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ABSTRACT

Topoisomerase IIA (TOP2a) has traditionally been
known as an important nuclear enzyme that resolves
entanglements and relieves torsional stress of DNA
double strands. However, its function in genomic
transcriptional regulation remains largely unknown,
especially during adult neurogenesis. Here, we show
that TOP2a is preferentially expressed in neurogenic
niches in the brain of adult mice, such as the subven-
tricular zone (SVZ). Conditional knockout of Top2a
in adult neural stem cells (NSCs) of the SVZ signif-
icantly inhibits their self-renewal and proliferation,
and ultimately reduces neurogenesis. To gain insight
into the molecular mechanisms by which TOP2a
regulates adult NSCs, we perform RNA-sequencing
(RNA-Seq) plus chromatin immunoprecipitation se-
quencing (ChIP-Seq) and identify ubiquitin-specific
protease 37 (Usp37) as a direct TOP2a target gene.
Importantly, overexpression of Usp37 is sufficient to
rescue the impaired self-renewal ability of adult NSCs
caused by Top2a knockdown. Taken together, this
proof-of-principle study illustrates a TOP2a/Usp37-
mediated novel molecular mechanism in adult neu-
rogenesis, which will significantly expand our un-
derstanding of the function of topoisomerase in the
adult brain.

INTRODUCTION

Topoisomerases are enzymes that maintain the superstruc-
ture and integrity of chromosomes by modulating DNA
topology (1). They disentangle topological problems arising
from cellular processes such as DNA repair, transcription,
replication and chromosome compaction, which is indis-

pensable to cells (1). Despite decades of research, surprising
findings of topoisomerases continue to emerge about their
cellular function, regulation and utility as therapeutic tar-
gets (2–4).

In mammals, there are two types of topoisomerases: type
I topoisomerases (TOP1 and TOP3) and type II topoiso-
merases (TOP2) (5). As the second most abundant chro-
matin protein in eukaryotes after histones, TOP2s have
been traditionally known as duplex DNA ‘strand-passage’
enzymes that resolve entanglements and relieve torsional
stress of DNA by the production of DNA double-stranded
breaks (6,7). TOP2a and TOP2b are two isozymes of TOP2.
They greatly resemble each other in the N-terminal ATPase
and central core domains, but possess major differences in
their C-terminus, which contains one or more homologous
protein-interactive domains (8,9). Functionally, TOP2a is
closely associated with the cell cycle and stem cell program
validated in embryonic stem cells (ESCs), while TOP2b is
mainly involved in cell fate commitment and differentia-
tion (10,11). It is well documented that TOP2a is indispens-
able for the survival of cellular organisms and is a pivotal
clinical target for anticancer and antimicrobial treatments
(6,7). Genetic deletion of Top2a leads to embryonic lethal-
ity at the 4- or 8-cell stage, indicative of its irreplaceable
roles in early embryogenesis in mice (12,13). Apart from its
enzyme activity, the functions of TOP2a in genomic tran-
scriptional regulation, especially during cellular specifica-
tion and differentiation, are only beginning to be under-
stood (10,14,15).

Adult neurogenesis appears to be very well conserved in
mammals and plays a fundamental role in brain plastic-
ity (16). In the adult brain, neurogenesis mainly occurs in
two specialized neurogenic niches, the subventricular zone
(SVZ) adjacent to the lateral ventricles (LVs) and the sub-
granular zone (SGZ) of the dentate gyrus (DG). Depend-
ing on the area of adult neurogenesis, new neurons are con-
stantly generated from neural stem cells (NSCs) and inte-
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grated into existing neuronal circuits throughout life, while
perturbation of adult neurogenesis leads to several human
diseases, including cognitive impairment and neurodegen-
erative diseases (17–19). Therefore, unraveling how neuro-
genesis is regulated in adulthood is crucial for understand-
ing the pathogenesis of several neurological disorders. Over
the past decades, the interplay between extrinsic and in-
trinsic factors has been shown to regulate the activity of
NSCs in adult neurogenesis (20–24), while the underlying
mechanisms remain largely unknown. Based on the fact
that TOP2a can direct and regulate the process of embry-
onic development (10,25), we here attempt to investigate the
expression pattern of TOP2a in the central nervous system
(CNS), especially in the adult brain, and to decipher its spe-
cific functions in adult neurogenesis.

In the present study, we show that TOP2a is preferen-
tially expressed in the neurogenic niches in the adult brain
and provide strong evidence for a novel transcriptional reg-
ulatory role of TOP2a in the context of adult neurogenesis,
which is mediated by its direct target ubiquitin-specific pro-
tease 37 (Usp37).

MATERIALS AND METHODS

Animals

Adult male C57BL/6 mice were purchased from Shanghai
Ling Chang Biotech Co., Ltd. and Gfap::CreERT2 mice
were obtained from Jackson labs. Nestin::CreERT2 mice
were a gift from Professor Ryoichiro Kageyama (Institute
for Virus Research, Kyoto University). To conditionally
delete Top2a in adult NSCs, we generated Top2aLoxp/Loxp

mice, which were maintained on a C57BL/6 background.
Because TOP2a contains three different kinds of protein do-
mains, amino acids 28–264 exons 2–8), 254–416 (exons 7–
11) and 430–1187 (exons 11–28), we selected exon 3 as the
knockout target by which all the domains could be deleted
according to the frameshift mutation. The CreERT2/loxP
recombination system was induced by tamoxifen adminis-
tration (Sigma, Cat#T5648; 10 mg/ml in 1:9 ethanol:corn
oil), injected intraperitoneally daily for seven consecutive
days (2 mg/injection).

Animals were housed in standard housing conditions on
a normal 12 h light/dark cycle with food and water ad li-
bitum. All experiments and animal care were performed in
compliance with the National Institutes of Health Care and
Use of Animals guidelines and were approved by the Ani-
mal Experimentation Ethics Committee of our university.

Primary culture of SVZ-derived adult NSCs

Neurospheres formed by SVZ-derived adult NSCs were cul-
tured according to a previously described protocol with
minor modifications (26). In brief, 8-week-old C57BL/6
mice were sterilized with 75% alcohol after being sacrificed.
Following the exposure of the cerebrum, we removed the
meninges, olfactory bulb (OB) and cerebral cortex, and then
tissues surrounding the LV were isolated. The tissues were
digested by trypsin–EDTA (0.025%) and hyaluronidase (0.7
mg/ml) at 37◦C for 25 min. The digestion was stopped
by ovomucoid, and the tissues were dispersed into single-
cell suspensions. Cells were seeded into 24-well plates (5

cells/�l) or T25 flasks (20–30 cells/�l) and cultured with
NSC medium containing fibroblast growth factor 2 (FGF2)
and epidermal growth factor (EGF) (both at 20 ng/ml, In-
vitrogen).

Cultured NSCs were treated with TOP2a short hairpin
RNA (shRNA) or inhibitors, i.e. ICRF-193 (Sigma),
VP-16 (Sigma) and PluriSIn#2 (also known as 1-
phenylcarbamoyl-5-fluorouracil, Fuchun Biotech). The
self-renewal ability of NSCs was assessed by quantitative
analysis of the number and size of neurospheres. Briefly, the
number of neurospheres formed per 10 000 cells isolated
from the SVZ was quantified 10 days after the indicated
treatments, and the diameter of these neurospheres was
also measured by Image pro-Plus6.0.

Lentivirus preparation

For RNA interference, lentiviral vectors encoding Top2a
or Usp37 shRNA or a scramble shRNA were constructed
as described previously (27), in which gene expression was
driven by a human glial fibrillary acidic protein (GFAP)
promoter. For Usp37 overexpression, cytomeglaovirus
(CMV) enhancer-MCS-3FLAG-EF1-ZsGreen1-T2A-
puromycin vector was used to create the CMV-Usp37
plasmid. Co-expressed green fluorescent protein (GFP) in
the vectors was used to visualize virus-infected cells. The
detailed sequences for Top2a or Usp37 shRNA and the
primers for Usp37 are listed in Supplementary Table S2.

Lentivirus was produced in human embryo kidney
(HEK) 293T cells by transient transfections with lentivi-
ral vectors and the packaging plasmids (lentiviral vector:
VSVG: �8.9 = 4:1.5:1.5). Then, lentivirus was collected,
precipitated with polyethylene glycol 8000 and concen-
trated by centrifugation. The concentrated virus was stored
at −80◦C before use.

Stereotactic virus injection

For direct in vivo infection of NSCs, 5 �l of lentivirus
(0.5−2 × 109 pfu/ml) solution was injected into the SVZ
using a 5 �l Hamilton microliter syringe with a 33-gauge,
18◦ beveled needle. The injection coordinates were as fol-
lows: anterior/posterior, –0.1 mm; medial/lateral, +1.38
mm; and dorsal/ventral from the skull, −2.6 mm. After the
needle was held for 1 min, the virus was slowly injected at a
rate of 0.3 �l/min. At the end of injections, the needle was
held at the injection site for another 3 min and then slowly
withdrawn within 1 min. After the operation, animals were
placed in an incubator at 25◦C before they awoke. The re-
covery state and activity of the mice were observed on the
second, third and seventh days.

qRT–PCR and western blotting

The knockdown efficiency of shRNA for Top2a was mea-
sured by quantitative PCR (qPCR) and western blotting.
For qPCR, NSCs infected by the shRNA lentivirus were
collected for lysis. RNA extraction was performed with
TRIzol reagent. RNA product was reverse transcribed into
cDNA using the RevertAid First Strand cDNA Synthe-
sis Kit (Thermo Scientific Fermentas) after removal of ge-
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nomic DNA. The detailed procedure of PCR was as fol-
lows: 1 min at 95◦C, followed by 40 cycles of 15 s at 95◦C,
15 s at 60◦C and 45 s at 72◦C. Quantification of the ex-
pression of Top2a was normalized to that of glyceralde-
hyde phosphate dehdrogenase (Gapdh) or �-actin. Three
independent experiments were performed with the 2−��CT

method to evaluate the relative expression of mRNA. We
used SYBR-GREEN as the reaction solution and LightCy-
cler 96 (Roche) as the qPCR instrument in this process.

For western blotting analysis, total proteins were ex-
tracted from primary NSCs infected by specific lentivirus.
The proteins were electrophoresed by 10% sodium dode-
cylsulfate (SDS)–polyacrylamide electrophoresis (PAGE)
and then transferred onto nitrocellulose membranes. Af-
ter being blocked with 5% non-fat milk, the membranes
were incubated with specific primary antibodies against
TOP2a (Abcam, Rabbit 1:1000), USP37 (Proteintech, rab-
bit, 1:500), CYCLIN-A (Santa Cruz, mouse, 1:100), CDT-
1 (Abcam, rabbit, 1:1000), GAPDH (Proteintech, rabbit,
1:5000) or �-ACTIN (Proteintech, mouse, 1:5000). Im-
munoreactive bands were detected by secondary antibod-
ies using chemiluminescence reagents (ECL, Amersham)
or Alexa Fluor® secondary antibodies (Invitrogen) based
on the manufacturer’s instructions. The images of bands
were obtained using the Odyssey infrared imaging system
and processed by Image-Pro Plus 6.0 software. Quantita-
tive analysis of western blots was performed by densitom-
etry and the values were pooled and expressed relative to
GAPDH or �-ACTIN.

Immunocytochemical staining

Cultured NSCs were fixed with 4% paraformaldehyde
(PFA) for 15 min at room temperature. After permeabiliza-
tion with 0.6% Triton X–phosphate-buffered saline (PBS)
for 15 min and blocking with 3% bovine serum albumin
(BSA) in PBS for 1 h at room temperature, cells were in-
cubated in the primary antibodies diluted in blocking so-
lution, for 24–48 h at 4◦C. The appropriate secondary an-
tibodies conjugated to Alexa Fluor 488, 594 or 647 (Jack-
son ImmunoResearch, 1:200) were used for indirect fluo-
rescence. Nuclei were counterstained with Hoechst 33342
(1:1000). Images of immunofluorescence staining were cap-
tured by a Nikon E660FN microscope or a Leica SP5 confo-
cal laser scanning microscope. A detailed list of antibodies
is available in Supplementary Table S3.

Immunohistochemical staining

Animals were anesthetized with 2% pentobarbital (30
mg/kg body weight) and transcardially perfused with 4%
PFA. Their brains were dissected, post-fixed in 4% PFA
overnight and cryoprotected by placing in 20% sucrose for
3–4 days at 4◦C. Both brain hemispheres were sectioned
on a cryostat (Leica) set at 25 �m thickness and every
fifth section was collected. After antigen retrieval in cit-
rate buffer at 95◦C for 20–25 min, the brain sections were
permeabilized with 0.6% Triton X–PBS for 15 min and
blocked with 3% BSA in PBS for 1 h at room tempera-
ture. Then, immunostaining was performed by incubating
sections with the primary antibodies (Supplementary Table

S3) diluted in the blocking solution at 4◦C overnight, fol-
lowed by secondary antibodies (Jackson ImmunoResearch,
1:200) for indirect fluorescence. Nuclei were counterstained
with Hoechst 33342. The samples were imaged with a flu-
orescence microscope (Nikon E660FN) or a confocal laser
scanning microscope (Leica SP5). Subsequent processing of
the images was performed by Image-Pro Plus and Adobe
Photoshop CS5.

Cell proliferation assays

In vitro, 10 �M BrdU (5-bromo-2-deoxyuridine) was added
to the cultured NSCs. For BrdU staining, the cultures were
washed with 1× PBS and fixed with 4% PFA for 20 min.
Then, 2 N hydrochloric acid was added to the cultures, fol-
lowed by incubation for 30 min at 37◦C. After hydrochloric
acid was washed off, the cells were incubated with 0.1 mol/l
sodium tetraborate for 5 min twice. Finally, BrdU incor-
poration was detected in the cells by immunostaining with
BrdU antibody.

To label the proliferating cells in vivo, animals were in-
traperitoneally injected with BrdU at a dose of 100 mg kg−1

body weight as previously described (28). For short-term
labeling experiments, the mice received a BrdU injection
three times at 2 h intervals and were sacrificed on the next
day. For long-term label-retention studies, the mice were in-
jected with BrdU once a day for seven consecutive days, and
were killed 1 month after the last BrdU injection. BrdU im-
munostaining was performed as described above.

Flow cytometry

For apoptosis analysis, cells from neurospheres were as-
sessed using the MULTI SCIENCES Apoptosis Detec-
tion Kit with Annexin V–fluorescein isothiocyanate (FITC)
and propidium iodide (PI; AP101). Staining was per-
formed in accordance with the manufacturer’s instructions.
In brief, after treatment with dimethylsulfoxide (DMSO),
PluriSIn#2, ICRF-193 or VP-16, the single-cell suspensions
from neurospheres were washed with PBS, and the concen-
tration was adjusted to 1 × 106 cells/ml with 500 �l of An-
nexin V binding solution. Then 5 �l of Annexin V–FITC
and 10 �l of PI solution were added. After that, cell suspen-
sions were incubated in the dark for 5 min at room temper-
ature before flow cytometry (FACS) analysis with the Beck-
man Couter MoFlo XDP. Finally, Annexin V+/PI− (early
apoptosis) or Annexin V+/PI+ (late apoptosis) cells were
counted and analyzed by FlowJo V10 software.

Cell cycle analysis was performed using a MULTI SCI-
ENCES Cell Cycle Staining Kit (CCS012). The single-
cell suspensions from neurospheres were mixed with DNA
staining solution (PI and RNase A) and permeabilization
solution for 30 min at room temperature. The cell cycle stage
was identified by flow cytometry and further analyzed using
ModFit LT 5.0 software.

In vivo compound administration

TOP2a inhibitors were administered by intracerebroven-
tricular (ICV) injection. PluriSln#2, ICRF-193 and VP-16
were initially diluted in 1 �l of DMSO plus 4 �l of artificial
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CSF (119 mM NaCl, 26.2 mM NaHCO3, 10 mM glucose,
1.25 mM NaH2PO4, 2.5 mM KCl and 1.3 mM MgCl) with
final concentrations of 7.2, 0.18 and 0.18 mM, respectively.
Following a skin incision of ∼1 cm over each mouse skull
midline, a total volume of 5 �l of solution was injected with
a Hamilton syringe driven by an infusion pump during 6
min into the left LV at the following coordinates: antero-
posterior, −0.1 mm; mediolateral, 1 mm; and dorsoventral,
−3 mm.

Cell quantification in vivo

For quantification of cells in vivo, standard procedures
of histological analysis were performed as previously de-
scribed (29). A total of 3–5 animals were used for each con-
dition. All quantification of immunostainings was based on
analysis of at least five 25 �m coronal or sagittal sections per
animal. In these serial sections, cells were calculated in the
SVZ, rostral migratory stream (RMS) and OB. The results
were expressed as number of cells per area. All data collec-
tion and analyses were performed by investigators blind to
the treatment conditions.

RNA-Seq

After treatment with PluriSIn#2 or DMSO for 3 days,
cultured SVZ NSC-derived neurospheres were collected
for RNA-sequencing (RNA-Seq) analysis. The RNA-Seq
(n = 3 for each condition) was performed on an Illu-
mina platform. Data produced from the sequencer were
evaluated by the FastQC software (version 0.11.9, http://
www.bioinformatics.babraham.ac.uk/projects/fastqc/), and
the reads were aligned to the mouse genome (mm10) us-
ing the software STAR (Spliced Transcripts Alignment to a
Reference, version 2.6.1a) (30). The alignment reads were
counted with the software Htseq-count (version 0.12.4),
and the count matrix was normalized using the DESeq2 R
package (version 4.1.0). We then determined differentially
expressed genes (DEGs) with a screening criterion of log2
fold change (|log2FC|) >1 and false discovery rate (FDR)
<0.05 (31,32). The annotation of DEGs was also performed
by the clusterProfiler R package, including Gene Ontology
(GO) functional analysis and Kyoto Encyclopedia of Genes
and Genomes (KEGG) metabolic pathway analysis (33).

ChIP-Seq/ChIP-qPCR

Chromatin immunoprecipitation sequencing (ChIP-Seq;
n = 1 for each condition) was also performed on the Il-
lumina platform. The cultured NSCs were cross-linked in
1% formaldehyde for 15 min at room temperature, and the
cross-linking was stopped with excess glycine (125 mM).
Precipitations were scraped off and rinsed with 10 ml of
1× PBS, and the chromatin was then interrupted by an ul-
trasound system. Protease inhibitors, Pro G agarose and
pre-cleared chromatin were mixed together for 1 h at 4◦C.
Fragmented chromatin was incubated with anti-TOP2a an-
tibody or IgG (control) at 4◦C overnight, and then cen-
trifuged for 1 min at 3000 g. After Pro G agarose was re-
moved, 5 M NaCl was used for de-cross-linking DNA and
proteins. Finally, the chromatin in NSCs was purified and

collected after RNase A was added and mixed thoroughly
for 1 h at 37◦C.

After DNA sequencing, the data with the fastq format
were evaluated by the FastQC software. Reads were aligned
to the mouse genome (mm10) using the BWA (version
0.7.17-r1188) software (34). The alignment ratio of each
sample was >90%. The characteristic peaks of Top2a on
chromatins were found by peak calling using the software
MACS2 (version 2.1.4) (35), and a q-value <0.05 was set as
the standard for screening characteristic peaks. Motif anal-
ysis was performed using the Homer (version 4.11) soft-
ware (36). In addition, ChIP DNA was also used for ChIP-
qPCR.

Statistical analysis

All data were from at least three animals or experimental
culture batches and were plotted as the mean ± SEM. Data
were tested for a normal distribution, and statistical analy-
sis was performed by Student’s t-test, one-way analysis of
variance (ANOVA) with Tukey’s post-hoc test or Mann–
Whitney U-test. The significance level for all tests was set
as P <0.05.

RESULTS

TOP2a is exclusively expressed in neurogenic niches in the
adult brain

To systematically investigate the temporal and spatial ex-
pression pattern of TOP2a, we performed immunohisto-
chemical analysis on the brain of embryonic (E13.5/E16.5),
post-natal (P3/P7), adult (P60) and aged (>18 months)
mice. Immunostaining of coronal sections showed that
TOP2a was strongly and broadly expressed in the ven-
tricular zone (VZ), the SVZ of the neocortex and the re-
gion called the lateral ganglionic eminence (LGE) at E13.5
(Figure 1A). In a time-dependent manner, the number of
TOP2a-positive cells in the cortex decreased sharply with
development (Figure 1A). In the adult brain, TOP2a+

cells were exclusively distributed in the SVZ (Figure 1A).
Of note, few TOP2a+ cells were observed in the SVZ of
aged mice (Figure 1A). In contrast, TOP2b, a homolo-
gous molecule of TOP2a, was ubiquitously expressed in
the whole brain of adult mice (Supplementary Figure S1).
In addition, we further examined the expression pattern of
TOP2a in sagittal sections. Similarly, the TOP2a+ cells were
also mainly located in the SVZ system including the RMS
(Supplementary Figure S2A, B). Since the SVZ can be di-
vided into several subregions as previously reported (37),
we then examined the accurate location of TOP2a+ cells
along the LV. As shown in Figure 1B, the SVZ was divided
into five different subregions, i.e. the dorsal-roof wall of the
LV (drSVZ), the dorsal-lateral wall of the LV (dlSVZ), the
lateral wall of the LV (lSVZ), the ventral wall of the LV
(vSVZ) and the middle wall of the LV (mSVZ). Quantita-
tive analysis indicated that TOP2a+ cells were mainly dis-
tributed in the dlSVZ (51.73 ± 12.74%) and vSVZ (24.59 ±
9.22%) (Figure 1C). The distribution of TOP2a+ cells was
examined in the RMS and OB (Figure 1D, E; Supplemen-
tary Figure S2A, C, D, F). We observed that the number of
TOP2a+ cells decreased with distance from the SVZ to the

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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Figure 1. Expression pattern of TOP2a in developmenting and adult mouse brain. (A) The distribution of TOP2a differs in mouse brains at different
developmental stages. Adult, 2–3 months of age; Aged, >18 months of age. (B) TOP2a+ cells in the SVZ of adult brain. (C) Quantitative analysis of
TOP2a+ cells in (B) (mean ± SEM, n = 3 mice). (D) The expression of TOP2a in the RMS with different locations. The specific signal for Top2a expression
is shown by the highly bright staining in the nuclear region (as indicated in the boxes). (E) Quantitative analysis of the number of TOP2a+ cells in (D)
(mean ± SEM, n = 3 mice). Briefly, the number of TOP2a+ cells per mm2 was quantified at different distances from the SVZ to the OB at the sagittal brain
section. (F) Orthogonal views show that TOP2a is expressed in a flock of type B cells (NSCs), type C cells (TAPs) and type A cells (NBs) in the SVZ. (G)
Short-term BrdU incorporation and PCNA proliferation assay for TOP2a+ cells in the SVZ. (H) The percentage of different subpopulations of TOP2a+

cells in the SVZ (mean ± SEM, n = 3 mice). (I) Long-term BrdU incorporation assay for TOP2a+ cells in the SVZ. (J) Schematic diagram of TOP2a
expression pattern in the SVZ of an adult mouse. LV, lateral ventricle; LGE, lateral ganglionic eminence; Ctx, cortex; drSVZ, dorsal-roof wall of the LV;
dlSVZ, dorsal-lateral wall of the LV; lSVZ, lateral wall of the LV; vSVZ, ventral wall of the LV; mSVZ, middle wall of the LV; RMS, rostral migratory
stream; NSCs, neural stem cells; TAPs, transit amplifying progenitors; NBs, neuroblasts. The scale bars represent 300 �m (A), 600 �m (B), 150 �m (D),
10 �m (F), 100 �m (G) and 40 �m (I).
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OB (Figure 1E), and eventually disappeared in the OB (Sup-
plementary Figure S2D). In addition to the SVZ–RMS–OB
system, we also examined TOP2a expression in the DG of
the hippocampus, another known neurogenic niche in the
adult brain (38,39). As shown in Supplementary Figure S2E
and F, there were only a few TOP2a+ cells sparsely settled
in the DG and co-labeled by the marker proliferating cell
nuclear antigen (PCNA), consistent with the fact that the
DG contains fewer NSCs than the SVZ in mice (26). Taken
together, these findings indicate that TOP2a is specifically
expressed in the neurogenic niches of adult brain, including
the SVZ, RMS and DG, suggestive of a close relationship
with adult neurogenesis.

In the SVZ, as shown in Supplementary Figure S3A,
TOP2a+ cells were co-labeled by TBR2, an SVZ marker
that is specifically expressed in the amplifying progenitor
cells. Quantitatively, there are 57.5 ± 15 TOP2a/TBR2
double-positive cells per square millimeter. Next, differ-
ent NSC markers that label stem/progenitor cells at di-
verse stages of maturity were used for immunohistochem-
ical analysis of the identity of TOP2a-expresssing cells in
the SVZ. We found that TOP2a could be detected in NSCs
(indicated by GFAP+, NESTIN+ or SOX2+), transit ampli-
fying progenitors (TAPs, indicated by ASCL1+) and neu-
roblasts (NBs, indicated by DCX+ (Doublecortin)) (Figure
1F, H; Supplementary Figure S3B–G), consistent with the
single-cell RNA-Seq data from post-natal (40) and adult
mouse brains (Supplementary Figure S4) (41). However,
TOP2a was rarely detectable in ependymal cells (indicated
by CD133+, VIMENTIN+ or S100�+) (Figure 1H; Supple-
mentary Figures S3G and S5). Furthermore, we conducted
BrdU incorporation and PCNA immunostaining to test the
proliferative state of TOP2a+ cells. First, a short-term BrdU
labeling experiment was performed to label the actively mi-
totic cells, in which animals received BrdU injection three
times at 2 h intervals and were sacrificed on the next day.
As shown in Figure 1G and H, the short-term BrdU label-
ing revealed that 96.68 ± 0.52% of TOP2a+ cells in the SVZ
were immunoreactive for BrdU. Immunohistochemistry for
PCNA also indicated that 93.03 ± 1.70% of TOP2a+ cells in
the SVZ co-expressed PCNA (Figure 1G, H). We next per-
formed a long-term BrdU label-retention experiment that
could be used to identify slow-cycling quiescent stem cells
in some adult tissues (28,42). In sharp contrast, long-term
BrdU retention revealed that few TOP2a+ cells were co-
labeled by BrdU, hinting that TOP2a was not expressed in
quiescent NSCs (Figure 1I). Collectively, these findings sug-
gest that TOP2a is exclusively expressed in activated NSCs,
TAPs and NBs (Figure 1H, J; Supplementary Figure S3F).
These cells are in an actively proliferative state (Figure 1H, J;
Supplementary Figure S3F), indicative of the fundamental
molecular attribution of TOP2a in adult stem/progenitor
cells in the SVZ.

TOP2a is essential for the self-renewal of adult NSCs in vitro

Initially, NSCs were cultured from the SVZ tissues of adult
mice (P60) (Figure 2A). The neurospheres derived from
NSCs in the SVZ grew robustly in vitro and expressed the
NSC markers, such as SOX2 and NESTIN (Supplemen-
tary Figure S6A). Notably, the vast majority of NSCs in the

neurospheres incorporated BrdU, suggesting that they were
actively proliferating cells (Supplementary Figure S6A).
Single-neurosphere passaging revealed the extended self-
renewal ability. There was no significant difference in sphere
size between each passage, while the number of spheres in-
creased with passages (Supplementary Figure S6B, C). In
addition, the cultured NSCs were shown to possess the abil-
ity for multiple differentiation towards neurons, astrocytes
and NG2-glia (Supplementary Figure S6D).

In order to determine the roles of TOP2a in adult NSCs,
RNA interference was used to knock down Top2a. Three
shRNAs (shRNA1–3) against Top2a were constructed in
the lentiviral vectors in which the gene expression was
driven by a human GFAP promoter (hGFAP) to specifi-
cally target NSCs, and the co-expressed GFP reporter was
used to visualize the virus-infected cells (Figure 2A; Supple-
mentary Figure S6E). Among these three shRNAs, qRT–
PCR and western blotting showed that shRNA3 was able to
significantly knock down TOP2a in NSCs (Supplementary
Figure S7A, B), which was further confirmed by immunocy-
tochemical analysis (Figure 2B,C). Therefore, shRNA3 (in-
dicated by Top2a-shRNA) was used in the subsequent ex-
periments. When Top2a was knocked down by shRNA, we
found that both the number and the size of neurospheres
formed by NSCs declined markedly (Figure 2D, E; Supple-
mentary Figure S7C–E). Importantly, immunostaining re-
vealed that Top2a knockdown in NSCs resulted in a marked
decrease (∼67.2%) in the number of PCNA+ cells, indicat-
ing that Top2a ablation also significantly compromised the
proliferation level of NSCs (Figure 2F, G). Altogether, these
findings suggest that TOP2a may be essential for the self-
renewal of adult NSCs.

In addition, the effect of Top2a-shRNA on adult NSCs
was further corroborated by experiments with chemical in-
hibitors, ICRF-193, VP-16 and PluriSIn#2. As shown in
Figure 2H and I, neurosphere formation was significantly
blocked by the treatment of NSCs with 500 nM ICRF-
193 or VP-16. Of note, ICRF-193 and VP-16 may inhibit
both Top2a and Top2b (9,10). To more specifically target
Top2a, we also used another Top2a inhibitor––PluriSIn#2
(20 �M)––that has little effect on Top2b (43). Figure 2H
and I revealed that both the number and size of neuro-
spheres decreased dramatically after the treatment of NSCs
with PluriSIn#2. Previous studies have indicated that inhi-
bition of Top2a activity by ICRF-193 and VP-16 causes the
formation of TOP2A/B–DNA complexes and DNA break-
age, whereas PluriSIn#2 does not directly inhibit TOP2a
enzymatic activity, but rather selectively represses its tran-
scription (44,45). Although all these three chemical com-
pounds were able to inhibit neurosphere formation, Fig-
ure 2J showed that only PluriSIn#2 resulted in a significant
decrease of the Top2a expression level. Apoptosis detec-
tion using flow cytometry indicated that PluriSln#2 did not
significantly affect the apoptosis of NSCs, whereas ICRF-
193 and VP-16 resulted in significant apoptosis of NSCs
(Supplementary Figure S8A, B). Of note, cell cycle anal-
ysis revealed that the treatment of NSCs with PluriSIn#2
induced them to arrest mainly in the G0/G1 phase, differ-
ent from that in the G2/M phase by ICRF-193 and in the
S phase by VP-16. (Supplementary Figure S8C, D). Collec-
tively, these results are suggestive of a different mechanism
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Figure 2. TOP2a is essential for the self-renewal of adult NSCs in vitro. (A) Schematic diagram showing the primary culture of adult NSCs and the
administration of Top2a shRNA. (B and C) Expression of TOP2a in NSCs was significantly knocked down by shRNA. (D and E) The number and
diameter of neurospheres were analyzed after Top2a-shRNA treatment. (F and G) After Top2a knockdown, the proliferation of NSCs in neurospheres
was analyzed by immunostaining with PCNA. (H and I) The number and diameter of neurospheres were analyzed after treatment with DMSO or the Top2a
inhibitors ICRF-193, VP-16 and PluriSIns#2. (J) qRT–PCR analysis of the Top2a expression level in NSCs from cultured neurospheres after treatment
with DMSO or the Top2a inhibitors ICRF-193, VP-16 and PluriSIn#2. Data are plotted as the mean ± SEM. N.S., P ≥0.05, *P <0.05, **P <0.01,
***P <0.001 by Student’s t-test (C, E and G) or one-way ANOVA with Tukey’s post-hoc test (I and J). All experiments were performed at least three times
independently. The scale bars represent 50 �m (B, D, F) and 150 �m (H).
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of PluriSIn#2 from ICRF-193 and VP-16 and provide fur-
ther evidence for the key role of TOP2a in the self-renewal
of adult NSCs.

TOP2a is essential for adult neurogenesis in the SVZ

The effect of TOP2a on cultured adult NSCs prompted us
to probe its potential roles in adult neurogenesis in vivo. To
this end, we conditionally deleted the Top2a gene in adult
NSCs by Nestin::CreERT2-mediated combination. Ani-
mals heterozygous for Nestin::CreERT2 and homozygous
(Nestin::CreERT2;Top2aloxp/loxp) for the floxed Top2a allele
were exposed to tamoxifen at 2 months of age (P60) (Fig-
ure 3A). The littermates that carry Top2aloxp/loxp but not
CreERT2 activity were used as the control. Consistent with
the qRT–PCR analysis (Figure 3B), immunohistochemical
analysis showed that selective deletion of Top2a in the con-
ditional knockout (CKO) mice (Nestin::Top2aF/F) signifi-
cantly reduced the number of TOP2a+ cells in the SVZ to
one-sixth of that seen in the control mice (Top2aloxp/loxp),
which received the same dose of tamoxifen at 2 months (Fig-
ure 3C), while no intervention of TOP2b expression was ob-
served in the SVZ (Supplementary Figure S9). However, the
conditional knockout of Top2a did not result in a significant
change in the number of NESTIN+ and SOX2+ NSCs in
the SVZ (Figure 3D, E). Because the NESTIN+ or SOX2+

NSCs include quiescent and activated NSCs, in which ac-
tivated NSCs account for only a small fraction (46,47), we
then examined the effects of TOP2a ablation on quiescent
and activated NSCs, respectively. To determine whether
Top2a knockout affects the activation of quiescent NSCs in
the SVZ, we conducted the long-term BrdU label-retention
experiments before the induction by tamoxifen (Figure 3F).
Immunohistochemical analysis of the BrdU label-retention
cells (BrdU-LRCs) showed that the number of quiescent
NSCs (indicated by BrdU+/NESTIN+) in the SVZ was
maintained at an equivalent level between Nestin::Top2aF/F

and control mice, indicative of no effect of TOP2a on the
activation of quiescent NSCs (Figure 3G). In order to ex-
amine whether Top2a deletion influences activated NSCs,
immunostaining with PCNA and NSC markers was per-
formed in the SVZ. It is interesting to note that the num-
ber of Ki67+/NESTIN+ or Ki67+/SOX2+ activated NSCs
significantly decreased in Nestin::Top2aF/F compared with
that in control mice (Figure 3H, I). These data suggest that
Top2a knockout results in a significant loss of activated but
not quiescent adult NSCs.

Next, we investigated whether selective deletion of Top2a
in adult NSCs affects the generation of their progeny cells,
including TAPs and NBs. When hGFAP promoter-driven
Top2a-shRNA virus was injected into the SVZ, we found
that the number of TOP2a+ cells, as well as TOP2a+/GFP+

cells, was markedly diminished (Figure 4A, C). Remark-
ably, the number of PCNA+ or PCNA+/GFP+ cells in the
SVZ was also reduced considerably, illustrating that TOP2a
knockdown by shRNA resulted in a significant decrease in
the proliferation activity in the SVZ (Figure 4B, D). Us-
ing the Nestin::Top2aF/F transgenic mice, similarly, we ob-
served that the number of PCNA+ or TOP2a+/PCNA+

cells in the SVZ was dramatically decreased after condi-
tional knockout of Top2a in NSCs (Figure 4E, F). Impor-

tantly, selective deletion of Top2a in NSCs also led to an
obvious reduction in the number of ASCL1+ TAPs and
DCX+ NBs (Figure 4G–J). Compared with the control
mice, they were reduced by 60.9% and 54.4% in the SVZ
of Nestin::Top2aF/F mice, respectively (Figure 4G–J). In
addition to the Nestin::Top2aF/F mice, we also generated
other transgenic mice, Gfap::Top2aF/F, by Gfap::CreERT2-
mediated combination to conditionally delete the Top2a
gene in GFAP-positive NSCs in the SVZ (Supplementary
Figure S10A). After the tamoxifen induction, Top2a was
effectively knocked out in the SVZ of Gfap::Top2aF/F mice
(Supplementary Figure S10B–D). In accordance with the
results in Nestin::Top2aF/F mice, selective knockout of the
Top2a gene in NSCs of Gfap::Top2aF/F mice did not influ-
ence the number of GFAP-positive NSCs in the SVZ (Sup-
plementary Figure S10E, F), whereas it resulted in a sig-
nificant decrease in the number of proliferating cells and
NSC progeny cells (ASCl1+ TAPs and DCX+ NBs) in the
SVZ (Supplementary Figure S10G–I). Interestingly, a simi-
lar phenotype was also observed in the adult mice treated
with chemical inhibitors PluriSln#2, ICRF-193 and VP-
16 (Supplementary Figure S11A–C). Of note, PluriSln#2
did not significantly affect the apoptosis of the SVZ NSCs,
whereas ICRF-193 and VP-16 resulted in significant apop-
tosis (Supplementary Figure S11D, E), suggestive of differ-
ent mechanisms mediated by these three inhibitors. Taken
together, these findings indicate that TOP2a is required for
the generation of NSC progeny cells to maintain adult neu-
rogenesis in the SVZ.

TOP2a is essential for the maintenance of adult neurogenesis
in the OB

DCX+ NBs, the progeny cells of NSCs in the SVZ, can mi-
grate tangentially through the SVZ to the distal OB and
then migrate radically from the granule cell layer (GCL) to
the glomerular layer (GL) of the OB, where they ultimately
become interneurons and integrate into the neuronal cir-
cuitry (48,49). Therefore, we further investigated whether
conditional knockout of Top2a in adult NSCs affects the
neurogenesis in the OB. First, immunohistochemical anal-
ysis was performed with antibodies against calretinin (CR),
calbindin (CB), parvalbumin (PV) and tyrosine hydroxy-
lase (TH) to label different types of neurons (Supplemen-
tary Figure S12A–C). As shown in Supplementary Figure
S12D, there was no significant difference in the total num-
ber of CR+, CB+, PV+ or TH+ interneurons in the OB be-
tween Nestin::Top2aF/F mice and the control mice. As new-
born interneurons only account for a small proportion of
the total number of neurons in the OB, we then examined
whether selective deletion of Top2a resulted in a decrease
in the number of newborn interneurons. Nestin::Top2aF/F

and control mice were treated with tamoxifen for seven con-
secutive days, and BrdU was injected intraperitoneally to
label newly generated neurons in the OB after a 7 day clear-
ing process (Figure 5A). Three weeks later, immunohisto-
chemistry showed that BrdU-traced newborn cells in the
GCL and GL of the OB decreased by 60.9% and 73.6%,
respectively, as a result of Top2a knockout (Figure 5B, C).
Importantly, BrdU and DCX double-staining showed that
Top2a deletion resulted in a significant decrease of new-
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Figure 3. Conditional knockout of the Top2a gene in the Nestin::Top2aF/F mouse influences the number of activated but not quiescent adult NSCs in
the SVZ. (A) Experimental scheme illustrating the generation of the Nestin::Top2aF/F mouse for conditional knockout of Top2a. (B) qRT–PCR of SVZ-
derived cells showed the relative expression of Top2a between the control and Nestin::Top2aF/F transgene mice (mean ± SEM, n = 3 mice). (C) TOP2a
expression decreased dramatically in the SVZ of the Nestin::Top2aF/F mouse (mean ± SEM, n = 3 mice). (D and E) The numbert of NESTIN+ (D) and
SOX2+ (E) cells in the SVZ remained steady after conditional knockout of TOP2a (mean ± SEM, n = 3–4 mice). (F) Schematic diagram of the long-term
BrdU label-retention experiments. (G) Quantification of the number of BrdU+/NESTIN+ cells in the SVZ of control and Nestin::Top2aF/F mice (mean
± SEM, n = 3–4 mice). (H and I) Quantitative analysis of Ki67+/NESTIN+ and Ki67+/SOX2+ cells in the SVZ of control and Nestin::Top2aF/F mice
(mean ± SEM, n = 3 mice). N.S., P ≥0.05, **P <0.01, ***P <0.001 by Student’s t-test. LV, lateral ventricle; dlSVZ, dorsal-lateral wall of LV; lSVZ, lateral
wall of LV. The scale bars represent 100 �m (C, E), 75 �m (D) and 20 �m (G, H, I).
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Figure 4. Conditional knockout of the Top2a gene in the Nestin::Top2aF/F mouse decreases the number of NSC progeny cells in the SVZ. (A–D) After
injection of hGFAP-driven Top2a-shRNA virus into the SVZ, the expression of TOP2a and cell proliferation were quantitatively analyzed (mean ±
SEM, n = 3 mice). The virus and proliferating cells were labeled by GFP and PCNA, respectively. (E and F) The cell proliferation in the SVZ was
quantitatively analyzed by immunostaining with PCNA and TOP2a in the brain of Nestin::Top2aF/F and control mice (mean ± SEM, n = 3–4 mice).
(G–J) Immunohistochemical analysis of ASCL1+ TAPs and DCX+ NBs in the SVZ of Nestin::Top2aF/F and control mice. Quantification showing that
the number of ASCL1+ cells (TAPs) and the size of the DCX+ (NBs) area are markedly decreased after conditional knockout of Top2a (mean ± SEM,
n = 3–4 mice). *P <0.05, **P <0.01, ***P <0.01 by Student’s t-test. CC, corpus callosum; LV, lateral ventricle; dlSVZ, dorsal-lateral wall of the LV. The
scale bars represent 200 �m (A), 30 �m (B) and 75 �m (E, G, I).
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Figure 5. Conditional knockout of the Top2a gene in the Nestin::Top2aF/F mouse impedes adult neurogenesis in the OB. (A) Experimental scheme for
tracing the SVZ-derived newborn neurons in the OB by BrdU labeling. (B and C) Immunohistochemical analysis of BrdU-traced newborn cells after Top2a
deletion. BrdU+ cells were quantified in the GCL and GL of the OB, respectively (mean ± SEM, n = 3–4 mice in each group). (D and E) Immunohisto-
chemical analysis of BrdU and DCX double-positive neurons after Top2a deletion. BrdU+/DCX+ cells were quantified in the GCL of the OB (mean ±
SEM, n = 3–4 mice in each group). (F and G) Quantitative analysis of BrdU and NeuN double-positive neurons in Nestin::Top2aF/F and control mice
(mean ± SEM, n = 3 mice). (H and I) Quantitative analysis of different types of interneurons in the OB (mean ± SEM, n = 3–4 mice). *P <0.05, **P <0.01,
***P <0.01 by Student’s t-test. GCL, granule cell layer; EPL, external plexiform layer; GL, granular layer. CR, calretinin; CB, calbindin; PV, parvalbumin;
TH, tyrosine hydroxylase. The scale bars represent 100 �m (B, D), 50 �m (F) and 20 �m (H).
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born BrdU+/DCX+ immature neurons in the OB (Fig-
ure 5D, E). We further tested the cell identity of BrdU+

cells by immunostaining for NeuN, a classical marker of
mature neurons. Figure 5F showed that a majority of the
BrdU+ cells in the OB co-expressed NeuN, indicating that
they were newborn neurons. Of note, conditional knock-
out of Top2a in NSCs led to a significant decrease in the
number of NeuN+/BrdU+ cells (newly generated neurons)
(Figure 5G). By immunohistochemical analysis with spe-
cific markers for different subtypes of interneurons, intrigu-
ingly, we found that BrdU-traced CR+ and CB+ newborn
interneurons in the OB decreased by 35.1% and 33.3% in
Nestin::Top2aF/F mice, respectively (Figure 5H, I). How-
ever, the number of BrdU-traced PV+ and TH+ newborn in-
terneurons remained steady (Figure 5H, I). Together, these
results suggest that selective deletion of Top2a in NSCs im-
pedes the adult neurogenesis of specific type of interneurons
in the OB.

Transcriptional profiles in adult NSCs with Top2a ablation

To gain insight into the underlying molecular mecha-
nisms of TOP2a function in adult neurogenesis, we per-
formed RNA-Seq analysis in NSCs after down-regulation
of TOP2a with PluriSIn#2 (Supplementary Figure S13A).
Compared with the DMSO group, the proportion of cul-
tured adult NSC-derived neurospheres with a small size
markedly increased in the PluriSIn#2 group, while that with
large or middle sizes decreased greatly (Supplementary Fig-
ure S13B). These neurospheres were collected for bulk tran-
scriptomic RNA-Seq. As can be seen in Figure 6A, the
samples showed excellent consistency with the same group
and conspicuous heterogeneity with different treatment. We
also found that the RNA expression level of Top2a but not
Top2b decreased remarkably, providing further evidence
that PluriSIn#2 could specifically and effectively down-
regulate Top2a in NSCs (Figure 6B). Compared with the
DMSO group, RNA-Seq analysis showed that there were
4363 DEGs in the PluriSIn#2 group, comprising 2594 up-
regulated genes and 1769 down-regulated genes (Figure 6C;
Supplementary Table S1). It is of note that PluriSIn#2 treat-
ment did not result in significant up-regulation of apoptotic
genes (Supplementary Figure S13C). Our study focused on
the 1769 down-regulated genes. GO analysis revealed that
these genes were mainly involved in the biological process
of cell dividing, such as the cell cycle, transcriptional pro-
cess and mRNA processing (Figure 6D), consistent with the
results of KEGG pathway analysis (Supplementary Figure
S13D) and gene set enrichment analysis (GSEA) (Supple-
mentary Figure 13E). Of note, the heatmap in Figure 6E
showed that the enriched genes were primarily related to
cell proliferation and were remarkably down-regulated after
PluriSIn#2 treatment. Importantly, PluriSIn#2-mediated
Top2a down-regulation significantly decreased the expres-
sion level of stem cell-related genes, such as Kif4, Nes, Hes5
and Gsx2, while it obviously increased the expression level
of neural differentiation-related genes, such as Gad1, Syp,
Rbfox3 and Calb2 (Figure 6F). Taken together, these find-
ings provide molecular evidence that Top2a plays a key role
in the proliferation of adult NSCs and that Top2a down-

regulation may be detrimental to the maintenance of their
stemness property.

Identification of the direct TOP2a targets by integration of
ChIP-Seq and RNA-Seq analysis

To identify putative TOP2a target genes in adult NSCs,
we also performed genome-wide ChIP-Seq using specific
TOP2a antibody against the C-terminal domain of TOP2a
that represents the main differential region from TOP2b (9).
Model-based analysis of ChIP-Seq (MACS2, version: 2.1.4)
identified 906 significant TOP2a-bound sites (Figure 7A).
KEGG annotation showed that the corresponding genes of
these bound sites were mostly enriched in the Notch sig-
naling pathway, Hippo signaling pathway or Wnt signaling
pathway (Figure 7B). To characterize the regions bound by
TOP2a in NSCs, ChIPseek (a bioconductor package) was
used to analyze the genome-wide distribution of TOP2a-
bound peaks (50). As shown in Figure 7C, most of these
peaks were mapped to intron (41.3%) and intergenic re-
gions (37.3%). It is of note that there were 9.2% peaks map-
ping to the promoter–transcription start site (TSS) ± 1 kb
combined regions, hinting that they might be involved in
transcriptional regulation (Figure 7C). In addition, to in-
terpret our ChIP-Seq data within broader regulatory net-
works, we also searched for transcription factor (TF) mo-
tifs among TOP2a-bound sites that mapped within ± 10
kb of the promoter–TSS (51). The HOMER (version 4.11)
de novo motif algorithm using ‘findMotifsGenome.pl’ pro-
gram with default parameters identified the known TF-
binding motifs, such as Tcf12, Ascl1, Sox2 and Sox3 which
are closely related to stem cells, suggesting that TOP2a may
regulate the activity of NSCs in a transcription-dependent
manner (Figure 7D, E).

Next, we combined ChIP-Seq analysis with RNA-Seq
analysis to identify candidate targets of TOP2a. As shown
in Figure 7F, we superimposed TOP2a ChIP-Seq data
with the DEGs from RNA-Seq and identified 724 poten-
tial TOP2a target genes that were bound and regulated
by TOP2a. Among the potential TOP2a targets, 22.4% of
genes (162) were down-regulated after PluriSIn#2 treat-
ment compared with the control (Figure 7F). Furthermore,
among the 162 genes, there were 26 genes with TOP2a-
binding sites in promoter–TSS regions, indicating that they
might be involved in TOP2a-mediated transcriptional reg-
ulation. Of these 26 genes, four cell cycle-related genes
(Usp37, Birc6, Ddx51 and Gna14) and four stem cell-
related genes (Sox2, Hes5, Nup153 and Nup133) were val-
idated by ChIP-qPCR and confirmed by RNA-Seq expres-
sion data (Figure 7G). The binding of these eight genes
with TOP2a was also validated by genome track analysis
(Figure 7H; Supplementary Figure S14). Based on a lit-
erature review and evaluation, we focused on three candi-
date TOP2a target genes, Usp37, Sox2 and Hes5, for fur-
ther analysis. When their expression in NSCs was knocked
down by lentivirus-mediated interference, we found that
only Usp37 knockdown could impede the self-renewal of
NSCs in vitro (Supplementary Figure S15), suggesting that
Usp37 is one of the most likely direct genomic targets of
TOP2a.
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Figure 6. Transcriptional changes in adult NSCs after Top2a down-regulation. (A) Heatmap of the sample-to-sample Euclidian distances shows the dataset
structure and high replicate concordance. (B) The gene expression changes of Top2a and Top2b in the RNA-Seq (mean ± SEM, n = 3). (C) Dotplot shows
the DEGs between the DMSO and PluriSIn#2 group in RNA-Seq. |log2FC| >1 and FDR <0.05 were used as the cut-off. Some interesting genes are
indicated. (D) GO analysis of the down-regulated genes. (E) Heatmap illustrating the normalized expression of enriched genes in GO terms in (D). (F)
Heatmap illustrating the normalized expression of stem cell genes and differentiated genes in NSCs.
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Figure 7. Integrating the ChIP-Seq and RNA-Seq data to identify potential direct downstream targets of TOP2a in adult NSCs. (A–E) ChIP-Seq analysis
using TOP2a antibody. (A) Heatmaps of TOP2a ChIP-Seq peaks (total number: 906). (B) Annotation of peak-related genes by KEGG pathway analysis.
Rich factor refers to the percentage of mapped genes in all genes of one certain pathway set. (C) Genomic distribution of TOP2a binding categorized
based on the associated type of genomic region. (D) The top two binding motifs of TOP2a. (E) De novo HOMER analysis with default parameters for
identification of TOP2a motifs. P-value ≤1e-50 was set as the criterion for screening of the most significant motifs. Detailed information on motif 1 and
motif 2 is provided in Supplementary file S1 and S2, respectively. In addition, a full list of motif analysis and selection is provided in Supplementary file
S3. (F–H) Identifying potential direct TOP2a targets. (F) Distribution of gene expression changes associated with TOP2a-binding sites annotated to the
nearest genes using HOMER and RNA-Seq data in the Top2a down-regulation and control group. (G) The candidate genes, including cell cycle-related
genes (Usp37, Birc6, Ddx51 and Gna14) and stem cell-related genes (Sox2, Hes5, Nup153 and Nup133), were validated by ChIP-qPCR and confirmed by
RNA-Seq expression data. Data are plotted as the mean ± SEM. N.S., P ≥0.05, *P <0.05, **P <0.01, ***P <0.01 by Student’s t-test. All experiments were
performed at least three times independently. (H) Representative genome tracks showing a TOP2a-bound peak and expression change of the candidate
direct target gene Usp37. Relevant loci showing TOP2a ChIP-Seq (orange) and RNA-Seq (cyan) results are based on the Bigwig files.
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TOP2a promotes NSC proliferation via Usp37

USP37 is a novel member of ubiquitin-specific process-
ing proteases that can prevent ubiquitin-mediated degra-
dation of target proteins. By mediating deubiquitination
of CYCLIN-A (including CCNA1 and CCNA2), USP37
serves as a potent regulator of the cell cycle, promoting
G1/S transition with exceptionally high expression (52). In
addition, USP37 also plays a critical role in the regula-
tion of DNA replication by stabilizing the licensing factor
CDT1 (53). By immunostaining, we found that USP37 was
expressed in adult brain SVZ NSCs (Supplementary Fig-
ure S16A) and cultured adult NSCs (Supplementary Figure
S16B). When NSCs were infected with Usp37-expressing
lentivirus, it resulted in USP37 overexpression in these cells
(Supplementary Figure S16C, D). Of note, USP37 over-
expression enhanced the proliferation of NSCs in neuro-
spheres (Supplementary Figure S16E, F), which signifi-
cantly increased the number and diameter of NSC-formed
neurospheres (Supplementary Figure S16G, H). Next, we
constructed three shRNAs (shRNA1–3) against Usp37 in
the lentiviral vectors in which the gene expression was
driven by the hGFAP promoter and the co-expressed GFP
was used as the reporter. Among these three shRNAs, west-
ern blotting showed that shRNA3 was qualified for the effi-
cient interference of Usp37 in NSCs (Supplementary Fig-
ure S17A, B). Therefore, shRNA3 (indicated by Usp37-
shRNA) was used in the subsequent experiments. In con-
trast to USP37 overexpression, Usp37 knocked down by
shRNA resulted in a significant decrease in the number and
diameter of neurospheres formed by NSCs (Supplemen-
tary Figure S17C, D), consistent with the results of Top2a
knockdown (Figure 2D, E).

To investigate whether USP37 overexpression can res-
cue the impaired self-renewal ability of adult NSCs caused
by Top2a knockdown, we infected NSCs with Usp37-
overexpressing (Usp37-OE) lentivirus immediately after
Top2a knockdown by shRNA (Top2a-shRNA). Western
blotting analysis revealed that the expression of USP37
decreased synchronously under the condition of Top2a
knockdown, providing further evidence that Usp37 was a
direct target gene of TOP2a (Figure 8A–C). The known
USP37 targets, CDT1 and CYCLIN-A, were also detected.
Figure 8A and D showed that Top2a knockdown failed to
reduce CDT1 expression significantly. However, the expres-
sion of CYCLIN-A, a classical participator in regulation
of the cell cycle, was markedly down-regulated, suggesting
that it is under the control of Top2a (Figure 8A, E). Of
note, when USP37 was overexpressed in NSCs, the expres-
sion of CYCLIN-A was not reversed significantly (P = 0.10)
(Figure 8A, E), while the number and diameter of neuro-
spheres decreased by Top2a knockdown were rescued to a
considerable level (Figure 8F, G). We supposed that Usp37
might maintain the self-renewal and proliferation of NSCs
by stabilization of the CYCLIN-A protein. In addition, we
injected Usp37-overexpressing lentivirus into the SVZ of
adult CKO mice (Nestin::Top2aF/F). Seven days later, im-
munohistochemical analysis showed that the proliferative
activity of SVZ NSCs increased with Usp37 overexpres-
sion and the Top2a knockout-induced impaired neurogene-
sis (indicated by DCX staining) was significantly rescued in

the SVZ (Figure 8H, I). Altogether, these data indicate that
Usp37 functions as a direct target of TOP2a and is involved
in tuning the proliferative activity of adult NSCs with a high
dependence on TOP2a.

DISCUSSION

Since adult neurogenesis was first observed in the 1960s,
it has grown into an important topic in a variety of re-
search fields. Although the maintenance of adult NSCs and
the generation of their progeny are absolutely indispens-
able for further adult neurogenesis, the underlying molecu-
lar mechanisms remain largely unknown. While TOP2a has
been well established as a nuclear enzyme that resolves tor-
sional stress of DNA, little is known about its function in
genomic transcriptional regulation, especially during adult
neurogenesis. In this study, we provide proof-of-principle
evidence suggesting that TOP2a is exclusively expressed in
adult stem/progenitor cells in the SVZ, including activated
NSCs, TAPs and NBs, and plays a key role in adult neu-
rogenesis by regulating a set of genes in a transcription-
dependent manner. Importantly, for the first time, we iden-
tified a deubiquitinase, Usp37, as a direct genomic down-
stream effector of TOP2a.

Region-restricted expression pattern of TOP2a in adult
brains

In terms of the expression features of TOP2, in 1992,
Capranico et al. showed that TOP2a was mainly expressed
in proliferating tissues in adult mice, such as bone marrow,
spleen and intestine, while they did not detect TOP2a ex-
pression in the brain (54). Harkin et al. investigated the ex-
pression patterns of TOP2 in the early fetal human telen-
cephalon between 9 and 12 post-conception weeks, find-
ing that TOP2a was restricted to the cells in proliferative
layers of the cortex and ganglionic eminences (GEs), in-
cluding the VZ and SVZ (55). These results are consis-
tent with our findings on the expression pattern of TOP2a
in the brain of embryonic and post-natal mice. In adult
mice, strikingly, we found that unlike TOP2b, which was
widely distributed in the brain, TOP2a was exclusively ex-
pressed in the neurogenic niches, especially in the SVZ. Of
note, TOP2a was shown to be preferentially expressed in
the dlSVZ and vSVZ, indicating that TOP2a might be a
region-specific regulator of NSCs in adult neurogenesis. Im-
munohistochemical analysis further confirmed that these
TOP2a-positive cells in the SVZ were NSCs, TAPs and
NBs. Almost all TOP2a-expressing cells were immunoreac-
tive for PCNA and labeled by BrdU in the short-term label-
ing experiments. Moreover, although TOP2a was expressed
in GFAP+, NESTIN+ or SOX2+ NSCs, these cells were
not labeled by BrdU in the long-term label-retention ex-
periments, suggestive of activated but not quiescent NSCs.
Therefore, all these findings indicate that TOP2a is exclu-
sively expressed in activated NSCs, TAPs and NBs, which
represent the actively proliferating stem/progenitor cells in
the SVZ. Importantly, quantitative analysis of the expres-
sion pattern in the SVZ–RMS–OB system revealed that the
number of TOP2a+ cells declined with the distance from the
SVZ. TOP2a protein begins to be expressed when quiescent



9334 Nucleic Acids Research, 2022, Vol. 50, No. 16

Figure 8. Overexpression of Usp37 is sufficient to rescue the impaired self-renewal ability of adult NSCs caused by Top2a knockdown or knockout. (A–
E) Western blotting was performed to analyze the expression of TOP2a, USP37, CDT-1 and CYCLIN-A in NSCs after Top2a knockdown (shRNA)
or/and Usp37 overexpression (OE). Data from (A) were quantified in (B–E). (F and G) Quantitative analysis of the number and diameter of NSC-
formed neurospheres after Top2a knockdown or/and Usp37 overexpression. (H and I) Immunohistochemical analysis showed that Usp37 overexpression
is sufficient to rescue the impaired proliferative activity and adult neurogenesis caused by Top2a knockout. The control or Usp37-expressing (Usp37-OE)
lentivirus was injected into the SVZ of adult Nestin::Top2aF/F mice after tamoxifen induction. Data are plotted as mean ± SEM. N.S., P ≥0.05, *P <0.05,
**P <0.01, ***P <0.01 by one-way ANOVA with Tukey’s post-hoc test (B–E and G) or Student’s t-test (I). All experiments were performed at least three
times independently. The scale bars represent 100 �m (F) and 40 �m (H).
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NSCs become activated and differentiate into proliferating
TAPs and NBs, while it decreases during the migration in
the RMS and eventually disappears in the deep layers of
the OB. This dynamic spatial expression pattern may be ex-
plained by a previous study that showed a switch in the ex-
pression from TOP2a to TOP2b during the differentiation
of NSCs into neurons (10,11). Collectively, all these findings
hint that TOP2a may play a key role in adult neurogenesis.

In addition, we examined the expression of TOP2a in
ependymal cells lining the LV, a type of cell that may
contribute to the neurogenesis after brain insults, includ-
ing ischemia and inflammatory diseases (56,57). However,
we failed to find any TOP2a expression in these cells un-
der physiological conditions. Future studies are needed to
elucidate whether TOP2a appears in ependymal cells in
pathological conditions. Of note, we detected considerable
TOP2a+ cells located in the DG of the hippocampus, an-
other neurogenic niche in adult brains. Whether TOP2a
plays a role in adult hippocampal neurogenesis should be
determined in future studies.

Role of TOP2a in the maintenance of adult neurogenesis

As a traditional nuclear enzyme that resolves torsional
stress of DNA, TOP2a has been well documented in the
field of cancer research and identified as a critical target
for anticancer drugs (58). However, the functions of TOP2a
in the nervous system remain unknown, especially in adult
neurogenesis. The NSCs residing in the SVZ are character-
ized by the abilities to self-renew and produce the functional
neurons in the brain (48). Therefore, we first examined
whether blocking TOP2a affected the self-renewal and pro-
liferation of adult NSCs. When TOP2a was knocked down
by shRNA or chemically down-regulated by PluriSIn#2,
there was a significant reduction in the number and diam-
eter of neurospheres cultured from SVZ-derived NSCs, in-
dicative of a critical role for TOP2a in the self-renewal and
proliferation of SVZ-derived NSCs.

Based on the findings in vitro, we next investigated the
role of TOP2a in adult NSCs in the SVZ. Because Top2a
deletion is lethal in mice at the embryonic stage (12), we
generated transgenic mice with the CreERT2/loxP recom-
bination system to conditionally knock out Top2a in adult-
hood, in which SVZ NSCs were specifically targeted by
Nestin::CreERT2- or Gfap::CreERT2-mediated combina-
tion. Interestingly, we found that selective deletion of Top2a
resulted in a significant decrease in the number of acti-
vated NSCs in the SVZ, while it had no effect on quiescent
NSCs. This finding is consistent with the expression pat-
tern, namely that Top2a was expressed in activated NSCs
but not quiescent NSCs in the SVZ. As the progeny cells
of activated NSCs, we also observed that the number of
TAPs and NBs in the SVZ was reduced markedly in Top2a
knockout mice. In the adult brain, NBs continuously gen-
erated in the SVZ migrate rapidly through the RMS to the
OB, where they give rise to two types of interneurons, i.e.
granule cells (GCs) and periglomerular cells (PGCs). These
adult-born OB interneurons located in the GCL and GL ex-
press specific markers, including CR, CB, PV and TH. Of
note, different SVZ regions contribute to the heterogene-
ity of OB interneurons. The dorsal SVZ primarily produces

superficial GCs and TH+ PGCs, while the ventral SVZ
mostly generates deep GCs and CB+ PGCs (59). Addition-
ally, the RMS also produces CR+ interneurons in both the
GCL and GL (59). Because the expression pattern showed
that TOP2a was mainly expressed in the dlSVZ, vSVZ and
RMS, we next examined whether conditional knockout of
Top2a affected the generation of OB interneurons. How-
ever, we failed to find any significant changes in the num-
ber of different subtypes of interneurons in the GCL and
GL of the OB after the selective deletion of Top2a in NSCs.
Considering that SVZ-derived newborn neurons only ac-
count for a small proportion of the total OB interneurons,
we then performed immunohistochemical analysis of the
BrdU-traced newborn interneurons in the OB. Intriguingly,
we revealed that the conditional ablation of Top2a in NSCs
resulted in a remarkable loss of CB+ and CR+ newly gen-
erated OB interneurons. All these data suggest that TOP2a
is required for the maintenance of adult neurogenesis in the
SVZ–RMS–OB system. Besides, given that TOP2a is an im-
portant target for antitumor drugs that have been widely
used in antitumor therapy, more attention should be paid
to the possible side effects of TOP2a down-regulation on
normal adult neurogenesis.

Usp37 serves as a direct TOP2a target mediating the tran-
scriptional regulation scheme in adult NSCs

To uncover the molecular mechanisms underlying TOP2a
function in adult neurogenesis, RNA-Seq and ChIP-Seq
analyses were performed in adult NSCs after down-
regulation of Top2a by PluriSIn#2. Using RNA-Seq anal-
ysis, we screened out a series of DEGs mainly related to
stemness and the cell cycle, suggestive of a powerful tran-
scriptional regulatory role for TOP2a in NSCs. We spec-
ulated that TOP2a might be able to initiate the transcrip-
tion of these genes in NSCs for progress of adult neuro-
genesis in the SVZ, which is a novel function for TOP2a
distinct from its traditional activity as a nuclear enzyme
to relieve torsional stress of DNA. This is also in agree-
ment with the reports that TOP2 could change the structure
of chromatin and facilitate the binding of a massive num-
ber of TFs to the target genes during transcription (10,60–
63), which might be modulated by the C-terminal domains
of TOP2a and under the control of tyrosyl-DNA phos-
phodiesterase 2 (TDP2) hydrolase activity (9,64,65). Us-
ing ChIP-Seq analysis, we found a group of potential di-
rect TOP2a target genes containing the binding site at the
promoter regions, indicating that they might be engaged
in transcriptional regulation. Integrating the RNA-Seq and
ChIP-Seq analyses, we identified 26 direct candidate TOP2a
targets, including Usp37, Nup153, Nup133, Sox2, Hes5,
Birc6, Ddx51 and Gna14. Among these candidate target
genes, gain-of-function and loss-of-function analyses con-
firmed that Usp37 was involved in TOP2a-mediated tran-
scriptional regulation in NSCs. Importantly, overexpression
of Usp37 was sufficient to rescue the effect of Top2a knock-
down on NSCs. Of note, the majority of peaks from TOP2a
ChIP-Seq were intergenic or intronic, suggestive of a rela-
tionship with 3D genome folding. Interestingly, both TOP1
and TOP2b have been reported to coordinate the transcrip-
tional activation by participating in RNA polymerase II
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promoter-proximal pausing and DSB enrichment (66,67).
Therefore, we think that the 3D genome folding may jointly
contribute to the role of TOP2a in transcriptional regula-
tion, although further studies are necessary.

The deubiquitinating enzyme family has been shown to
antagonize the ubiquitin–proteasome system and thereby
maintain the equilibrium between ubiquitination and deu-
biquitination reactions (68,69). Indeed, almost all aspects
of cell biological processes, including the cell cycle, are con-
trolled by the post-translational conjugation of ubiquitin
(70). Ubiquitination is reversible, and ubiquitin can be re-
moved from substrates by catalytic proteases termed deu-
biquitinases. USP27x and its homologs USP22 and USP51
have been reported to deubiquitinate and stabilize Hes1,
and thereby coordinatively regulate neuronal differentiation
via Notch signaling in the mouse developing brain (71).
USP37 is a novel member of the deubiquitinating enzyme
family that can block ubiquitin-mediated degradation of
target proteins by deubiquitination (70,72). It plays a key
role in DNA damage resistance. For example, USP37 was
identified as an important modulator of the sensitivity to
camptothecin, a drug used for cancer therapeutics (73). Of
note, USP37 was shown to regulate stemness-related genes
in cancer stem cells. For example, USP37 could regulate the
stemness and cell invasion in breast cancer (74). In lung can-
cer, USP37 was found to directly bind the pluripotent fac-
tor C-MYC protein and regulate its stability (75). In addi-
tion, it has been well documented that the established stem
cell marker SOX2 has a robust regulatory role in neuro-
genesis (76,77). Intriguingly, USP37 was reported to con-
trol the transcriptional level of SOX2 by binding with its
promoter region (72). CDT1 and CYCLIN-A are two well-
known regulators of mitotic division in the cell, and they
can be stabilized by USP37 via deubiquitination (52,53). In
our study, the protein level of CYCLIN-A but not CDT-1
was roughly synchronized with that of USP37 in NSCs. All
these data suggest that Usp37 in NSCs is transcriptionally
controlled by TOP2a and mediates its role in adult neuro-
genesis via CYCLIN-A.

In summary, our work demonstrates that TOP2a exerts a
powerful homeostatic role in maintaining NSC activity for
sustainable adult neurogenesis, which is mediated by tran-
scriptional activation of its direct target Usp37.
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