork asymmetry data argue that CPT interferes
with the progression of preexisting replication forks that fired before

Meroni et al., Sci. Adv. 8, eabq0648 (2022) 9 December 2022

CPT treatment because treatment with the challenging CPT dose
leads to a marked decrease in the percentage of symmetric forks rel-
ative to untreated cells. Thus, an interesting avenue for future
studies would be to investigate whether the replication perturba-
tions caused by CPT treatment cause a more global effect on fork
progression, not necessarily restricted to sites of replication fork
barriers, as recently proposed in the case of interstrand cross-
links (87).

Our previous studies showed that BRCA1-deficient cancer cells
adapt to multiple rounds of cisplatin treatment by up-regulating
repriming by PRIMPOL. This mechanism allows replication forks
to skip the cisplatin-induced lesions and resume DNA synthesis
downstream of the lesions (38). In this work, we found that the rep-
riming pathway is not responsible for the reduced replication fork
perturbations observed upon treatment with multiple doses of
TOP1 inhibitors, suggesting that cells activate different adaptive re-
sponse mechanisms to deal with distinct types of replication
challenges.

Many factors are involved in TOP1-cc repair and removal (19),
but how these factors are regulated is still unclear. We have found
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of CldU/IdU ratio in WT cells treated + irinotecan predose (1.25 pM) + irinotecan challenging dose (5 or 50 uM) added 24 hours after the predose (N = 2). RM one-way
ANOVA, ****P < 0.0001. (B) Top: Experimental scheme for the RADAR assay + irinotecan predose (1.25 uM) + irinotecan challenging dose (50 uM). Bottom: Representative
RADAR assay to measure Top1-covalent complexes in WT cells. (C) RADAR assay quantification of TOP1-ccs; values are normalized relative to the untreated WT control and
plotted as TOP1-cc fold change mean + SEM (N = 3). RM one-way ANOVA, *P < 0.05 and ***P < 0.001. (D and E) Viability assay of RKO and U20S cells treated with a
combination of CPT and siCTRL, siCUL3, MLN4924, or both. Viability is measured by MTS assay and expressed as a % of the respective untreated control (N = 4). RM one-

way ANOVA, *P < 0.05 and ****P < 0.0001.

that the adaptive response to CPT can occur in the absence of TDP1,
a key factor necessary to cleave the covalent bound between TOP1
and the DNA (21-23). We speculate that in the absence of TDP1,
other factors might cleave the covalent bond between TOP1 and
DNA after TOP1 has been degraded by the proteasome. For
example, MRE11 and CtIP (88, 89), XPF-ERCC1 (90, 91), and
SLX4-SLX1 (92) have been implicated in the cleavage of stable
TOP1-ccs and might play a more prominent role in the absence
of TDPI.

We also found that the CUL3 E3 ligase is essential for this
pathway in both WT and TDP1 KO cells. Cullins are the most abun-
dant family of cellular E3 ligases and serve as a scaffold to form a
functional E3 complex together with RING proteins and specific
adaptors (93). There are seven different Cullins, all with their own
specific complex composition and substrate targets. CUL3 is fre-
quently overexpressed in cancer, and its overexpression has been
linked to increased TOP1 ubiquitination (25). Moreover, overex-
pression of CUL3 was specifically linked to cancer cell resistance
to CPT treatment (25). CUL4 includes two proteins named Cullin
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4A and Cullin 4B, which share 80% identity. A mutation in the
Cullin 4B gene has been reported to abolish CPT-dependent ubiq-
uitination of TOP1 (26), whereas Cullin 4A was shown to be en-
riched at CPT-challenged replication forks by Isolation of
Proteins on Nascent DNA mass spectrometry (94). Our data
show that CUL3 is essential to promote increased TOP1-cc ubiqui-
tination and degradation and to rescue replication fork progression
after treatment with multiple CPT doses. On the basis of a previous
study suggesting that adaptor proteins, BIBD1 and BTBD2,
mediate the interaction between TOP1 and CUL3 (60), we also con-
firmed that the interaction between BTBD1 and TOP1 is essential
for the adaptive response to CPT. Unfortunately, we were not able to
properly evaluate the function of CUL4 within the same adaptive
response pathway because loss of CUL4 affects replication fork pro-
gression even in unperturbed conditions. These findings suggest
that CUL4 might play a previously unappreciated role during
DNA replication fork progression, which deserves further
investigation.
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Fig. 8. Model for the adaptive response to TOP1 inhibitors. The CUL3-BTBD1/BTBD2 complex is activated by NEDD8 conjugation and ubiquitinates TOP1-covalent
complexes to promote their degradation. As a result, TOP1-cc accumulation is reduced, decreasing DNA breaks and replication stress, and promoting genomic stability
and cell survival. Inhibition of the NEDD8 pathway or loss of the CUL3-BTBD1/BTBD2 complex limits the removal of TOP1-ccs, increasing DNA damage and replication

perturbations, and promoting genomic instability and cell death.

Recent studies showed that TOP1-ccs can be SUMOylated, and
this modification serves as a signal for SUMO-targeted ubiquitin
ligases (STUDLs) including RNF4, which ubiquitinate TOP1 to
promote proteasomal degradation (59). Our data suggest that
RNF4 is not involved in the adaptive response to CPT. However,
this result does not rule out the possibility that alternative
SUMO-targeted ligases might be involved in this process. More-
over, nonproteasomal proteases, such as SPRTN (31, 95, 96) and
FAMI111A (97), are able to cleave TOP1-ccs in mammalian cells.
Future studies would be necessary to test whether these proteases
contribute to the adaptive response to TOPI1 inhibitors and
whether there is a cross-talk between the different TOP1-cc degra-
dation pathways. An interesting avenue for future studies would also
be to determine whether the activation of these different pathways is
dependent on the genomic location of the damage or the chroma-
tin context.

Defining adaptive response mechanisms is paramount to under-
standing how cancer cells adapt to chemotherapy and to identifying
potential targets for cancer treatment. We found that loss of CUL3
enhances cancer cell sensitivity to low doses of TOP1 inhibitors.
CULS3 is regulated by NEDDylation, a posttranslational modifica-
tion similar to ubiquitin (64, 66, 69, 93). In agreement with these
findings, we also show that inhibition of the NEDDylation
pathway with the NEDDS8 inhibitor, pevonedistat (MLN4924),
completely abrogates the adaptive response to TOP1 inhibitors
and significantly sensitizes cancer cells to these drugs. Pevonedistat
is currently in clinical trials for the treatment of different tumor
types (98-100), and our data strongly suggest that this drug can
be used to increase tumor response to TOP1 inhibitors.

In summary, our findings uncover a previously unidetified
pathway mediated by NEEDS, the E3-RING CULS3 ligase, and the
BTBD1 and BTBD2 adaptor proteins, which promote the removal
of TOP1 bound to DNA through its ubiquitination in response to
treatment with DNA TOP1 inhibitors. Combined with previous
studies performed with x-ray and UV radiation (37, 82), oxidative
stress inducers (34), and platinum-based compounds (38), our
work strengthens the idea that cells have evolved different adaptive
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response mechanisms depending on the type of stress they encoun-
ter. While recent research focused on the models of established drug
resistance, the investigation of early adaptive response mechanisms
to genotoxic stress is still in its infancy. We propose that studying
these mechanisms can provide invaluable information for the
design of novel targeted cancer therapies and broaden our under-
standing of the molecular steps of adaptation that might contribute
to the development of drug resistance.

MATERIALS AND METHODS

Cell culture and cell lines

Retinal pigmented epithelial cells immortalized with hTERT RPE-1
and TDP1 KO RPE-1 (provided by K. Caldecott, Sussex, UK) were
grown in Dulbecco's modified Eagle’s medium (DMEM) F12
(Gibco), RKO colorectal cancer cells (provided by E. Sherif, UK)
were grown in RPMI 160 medium, and human osteosarcoma
U20S cells (American Type Culture Collection) were grown in
DMEM, all supplemented with 10% fetal bovine serum, penicillin
(100 U/ml), and streptomycin (100 mg/ml), at 37°C, 5% CO,.

TOP1 ChIP-seq

TOP1 ChIP was performed on RPE-1 cells as described previously
(101) with minor modifications. Briefly, after treating with the chal-
lenging dose, cells were treated for 5 min with 1 uM CPT to increase
the probability to trap TOP1 on the DNA. Cells were cross-linked
with 1% formaldehyde (Thermo Fisher Scientific, 28906) for 5 min.
Cross-linking was stopped by the addition of 125 mM glycine
(Sigma-Aldrich, 50046), and cells were washed twice with cold
phosphate-buffered saline (PBS). After harvesting cells, the pellet
was washed once with PBS plus 0.5% bovine serum albumin
(BSA) and resuspended in TE-SDS 0.1% [10 mM tris-HCI (pH
8.0), 1 mM EDTA (pH 8.0), 0.1% SDS] with complete protease in-
hibitor tablet (Roche) to a final concentration of 1 x 107 cells/ml.
Samples were sonicated with a Bandelin probe sonicator (30% am-
plitude, four times, 30" ON/30" OFF) and then with a Covaris
ME220 sonicator for 10 min using the 1-ml High Cell protocol
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(peak power: 75; duty % factor: 15; cycles/burst: 1000; average
power: 11.25) to produce chromatin fragments of 200 to 500 base
pairs (bp) on average. After centrifugation, sonicated extracts
were adjusted to the conditions of radioimmunoprecipitation
assay (RIPA) buffer [10 mM tris (pH 8.0), 1 mM EDTA (pH 8.0),
1% Triton X-100, 0.1% SDS, 200 mM NaCl, and 0.1% Na-deoxy-
cholate]. Two micrograms of anti-TOP1 (ab109374) was mixed
with 30 pl of protein A/G magnetic beads (Pierce, 88803) and incu-
bated at 4°C for 6 hours with rotation. Chromatin from 10 x 10°
cells was added to the protein A/G-antibody complexes and incu-
bated overnight at 4°C with rotation. Immunoprecipitates were
washed twice with RIPA buffer [10 mM tris-HCI (pH 8.0), 1 mM
EDTA (pH 8.0), 1% Triton X-100, 0.1% Na-deoxycholate, 0.1%
SDS, and 200 mM NacCl], twice with RIPA buffer plus 300 mM
NaCl, twice with LiCl buffer [10 mM tris-HCI (pH 8.0), 1 mM
EDTA (pH 8.0), 250 mM LiCl, 0.5% NP-40, and 0.5% Na-deoxy-
cholate], and twice with TE. The beads were then resuspended in
125 pl of TE plus 0.5% SDS supplemented with proteinase K (500
pg/ml; Thermo Fisher Scientific, 25530049) and incubated over-
night at 65°C. The DNA was recovered from the eluate using the
QIAquick polymerase chain reaction (PCR) purification kit and
finally dissolved in tris-HCI (pH 8.5). All ChIP-seq experiments
were performed in duplicates.

Library preparation of ChIP samples and sequencing

DNA from ChIP were quantified with the Qubit dSDNA HS Assay
Kit. Sequencing libraries were created according to the ThruPLEX
DNA-seq kit protocol (Takara, R400676). Size selection was per-
formed in the range of 200 to 700 bp with AMPure XP beads
(Beckman Coulter, A63880) and confirmed using the Agilent
High Sensitivity DNA Kit (Agilent, 5067-4626) on the Agilent
2100 Bioanalyzer. Libraries were pooled and sequenced using
NextSeq 500/550 High Output Kit v2.5 (Illumina, 20024906). The
sequencing run was Single End and Dual Index with 75-bp reads.

Gene silencing with RNA interference
Transient gene depletions were carried out using the Lipofectamine
RNAiMax transfection reagent (Life Technologies), according to
the manufacturer’s instructions. The following siRNAs are used at
a final concentration of 20 nM: ON-TARGETplus SMARTpool
(Horizon) siRNA L-010224-00-0005 for CUL3, L-014617-00-0005
for BTBD1, L-016110-00-0005 for BTBD2, L-006557-00-0005 for
RNF4, GCCGGAUCUGAAAAAUAAC for RAD18 at 50 nM
(102), UAUCUAGUGAGUCUUCUCUAAACGG for CUL4A,
and AAGCCUAAAUUACCAGAAATT for CUL4B at 50 nM (26).
Silencer select negative control #1 siRNA (4390843, Ambion)
was used as control siRNA at the same concentration of the most
concentrated siRNA used in the same experiment. Experiments
were performed starting at 48 hours after transfection.
BTBD1-WT or BTBD1-AC coding sequences were cloned into a
pcDNA3.1 vector (GenScript). Plasmid transfection was conducted
with the Trans-IT reagent (Mirus), according to the manufacturer's
instructions. Concomitant endogenous BTBD1 and BTBD?2 silenc-
ing was performed with 50 nM siRNAs targeting the 3’ untranslated
region of BTBD1 (UGAAAUUGCUAAAGGGAAAUU) and
BTBD2 (AGACAAUCCCUCAGGACUAUU) 6 to 8 hours before
transfection with the plasmids.
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Drugs and cell treatments

The following drugs were used throughout the study: CPT (S1288,
Selleckchem), TAK-243 E1 ubiquitin—activating enzyme inhibitor
(S8341, Selleckchem), MG132 26S proteasome inhibitor (S2619,
Selleckchem), and MLN4924 Nedd8-activating enzyme inhibitor
pevonedistat (S7109, Selleckchem).

Cell cycle analysis

Cell cycle analysis and S-phase cell labeling were performed using
the Click-iT EdU Imaging Kit (C10337, Invitrogen) according to
the manufacturer’s protocol. S-phase cells were labeled with 10
uM 5-ethynyl-2'-deoxyuridine (EdU; E10187, Thermo Fisher Sci-
entific) for 1 hour. Cells were collected and fixed in 2% paraformal-
dehyde 20 min. Fixed cells were blocked in 1% BSA in PBS at room
temperature (RT) for 10 min before permeabilization by 0.5%
saponin in the dark for 30 min at RT. Permeabilized cells were
then incubated with the Click-iT cocktail in the dark for 30 min,
and the total DNA was stained with 4',6-diamidino-2-phenylindole
(DAPI) solution [1% BSA in PBS, ribonuclease A (RNase A; 0.1 mg/
ml), and DAPI (2 pg/ml)] for 30 min. Samples were run through a
CytoFLEX flow cytometer (Beckman Coulter), and data were ana-
lyzed and visualized using Flow]Jo software.

Cell viability and apoptosis analysis

Apoptotic cells were stained using the FITC (fluorescein isothiocy-
anate) Annexin V Apoptosis Detection Kit (88-8005-72, Thermo
Fisher Scientific) according to the manufacturer’s instructions.
Dead cells were stained using DAPI. Samples were immediately
run through a CytoFLEX flow cytometer (Beckman Coulter) and
analyzed with CytExpert Analysis software. Cells treated for 24
hours with 5 uM CPT were used as a positive control in every ex-
periment (103).

DNA fiber assay

DNA fiber assay was performed as previously described (52). Expo-
nentially growing cells were pulse-labeled with 20 uM IdU (Milli-
pore Sigma) for 20 min, washed three times with PBS, and then
pulse-labeled with 100 pM CIdU (Millipore Sigma) for 1 hour
with the addition of CPT when indicated. Cells were then washed
twice with PBS, collected by trypsinization, resuspended in PBS for
a final concentration of 1500 cells/pl, and spotted onto positively
charged glass slides. Cells were mixed with lysis buffer [200 mM
tris-HCI (pH 7.5), 50 mM EDTA, and 0.5% SDS in water] and in-
cubated for 5 min at RT, and slides were tilted at a 20° to 45° angle to
spread the fibers at a constant, low speed. After 10 min of air drying,
DNA was fixed onto the slides with a freshly prepared solution of
methanol:glacial acetic acid at 3:1 for 5 min, dried, and then stored
at 4°C for at least overnight.

For immunostaining of DNA fibers, DNA was rehydrated in PBS
twice for 5 min and then denatured with 2.5 M HCl for 1 hour at RT.
Slides were then washed with PBS three times and blocked with 5%
BSA at 37°C for 45 min. DNA fibers were immunostained with rat
anti—5-bromo-2'-deoxyuridine (BrdU) (1:75; Ab6326, Abcam,
RRID: AB_305426) and mouse anti-BrdU (1:20; 347580, BD Biosci-
ences, RRID: AB_400326) for 1.5 hours at RT, washed three times
with PBS-0.05% Tween 20 for 5 min, and then incubated with anti-
rat Alexa Fluor 488 and anti-mouse Alexa Fluor 546 or 568 (1:100;
A-21470, A-21123, and A-21124, respectively, Thermo Fisher Sci-
entific) for 1 hour at RT. After three washes with PBS—0.05% Tween
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20 of 5 min each, slides were mounted with ProLong Gold Antifade
Reagent (P36930, Thermo Fisher Scientific).

Images were acquired with LAS AF software using a Leica TCS
SP5 confocal microscope and a Leica DMi8 confocal microscope
with either a 63x/1.4 or 40x/1.15 oil immersion objective.
Between 100 and 200 fibers per sample were measured with the
Image] software (RRID: SCR_003070).

DNA replication progression in CPT was assessed either by plot-
ting the CldU/IdU ratio for each individual fiber or by plotting the
mean ratio between the median CldU/IdU value of CPT-treated and
untreated samples from independent experiments and expressed as
a % of the untreated.

S1 nuclease DNA fiber assay

The DNA fiber assay with the ssDNA-specific S1 nuclease was per-
formed as previously described (52). Briefly, after analog incorpo-
ration, cells were permeabilized with CSK100 [100 mM NaCl, 10
mM Mops (pH 7), 3 mM MgCl,, 300 mM sucrose, and 0.5%
Triton X-100 in water], treated with the S1 nuclease (18001-016,
Thermo Fisher Scientific) at 20 U/ml in S1 buffer [30 mM
sodium acetate (pH 4.6), 10 mM zinc acetate, 5% glycerol, and 50
mM NaCl in water] for 30 min at 37°C, and collected in PBS—0.1%
BSA with a cell scraper. Nuclei were then pelleted at ~4600g for 5
min at 4°C, resuspended in PBS, and processed as intact cells in the
standard DNA fiber assay.

Reverse transcription PCR and primers

Total RNA was extracted using the PureLink RNA Mini Kit
(12183018A, Thermo Fisher Scientific), cDNA was synthesized by
M-MLV Reverse Transcriptase (28025013, Thermo Fisher Scien-
tific), and reverse transcription PCR (RT-PCR) was performed
using iQ SYBR Green Supermix (1708880, Bio-Rad) with the
QuantStudio Real-Time PCR System. The primers were designed
to anneal only on gene exons. The results were calculated according
to the 2—AACt methodology and are shown as relative expressions
to the correspondent control.

The following primers were used to verify siRNA depletions:
RAD18-F  5-ACCGCATATTAGATGAACTGGTAA-3" and
RADI18-R 5'-AGAGGAAGAAGCAGGAGATTT-3"; BTBDI1-F 5'-
CCGGTTCCCACTGATGACAA-3" and BTBD1-R 5'-GACAG-

CATCTTGGTCGGTCA-3' and/or BTBD1-F2 5'-
GGCGCTGCTGAGATTTCTAT-3" and BTBDI1-R2 -
GCTGGGACTGCGTATTTCTT-3'; BTBD2-F 5'-
TCCTCGCACTGCTCAAGTTT-3' and BTBD2-R 5'-
GGCTCGCAGGTTCTTCTTCA-3'; RNF4-F 5'-
TTCCCTGCAAACCTTGGTATAG-3'" and RNF4-R  5'-

GAGTTCGCTTCTGAGCTTGT-3'.

Western blot

Cells were collected by centrifugation, resuspended in lysis buffer
[50 mM tris-HCI (pH 7.5), 20 mM NaCl, 1 mM MgCl,, 0.1%
SDS, 1x protease inhibitor, benzonase, 71206, Novagen], and incu-
bated on ice for 30 min. The extract was then clarified with high-
speed centrifugation, and the total protein concentration was mea-
sured using a Pierce BCA protein assay kit (23227, Thermo Fisher
Scientific) according to the manufacturer’s instructions. The 1x
NuPAGE LDS sample buffer (NP0007, Thermo Fisher Scientific)
and the 10x sample reducing agent (NP0004, Thermo Fisher Scien-
tific) were added to the samples, and then they were denatured at
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95°C for 5 min. Approximately 10 to 25 ug of proteins were
loaded onto a NuPAGE Novex 4 to 12% bis-tris gel
(NP0322BOX, Thermo Fisher Scientific) and run with 1x
NuPAGE MES SDS Running buffer (NP0002, Thermo Fisher Sci-
entific) at 200 V. Proteins were transferred onto a 0.45-pum pore ni-
trocellulose membrane (10600002, GE Healthcare Life Sciences) by
cold wet transfer in 1x tris/glycine buffer (1610734, Bio-Rad) and
20% methanol at a constant of 400 mA for 45 min. Membranes were
blocked with 3% milk (170-6404, Bio-Rad) in Tris-Buffered Saline
with Tween 20 (TBS-T) 0.1% for 1 hour at RT and probed with
primary antibodies overnight (104). The following primary anti-
bodies were used: mouse TOP1 (1:500; C-21, 556597, BD Bioscienc-
es), rabbit TOP1 (1:2000; ab28432, Abcam, RRID:AB_778545),
CUL3 (1:500; PA5-17397, Thermo Fisher Scientific,
RRID:AB_10985263), CUL4A (1:1000; 2699, Cell Signaling,
RRID:AB_2086563), CUL4B (1:1000; 60151-1-Ig, Proteintech,
RRID:AB_10641034), NEDDS8 (1:1000; 2754, Cell Signaling,
RRID:AB_10695300), Tdpl (1:1000; ab4166, Abcam,
RRID:AB_304337), total ubiquitin (1:5000; MAB8595, R&D
Systems), BTBD1 (1:500; 15859-1-AP, Proteintech,
RRID:AB_2067248), y-H2AX (1:1000; 05-636, Millipore,
RRID:AB_309864), H2AX (1:1000; 2595S, Cell Signaling,
RRID:AB_10694556), PCNA (1:5000; PCI10 ab29, Abcam,
RRID:AB_303394), glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (1:20,000; ab181602, Abcam, RRID:AB_2630358), and
H3 (1:10,000; ab1791, Abcam, RRID:AB_302613). Membranes
were developed with the Odyssey CLx machine (LI-COR) by incu-
bation with secondary infrared antibodies IRDye 800CW and
680RD (925-32210 and 925-68071, LI-COR). Images were pro-
cessed with ImageStudio Software (LI-COR, RRID: SCR_013715).

RADAR assay

RADAR protocol was performed as described (48). Cells (4.5 x 10°)
were seeded in six-well plates and then treated according to the ex-
perimental scheme. After CPT treatment, the medium was
removed, and cells were lysed with 1 ml of DNAzol (10503027,
Thermo Fisher Scientific) and collected by scraping. Genomic
DNA and DNA-protein covalent complexes were precipitated at
—20°C by addition of 0.5 volume of 100% cold ethanol, recovered
by centrifugation at 10000 rpm at 4°C, washed twice in 70% ethanol,
and resuspended in 300 pl of freshly prepared 8 mM NaOH after air
drying for 3 min. The DNA content was measured with a Nano-
Drop One instrument (Thermo Fisher Scientific), normalized in
1 ml of tris-buffered saline buffer at 10 ng/ul, and measured again
before starting with the slot blotting procedure. DNA was then de-
posited onto a 0.45-um nitrocellulose membrane (Amersham)
using a slot blotting apparatus (1706542, Bio-Rad). TOPI-ccs
were detected by overnight incubation with primary rabbit anti-
TOP1 antibody (1:2000; ab28432, Abcam, RRID:AB_778545) and
secondary IRDye 800CW goat anti-mouse immunoglobulin G
(926-32210, LI-COR). Images were acquired with Odyssey CLx
Imager (LI-COR), and TOP1-ccs were quantified by ImageStudio
Software (RRID: SCR_013715) and are expressed as fold change
normalized on the untreated WT sample.

TOP1-cc ubiquitination assay

Samples were prepared following the RADAR assay protocol (48)
and resuspended in 120 pl of freshly prepared 8 mM NaOH. The
recovered DNA-protein covalent complexes were heated for 15
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min at 65°C. Forty microliters of each sample were transferred into a
new tube and digested with 50 U of micrococcal nuclease (Thermo
Fisher Scientific) and RNase A (100 pg/ml; Thermo Fisher Scien-
tific), in the presence of 5 mM CaCl,, at 37°C for 15 min. Reactions
were stopped by adding 20 mM final concentration of EDTA/NaOH
and by keeping them on ice. The DNA content was quantified with
a NanoDrop One instrument (Thermo Fisher Scientific), normal-
ized at 380 ng/yl, and quantified again before addition of NuPAGE
LDS 4x sample buffer (Thermo Fisher Scientific) and 10x reducing
agent (Thermo Fisher Scientific). Samples were boiled for 10 min at
70°C and loaded onto 10% NuPAGE Bolt Gels at 165 V. Proteins
were wet-transferred onto polyvinylidene difluoride membrane
with the NuPAGE Mini Blot Module (B1000), according to the
manufacturer’s instructions. Membranes were blocked with 3%
milk (170-6404, Bio-Rad) in 0.1% TBS-T for 1 hour at RT, probed
with anti-ubiquitin antibody overnight (1:5000; MAB8595, R&D
Systems), and developed with the Odyssey CLx machine (LI-
COR) by incubation with secondary infrared antibodies IRDye
800CW (925-68071, LI-COR). Images were processed with Image-
Studio Software (LI-COR, RRID: SCR_013715). The entire smeared
band generated by the ubiquitin signal was considered to quantify
the levels of TOP1-cc ubiquitination. The values are then plotted as
relative to the WT untreated condition.

Cell viability assay

Cell viability was assessed using the CellTiter 96 AQueous Non-Ra-
dioactive Cell Proliferation Assay (MTS, G5421, Promega) accord-
ing to the manufacturer’s instructions. Cells (1500 to 3000 per well)
were seeded in quadruplicate in a 96-well plate, and then they were
treated with the indicated concentration of drugs for 4 to 5 days.
MTS values were read with EnVision 2103 Multilabel Reader (Per-
kinElmer) with the Envision Manager software version
1.13.3009.1409. Viability was calculated and expressed as percent-
age with respect to each untreated control.

Neutral comet assay

Neutral comet assay was performed according to the Trevigen
Comet Assay protocol (105). Cells were collected and resuspended
in 1% low-melting agarose (Trevigen, 4250-50-050-02), spread onto
a comet slide (Trevigen, 4250-200-03), and allowed to dry. Cells
were then lysed in lysis solution (Trevigen, 4250-050-01) at 4°C
for 1 hour. Slides were immersed in TBE buffer (0.1 M tris base,
0.1 M boric acid, and 2.5 mM EDTA) for 30 min before electropho-
resis at 25 V for 30 min at 4°C. DNA was precipitated with 1 M am-
monium acetate in 95% ethanol for 30 min and subsequently fixed
in 70% ethanol for 30 min. Comets were stained with SYBR Gold
(Thermo Fisher Scientific) for 30 min. Images were acquired with a
Leica DM4B microscope with 10x objective. At least 150 comets
were scored for each sample using the OpenComet plugin in the
Image] analysis software (RRID: SCR_003070). Olive moment
values are represented as Tuckey boxes.

Immunofluorescence

Cells were pre-extracted with 0.5% Triton X-100 in PBS for 5 min on
ice, followed by fixation with 4% paraformaldehyde for 15 min at
RT. Next, cells were permeabilized with 0.5% Triton X-100 in
PBS for 5 min and washed with 0.2% PBS-T (Tween 20) three to
four times. After blocking with BSA, coverslips were incubated
with the following antibodies: rat BrdU antibody (1:200; ab6326,
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Abcam, RRID:AB_305426) for CldU foci detection and rabbit
RAD51 (1:250; PC130, Millipore, RRID:AB_2238184) for RAD51
foci detection. After washing, coverslips were incubated with
Alexa 488 secondary antibodies (Thermo Fisher Scientific) and
nuclei-stained with DAPI. For the CIdU foci experiments, cells
were previously pulsed with 10 uM CIdU for 48 hours (53).
Images were acquired with a Leica DM4B microscope with 63x ob-
jective. At least 100 cells per condition were analyzed using the
Image] analysis software (RRID: SCR_003070). For each nucleus,
a border was created using the wand “tracing” tool on the nuclei
shape in the DAPI channel. Foci within that border were counted
using the “Find Maxima" function with a constant prominence
value. Treatment with 0.5 mM hydroxyurea for 24 hours was used
as a positive control for the CldU foci experiment.

RNA sequencing

Total RNA was extracted from cells using the TRIzol reagent
(15596026, Thermo Fisher Scientific). Total RNA integrity was de-
termined using the Agilent Bioanalyzer or 4200 TapeStation.
Library preparation was performed with 5 to 10 pg of total RNA
with a Bioanalyzer RNA integritty number score greater than 8.0.
Ribosomal RNA was removed by poly-A selection using Oligo-dT
beads (mRNA Direct kit, Life Technologies). mRNA was then frag-
mented in reverse transcriptase buffer and heating to 94°C for
8 min. mRNA was reverse-transcribed to yield cDNA using the Su-
perScript ITI RT enzyme (Life Technologies, per manufacturer's in-
structions) and random hexamers. A second-strand reaction was
performed to yield double stranded-cDNA. cDNA was blunt-
ended, had an A base added to the 3 ends, and then had Illumina
sequencing adapters ligated to the ends. Ligated fragments were
then amplified for 12 to 15 cycles using primers incorporating
unique dual index tags. Fragments were sequenced on Illumina
NovaSeq 6000 using paired end reads extending 150 bases. Basecalls
and demultiplexing were performed with Illumina’s bcl2fastq2 soft-
ware. RNA-seq reads were then aligned and quantitated to the
Ensembl release 101 primary assembly with an Illumina
DRAGEN Bio-IT server running version 3.9.3-8 software.

All gene counts were then imported into the R/Bioconductor
package EdgeR, and TMM normalization size factors were calculat-
ed to adjust for samples for differences in library size (106). Ribo-
somal genes and genes not expressed in the smallest group size
minus one sample greater than one count per million were excluded
from further analysis. The TMM size factors and the matrix of
counts were then imported into the R/Bioconductor package
Limma (106). Weighted likelihoods based on the observed mean-
variance relationship of every gene and sample were then calculated
for all samples, and the count matrix was transformed to moderated
log, counts per million with Limma's voomWithQualityWeights
(107). Differential expression analysis was then performed to
analyze for differences between conditions, and the results were fil-
tered for only those genes with Benjamini-Hochberg false discovery
rate—adjusted P values less than or equal to 0.05.

Quantification and statistical analysis

Statistical analysis was performed using Prism 9 (GraphPad Soft-
ware, RRID: SCR_002798) and R version 4.0.2 for the ChIP-seq
data. In all cases, ns indicates nonsignificant, *P < 0.05,
**P < 0.01, ¥*P < 0.001, and ***P < 0.0001. Different statistical
tests are applied according to the data population, and they are
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indicated in the corresponding figure legends. All the experiments
are performed as biological duplicates or triplicates, indicated as N
in each figure legend.

Sequencing data analysis

The .fastq files, generated after demultiplexing of the sequencing
run, were quality-controlled with FastQC (www.bioinformatics.
babraham.ac.uk/projects/fastqc/) and MultiQC (108), trimmed
with cutadapt (109), and aligned to hg38 reference genome with
bowtie2 (110, 111). Subsequently, they were sorted and indexed
using Samtools (112) and deduplicated using the MarkDuplicates
command of the Picard set of command line tools (http://
broadinstitute.github.io/picard). Counts per million (CPM)-nor-
malized BigWig files were generated using bamCoverage and bam-
Compare of the deepTools suite (113) and visualized using IGV
(114). For determination of replication timing and early and late
replicated regions, publicly available data of Repli-seq performed
in RPE-1 cells generated by the Gilbert laboratory were used (41).
The aligned .bam-files of experiment set 4DNESUNOW10Z were
downloaded from the 4DN Network (115, 116) and then supplied to
the Repliscan pipeline (117).

For determination of initiation sites, data of OK-seq in RPE-1
cells publicly available under accession number GSE114017 were
used (42). The .fastq-files were aligned to the hg38 reference
genome with bowtie2 and deduplicated using MarkDuplicates, to
be in line with the ChIP-seq data. Thereafter, the R package OK-
seqHMM was used to determine replication initiation zones (42,
118, 119). Both the sequencing data and the package are derived
from the work of Chen et al. (42). According to their publication,
only replicate 1 (sample GSM3130725) was used for the determina-
tion of initiation zones.

Last, publicly available RNA-seq data in RPE-1 cells (Gene Ex-
pression Omnibus {GEO} accession number GSE146121) were used
for determination of gene expression. These data were generated by
Molenaar et al. (120); for this purpose, the table of read counts was
downloaded from GEO, and Reads Per Kilobase Million values per
gene were calculated. Last, by combining the publicly available data-
sets of Repli-seq, OK-seq, and RNA-seq, replication initiation sites
were determined. For this purpose, TSSs of the top 50% expressed
genes as measured by RNA-seq were overlapped with the initiation
zones determined by OK-seq, and the early replication domain was
determined by Repli-seq. The intersection of these three datasets
was then used as a reference for replication initiation sites associated
with transcription.

For visualization of read coverage around TSSs, early and late
replicated regions as well as replication initiation sites determined
via combination of publicly available data ngs.plot were used (121).
After metagene analysis had been performed by ngs.plot, the data
were replotted using the internal R plotting.

To visualize genomic tracks of early and late replicated regions
and around selected initiation sites from the curated list, the UCSC
genome browser, specifically the virtual machine version Genome
Browser in a Box (GBIB), was used (121). For that purpose, CPM-
normalized bedGraph files of the regions in question were generat-
ed using the bamCompare command of the deeptools suite (113) to
consider both TOP1 ChIP-seq replicates and loaded into GBIB.
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