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Abstract
The neuroblastoma cell line SH-SY5Y is widely used to study retinoic acid (RA)-induced gene expression and differentia-
tion and as a tool to study neurodegenerative disorders. SH-SY5Y cells predominantly exhibit adrenergic neuronal proper-
ties, but they can also exist in an epigenetically interconvertible alternative state with more mesenchymal characteristics; as a 
result, these cells can be used to study gene regulation circuitry controlling neuroblastoma phenotype. Using a combination 
of pharmacological inhibition and targeted gene inactivation, we have probed the requirement for DNA topoisomerase IIB 
(TOP2B) in RA-induced gene expression and differentiation and in the balance between adrenergic neuronal versus mesen-
chymal transcription programmes. We found that expression of many, but not all genes that are rapidly induced by ATRA 
in SH-SY5Y cells was significantly reduced in the TOP2B null cells; these genes include BCL2, CYP26A1, CRABP2, and 
NTRK2. Comparing gene expression profiles in wild-type versus TOP2B null cells, we found that long genes and genes 
expressed at a high level in WT SH-SY5Y cells were disproportionately dependent on TOP2B. Notably, TOP2B null SH-
SY5Y cells upregulated mesenchymal markers vimentin (VIM) and fibronectin (FN1) and components of the NOTCH 
signalling pathway. Enrichment analysis and comparison with the transcription profiles of other neuroblastoma-derived cell 
lines supported the conclusion that TOP2B is required to fully maintain the adrenergic neural-like transcriptional signature 
of SH-SY5Y cells and to suppress the alternative mesenchymal epithelial-like epigenetic state.
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Introduction

DNA topoisomerases are essential nuclear enzymes that are 
required for DNA decatenation, unknotting, and modula-
tion of DNA topology. These transactions are achieved via 

transient DNA cleavage and passage of a second DNA seg-
ment through the gap before religation [1]. Type II DNA 
topoisomerases including vertebrate TOP2A and TOP2B can 
cleave both DNA strands allowing a second DNA duplex to 
pass through the enzyme-bound gap [2, 3]. Topoisomerases 
are required for efficient transcription where they regulate 
negative superhelical torsion behind, and positive torsion 
ahead of an elongating polymerase, as described in the twin 
domain model [2, 4, 5]. Transcription and topoisomerase 
activity may also work in concert to generate large-scale 
genomic topological organisation as TOP2B partially colo-
calises with CTCF/cohesin at the boundaries of chromosome 
topological associating domains (TADS) and loops [6, 7].

The vertebrate type II topoisomerases TOP2A and 
TOP2B have non-identical physiological roles. TOP2A 
is essential for cell proliferation, is abundantly expressed 
in proliferating cells, and is downregulated as cells termi-
nally differentiate. In contrast, TOP2B is expressed in both 
proliferating and differentiated cells such as neurons and 
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cardiomyocytes [8–13]. TOP2B null cell lines can be grown 
in culture, but TOP2B is essential in vivo [14]. TOP2B/
Top2b nulls and hypomorphs exhibit defects in neural and B 
cell differentiation and function [9, 15] through mechanisms 
that appear to involve misregulation of specific sets of genes. 
TOP2B has been reported to regulate expression of long 
genes associated with autism in human and mouse neurons 
[16, 17] and to be necessary for normal neurite outgrowth 
in a number of studies including cultured rat cerebellar and 
cortical neurons and PC12 cells stimulated by neurotrophic 
growth factor (NGF) [18], mouse dopaminergic neurons 
in ventral mesencephalic mouse primary culture [19], and 
human mesenchymal stem cell-derived neurons [20, 21]. 
Top2b is also required for normal development in mouse 
and zebrafish [22, 23].

Various studies have demonstrated the importance of 
TOP2B for the expression of genes involved in neuronal 
development and maintenance. For instance, Top2b inhibi-
tion in cultured rat neurons reduced expression of amphiphy-
sin I, an essential gene for neuronal function [24], and Top2b 
deletion reduced reelin expression in mouse embryos [25]. 
Microarray analysis of mouse brain tissue lacking Top2b 
highlighted misregulation of genes involved in neuronal 
functions such as axon guidance and synaptic function. Fur-
thermore, Top2b was shown to bind and regulate neuronal 
genes in mouse embryonic stem cell-derived postmitotic 
neurons [13]. In that study, Top2b deletion led to degen-
eration of postmitotic neurons and was accompanied by 
downregulation of genes highly enriched in GO terms asso-
ciated with neurogenesis. Moreover, neuronal degeneration 
observed in cells lacking Top2b was linked to upregulation 
of Ngfr p75 which was shown to be a direct target for Top2b 
through binding to its promoter and negatively regulating 
its transcription [13]. In addition, Top2b interacts with the 
chromatin remodeller Chd7 to regulate a set of long genes 
involved in neuronal function in mouse cerebellar granule 
neurons, and the Top2 catalytic inhibitor ICRF-193 led to 
downregulation of 203 of these genes. Lastly, Top2b has 
been reported to have a role in motor neurone (MN) con-
nectivity and migration in mice, where terminal branching 
of MNs was remarkably defective in Top2b knockout mice. 
This was probably due to improper Hox/Pbx-dependent tran-
scriptional activation [26].

In the developing immune system, TOP2B hypomorphs 
are the cause of Hoffman syndrome, characterised by a lack 
of mature B cells which in a mouse model system is associ-
ated with failure to activate transcription of the key B cell 
factor Pax5 [15].

In addition to its role in neural and immune system 
development, TOP2B facilitates transcriptional activation 
in response to stimuli such as heat shock, serum induction 
[27], neuronal [28], and nuclear hormone receptor ligands 
[29, 30]. A theme emerging from these studies is a DNA 

strand break at or near the promoter of the activated genes 
that may be mediated by TOP2B. For example, retinoic acid 
(RA) treatment of MCF7 cells results in the appearance of 
a DNA break in the promoter of the RA-inducible retinoic 
acid β (RARB) gene [29]. In an independent study in NB4 
cells, TOP2B was shown to associate with the retinoic acid 
receptor α (RARA) and to negatively modulate its transcrip-
tional activity in acute promyelocytic leukaemia (APL) cell 
lines leading to RA resistance. TOP2B knockdown in RA-
resistant clones released a transcription block and allowed 
RA-induced differentiation. TOP2B overexpression in RA-
sensitive clones was able to induce RA resistance by reduc-
ing expression of RA target genes. In addition, chromatin 
immunoprecipitation (ChIP) analysis showed that TOP2B 
is specifically bound to the retinoic acid response element 
(RARE) region of the promoter of RARB gene which is one 
of the RA target genes [31].

SH-SY5Y is a neuroblastoma cell line that can be induced 
by RA to differentiate into adrenergic neuronal-like cells 
[32–35], making these cells a good model system to study 
the role of TOP2B in both RA-induced transcription and 
RA-induced differentiation of neuronal cells. The SH-SY5Y 
cell line is composed of a heterogeneous cell population, a 
characteristic feature of neuroblastoma cells. Although these 
subpopulations show different biochemical and phenotypic 
characteristics, they are not genetically distinct, as one sub-
population can switch into another [36, 37] characteristic of 
epigenetic changes. The majority of the SH-SY5Y popula-
tion are N-type cells, characterised by small, rounded body 
shape with limited cytoplasm and short neurite processes. 
N-type cells grow as weakly attached cell aggregates and 
bear neuronal biochemical properties such as neurotransmis-
sion enzyme activity including tyrosine hydroxylase (TH) 
and dopamine-β hydroxylase (DBH) [36, 38, 39]. S-type 
cells, which typically constitute a small percentage of the 
cell population, are characterised by larger cell body size, 
expansive cytoplasm, flattened appearance, stronger attach-
ment properties, epithelial-like morphology, and expression 
of the mesenchymal intermediate filament gene vimentin 
(VIM) [39, 40]. A third rare category, I-type cells, represents 
an intermediate state between N- and S-type. Recent tran-
scriptome and ChIP-seq analyses support the conclusion that 
both primary tumours and neuroblastoma cell lines resemble 
either committed adrenergic cells or undifferentiated neural 
crest mesenchymal cells and that these states are epigeneti-
cally established via super-enhancer networks. N-type SH-
SHSY have the expression profile of the former cell type, 
and S-type cells the latter [41–44].

Retinoic acid induces cell cycle exit and neuronal dif-
ferentiation in SH-SY5Y cells. Differentiated cells have 
a rounded cell body with long, straight, less branched 
neurite outgrowths [34, 45] and exhibit upregulation of 
genes such as neurotrophic tyrosine kinase 2 (NTRK2) 
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[46, 47] that are associated with neurogenesis as well as 
genes including CRABP2 and CYP26A1 and RARB (see 
Table S1) that are involved in retinoid intracellular trans-
port and metabolism or signalling [48].

We have utilised the SH-SY5Y cell line model to study 
the effect of TOP2B on RA-induced transcription and 
neurone-like potential by generating a TOP2B knockout 
model and comparing knockout cells with wild-type cells 
in the presence and absence of ATRA for differentiation 
and whole-genome expression.

Materials and Methods

Cell Culture

SH-SY5Y clones were maintained in a 50:50 mixture 
of minimum essential medium (MEM) and F12 (Hams) 
medium (Gibco by Life Technologies, Invitrogen, UK) 
containing 10% v/v heat-inactivated foetal bovine serum 
(FBS) (Gibco by Life Technologies, Invitrogen, UK) and 
1% v/v penicillin and streptomycin solution (10,000 units/
ml penicillin, 10,000 mg/ml streptomycin, Gibco by Life 
Technologies, Invitrogen, UK). SH-SY5Y cells were main-
tained at 75–80% confluency and subcultured by trypsini-
sation with 0.05% Trypsin–EDTA (Gibco by Life Tech-
nologies, Invitrogen, UK) at 37 °C for 5 min.

RT‑PCR

Cells were grown in 96-well plates, and RNA samples 
used for RT-qPCR were prepared directly from fresh cell 
lysates using SingleShot Cell Lysis Kit (Bio-Rad) accord-
ing to manufacturer’s instructions as previously described 
[49].

Gene expression analysis was performed by real-time 
one-step RT-PCR using SYBR Green I detection method 
using the primers shown in Table 1. For this purpose a 
QuantiNova™ SYBR Green RT-PCR Kit (QIAGEN, Cat. 
208,154) was used according to the manufacturer’s instruc-
tions. Briefly, the total reaction volume was set to 20 μl per 
well in the PCR 96-well plate. In each reaction well, the 
following volumes were added: 10 μl (2 × SYBR Green 
RT-PCR), 300 nM primer mix, 0.2 μl (QuantiNova SYBR 
Green RT Mix which contains HotStaRT-Script reverse tran-
scriptase), and 1–2 μl sample volume, and the volume was 
completed to 20 μl with RNase-free water. Contamination 
was monitored with two controls: (no reverse transcriptase) 
control to determine DNA contamination in the samples and 
(no template) control to determine other contaminations. 
The thermal cycler (CFX96 Touch™, Bio-Rad) was set 
to the following parameters: reverse transcription reaction 
(50 °C for 10 min), DNA polymerase activation and initial 
DNA denaturation (95 °C for 3 min) for 1 cycle, denatura-
tion, and annealing and extension (95 °C for 15 s, 55 °C for 
30 s, 72 °C for 30 s) for 40 cycles.

Table 1  RT-PCR 
oligonucleotides

Target Primer F/R Sequence Length (nt) Ampli-
con size 
(bp)

PP1A PP1A-1F F TCC TAA AGC ATA CGG GTC CTG GCA T 25 166
PP1A PP1A-1R R CGC TCC ATG GCC TCC ACA ATA TTC A
TOP2B TOP2B_1F F ACC TGG GTG AAC AAT GCT GC 20 212
TOP2B TOP2B_1R R ACC TCC CTG CAA TTC ATT CCT 
CYP26A1 CYP26A1-1F F GCA GCC ACA TCT CTG ATC ACT 21 109
CYP26A1 CYP26A1-1R R TGT TGT CTT GAT TGC TCT TGC 21
RARB RARB-2F F GCA GAG CGT GTA ATT ACC TTGAA 23 145
RARB RARB-2R R GTG AGA TGC TAG GAC TGT GCTCT 23
RET RET1F F GCT CCA CTT CAA CGT GTC 18 158
RET RET1R R GCA GCT TGT ACT GGA CGT T 19
CRABP2 CRABP1-F1 F TCA AAG TGC TGG GGG TGA AT 20 168
CRABP2 CRABP1-R1 R TCT GCT CCT CAA ACT CCT CCC 21
BCL2 BCL2-3F F GAT TGT GGC CTT CTT TGA G 19 232
BCL2 BCL2-3FR R CAA ACT GAG CAG AGT CTT C 19
NTRK2 NTRK2-1 F F CAA TTG TGG TTT GCC ATC TG 20 238
NTRK2 NTRK2-1R R TGC AAA ATG CAC AGT GAG GT 20
VIM VIM-F F GAC AGG ATG TTG ACA ATG CG 20 222
VIM VIM-R R GTT CCT GAA TCT GAG CCT GC 20
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Generation of SH‑SY5Y TOP2B.−/− Clones Using 
CRISPR‑Cas9

TOP2B null cell lines were generated by targeting TOP2B 
exon 1 with the guide RNAs shown in Table 2 cloned into 
pSpCas9 (BB)-2A-GFP (PX458) (Addgene plasmid # 48,138). 
The plasmid was transfected into SH-SY5Y cells using Nucle-
ofection with Amaxa Nucleofector II system and the Cell Line 
Nucleofector® Kit V (Lonza, UK, cat. VCA-1003) accord-
ing to the manufacturer’s instructions. Cells were selected 
and sorted based on GFP expression as described previously 
[49]. GFP-positive cells were incubated at 37 °C for 2–3 weeks 
until colonies formed. A control cell line was generated by 
transfecting cells with PX458 containing no guide RNA and 
selecting as above. Screening for TOP2B knockout clones was 
performed using PCR genotyping and immunofluorescence 
and confirmed by DNA sequencing and Western blotting.

RNA‑seq

Total RNA was prepared from both wild-type and TOP2B 
null BKO98 cells treated for 24 h with either 1 µM ATRA 
in ethanol or an equivalent volume of ethanol alone. Four 
biological replicate RNA samples were prepared for each 
of the four conditions. RNA extraction, quantification, and 
quality checking were as previously described [49]. Library 
preparation employed TruSeq-stranded mRNA kit (Illumina) 
which selects only poly-A containing mRNA molecules 
using poly-T oligo attached magnetic beads using the High 
Sample (HS) Protocol of (TruSeq® Stranded mRNA Sample 
Preparation Guide, Illumina) was followed. The input RNA 
for library preparation was 1500 ng per sample. Sequencing 
was performed using the Illumina NextSeq 500 sequencing 
system. A high output flow cell was used, and 75 bp single-
end (SE) sequencing was performed.

Transcript-level quantification was performed using 
Salmon [50]. Subsequent analysis steps employed R soft-
ware (version 3.4). The principal component analysis (PCA) 
and differential gene expression were performed using the 
R Bioconductor package DESeq2 [51]. Differential gene 
expression comparisons were performed pairwise between 
each of the four conditions. Gene annotation was added 
using the annotables package with GENCODE release 29 

(GRCh38.p12) as reference annotation. Volcano plots and 
heat map were prepared using R 4.0.3.

Neurite Outgrowth Assays

Initial number of seeded cells was optimised in such a way 
that both ATRA-treated and untreated cells had a compara-
ble confluency by the end of time course of differentiation 
(7 days). Cells were treated with either (10 μM) ATRA or 
ethanol (0.01% V/V) for 7 consecutive days, and media was 
replaced every 2 days. Cells were then imaged by phase-
contrast microscopy using a TiE fluorescence wide-field 
inverted microscope (Nikon). At least six fields were cap-
tured for each sample, images were analysed, and neurite 
lengths were measured using ImageJ.

Cell Migration Assays

Cell migration propensity was determined using wound 
healing assays in starvation medium consisting of reduced 
serum normal growth medium (0.1% FBS). Cells were 
plated into 35-mm dishes. Almost confluent monolayers of 
cells were scratched using a micropipette tip making five 
parallel scratches per dish. Ten images were recorded per 
plate immediately after scratching and after 6 and 24 h. Gap 
width was measured using ImageJ with the plugin Wound_
healing_size_tool [52].

Results

Retinoid Response and TOP2

The retinoid response in the SH-SY5Y cells was first con-
firmed by assessing the induction of three genes that have 
been reported to be regulated by retinoic acid. CYP26A1, 
CRABP2, and RARB (all gene symbols and corresponding 
gene/protein names are listed in Table S1) were previously 
demonstrated to be rapidly induced in SH-SY5Y and other 
neuroblastoma cell lines treated with retinoids [47, 48, 53]. 
CYP26A1, CRABP2, and RARB RNAs were robustly induced 
after treatment with 1 µM all-trans retinoic acid (Tretinoin, 
ATRA) for 24 h (Fig. S1A). Notably, TOP2B expression was 
not affected by ATRA treatment over this period (Fig. S1B). 
We found that, as expected, TOP2B protein levels were also 
maintained at a high level over a longer period of ATRA 
treatment (5 days, see Fig. S2 A&B), while in most cells, 
TOP2A was dramatically downregulated (Fig. S2C and 
S2D). To test the requirement for TOP2 activity in ATRA-
induced gene expression, SH-SY5Y cells were treated with 
ATRA as before, but also with either the TOP2 catalytic 

Table 2  Guide RNA sequences

gRNA Sequence 5′ to 3′ Strand TOP2B−/− clone

5 GCG GCA ACG GGG CAC TGA CC - BKO70
6 CGC GCC GCA GCC ACC CGA CT  + BKO98
7 AAG TCG GGT GGC TGC GGC GC - BKO129
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Fig. 1  TOP2 catalytic inhibitors suppress ATRA-induced expression 
of CYP26A1, RARB, and CRABP2. SH-SY5Y cells were incubated 
with ATRA in the presence or absence of one of the TOP2 catalytic 
inhibitors, merbarone or ICRF-193 for the times indicated. Expres-

sion data was calculated relative to the control housekeeping gene 
PP1A. Significance testing was performed using 1-way ANOVA with 
Dunnett’s post-hoc test. Error bars are SDs
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inhibitors ICRF-193 or merbarone or solvent control [54, 
55]. Cells were collected for RT-PCR at 4, 8, and 24 h after 
ATRA addition. Increased CYP26A1, RARB, and CRABP2 
mRNA was measurable by 4 h, and this was more pro-
nounced for each gene after 8 and 24 h. At these later time 
points, merbarone significantly supressed ATRA-induced 
accumulation of RNA of all three genes. ICRF-193 treat-
ment had a small effect on ATRA-induced RARB expression 
and a more robust effect on ATRA-induced expression of 
CRABP2 (Fig. 1). Notably though, not all ATRA-induced 
gene expression was inhibited by these compounds. For 
example, the RET receptor tyrosine kinase (RET) which is 
robustly induced by retinoids, and which plays a key role in 
transcriptional events related to RA-induced differentiation, 
was unaffected by merbarone or ICRF-193 (Fig. S3A). In 
addition, expression of TOP2B itself was not significantly 
affected by either ATRA or merbarone (Fig. S3B). These 
results support a role for TOP2 activity in the induction of 
some, but not all genes that respond to ATRA in SH-SY5Y 
cells. However, these inhibitors do not allow us to determine 
the relative contribution of TOP2A and TOP2B to ATRA-
induced gene expression changes. To address this question 
and to determine the role of TOP2B in establishing and 
maintaining gene expression patterns in SH-SY5Y cells in 
general, we constructed a series of TOP2B null cell lines 
employing CRISPR-Cas9 targeting exon one of TOP2B.

Generation and Characterisation of TOP2B CRISPR 
Knockouts

Several TOP2B null SH-SY5Y cell lines were generated 
using three different guide RNAs. One line derived from 
each guide RNA was selected for further study. These three 

lines are henceforth referred to as BKO70, BKO98, and 
BKO129 (see Fig. S4). Each of these TOP2B null cell lines 
proliferated robustly in culture and had a similar appearance 
to wild-type cells (see Fig. 2A) with similar numbers and 
length distribution of neurites under normal growth condi-
tions (Fig. 2B and C). Retinoic acid treatment induces neu-
rite outgrowth in neuroblastoma cells such as SH-SY5Y, 
and this can be used as a measure of differentiation in these 
cells [34]. To determine the effect of loss of TOP2B on 
ATRA-induced differentiation, neurite outgrowths induced 
by ATRA were measured in wild-type and knockout cells. 
SH-SY5Y cells and BKO70, BKO98, and BKO129 cells 
were treated with either (10 μM) ATRA or an equal volume 
of solvent (ethanol, 0.01% V/V) for 7 consecutive days, and 
media was replaced every 2 days to keep ATRA concentra-
tion consistent over the differentiation period. Cells were 
then imaged by phase-contrast microscopy, and neurite 
lengths and numbers were determined. ATRA treatment 
resulted in an increase in the number of neurites counted 
per cell for both WT and TOP2B null cell lines (Fig. 2B), 
but produced a significant increase in median neurite length 
only in WT cells (Fig. 2C and D). Neurite outgrowths of 
more than 50 μM have been used as a marker of ATRA-
induced differentiation in SH-SY5Y cells [34, 56]. The 
TOP2B knockout clones showed a significant reduction 
in the ratio of cells bearing neurite outgrowths of > 50 μM 
(Fig. 2D and E). This is consistent with previous findings 
using the TOP2 inhibitor ICRF-193 that implicate Top2b in 
neurite outgrowth in cultures mouse neurones [18].

TOP2B Knockout Clones Exhibit Altered 
Transcriptional Response to ATRA 

To examine the requirement for TOP2B in retinoid-induced 
gene expression, we compared the expression of CYP26A1, 
CRABP2, RARB, and RET by quantitative RT-PCR in wild-
type versus the three TOP2B null cell lines after exposure 
of cells to ATRA for 24 h. ATRA-induced CYP26A1 and 
CRABP2 expression was significantly reduced in all three 
null cell lines. However, ATRA induction of RARB and RET 
was not significantly affected (Fig. 3A–D). Next, we tested 
the expression of NTRK2 (neurotrophic receptor tyrosine 
kinase 2, TrkB) and BCL2 (B cell CLL/lymphoma 2); both 
genes linked to neural differentiation whose expression is 
increased in RA-treated neuroblastoma cells [34, 46, 57–60]. 
As expected, both BCL2 and NTRK2 were significantly 
induced by ATRA in wild-type cells (approximately 2.5-
fold and 17-fold, respectively). However, in each of the three 
TOP2B null cell lines, ATRA failed to induce BCL2 above 
control levels, and ATRA-induced expression of NTRK2 was 
significantly reduced (Fig. 3E and F).

Fig. 2  Morphological appearance and differentiation of wild-type and 
TOP2B null SH-SY5Y clones. (A) Phase-contrast images of WT and 
TOP2B null cell lines BKO98, BKO70, and BKO129 treated with 
either vehicle (EtOH, -ATRA) or 10 µM ATRA (+ ATRA) for 7 days. 
(B) Neurite outgrowths per cell were counted for control and ATRA-
treated cells. The mean number of neurites counted per cell are plot-
ted. (C) Neurite lengths were measured, and the median length cal-
culated for each replicate. Means of medians are plotted. (D) Lengths 
of neurite outgrowths in ATRA-treated cells (data from all replicates 
combined) are plotted as a scattergram. The percentage of neurites 
that were longer than 50 µm and the total number of cells is indicated 
in red. (E) The percentage of cells exhibiting one or more neurites 
longer than 50  µm under control or ATRA-treated conditions was 
determined. The mean difference between control and ATRA-treated 
cells is plotted. Error bars represent 1 standard deviation. For (B), 
(C), and (E), the small circles represent the values from individual 
replicates. For (B) and (C), significance testing was performed by 
2-way ANOVA with Bonferroni’s post-hoc test, and for (E), signifi-
cance was tested using 1-way ANOVA with Dunnett’s post-hoc test 
(*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001)

◂
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Fig. 3  ATRA-induced gene 
expression in WT SH-SY5Y 
cells and TOP2B null clones. 
(A–F) Relative expression was 
determined by RT-qPCR using 
PP1A gene as a normalisation 
reference. Cells were treated 
with or without 1 μM ATRA, 
and the ΔΔCt method was used 
to calculate the fold change in 
induction above control for each 
clone. Data presented here is the 
mean of at least three independ-
ent experiments ± SD. (G) 
Relative expression in vimentin 
(VIM) in WT SH-SY5Y and 
TOP2B null clones. Sig-
nificance tests were performed 
using 1-way ANOVA with Dun-
nett’s post-hoc test
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TOP2B KO Cells Express Vimentin

Since induction of neural differentiation markers BCL2 and 
NTRK2 was suppressed, we compared the expression of VIM, 
a characteristic marker of S-type neuroblastoma cells [34, 
42], in untreated wild-type and TOP2B null SH-SY5Y cells. 
VIM expression was at least ten times higher in the TOP2B 
null than in the wild-type cells (Fig. 3G), even though these 
cells did not have the flat, adherent phenotype [34] of S-type 
SH-SY5Y cells (Fig. 2A).

Differential Expression Analysis

To fully explore both differences in gene expression pro-
files between WT and TOP2B null SH-SY5Y cells, and 
differences in the transcriptional response to ATRA, we 
carried out RNA-seq analysis using four biological repli-
cates that were prepared from both SH-SY5Y and TOP2B-
null BKO98 cells either treated with ATRA or vehicle 
for 24 h. The four biological replicas for each condition 
clustered tightly together, and the effect of genotype and 
ATRA treatment clearly separated in principle component 
analysis (Fig. S5A). Comparison of gene expression pro-
files observed between the two cell lines and two condi-
tions is illustrated in the heatmaps in Fig. S5B and S5C. 
Differential gene expression (DEG) analysis was carried 
out with four comparisons: Untreated WT SH-SY5Y cells 
versus untreated BKO98 cells (WT control vs BKO con-
trol), untreated WT SH-SY5Y cells versus ATRA treated 
WT SH-SY5Y cells (WT control vs WT ATRA), untreated 
versus ATRA treated BKO98 cells (BKO control vs BKO 
ATRA), and wild-type ATRA-treated cells versus ATRA-
treated BKO98 cells (WT ATRA vs BKO ATRA). The WT 
control vs BKO control analysis revealed many genes that 
were significantly (Padj < 0.05) either up- or downregu-
lated in the TOP2B null BKO98 cells compared to WT 
cells. One thousand four hundred seventy-two transcripts 
were downregulated by two-fold or greater in the TOP2B 
null cell line, while 1098 were upregulated (Fig. 4A and 
Online resource 1). Genes with known functions in neu-
ral differentiation and function were amongst the most 
highly downregulated genes; examples are highlighted in 
Fig. 4A and Tables S1S2S3. Upregulated genes included 
VIM (see above), the cell fate signalling gene NOTCH2, 
and nerve growth factor receptor (p75) gene NGFR 
(Fig. 4A, Table S1). Many of the same genes were also 
differentially regulated between WT and TOP2B null cells 
under ATRA treatment conditions (i.e. WT ATRA versus 
BKO98 ATRA) (Fig. 4C). ATRA treatment resulted in a 
larger number of upregulated than downregulated genes in 
both WT and BKO cells (Fig. 4C and D, Online resource 

1), although the number of genes significantly changed by 
more than two-fold was greater in the WT cells.

TOP2B Null SH‑SY5Y Cells Have Reduced Adrenergic 
and Increased Mesenchymal Transcriptome 
Properties

SH-SY5Y cells exist as different interchangeable types, the 
predominant N-type with adrenergic neuronal properties, 
and the more epithelial mesenchymal S-type, as well as an 
intermediate I-type [32–35]. N- and S-type cells resemble 
and presumably reflect committed adrenergic and undiffer-
entiated NC mesenchymal neuroblastoma cell types, respec-
tively [41–44]. We observed that neuronal markers includ-
ing NTRK2, SEZ6L, MAP2, GAP43, and NEFM, and key 
neuronal commitment genes ASCL1 and NEUROG2 were 
downregulated in TOP2B null SH-SY5Y cells (Fig. 4A, 
Tables S1 and S3, Online resource 1), while as described 
above, the mesenchymal intermediate filament vimentin 
gene (VIM) was dramatically upregulated. This, together 
with reduced ATRA-stimulated neurite outgrowth in the 
BKO cells (Fig. 2A), suggested that the TOP2B null geno-
type may result in a general loss of adrenergic neuron-like 
transcriptional signatures and gain of undifferentiated mes-
enchymal properties. This was supported by functional gene 
enrichment analysis (see Fig. 4E and F and Fig. S6). Genes 
downregulated in BKO cells are enriched in GO:Biological 
process (BP) terms including nervous system development, 
neurogenesis, neurone projection morphogenesis, and axon 
guidance (which include the ASCL1, NEUROG2, ALK, 
GAP43, SEZ6, NEFL, NTRK2, TH, MAP2, PHOX2B, and 
HAND2 genes). Similarly, nine of the ten KEGG pathways 
significantly enriched for downregulated genes are related to 
neuronal function or neural development, the most signifi-
cant of which is axonal guidance (Table S4, Fig. S7) [32–35]. 
Genes upregulated in the TOP2B null cells are enriched 
in largely non-neuronal-related GO:BP terms including 
Embryonic Morphogenesis, Morphogenesis of an Epithe-
lium (Figs. 4F and S6), terms which include NOTCH1, 
NOTCH2, YAP1, HES1, and SOX9). Recent transcriptomic 
and epigenetic studies have highlighted super-enhancer asso-
ciated transcription networks underlying the adrenergic neu-
rone like (ADRN) and undifferentiated mesenchymal cell 
(MES) states of neuroblastoma cell lines [41–44]. Analysis 
of a range of independent neuroblastoma-derived cell lines 
generated a high confidence list of differentially expressed 
genes characteristic of these two states [42]. Forty seven 
percent of genes identified in the ADRN transcription pro-
file in that study [42] intersect with genes downregulated in 
TOP2B null SH-SY5Y cells, while this was true of only 9% 
of MES genes. Conversely, 38% of genes identified in the 
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MES transcription profile intersect with genes upregulated 
in TOP2B null SH-SY5Y cells, while only 8% of ADRN 
genes were present in the upregulated set (Fig. 5A and B). 
Thus, the transcriptional changes observed in TOP2B null 
SH-SY5Y cells resemble a transition towards a more MES-
like state, consistent with increased expression of genes such 
as VIM. The directionality of the transcription changes is 
illustrated in Fig. 5B. Several key MES-associated genes 
including the transcription factors NOTCH1-3 and HES1 
are strongly upregulated, while the ADRN-associated tran-
scription factor ASCL1 is strongly downregulated. N-type 
WT SH-SY5Y cells fall within ADRN transcriptional pro-
file [42] and exhibit low migratory capacity, while the MES 
profile is associated with greater cell migration [41, 61], 
and SH-SY5Y cells have been shown to adopt MES-type 
characteristics following exogenous expression of NOTCH 
intracellular domains [41, 61]. Since BKO98 cells express 
elevated levels of NOTCH RNA, we compared the migration 
capacity of WT SH-SY5Y and BKO98 cells. Unexpectedly, 
the TOP2B null cells exhibited slightly reduced migration in 
wound healing assays (Fig. 5C). This suggests that although 
the transcriptional profile of BKO98 cells supports a move 
towards a more MES-like phenotype, this transition is partial 
and not fully reflected in cellular properties.

The expression of nearly 2500 genes is altered in the 
BKO98 cell line. It is likely that some of these gene expres-
sion changes are a direct consequence of loss of TOP2B 
activity in gene regulatory regions, whereas others may 
result from indirect effects or a less localised effect on 
DNA supercoiling. To examine TOP2B binding in the 
gene regulatory regions of differentially expressed genes 
such as NOTCH1, we used an existing TOP2B ChIP-seq 
data set derived from glioma cell lines TS543 and BT142 
[62] along with publicly available data for CTCF, open 

chromatin (ATAC-seq), active promoters (H3K4Me3), 
and promoter/enhancer regions (H3K27Ac), all derived 
from SH-SY5Y cells or clonally related lines (SK-N-SH or 
SHEP). Although the TOP2B ChIP-seq data was derived 
from a different neural cell type (glioma rather than neuro-
blastoma), inspection of the accompanying expression data 
revealed that most genes of interest from our RNA-seq anal-
ysis were also expressed in the glioma cells. Examination of 
the promoter region and gene body revealed peaks of TOP2 
binding in the glioma data for most differentially expressed 
genes examined, whether they were up- or downregulated 
(Fig. 5D). This included NOTCH1, NOTCH2, and NOTCH3 
(Fig. 5D and E, Fig. S8). Thus, a direct requirement for 
TOP2B for normal expression of these genes is possible. 
However, some differentially expressed genes, including 
YAP1 and SERPINF1, are not associated with TOP2B peaks, 
implying that for at least some genes, differential expression 
is an indirect effect.

Transcriptional Response to ATRA Treatment in WT 
and BKO98 Cells

As expected, ATRA treatment resulted in robust upregula-
tion of CYP26A1, CRABP2, and a group of additional genes 
involved in retinoid metabolism, retinoid transport, and 
signalling in WT SH-SY5Y cells (Fig. 4B, Fig. 6A). This 
group of genes is listed in Table S2 and includes CYP26B1, 
DHRS3, and RARB. Some, but not all these genes are asso-
ciated with well-defined retinoic acid response elements. 
The relative expression level (tpm value) of CYP26A1, 
CYP26B1, CRABP2, and DHS3R was considerably lower 
in BKO98 cells than in WT cells after ATRA treatment 
(Fig. 6A), implicating TOP2B in the induction of these 
genes by retinoic acid.

ATRA treatment also changed the expression of several 
neuronal differentiation markers, as has been previously 
reported [34, 35, 57, 63, 64]. Expression of NTRK2, NTRK1, 
BCL2, and NCAM2 was significantly induced in WT cells 
(Table S3). NTRK2 was expressed at a much lower level 
(> 10 ×) in BKO98 both before and after ATRA, but, in the 
RNA-seq analysis, had a similar ATRA-induced fold change 
in expression in both cell lines (Fig. 4B and D, Fig. 6A and 
B, Tables S1 and S3), while NTRK1, BCL2 and NCAM2 
were not significantly induced in ATRA-treated BKO98 
cells (Table  S3). Similarly, several HOX genes includ-
ing HOXD11 and HOXD12 which are known to be ATRA 
responsive in neuroblastoma cells, and to be able to induce 
growth arrest and differentiation in these cells [65], were sig-
nificantly induced in WT but to a lesser degree or were not 
induced in BKO98 cells (Table S3, Fig. 6B). The RET tyros-
ine kinase was efficiently induced in both WT and TOP2B 

Fig. 4  Differentially expressed genes: WT versus TOP2B null SH-
SY5Y cells under control and ATRA-treated conditions. (A–D) Vol-
cano plots showing differential gene expression in 4 different com-
parisons in SH-SY5Y cells or the TOP2B null clone BKO98. (A) 
WT cells versus BKO98 cells, vehicle control. (B) WT cells, vehi-
cle control versus WT cells ATRA treatment. (C). WT cells versus 
BKO98 cells after ATRA treatment. (D) BKO98 cells, vehicle con-
trol versus BKO98 cells ATRA treatment. Transcripts that were sig-
nificantly (Padj < 0.05) either up- or downregulated by more than 1 
log2 fold are labelled red. Specific genes mentioned in the text are 
labelled. In (D) Log2FC (WT control versus BKO control) values 
are included in purple if the respective genes were over- or under-
expressed in untreated BKO cells by more than 1.5 × . (E and F) Bio-
logical process terms associated with genes down- (E) or (F) upregu-
lated > 1.5 × in TOP2B null (BKO98) versus WT SH-SY5Y cells. 
Analysis was performed using g:GOSt (https:// biit. cs. ut. ee/ gprof 
iler/ gost), non-ordered, significance threshold Benjamini–Hochberg 
FDR < 0.05) [67]. Only the top 30 terms by significance value are 
shown. Intersect size is shown above each bar
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null cells (Fig. 6A and B), in agreement with TOP2 inhibitor 
studies and RT-PCR analysis of WT and TOP2B null cells 
(Fig. S3A, Fig. 3D, Fig. 4B and D, Fig. 6A).

In WT cells, ATRA treatment led to a greater than 18-fold 
downregulation of MYC, a cell cycle release gene that is well 
known for activating cyclins and cyclin-dependent kinases 
(CDKs). This was accompanied by a corresponding upregu-
lation of the negative cell cycle regulator p21 (CDKN1A) 
[66]. MYC downregulation by ATRA was significantly more 
pronounced in the wild-type than the knockout cells (18-fold 
versus sixfold, Fig. 4B and D, Fig. 6A and B). This was 

accompanied by upregulation of CDKN1A in wild-type cells 
only (see Table S3).

ATRA treatment for 24 h did not cause significant change 
in TOP2A expression in either the wild-type or the knockout 
cells nor in TOP2B expression in the wild type, suggest-
ing no direct effect of ATRA on either TOP2 isoform. By 
comparison, longer treatment with ATRA (5 days) caused 
a robust downregulation of TOP2A, but not TOP2B (see 
Fig. S2A). We also noticed that for a small number of genes 
(38), ATRA treatment resulted in upregulation in WT cells, 
but significant downregulation in BKO98 (Fig. 6C). Most 
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of the expression changes for these genes in both WT and 
BKO98 cells are relatively small (Log2FC < 2) compared to 
a gene such as NTRK2 which exhibits a Log2FC of over 7 in 
both cell lines. However, these data do illustrate that TOP2B 
can be necessary for the direction as well as magnitude of 
ATRA-induced gene expression changes.

Beyond individual genes, functional enrichment analy-
sis [67] revealed clear differences in the GO: biological 
processes (BP) affected by ATRA treatment in WT versus 
TOP2B null cells. While for both genotypes, several mor-
phological and development-related terms were amongst 
the 30 most statistically significant BP terms present 
for the upregulated genes, these terms contained fewer 
intersecting genes for the TOP2B null cells (Fig. 7). For 
example, “anatomical structure development”, “nervous 
system development”, and “neurogenesis” contained 472 
versus 72, 263 versus 113, and 227 versus 80 intersec-
tions, respectively. This effect is borne out by cluster-
ing analysis, which also highlights glucose and NADH 
metabolic processes as significant BP terms only for the 
TOP2B null cells (Fig. S9). ATRA-downregulated BP 

terms with the greatest statistical significance that are 
shared between WT and TOP2B null cells are mostly 
involved in rRNA processing or ribosome assembly, 
reflecting cell cycle arrest and differentiation induced 
by ATRA. However, a number of terms relating to neu-
ronal development and differentiation (including “syn-
apse organisation” and “neuron projection development”) 
are also present in the top 30 most significant BP terms 
for the TOP2B null but not the WT cells (Fig. 7 and 
Fig. S10), although these terms are also present for WT 
cells at lower significance (not shown). Two hundred 
and twenty-six unique genes contributed to these BP 
terms (i.e. neural development/function-related terms in 
the top 30 most statistically significant); interestingly, 
six of these genes that are downregulated by ATRA in 
BKO98 cells are significantly upregulated by ATRA in 
WT cells (Fig. 6C).

Highly Expressed Genes Are More Likely to be 
Downregulated in TOP2B Null Cells

We noticed that if we compared genes in our untreated 
SH-SY5Y RNA-seq data set according to their expres-
sion level, highly expressed genes were more likely to be 
downregulated in the TOP2B null cell line. Comparing 
genes with a relative expression level above or below 
the median tpm value in WT cells revealed a highly sig-
nificant difference in Log2FC values between WT and 
BKO98 cells (Fig.  8A). Taking significantly altered 
genes (P < 0.05) with a Log2FC of > 1 or <  − 1 (i.e. in 
the quadrants bounded by the red lines in Fig. 8A), 74% 
of genes expressed above the median tpm were downreg-
ulated, and 26% were upregulated. For genes expressed 
below the median tpm, the proportions were 48% down-
regulated and 52% upregulated (Fig. 8A). The asymmetry 
is also visualised in the volcano plot in Fig. 8B which 
includes all genes, coloured according to their expres-
sion level in WT cells. This effect was also observed 
when comparing ATRA-treated WT cells to ATRA-
treated BKO98 cells although it was less pronounced 
(Fig. 8C and D). Genes expressed at a relatively high 
level in WT cells and significantly downregulated in the 
TOP2B null cells include ASCL1, MAP2, GAP43, ALK, 
SEZ6, and NEUROG2.

Long Genes Are More Likely to be Downregulated 
in TOP2B Null Cells

Since topoisomerases including TOP2B have previously 
been linked to expression of long genes in neural tissues [13, 

Fig. 5  The profile of up- and downregulated genes in BKO98 cells 
suggests a transition towards a more undifferentiated mesenchymal 
state in TOP2B null cells. (A) Intersections between genes down-
regulated (left) or upregulated (right) in BKO98 cells (greater than 
1.5-fold, Padj < 0.05) and genes characteristic of committed adr-
energic neurone-like (ADRN) or undifferentiated mesenchymal 
cell-like (MES) neuroblastoma cells [42]. Intersections are plot-
ted as Venn diagrams. (B) Volcano plot of WT SH-SY5Y versus 
BKO98 Log2 fold change values, showing key genes that charac-
terise the ADRN (purple) or MES (orange) states. (C) Cell migra-
tion of WT and BKO98 cells was compared using a wound heal-
ing assay. Nearly confluent monolayers of cells were scratched with 
a pipette tip and percentage “would closure” was measured from 
phase-contrast images after 6 or 24 h in starvation medium. Data are 
mean values + / − standard deviation. (D) Plot illustrating the rela-
tionship between the presence of TOP2B binding peaks and gene 
expression changes between WT and BKO cells. Genes are catego-
rised according to the evidence for TOP2B binding from inspection 
of a published glioma ChIP-seq data set [62] according to the fol-
lowing scheme: none, no peaks observed in the promoter region 
or gene body; multiple, multiple peaks present; promoter, peak or 
peaks present in the promoter region; internal with CTCF, TOP2B 
peak or peaks at a gene-internal position coincident with CTCF 
binding; and internal, peak or peaks within the gene, not associ-
ated with CTCF. (E) Profile of epigenetic features, including glioma 
TOP2B binding activity [62] for NOTCH1, profiles for other rel-
evant genes are shown in Fig. S8. Data were plotted using the Inte-
grated Genome Viewer (IGV, Broad Institute) [75] using the fol-
lowing data sources (GEO accession and citation): SK-N-SH CTCF 
ChIP-seq, GSM2038347; SH-SY5Y ATAC-seq, GSM2700775 [76]; 
SH-SY5Y H3K27ac, GSM3676080 [77]; GSM2038349; SH-SY5Y 
H3K4Me3, GSM2419933 [41, 42]; SH-EP H3K4Me3, GSM2419932 
[41, 42]; and TOP2B ChIP-seq data from TS543 and BT142 glioma 
cell lines in the absence (DMSO) or presence of etoposide (ETO), 
GSM3904399, GSM3904400, GSM3904401, and GSM3904402 [62]
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Fig. 6  Differential expression of ATRA modulated genes in WT and 
TOP2B null (BKO98) SH-SY5Y cells lines. RNA-seq expression 
data is plotted to show relative expression levels (tpm, transcripts 
per kilobase million) for each gene in the four conditions, WT and 
BKO98, control, or ATRA treated.  Log2 fold change (Log2FC) val-
ues are shown in insets. (B) Heatmap contrasting the transcriptional 
response to ATRA of WT SH-SY5Y and BKO98 cells. Significant 
genes are named and colour coded according to functional class 

(TOP2B ChIP-seq data from [68]). (C) Log2FC plot for genes whose 
expression is induced by ATRA in WT cells but reduced by ATRA 
in BKO98 cells highlighting in red genes that contribute to neural 
development or function Biological Process terms. For comparison, 
three housekeeping genes are also included. Genes are also classified 
according to their relative expression in WT untreated cells (above or 
below median tpm value)
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16, 17], we examined the effect of gene length on differential 
gene expression between WT SH-SY5Y and BKO98 cells. 
When differentially expressed genes were divided by gene 
length quartiles, we found an overabundance of downregu-
lated genes in the longest 25% of genes, while upregulated 
genes were more evenly distributed between the quartile 
ranges (Fig. 8E). Topoisomerases have been demonstrated 
to facilitate the expression of a set of autism spectrum dis-
order (ASD) candidate genes, many of which have very 
long transcripts [17]. Twenty seven of those genes are also 
amongst the longest 25% of genes differentially expressed 
between WT and TOP2B null SH-SY5Y cells (Padj < 0.05, 
Fig. 8F). Sixteen of these genes were significantly downreg-
ulated in BKO98 cells, 11 of those with a Log2 fold change 
of  > 2 (Fig. 8F). Similarly, we observed a significant overlap 
between genes differentially expressed in WT and TOP2B 
null SH-SY5Y cells and equivalent mouse genes downregu-
lated in cultured CGN cells following treatment with the 
TOP2 catalytic inhibitor ICRF-193 [16] (Fig. S11). We have 
previously reported an overlap between genes implicated in 
ASD or schizophrenia and genomic localisation of TOP2B 
peaks derived from ChIP-seq experiments [68]. More than 
half of the ASD-candidate genes highlighted in Fig. 8D are 
associated with a TOP2B peak from this earlier study 
(shown in bold), including one of the longest differentially 
expressed transcripts, CNTNAP2.

Discussion

Using differential expression analysis of RNA-seq data, 
we found that approximately 10% of transcripts were dif-
ferentially expressed between WT and TOP2B null SH-
SY5Y cells (Padj < 0.05), with a greater number of genes 
down- rather than upregulated (Fig. 4A, Online resource 
1). Furthermore, we found an overabundance of long tran-
scripts and more highly expressed transcripts in the set 
of downregulated genes (Fig. 8). The association with 
long genes has been reported before in mouse neuronal 
cells [13, 16, 17] and appears broadly consistent with 
the requirement for topoisomerases including TOP2B to 
relieve supercoiling and the resulting torsional stress that 
result from transcriptional elongation along the double-
stranded DNA template, especially of very long genes 
[4, 5]. However, not all very long genes were affected 
in the TOP2B null cells. For example, while CNTNAP2, 
ROBO2, and DPP6 were downregulated in TOP2B null 
cells, other long genes such as FHIT, NBEA, and RELN 
were expressed at a higher level in BKO cells (Fig. 8F). 
While there was a significant overlap between very long 
genes downregulated in our data set and Top2b-dependent 

genes reported in murine studies (Fig. 8F), species or cell-
type differences also appear to be involved. For example, 
inhibition or knockdown of Top2b suppressed the expres-
sion of Fhit, Nbea, and Reln in murine CNS-derived cells 
[13, 16, 17], but as described above, FHIT, NBEA, and 
RELN were expressed at elevated levels in TOP2B null 
SH-SY5Y cells (Fig. 8F). Notably, ASCL1/HASH1 and 
NEUROG2 (not long genes), two genes that are key to 
neural specification [69], were significantly downregu-
lated in TOP2B null cells, while HES1, a negative regu-
lator of ASCL1/HASH1 transcription, was upregulated 
(Fig. 4A, Table S3). Although our results cannot deter-
mine whether TOP2B has a direct effect on genes, such as 
ASCL1 or NEUROG2, changes in the expression of these 
genes might be expected to have downstream effects in the 
expression of neural specification and maintenance of the 
N-type phenotype that were observed (Table S4). We also 
observed that genes more highly expressed in WT SH-
SY5Y cells, which included ASCL1 and NEUROG2, were 
also more likely to be downregulated in TOP2B null cells. 
This may be related to a requirement for topoisomerases, 
particularly TOP2 to relive transcription driven supercoil-
ing that may otherwise impede transcriptional processes. 
Notably, studies with psoralen crosslinking to quantify 
supercoiling combined with topoisomerase inhibitors 
highlight a requirement for TOP2 specifically at highly 
expressed genes [5, 70, 71].

The N-type (adrenergic) and S-type (mesenchymal) 
neuroblastoma cells are characterised by divergent gene 
expression profiles that have been reported to be driven by 
super-enhancer associated transcription factor networks 
[41–43]. We noted that while the expression profile of 
the WT SH-SY5Y cell line places it into the adrenergic 
category [42], gene expression changes observed in the 
TOP2B null cells including upregulation of NOTCH fam-
ily members and downregulation of TH, NEFL, and ALK, 
are consistent with a gain of mesenchymal properties 
(Fig. 5B) and reduction in adrenergic expression signa-
tures. Adrenergic identity is associated with PHOX2B, 
HAND2, and GATA3 expression; our data showed mod-
erate downregulation of PHOX2B (Log2FC − 0.50), 
while GATA3 and HAND2 were modestly upregulated. 
Notably, a number of the genes that were upregulated 
in the TOP2B null SH-SY5Y cells encode transcription 
factors associated with the MES super-enhancer network 
[42]; these include NOTCH1 (Log2FC 3.1), NOTCH2 
(Log2FC 1.4), NOTCH3 (Log2FC 1.9), NOTCH4 
(Log2FC 0.52), the NOTCH target HES1 (Log2FC 3.5), 
and YAP1 (Log2FC 3.8), as well as mesenchymal cell 
markers VIM, SNAI2, and FN1 [41, 42] (Fig. 5B). Forced 
expression of NOTCH intracellular domains reprograms 
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SH-SY5Y cells towards the mesenchymal phenotype [41]. 
Thus, upregulation of NOTCH signalling in TOP2B null 
cells may account for some or all of the MES phenotype-
related changes observed. For example, NOTCH-medi-
ated upregulation of the transcriptional repressor HES1, 
an established NOTCH target gene, would result in the 
observed downregulation of the neural specification factor 
ASCL1. This raises the question of whether NOTCH fam-
ily members are directly regulated by TOP2B. Exami-
nation of published glioma ChIP-seq data [62] revealed 
TOP2B binding peaks in the regulatory regions or at inter-
nal positions of some, but not all genes discussed above. 
For example, TOP2B binding is present in the promoter 
regions of both ASCL1 and HES1 as well as NOTCH1 
and NOTCH2, and an internal TOP2B/CTCF binding peak 
is found in NOTCH3 (Figs. 5E and S8). With the caveat 
that this TOP2B ChIP-seq data was derived from a non-
neuroblastoma cell line, this is consistent with a require-
ment for localised TOP2B activity for correct expression 
of these genes. Notably, not all genes associated with the 
MES super-enhancer network are associated with TOP2B 
promoter binding in this data set, for example there was 
no evidence for TOP2B binding for YAP1.

In addition, TOP2B is a component of the TLE repres-
sor complex that cooperates with HES1 to repress ASCL1 
in neural stem cells. The TLE1 complex is replaced by a 
coactivator complex in a PARP-1-dependent manner dur-
ing ASCL1 transcriptional activation [72]. This raises the 
possibility that TOP2B may be involved in the ASCL1 state 
change from repressed to activated during neuronal cell 
commitment, in a way that is analogous to its role in acti-
vation in response to nuclear hormones and other stimuli 
[27–30, 73].

RA-induced transcriptional changes were significantly 
altered in TOP2B null SH-SY5Y cells extending the obser-
vation that TOP2 catalytic inhibitors ICRF-193 and mer-
barone interfere with the induction of retinoid-responsive 
genes such as CYP26A1 and CRABP2. However, unlike the 
inhibitor experiments, in which both TOP2 isoforms are 
targeted, RT-PCR and RNA-seq analysis of TOP2B null 
cell lines directly implicate TOP2B in these expression 
changes. Reduced induction of genes such as CYP26A1, 
CYP26B1, CRABP2, and DHRS3 that have defined reti-
noic acid response elements (Table S2) suggests a direct 

involvement of TOP2B in promoter activation of these 
genes, as has been reported previously for transcriptional 
activation by retinoic acid and other nuclear hormone 
ligands [29–31, 74], and for other stimulation-induced 
transcriptional changes [27, 28, 73]. The precise nature of 
the requirement for TOP2B at these promoters is unclear 
but may go beyond typical topoisomerase activity. As an 
integral part of their reaction mechanism, topoisomer-
ases introduce transient enzyme-linked strand breaks, but 
the above studies have suggested that longer term DSBs 
possibly formed as a result of trapped TOP2-DNA cova-
lent complexes may be required for efficient transcription 
state changes. Although the study reported here does not 
directly address this mechanistic point, the TOP2B null 
SH-SY5Y cell line provides a useful tool to approach this 
issue. Notably, not all RA-responsive genes are affected by 
depletion of TOP2B. RET, for example, is rapidly induced 
to an equivalent level in both WT and TOP2B null cells 
(Fig. 3, Table S2).

In addition, to classically RA-responsive genes such 
as CYP26A1, CYP26B1, CRABP2, and DHRS3, a set of 
genes associated with neural differentiation are induced 
in SH-SY5Y cells after ATRA treatment. ATRA-induced 
expression of some of these genes including NTRK2, 
BCL2, and NTRK1 was supressed in TOP2B null cells, 
while other neural RA-responsive genes such as NCAM2 
are not affected (Table S3). The precise role of TOP2B 
in the RA-induced expression of genes such as NTRK2 
remains to be resolved, as does the mechanism behind 
upregulation of NOTCH family transcription factors 
that are associated with the observed transition towards 
a more mesenchymal gene expression profile. Indeed, 
reduced RA-stimulated neural differentiation may be a 
result of the weakened adrenergic transcriptional sig-
natures in the TOP2B null cells. As supported by the 
glioma ChIP-seq data described above, it is likely that 
the presence or recruitment of TOP2B activity to the 
promoters of at least some of these genes is required 
to set their correct level of expression and response to 
signals, as has been observed for genes such as Ngfr 
(p75) in murine neurons [13]. In this murine study, 
Top2b was demonstrated to be present in the Ngfr pro-
moter region in WT cells, and Ngfr was expressed at 
an elevated level in Top2b null cells. Notably, NGFR 
is also upregulated (Log2FC 1.52) in TOP2B null SH-
SY5Y cells. Another example is provided by Pax5 in the 
haematopoietic system where Top2b binds and is cata-
lytically active within a broad region in the promoter 
and internal enhancer of the murine B cell specification 
factor Pax5 and is required for correct Pax5 expression 
during B cell differentiation [15]. Although the present 

Fig. 7  GO:Biological process terms associated with genes upregu-
lated or downregulated > 1.5 × by ATRA treatment (24  h). Analysis 
was performed using g:GOSt (https:// biit. cs. ut. ee/ gprofi ler/ gost, non-
ordered, significance threshold Benjamini–Hochberg FDR < 0.05) 
[67]. Only the top 30 terms by significance value are shown. Intersect 
size is shown to the right of each bar
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study is limited to a single neuroblastoma cell line (SH-
SY5Y), the data are consistent with and extend previous 
findings regarding the requirement for TOP2B for cor-
rect expression of long and of highly expressed genes, 

for correct expression of a subset of neural genes and 
for retinoid-induced gene expression. These data raise 
interesting mechanistic questions about TOP2B and its 
function in retinoid-induced transcriptional changes and 
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for maintaining the ADRN transcriptional signature of 
SH-SY5Y cells. These questions could be addressed in 
future genome-wide analyses of TOP2B binding, cleav-
age, and 3D chromatin organisation in SH-SY5Y cells.
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