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TDP2 is a regulator of estrogen-responsive oncogene
expression
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Abstract

With its ligand estrogen, the estrogen receptor (ER) initiates a global transcriptional program, promoting cell growth. This process involves
topoisomerase 2 (TOP2), a key protein in resolving topological issues during transcription by cleaving a DNA duplex, passing another duplex
through the break, and repairing the break. Recent studies revealed the involvement of various DNA repair proteins in the repair of TOP2-
induced breaks, suggesting potential alternative repair pathways in cases where TOP2 is halted after cleavage. However, the contribution of
these proteins in ER-induced transcriptional regulation remains unclear. We investigated the role of tyrosyl-DNA phosphodiesterase 2 (TDP2), an
enzyme for the removal of halted TOP2 from the DNA ends, in the estrogen-induced transcriptome using both targeted and global transcription
analyses. MYC activation by estrogen, a TOP2-dependent and transient event, became prolonged in the absence of TDP2 in both TDP2-deficient
cells and mice. Bulk and single-cell RNA-seq analyses defined MYC and CCND1 as oncogenes whose estrogen response is tightly regulated
by TDP2. These results suggest that TDP2 may inherently participate in the repair of estrogen-induced breaks at specific genomic loci, exerting
precise control over oncogenic gene expression.
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Introduction cause of cancer-related death in women. About two-thirds of

With a lifetime risk of one in eight women, breast cancer is breast tumors express estrogen receptor alpha (ER«), and tu-
the most common female cancer and is the most frequent  mor growth depends on the hormone estrogens (1). Estrogens,

Received: April 28,2023. Revised: February 19, 2024. Editorial Decision: March 6, 2024. Accepted: March 14, 2024

© The Author(s) 2024. Published by Oxford University Press on behalf of NAR Cancer.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the
original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com


https://doi.org/10.1093/narcan/zcae016
https://orcid.org/0000-0002-0440-6783
https://orcid.org/0000-0002-7924-7991
https://orcid.org/0000-0003-3513-1783
https://orcid.org/0000-0001-9223-4186

particularly 17beta-estradiol (E2), play a crucial role in fe-
male reproductive system development. Secreted E2 diffuses
into the cell nucleus, where it binds to a receptor ERax (2).
The E2-ER« complex then binds to DNA, acting as a potent
regulator of gene expression.

In vitro studies have shown that transcriptional activa-
tion occurs within an hour after E2 stimulation and in-
volves Type Il topoisomerase (TOP2), in particular, TOP2 beta
(TOP2B) (3,4). TOP2 resolves torsional stress during DNA
metabolism processes, including replication, chromosome seg-
regation, and transcription, by transiently cleaving one du-
plex DNA to introduce a DNA double-stranded break (DSB)
and passing another DNA duplex through the DSB (5-7).
These reactions involve a transient intermediate with cova-
lent bonds between the catalytic tyrosine in TOP2 and the 5’
phosphate groups of the DNA ends (TOP2 cleavage complex,
TOP2cc), followed by the re-ligation of the DSB ends. In gen-
eral transcription, TOP2 relieves over-wound DNA ahead of
RNA polymerase II (Polll), facilitating transcriptional elon-
gation by releasing paused Polll (8-10). Because of the crit-
ical and broad roles of TOP2 in nucleotide metabolisms,
small molecule inhibitors that intervene in the TOP2 activ-
ity have been developed. TOP2 catalytic inhibitors block a
cascade of conformational changes and enzymatic activities,
including duplex DNA cleavage, and TOP2-poisons stabilize
TOP2cc and prevent the re-ligation of TOP2-induced DSBs
(11-13).

In addition to relieving torsional stress in general transcrip-
tion, TOP2, in particular TOP2p, plays a crucial role in the
activation of a specific set of genes in response to exogenous
stimuli, including E2, heat shock, serum starvation, and neu-
ronal activity (8,10,14,15). DSBs induced by TOP2p at gene
promoters and transcription start sites are followed by the re-
cruitment of DSB repair proteins, DNA-PK and Ku70 (10,14).
The recruitment is somewhat surprising, given that TOP2 is a
self-sufficient enzyme and catalyzes and relegates DSBs (5,16).
TOP2B occupies more than 2000 sites in the genome upon
E2 treatment in MCF7 breast cancer cells (17), with a frac-
tion of these sites possibly recruiting repair proteins. At least
two processes are involved in the repair of DSBs with trapped
Top2; (i) proteins that process (remove) TOP2 that remains
covalently attached to the 5’ DSB ends (TOP2 cleavage com-
plex, TOP2cc) and (ii) those that repair the resulting clean
DSB ends. The first process was executed either by 5’-tyrosyl-
DNA phosphodiesterase (TDP2) or the Mre11-RADS50-Nbs1
(MRN) complex (18-20). The resulting clean ends are re-
paired by non-homologous end-joining (NHE]) (21). BRCA1
and RADS541.2 are also implicated in the resolution of TOP2cc
(20,22,23). While these processes are generally seen as back-
ups for instances where TOP2cc is trapped at DNA ends, this
perspective may not fully explain the recruitment of repair
proteins to specific gene promoters in response to exogenous
stimuli.

Intriguingly, when left unrepaired, TOP2-induced DSBs can
result in transcriptional activation of a specific set of genes.
For example, etoposide treatment results in the upregulation
of early response genes to neuronal activity in cultured pri-
mary neurons (14). The mechanism underlying the upregula-
tion is of great interest, and it is also crucial to define which
genes are upregulated in response to other exogenous stim-
uli. The upregulation of target genes could cause a serious
problem when external stimuli, such as E2, promote cell pro-
liferation, potentially leading to abnormal cell proliferation
and, ultimately, tumorigenesis. Such a possibility was shown
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at the protein level in mice lacking NHE] repair; E2 stimu-
lated the expression of MYC protein in mammary epithelial
cells of mice lacking DNA-PKcs (24).

We wished to identify a set of E2-induced genes that
becomes upregulated in cells deficient in the resolution of
trapped TOP2cc. The list of such genes would inform gene loci
where trapped TOP2cc is inherently repaired by DSB repair
proteins. To do so, we created ER-positive breast cancer cell
lines that lack TDP2 and investigated a global transcriptional
program. We chose TDP2 because TDP2 knockout cells are vi-
able and amenable to E2 stimulation experiments. Using digi-
tal PCR, bulk- and single cell-RNAseq, we identified MYC as
one of the several genes that exhibited enhanced transcription
in response to E2 when TDP2 was deficient. The gene list in-
cluded another ER-positive breast cancer oncogene, CCND1.
These results suggest that DSB repair genes are inherently con-
figured to resolve TOP2cc and tightly regulate oncogenic gene
expression.

Materials and methods

Cell culture and digital PCR

MCF7 and MCF7 TDP2KO cells were maintained with MEM
with 10% FBS. T47D, T47D TDP2KO and MDA-MB-231
cells were cultured with DMEM with 10% FBS. TDP2KO
cells were created by targeting exon 2 of the TDP2 gene
(5’-GGCTCAGAGATGGTTTCAGGT-3'). The targeting vec-
tor was constructed using pSpCas9(BB)-2A-GFP(PX458), a
gift from Feng Zhang (Addgene plasmid #48138).

Etoposide sensitivity was determined using the colony for-
mation assay. Briefly, 3000 cells were plated in each well of a
6-well plate, and cells were cultured for 8 days with or with-
out etoposide before staining with crystal violet. Experiments
were performed in triplicate. Colonies were counted using the
Hybrid Cell Function of the Keyence BZ-X700.

RNA was extracted using the RNeasy mini kit, and first-
strand cDNA synthesis was performed using Superscript III
(Invitrogen). Cells were cultured in phenol red-free medium
supplemented with 5% FBS-charcoal stripped for 24 h then
treated with 10 nM 17B-estradiol for either 1, 2 or 6 h be-
fore extracting RNA. MCF7 and T47D cells were treated
with increasing concentrations of ICRF-193 for 1 h then
treated with 10 nM E2 for 2 h. NU7441 was added to
the media 3 h before adding 10 nM E2. Etoposide was
added to the media 1 h before adding E2. Digital PCR
was done using the QuantStudio 3D Digital PCR System.
A TagMan probe labeled with FAM (MYC-Hs00153408,
IL.20-Hs00218888 or OLFML3-Hs01113293 and VIC (TBP-
Hs00427620 or TFRC-Hs00951083) were mixed in a reac-
tion, and the amount of transcript (copies/microliter) was de-
termined using the Analysis Suite (Thermo Fisher Scientific).

Mouse experiments

TDP2 Wild-type and TDP2~/~ strains (21) came from the
CS57BL6/] strain. E2 (300 pg/kg body weight) was adminis-
tered via intraperitoneal injection (IP) into three independent
two-month-old female mice at 100 ul volume. As a control,
the same volume of an E2 solvent (PBS) was injected.

Mice were sacrificed to harvest mammary gland tissues, and
frozen blocks were prepared. After a brief wash with cold PBS,
tissues were fixed with paraformaldehyde (4%, Cat# 163-
20145, Wako, Japan) for 15 min at 4°C and then washed
3 times with 1x PBS. To preserve the tissue integrity, incu-
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bation was done in 30% sucrose (in PBS) for 30 min to 3
h. Tissues were then embedded into optimal cutting tempera-
ture (OCT) compound (Cat# 4583, Sakura, Japan) into Cry-
omolds (Cat# 4565, Sakura, Japan). For cryo-sectioning of
frozen blocks, a cryostat (CM 1850, Leica, Germany) was used
at —25°C and sectioned into 10 um slices. Then, the slides
were heated at 55°C for 10-30 min to dry. Dried slides were
washed three times with Tween-20 in PBS (0.05%, PBS-T).
For blocking 1% BSA and 5%, goat serum in PBS-T was used
for 3 h at room temperature, then washed once with PBS-
T. Slides were then incubated with both «-Cytokeratin-8/18
(1/10, rat monoclonal, University of lowa, USA) and «-c-Myc
antibody (1/200 [Y69],ab32072, rabbit monoclonal, Abcam)
overnight at 4°C. After washing with PBS-T, slides were incu-
bated with both «-rabbit (Alexa Fluor 546) and «-rat (Alexa
Fluor 488) secondary antibodies (Molecular Probe, USA). c-
Myc and Cytokeratin-8/18 signals were detected using LEICA
SP8.

Bulk RNA-seq

MCF7, MCF7 with 10 nM E2 treatment for 2 h, MCF7
TDP2KO, MCF7 TDP2KO with 10 nM E2 treatment for 2
h were subject to RNA-seq at the Cedars-Sinai Applied Ge-
nomics, Computation and Translational Core. Biological du-
plicates were taken for all of the processes. Our quality control
pipeline utilizes the Illumina standards to assess base call qual-
ity and truncates low-quality reads. The quality of sequenc-
ing data was assessed using MultiQC software (25). Sequence
alignment and quantification were performed using the STAR-
RSEM pipeline (26,27). Reads overlapping exons in the an-
notation of Genome Reference Consortium Human Build 38
(GRCh38) will be identified. Genes were filtered out and ex-
cluded from downstream analysis if they failed to achieve raw
read counts of at least two across all the libraries. Batch ef-
fects were corrected by ComBat (28). The trimmed mean of
M-values normalization method (TMM) (29) (version 1.6.1)
was used for calculating normalized count data.

Differential expression analysis of bulk RNA-seq
data

For the two comparisons, (i) E2 treated versus non-treated in
MCF7 cells and (ii) E2 treated versus non-treated in MCF7
TDP2KO cells, we used the integrated hypothesis testing
method as previously reported (30). Briefly, for each gene, two
P-values were computed by performing a two-tailed Student’s
t-test and a two-tailed median different test using the empiri-
cal distributions that were estimated by random permutations
of the samples. We then combined two P-values into a com-
bined P-value using Stouffer’s method. Multiple testing cor-
rections were done using Storey’s correction method (31). Fi-
nally, the DEGs were selected, with the ones having a com-
bined P-value <0.05 and fold-change >1.5. The GSEA was
used to check the enrichment of gene sets (32).

Single-cell RNA-seq data preprocessing and
differential expression analysis

Single-cell RNA-seq was performed using the 10x Genomics
scRNA-seq platform at the Cedars-Sinai Applied Genomics,
Computation and Translational Core. The Cell Ranger Single-
Cell Software Suite was used for demultiplexing, barcode as-
signment, and unique molecular identifiers (UMIs) quantifi-
cation. The reads were aligned to the hg38 reference genome

using a pre-built annotation package obtained from the 10x
Genomics website. All lanes per sample were processed us-
ing the ‘cellranger count’ function. The output from differ-
ent lanes was then aggregated using ‘cellranger aggr’ with —
normalise set to ‘none.” The quality control and analysis were
conducted using the Seurat packages in R (version 3.2.2) (33).
Poor-quality cells were identified by filtering out the cells with
the number of detected genes <2000. In addition, all cells
with 11.89% (three standard deviations) or more of UMIs
mapping to mitochondrial genes were defined as non-viable
or apoptotic and removed from the analysis. Genes detected
in at least three cells were used for further analysis, result-
ing in a total of 19 043 genes remaining for the analysis. We
also ensured that none of the reads in our data set were de-
rived from index swapping. For this, we labeled cells with
barcodes that appeared in more than one sample (non-unique
barcodes) as ‘NULL and excluded these cells for further anal-
ysis. Gene expression values were normalized by log normal-
ization using the ‘NormalizeData’ function in Seurat. We per-
formed two comparisons of (i) E2 treated versus non-treated
in MCF7 cells and (ii) E2 treated versus non-treated in MCF7
TDP2KO cells. The ‘FindMarkers’ function in Seurat was used
with filtered data to identify DEGs between the cell groups.
DEGs were selected with adjusted P-value <0.05 and log fold
change >0.1 (1.11-fold). The fold change threshold was deter-
mined at 95 percentile value of the empirical null distribution
of fold changes, which was generated by 1000 times random
permutation of the cells.

Statistical analysis
We performed principal component analysis (PCA) for visual-
ization of the samples to assess the distribution of the samples
by gene expression profile. We used MATLAB (v.9.0; Math-
works, Natick, MA, USA), R (v.3.5), and Python (v.3.7) for
bioinformatic analysis.

Ethics statement

The experimental protocol with mice was approved by the
Ethical Committee for Animal Experimentation of the Uni-
versity of Seville (34).

Results

MYC induction by 17beta-estradiol (E2) depends on
TOP2

MYC is a well-studied oncogene and is known to transcrip-
tionally respond to E2 (35). To assess this response, we col-
lected RNA from two ER-positive breast cancer cell lines,
MCF7 and T47D, before and after treatment with E2 (Fig-
ure 1A). We employed digital PCR assays to measure the ex-
pression of MYC mRNA. In this assay,a MYC Tagman probe
labeled with a dye FAM and a control probe, either TBP or
TERC, labeled with a dye VIC were mixed with cDNA from
cell lines and PCR-amplified in approximately 20 000 x 1 nl
reaction (Figure 1B). MYC expression levels (the number of
MYC-positive 1 nl reactions) were normalized by the inter-
nal control (the number of internal control-positive reactions).
We added 10 nM E2 and incubated cells for two h before ex-
tracting RNA. The fold induction of MYC was calculated as
the ratio of normalized MYC expression with E2 treatment to
normalized MYC expression without E2 treatment.
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Figure 1. Estrogen and TOP2-dependent induction of MYC. (A) Experiment design. MCF7 and T47D cells were treated with 10 nM 17 3-estradiol for 1,

2 and 6 h. RNA was extracted at each time point for 3D PCR analysis and RNA-seq at 2 h. (B) 3D PCR output from Analysis Suites. Blue dots represent
wells only with the amplification of genes detected by FAM (MYC), red dots represent wells only with the amplification detected by VIC (TBP or TFRC)
probe (internal control), yellow dots represent wells without amplification, green dots represent wells with the amplification of both probes. Normalized
MYC expression was calculated by the ratio of FAM (MYC) to VIC (TBP or TFRC). (C) MYC induction in cells after 2 h of treatment with 10 nM E2 relative
to cells with no E2 in two ER-positive breast cancer cell lines (MCF7 and T47D) and an ER-negative cell line (MD-MBA-231). Error bars represent the
standard deviation from three independent measurements. (D) Dynamic responses of MYC induction. Cells were treated with 10 nM E2 for 0, 1, 2 and 6
h. MYC fold-induction peaked at 1 h and remained elevated until 6 h. Error bars represent the standard deviation from three independent
measurements. (E) A TOP2 catalytic inhibitor ICRF-193 abrogated the induction of MYC mRNA. MCF7 and T47D cells were treated with increasing
concentrations of ICRF193 for 1 h then treated with 10 nM E2 for 2 h. MYC induction was progressively decreased in a concentration-dependent
manner in both cell lines. Error bars represent the standard deviation from three independent measurements. * P < 0.05, ** P < 0.01.

ER-positive (ER+) cell lines, MCF7 and T47D, increased
MYC expression after E2 treatment (2.59-fold and 2.17-fold,
respectively). As expected, the ER-negative (ER-) cell line
MDA-MB-231 did not show the induction (0.93-fold change)
(Figure 1C). Further, we sought to understand the temporal
regulation of MYC expression and measured MYC mRNA
at 1, 2 and 6 h after the addition of 10 nM E2. In both the
MCEFE7 and T47D cell lines, MYC expression was highest at
1 h (MCF7 2.89-fold, T47D 2.79-fold), followed by grad-
ual decreases until 6 h (Figure 1D). A previous study deter-

mined that TOP2 mediates the induction of E2-responsive
genes (3). Therefore, we next tested whether MYC induc-
tion is also TOP2-dependent. We used a TOP2 catalytic in-
hibitor, ICRF-193, which prevents TOP2 from cleaving a du-
plex DNA (12,13). We added ICRF-193 to cell culture me-
dia 1 h before adding 10 nM E2 and incubated cells for 2
h. We observed a dose-dependent inhibition of MYC induc-
tion in both MCF7 and T47D (Figure 1E), strongly suggesting
that E2 stimulation of MYC expression in ER-positive cells is
TOP2-dependent.
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MYC transcriptional activation in TDP2 knockout
cells

Since ICRF-193 inhibits enzyme turnover and DSB induction,
DSBs could play a crucial role in the transcriptional activa-
tion of MYC. When left unrepaired, TOP2-induced DSBs ac-
tivate transcription for a specific set of genes (14). There-
fore, we next sought to determine whether unrepaired DSBs
could further enhance the MYC induction by E2. To test the
idea, we knocked out TDP2 in ER-positive cell lines. When
TOP2 fails to re-ligate DSBs and is aborted, TOP2cc is pro-
cessed by a ubiquitin-proteasome pathway or, alternatively, a
proteosome-independent pathway (36,37). TDP2 removes the
remnant aborted TOP2 and creates a clean DSB for NHE]
machinery to repair (21). We used CRISPR-Cas9 to knockout
TDP2 in both MCF7 (MCF7 TDP2KO-1) and T47D cell lines.
In addition, we employed an independently created TDP2
knockout MCF7 cell line (MCF7 TDP2KO-2)(20). We con-
firmed the lack of TDP2 protein in knockout cells by west-
ern blotting (Figure 2A). We also confirmed the TDP2 defi-
ciency functionally using the TOP2 poison, etoposide. Etopo-
side traps TOP2cc at DSBs, which would require TDP2 to re-
pair. Both the MCF7 and T47D cells deficient in TDP2 were
significantly more sensitive to etoposide than parental cell
lines (Figure 2B).

We followed the dynamics of MYC induction using digi-
tal PCR, as shown in Figure 1C. We noticed that the highest
level of induction at 1 h after the addition of E2 (10 nM) was
similar between MCF7 and MCF7 TDP2KO-1 cells (Figure
2C). However, the MYC expression continued to be high in
MCEF7 TDP2KO cells, whereas it declined quickly in MCF7
cells. We further measured the induction of MYC at 2 h after
the addition of 10 nM E2 and found the increased fold induc-
tion of MYC in all three TDP2 knockout cell lines relative to
their parental TDP2 wild-type counterparts (Figure 2D). Be-
cause the expression was measured by total RNA of entire
cell populations, these results suggest that MYC induction by
E2 was enhanced in a significant proportion of the TDP2KO
cell population. The delayed repair of TOP2-induced DSBs
could promote the MYC response to E2 at 2 h, as previously
described for early response genes to neuronal activity (14).
Consistently, we observed that etoposide promotes the induc-
tion of MYC in MCF7 cells (Figure 2E, left). Inhibiting NHE]
could also promote the MYC response, as previously shown
in vivo in DNA-PKcs deficient mice (24). To test this possibil-
ity, we inhibited NHE] by DNA-PKcs inhibitor NU7441 (38).
Indeed, MYC induction at 2 h after the addition of E2 was
increased by NU7441 (5 uM) (Figure 2E, right).

Induction of MYC by estrogen in vivo in mice
mammary glands

To address the relevance of the above observation in vivo, we
examined MYC transcriptional response to E2 in mammary
glands in mice. We injected E2 (300 ng/kg body weight) or
PBS (control) intraperitoneally into three TDP2 wild-type and
TDP2~/~ mice (21). Mice before injection (0 h) and 6 and 20
h after injection were examined for MYC protein expression
in CK8/18-positive mammary epithelial cells by immunos-
taining (Figure 3A). We counted MYC-positive epithelial cells
in 3-12 mammary ducts at each timepoint and scored the frac-
tion of MYC-positive cells in each mammary duct (Figure 3B).
MYC-positive cells increased in both wild-type and TDP2~/~
mice at 6 h. MYC-positive cells become less frequent at 20 h,

showing transient induction of MYC in mammary epithelial
cells. MYC-positive cells in TDP2~/~ mice at 20 h were signif-
icantly more frequent than in TDP wild-type mice (P < 0.01)
at 20 h or in TDP2~/~ mice without E2 at 0 hour (P < 0.01).
The prolonged induction of MYC in TDP2~/~ mice is remi-
niscent of TDP2KO MCEF?7 cells (Figure 2C) and is consistent
with our observation in vitro.

MYC and MYC downstream targets induced by E2

MYC is a beta Helix-Loop-Helix transcription factor that,
with a partner protein Max, binds to DNA at CACGTG E-
Box sequence and modulates global gene expression (39). To
examine the expression of MYC-regulated genes in MCF7 and
MCF7 TDP2KO cells, we conducted RNA-seq analysis us-
ing total RNA before and 2 h after the addition of 10 nM
E2 (bulk RNA-seq). We found that a large number of genes
become differentially expressed in each MCF7 (2021) and
MCF7 TDP2 KO cells (1034) (Supplementary Tables S1 and
S2; fold change >1.5 and combined P-value < 0.05), and
MYC was one of them in both cell types. Consistent with
the results from digital PCR, Myc expression showed a 3.16-
fold upregulation by E2 in MCF7 TDP2KO cells compared
to a 1.94-fold in parental MCF7 cells (Figure 4A), confirm-
ing the prolonged response of MYC to estrogen when TDP2
is deficient. MYC transcriptional response was slightly more
pronounced in MCF7 cells treated with etoposide (2.17-fold,
Supplementary Table S3), suggesting the unrepaired TOP2-
induced DSBs contributed to the enhanced response.

To assess whether MYC is activated after E2 treatment
in MCF7 TDP2KO and parental MCF7 cells, we performed
Gene Set Enrichment Analysis (GSEA) (32) with predefined
MYC target genes. GSEA determines whether a defined set
of genes shows statistically significant, concordant differences
between two biological states. We looked for the significant
changes in the expression of genes whose promoters have
MYC binding sites within the 4 kb of the transcription start
sites (MYC_Q2) and, therefore, potentially the direct MYC
targets (Supplementary Figure S1, A, top). When treated with
E2 for 2 h, the vast majority of genes in MYC_Q2 were non-
randomly distributed and primarily found to be upregulated
in both MCF7 and MCF7 TDP2KO cells. We further calcu-
lated the normalized enrichment score (NES) (Supplementary
Figure S1, B). NES reports the degree of overrepresentation of
genes at the extremes of all the ranked genes. We found that
MYC_Q2 genes were slightly more clustered in highly upreg-
ulated genes in MCF7 TDP2KO cells than in MCF7 cells. We
also examined the gene sets (Hallmark MYC target v2 and
MYC_UP.V1_UP), the expression of which was increased by
overexpressing MYC in human primary mammary epithelial
cells (40). Genes in both sets were enriched in upregulated
genes, with equivalent NES values between MCF7 and MCF7
TDP2KO. These results suggest that the upregulation of MYC
by E2 modulated global transcriptional programs in both cell

types.

MYC induction at the single-cell level

Bulk RNA-seq offers insights into the average RNA expres-
sion across an entire cell population. The observed upregu-
lation of MYC in MCF7 TDP2KO cells could stem from ei-
ther (i) a scenario in which only a subset of cells robustly up-
regulates MYC, creating a bimodal distribution that elevates
the population average or (ii) a situation where MYC is in-
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Figure 2. TDP2 suppresses the volatile and prolonged induction of MYC by estrogen. (A) Western blot showing MCF7-1, T47D and MCF7-2 cell lines
and TDP2 KO cells for each cell line. (B) Etoposide sensitivity measured by colony formation assay for MCF7 (top) and T47D (bottom). Results from three
independent experiments. Error bars represent the standard deviation from three independent measurements. * P < 0.05, **P < 0.01. (C) MYC
transcriptional responses persist in TDP2-deficient cells. MCF7 and MCF7 TDP2 KO cells were treated with 10 nM E2 for 1, 2 and 6 h. After a similar
level of induction at 1 h, high level of response persisted in MCF7 TDP2 KO cells persisted through 6-h time point. Error bars represent the standard
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with or without NU7441 or etoposide were then treated with 10 nM E2 for 2 h. Error bars represent the standard deviation from two independent

experiments.

duced more robustly in the vast majority of MCF7 TDP2KO
cell population than in MCF7 cell population, resulting in the
normal distribution. The first scenario suggests that, for those
DSBs that are involved in MYC regulation after E2 treatments,
TOP2-induced DSBs are primarily re-ligated by TOP2 itself,
and TDP2 plays a role in repair only in a subset of cells with
abortive TOP2ccs. The second scenario implies that TDP2 is
programmed in the repair of TOP2-induced DSBs that regu-
late MYC expression. These possibilities can be distinguished
by single-cell RNA-seq (sc RNA-seq) experiments.

Four groups of cells were subject to scRNA-seq: MCF7
parental cells, MCF7 parental cells treated with E2 for 2 h,
MCEF7 TDP2KO cells, and MCF7 TDP2KO cells treated with
E2 for 2 h. Quality control and normalization of scRNA-seq
data were executed using the Seurat pipeline (33). Following
the exclusion of poor-quality cells and genes, the transcrip-
tome data comprised 354 genes in E2-treated MCF7, 585
genes in untreated MCF7, 708 genes in E2-treated TDP2KO,

and 399 genes in untreated TDP2KO. For the filtered and nor-
malized data, we conducted two independent comparisons:
E2-treated MCF7 versus untreated MCF7 and E2-treated
TDP2KO versus untreated TDP2KO. Applying an adjusted P-
value <0.05 and log fold change >0.1 (1.11-fold), we identi-
fied a total of 111 genes that were differentially expressed be-
tween untreated and E2-treated MCF7; 100 upregulated and
11 down-regulated genes, respectively (Supplementary Table
S4). For TDP2-KO cells, E2 treatment resulted in gene expres-
sion changes in 327 genes: 138 up- and 189 down-regulated
genes (Supplementary Table S5).

Consistent with the findings from digital PCR and bulk
RNA-seq, MYC expression was induced by E2 treatment in
both MCF7 TDP2KO and MCF7 cells, with log,-fold changes
of 0.43 (1.54-fold) and 0.17 (1.19-fold), respectively (Figure
4A). Notably, the MYC induction by E2 was more pronounced
in MCF7 TDP2KO cells than in MCF7. Normalized expres-
sion data revealed that MCF7 TDP2KO cell populations dis-
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Figure 3. The induction of MYC protein by E2 in vivo. (A) Representative images of mammary ducts from wild-type (left) and TDP2KO (right) mice
immunostained with MYC (red) and CK-8/18 (green) proteins before injection (0 h) and 6 and 20 h after injection of E2. (B) BOX plots showing the
fraction of MYC-positive cells in (CK8/18-positive) mammary epithelial cells. Each plot represents the distribution of the fraction of MYC-positive
epithelial cells in a mammary duct. MYC-positive epithelial cells were scored in 3-12 mammary ducts in each mouse at each time point.

played continuous distributions without distinct subpopula-
tions and uniquely included cells with very high MYC expres-
sion (normalized expression > 1.5) after E2 treatment (Fig-
ure 4B). Histograms of raw read count were consistent with
the skewed unimodal distribution across all four populations
(Figure 4C). The normal distribution of expression values at a
single cell level suggests that most cells in the population con-
tributed equally to the mean increase, providing supports for
the scenario (2).

We next examined whether the enhanced transcriptional
response of the MYC in MCF7 TDP2KO cells is associated
with cellular processes, such as cell cycle phases. Cell cycle
phases are considered confounding factors in single-cell stud-
ies (41). To address this concern, we allocated individual cells
to G1, S and G2/M phases using the cell cycle prediction
tool based on single transcriptome data (42). We then exam-
ined whether cell cycle distribution might confound the ob-
served difference in MYC transcriptional responses by collect-
ing MYC expression profiles with and without E2 in each cell
cycle phase (Figure 4D). Based on the cell cycle phase pre-
diction, we found that MCF7 TDP2KO cells exhibited mod-
estly higher enrichment in G1 cell populations than MCF7
cells; >60% of TDP2 KO cells were in G1, while 50% of
MCEF7 cells were in G1 (Supplementary Figure S2). How-
ever, the difference of MYC transcriptional induction by E2
was less pronounced between MCF7 and MCF7 TDP2KO
cells in G1 cells (1.26-fold with P < 0.0001 in MCF7 ver-
sus 1.47-fold with P < 0.0001 in MCF7 TDP2KO, Wilcoxon
rank-sum test) than in S (1.08-fold with P = 0.0332 versus
1.52-fold with P < 0.0001) and G2M cells (1.24-fold with
P = 0.0014 versus 1.88-fold with P < 0.0001) (Figure 4C).
Therefore, the difference in the distribution of cell cycles was
not a major contributor to increased MYC induction in MCF7
TDP2KO cells. Instead, cell cycle profiling revealed that the in-

creased response to E2 would likely stem from cells in S/G2M
phases.

The dominance of upregulated genes by the short
period of E2 treatment

The global transcriptional responses to E2 have been exten-
sively studied in the MCF?7 cell line, and both upregulated and
downregulated genes have been documented. However, vari-
ations in the amounts of E2 and treatment durations across
experiments, as well as the differences in genomic platforms
(e.g. microarray, RNA-seq, and scRNA-seq), could influence
the repertoire of E2-responsive genes, as previously discussed
(43,44). To establish a reliable set of E2 (10 nM)—responsive
genes at an early time point (2 h), we sought the intersec-
tions between different genomic platforms, bulk RNA-seq and
scRNA-seq.

Bulk RNA-seq analysis identified a large number of dif-
ferentially expressed genes, including 2021 for MCF7 and
1034 for MCF7 TDP2KO, between untreated and E2-treated
cells. In contrast, the numbers of differentially expressed genes
in our scRNA-seq data were modest: 111 genes for MCF7
and 327 genes for MCF7 TDP2KO (Figure SA). Thirty-two
genes were common between bulk and single-cell RNA-seq in
MCF7, while 62 genes were shared in MCF7 TDP2KO cells.
The majority of these common genes were upregulated genes
in both cell lines (Figure 5B; Supplementary Tables S6 and S7).
In MCF7, 28 genes were upregulated, and four genes were re-
pressed, with one gene, GPRCSA, in opposite directions be-
tween bulk- and sc-RNA-seq. In MCF7 TDP2KO, 58 genes
were upregulated, and four genes were repressed. There were
8 common differentially expressed genes between MCF7 and
MCF7 TDP2KO, including MYC, CCND1, NRIP, SH3BPS,
IGFBP4,RET, NBPF1 and CA12 (Figure 5C). Notably, MYC
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Figure 4. Bulk and Single-cell RNA sequencing analysis of MYC transcriptional response by E2. (A) MYC transcriptional response to E2 (2 h) in MCF7
and MCF7 TDP2KO cells, measured by bulk RNA-seq and single-cell RNA-seq. (B) Violin plots show normalized MYC expression distributions in MCF7
and MCF7 TDP2KO cells with or without E2 (2 h), obtained from single-cell RNA-seq data. (C) Histograms showing the skewed unimodal distribution of
MYC expression in MCF7 and MCF7 TDP2KO cells with or without E2 (2 h), obtained from single-cell RNA-seq data. (D) Violin plots showing the
normalized expression of MYC at the single-cell level in G1, S and G2/M cell populations.

and CCND1 are well-established oncogenes in breast can-
cer (45-48). In summary, a reliable set of estrogen-responsive
genes at an early time point (2h) were predominantly upregu-
lated genes, with TDP2 potentially regulating responses to E2
for both MYC and CCND1.

Discussion

In this study, we assessed the role of TDP2, an enzyme in-
volved in processing TOP2cc at the 5’ DSB ends, in the tran-
scriptional responses to 17beta-estradiol (E2) in ER-positive
breast cancer cells. Defects in the repair of TOP2-induced
DSB have been shown to enhance the transcriptional response

to external stimuli in a defined set of genes (14). Therefore,
by observing E2 response in TDP2 wild-type and TDP2KO
cell lines, we aimed to understand whether TDP2 inherently
participates in the repair of TOP2-induced DSBs. We found
that the MYC transcriptional response to E2 was upregu-
lated and prolonged in cells deficient in TDP2. The upregu-
lation was detected using techniques that measured the av-
erage expression level in the entire cell population, such as
digital PCR and bulk mRNA-seq. Therefore, TDP2 seems in-
volved in the transcriptional regulation of MYC in a signifi-
cant fraction of the cell population. This observation was also
seen at the protein level in vivo in breast epithelial cells in
mice.
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Figure 5. Commonly upregulated genes between bulk- and single-cell RNA-seq. (A) Venn diagrams showing the differentially expressed genes by E2
treatment in MCF7 and MCF7 TDP2KO cells. 32 genes in MCF7 and 62 genes in MCF7 TDP2KO are common between the two platforms. The
significances of overlap were calculated using Fisher's exact test. (B) Bar plots showing the number of common DEGs by E2 (2 h). 28 and 4 genes were
commonly up- and down-regulated genes in E2 treated MCF7 versus untreated MCF7, respectively. 58 and 4 genes were commonly up- and
downregulated in E2 treated MCF7 TDP2KO versus untreated MCF7 TDP2KO, respectively. (C) Venn diagram of 32 and 62 common DEGs from bulk
and single-cell RNA-seq data and table of 8 overlapping genes. The significance of overlap was calculated using Fisher's exact test.

Using single-cell RNA-seq (scRNA-seq), we validated that
the observed upregulation of MYC was a result of widespread
upregulation across the cell population, as indicated by the
unimodal distribution of MYC mRNA in MCF7 TDP2KO
cells (Figure 4C). This unimodality contrasts with the bimodal
expression pattern observed for many genes in a previous
scRNA-seq study of E2-stimulated transcriptional responses
in MCF7 cells (49). However, the numbers of cells captured
for transcriptomic analysis are smaller in the study (87 MCF7
cells) relative to our study (354 cells from MCF7 with E2, and
585 cells from MCF7 without E2) and may confound the dif-
ference. With the scRNA-seq results along with the regulation
of MYC expression response to E2 by TOP2 (Figure 1E), we
propose that TDP2 is programmed to repair TOP2-induced
DSBs and regulates MYC expression when stimulated by E2.
Unrepaired DSBs could suppress the transcription of nearby
genes (50-52). However, unrepaired DSBs far from the tar-
get genes, such as enhancer elements, would not directly dis-
rupt the elongating mRNA of target genes. This scenario po-
tentially applies to MYC, given the dispersed enhancer ele-
ments within gene deserts surrounding MYC (53,54). In par-

ticular, an enhancer located at 135kb distal to MYC, known
as Myc+ 135 kb enhancer, contains an ER binding site and
responds to estrogen treatments (55). The estrogen-induced
expression of enhancer RNA and the physical interaction
with MYC promoter were greatly enhanced when the repair
of TOP2-induced DSBs was inhibited by an ATM inhibitor.
However, ATM and TDP2 function independently to repair
etoposide-induced DSBs (56), and the spatial and temporal
regulations of these two repair pathways remain unclear.
scRNA-seq also allowed us to investigate the responses to
E2 in each cell cycle phase. We found that TDP2 KO cells
responded to E2 more robustly in the S and G2/M phases
than in the G1 phase. The removal of abortive TOP2ccs in-
volved at least two sets of proteins: TDP2 and Mre11/BRCA1.
How these pathways coordinate their tasks remains to be de-
termined. BRCA1 facilitates the nuclease activity of Mrell to
remove abortive TOP2ccs (20). This activity was shown to be
active in G1 cells. Given the robust upregulation of MYC in
S and G2/M cells in our study, we speculate that these path-
ways repair DSBs with abortive TOP2cc in different cell cy-
cle phases. A recent study showed that TDP2 binds to K63
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and K27 poly-ubiquitinated cellular proteins, and this binding
stimulates TDP2-catalyzed removal of TOP2 from DNA (57).
While the identity of the K27 and/or K63 poly-ubiquitinated
proteins bound to TDP2 remains unknown, it is conceivable
that such proteins could regulate TDP2 activity in a cell-cycle-
dependent manner.

We cataloged E2-responsive genes regulated by E2 using
bulk and scRNA-seq. The list of common genes between the
two platforms was strongly restricted by scDNA-seq data, as
only small fractions of differentially expressed genes detected
by bulk RNA-seq were also called by scRNA-seq. This is
likely because scRNA-seq data are, in general, very heteroge-
neous with many zero values (58). Nevertheless, the genes that
were consistently differentially expressed across platforms dis-
played a notable bias towards upregulation, notably including
oncogenes such as MYC and CCND1, which are frequently
overexpressed in ER-positive breast tumors. Estrogen induces
mammary ductal hyperplasia through MYC in mice deficient
in NHE] (24), which is downstream of TDP2-mediated re-
pair of TOP2cc. CCND1 is more frequently upregulated in
ER-positive tumors than other subtypes and promotes cell cy-
cle progression (59,60). Given its involvement in regulating
these oncogenes, TDP2 emerges as a potential suppressor of
the most common subtype of breast tumors.
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