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Abstract
Purpose  High-risk neuroblastoma (NB) still has an unfavorable prognosis and inducing NB differentiation is a potential 
strategy in clinical treatment, yet underlying mechanisms are still elusive. Here we identify TRIM24 as an important regula-
tor of NB differentiation.
Methods  Multiple datasets and clinical specimens were analyzed to define the role of TRIM24 in NB. The effects of TRIM24 
on differentiation and growth of NB were determined by cell morphology, spheres formation, soft agar assay, and subcutane-
ous xenograft in nude mice. RNA-Seq and qRT-PCR were used to identify genes and pathways involved. Mass spectrometry 
and co-immunoprecipitation were used to explore the interaction of proteins.
Results  Trim24 is highly expressed in spontaneous NB in TH-MYCN transgenic mice and clinical NB specimens. It is asso-
ciated with poor NB differentiation and unfavorable prognostic. Knockout of TRIM24 in neuroblastoma cells promotes cell 
differentiation, reduces cell stemness, and inhibits colony formation in soft agar and subcutaneous xenograft tumor growth in 
nude mice. Mechanistically, TRIM24 knockout alters genes and pathways related to neural differentiation and development 
by suppressing LSD1/CoREST complex formation. Besides, TRIM24 knockout activates the retinoic acid pathway. Targeting 
TRIM24 in combination with retinoic acid (RA) synergistically promotes NB cell differentiation and inhibits cell viability.
Conclusion  Our findings demonstrate that TRIM24 is critical for NB differentiation and suggest that TRIM24 is a promising 
therapeutic target in combination with RA in NB differentiation therapy.
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1  Introduction

Neuroblastoma (NB) is the most common extracranial 
solid tumor in children and the five-year survival rate of 
patients with high-risk neuroblastoma is only about 50% 

[1, 2]. Retinoic acid (RA) is clinically used as a differen-
tiating agent for high-risk neuroblastoma. However, only a 
few patients mainly patients with minimal residual disease 
benefit from RA treatment and the improvement is relatively 
limited [3, 4]. Thus, there is an urgent need to understand the 
mechanisms underlying the pathogenesis and differentiation 
of high-risk neuroblastoma, which may provide new strate-
gies in targeted therapies.

Tripartite motif-containing protein 24 (TRIM24, also 
called TIFα) is a member of the TRIM family character-
ized by an N-terminal RING-finger domain, B-box domains, 
and a coiled-coil domain [5]. Besides, TRIM24 contained 
a LxxLL motif to bind with nuclear receptors, and a tan-
dem PHD-bromodomain to recognize acetylated H3K23 
(H3K23ac) and unmethylated H3K4 (H3K4me0) [6–8]. 
Therefore, the functions of TRIM24 in tumors are highly 
context-dependent. TRIM24 exerts oncogenic function in 
most cancers, including breast cancer, prostate cancer, and 
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glioblastoma [8–11]. In addition to working as an E3-ligase 
to mediate p53 degradation [12], TRIM24 activates an 
oncogenic pathway transcriptionally by interacting with 
chromatin and binding with estrogen receptor in breast can-
cer or androgen receptor in prostate cancer [8, 13]. On the 
other hand, TRIM24 binds with retinoic acid receptor alpha 
(RARα) and inhibits the RA pathway to function as a liver-
specific suppressor in mice [14, 15]. However, the role of 
TRIM24 in tumor cell differentiation is still unknown.

In this study, we first investigated several published data-
sets and demonstrated that high levels of TRIM24 predicted 
poor NB differentiation and an unfavorable prognosis for 
patients. Knockout of TRIM24 promoted cell differentia-
tion and reduced NB tumorigenicity. Then, we found that 
TRIM24 knockout inhibited LSD1/CoREST complex forma-
tion to promote neural gene expression and activated the RA 
pathway. Finally, targeting TRIM24 in combination with RA 
treatment enhanced neuroblastoma differentiation.

2 � Materials and methods

2.1 � Cell lines and cell culture

Human HEK-293 T and NB cell lines SK-N-BE(2), SK-N-
AS, SK-N-SH, and SH-SY5Y were from the American Type 
Culture Collection (ATCC). CHP-134 cells were obtained 
from the European Collection of Authenticated Cell Cultures 
(ECACC). CHP-134 was cultured in RPMI1640 with 10% 
fetal bovine serum. Other cells were cultured in Dulbecco’s 
Modified Eagle Medium (DMEM) supplemented with 10% 
fetal bovine serum. All cell lines were maintained under 
standard conditions at 37 °C and 5% CO2. NB cell lines 
were authenticated using STR DNA fingerprinting at Shang-
hai Biowing Applied Biotechnology Co., Ltd. (Shanghai, 
China) and all cells were periodically checked for myco-
plasma contamination.

2.2 � Antibodies and reagents

The antibodies against TRIM24 (1:1000, 14,208-1-AP), 
β-actin (1:5000, 66,009-1-Ig), myc-tag (1:1000, 60,003-2-
Ig) were from Proteintech. MYCN (1:1000, #9405), LSD1 
(1:1000, #2139), HDAC1 (1:1000, #5356), HA-tag (1:1000, 
#3724) were from Cell Signaling Technology. Anti-flag anti-
body (1:1000, F1804) was from Sigma. CoREST (1:200, 
A3568) was from Abclonal. 13-cis-retinoic acid (HY-15127) 
was purchased from Med Chem Express.

2.3 � Plasmids and transfection

MYCN plasmid was purchased from Addgene (#50772). 
Flag-TRIM24 was a gift from Michelle Barton (Addgene, 

#28138) [8]. Then, TRIM24 was subcloned and inserted 
into a lentivirus pLenti-blast-HA vector. LSD1 cDNA was 
amplified from SK-N-BE(2) cDNAs by PCR and cloned 
into a pLenti-blast-flag vector. For sgRNAs, the oligos were 
annealed and cloned into a lentiCRISPRv2. The guide RNA 
sequences targeting TRIM24 were ACA​CGG​CGC​AAG​TGT​
CCA​A and GGC​GGC​CCG​GCT​CAA​CCT​GT. The guide 
RNA sequence targeting MYCN was CGA​GTG​CGT​GGA​
TCC​CGC​CG. shRNA oligos were annealed and cloned into 
pLKO.1-Puromycin (Puro) or pLKO.1-Blasticidin (Bsd) len-
tiviral vector. The sense sequence of shLSD1 was GGT​TGG​
ATA​TCA​AGT​TAA​ACA, and the sense sequence of shZIC4 
was GCT​GAA​ATC​CTG​AAA​GGC​CAT. All plasmids were 
confirmed by DNA sequencing.

2.4 � Generation of stable cell lines

Lentiviruses were produced by co-transfecting plasmids 
and packaging plasmids into HEK293T cells using Lipo-
fectamine 2000 reagent according to the manufacturer’s 
instruction (#52758, Invitrogen). Forty-eight hours after 
transfection, the supernatants containing viruses were fil-
tered and added into the culture media supplemented with 
8 μg/ml polybrene. Then infected cells were stably selected 
using puromycin or blasticidin.

2.5 � Immunoprecipitation (IP) and immunoblotting 
(IB)

Immunoprecipitation and immunoblotting were performed 
as previously described [16]. Briefly, cells were lysed in 
immunoprecipitation buffer (20 mM Tris-HCl, pH 7.5, 
150 mM NaCl, 1 mM EDTA, 2 mM Na3VO4, 5 mM NaF, 
1%Triton X-100, and protease inhibitor cocktail) at 4 °C for 
30 minutes and then centrifugated for 20 min at 12,000 g. 
The supernatants were collected and incubated with indi-
cated antibody and protein A/G-agarose beads (Invitrogen). 
IP beads were then washed with IP lysis buffer and then 
boiled in SDS loading buffer for further immunoblotting 
analysis.

2.6 � Sphere formation and limited dilution analysis

The single-cell suspension was obtained by trypsinization 
and then seeded into ultralow attachment 12-well plates at 
a density of 500 cells/well and cultured in sphere medium 
(DMEM/F12, 20 ng/ml epidermal growth factor (EGF), 
20 ng/ml basic fibroblast growth factor (bFGF), 2% B27, 
and 5 mg/ml heparin for 2-3 weeks before photograph. For 
ELDA, cells were seeded into 96-well ultralow attachment 
12-well plates at different densities. After 2-3 weeks, neu-
roblastoma spheres were examined and sphere formation 
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frequency was calculated using extreme limiting dilution 
analysis (http://​bioinf.​wehi.​edu.​au/​softw​are/​elda/) [17].

2.7 � Soft agar colony formation assay

Soft agar assay was performed as previously described [18]. 
Briefly, cells were seeded in a 0.4% Noble Agar top layer 
with a bottom layer of 0.8% Difco Noble Agar (BD Bio-
sciences) in each of the triplicate wells of a 12-well plate. 
Cell culture media was added on the top agar and changed 
every 3 days. Visible colonies were scored after 2-4 weeks 
using an Olympus SZX12 stereomicroscope.

2.8 � Cell viability

Cell viability was measured using CellTiter-Glo Lumines-
cent Cell Viability Assay according to the manufacturer’s 
instruction (#G7570, Promega). Briefly, cells were seeded 
in triplicates onto 96-well plates and treated as indicated. 
CellTiter-Glo reagent was added to each well and incubated 
at room temperature for 10 minutes. The luminescent signals 
were measured by GloMax® Discover Microplate Reader 
(Promega). The cell viability was normalized to the average 
viability of control wells.

2.9 � Mass spectrometry (MS)

Proteomics analyses for TRIM24 binding proteins were per-
formed at Jiyun Biotech. Inc. (Shanghai, China). Briefly, 
SK-N-BE(2) cells immunoprecipitated with IgG or TRIM24 
antibody. The protein samples were analyzed by LC-MS/
MS using Q Exactive Plus (Thermo). The raw data were 
processed by MAXQUANT software. The raw data were 
searched against the UniProt database.

2.10 � Patient samples

The clinical samples were provided by Shanghai Children’s 
Medical Center (SCMC). The study protocol was approved 
and supervised by the SCMC Ethics Committee, according 
to the Declaration of Helsinki. All subjects provided writ-
ten consent for the banking of tissue and future research use 
of the samples, in accordance with the regulations of the 
institutional review board of SCMC.

2.11 � Quantitative RT‑PCR (qRT‑PCR)

For quantitative RT-PCR, total RNA was extracted using 
Trizol reagent (Invitrogen) and reverse-transcribed using 
the PrimeScript RT reagent Kit (Takara) according to the 
manufacturer’s instructions. The reverse-transcribed cDNAs 
were used for quantitative PCR analysis using the Power 
SYBR Green Master Mix (Life Technologies). Results were 

analyzed using the 2−(ΔΔCt) method with ACTB expression 
as an internal control. The primers were listed in Table S1.

2.12 � RNA‑Seq analysis

Total RNA was extracted and purified using the RNeasy 
Mini kit (Qiagen) according to the manufacturer’s instruc-
tions. The quality of RNA was assessed before sequencing. 
Libraries were generated using the Illumina Truseq strand 
mRNA Sample Preparation Kit and subjected to the Illu-
mina HiSeqX Ten platform. Raw reads were aligned to hg19 
using HISAT2, and reads mapped to genes were counted 
by featureCounts. Differential gene analysis was performed 
on gene raw counts in R with an edgeR package. A fold 
change cut-off of 1.5 and an adjusted p value cut-off of 0.05 
was used to determine significantly differentially expressed 
genes. Differentially expressed genes were subjected to gene 
enrichment analysis with R package clusterProfiler [19]. 
Gene set enrichment analysis (GSEA) was performed using 
the Broad GSEA application.

2.13 � Animal experiments

All animal experiments were approved by Shanghai Jiao 
Tong University Institutional Animal Care and Use Com-
mittee (IACUC). Six-week-old female nude mice were 
purchased from Shanghai SLAC Laboratory Animal Co. 
Ltd., China. Nude mice were randomly divided into three 
groups. Each group was injected subcutaneously with 5 × 106 
either sgCtrl or sgTRIM24 SK-N-BE(2) cells (n = 6 mice 
per group) or CHP-134 cells (n = 4 mice per group). Tumor 
sizes were determined by measuring the length and width 
every four days. Tumor volumes were calculated accord-
ing to the following formula: volume (mm3) = (length × 
width2)]/2. When tumor sizes reached 1500 mm3 or upon 
ulceration/bleeding, mice were euthanized, and tumor xeno-
grafts were removed and fixed in formalin.

2.14 � Immunohistochemical staining

The paraffin-embedded sections were stained with antibodies 
against TRIM24 (1:1100, 14,208-1-AP, Proteintech), Ki67 
(1:200, MA5-14520, Invitrogen) and MAP2 (1:50, #4542, 
Cell Signaling Technology) as previously described [16]. 
Images were captured using an Olympus BX53 microscope 
and processed or quantified using ImageJ by two individu-
als. Ki-67 was quantified by calculating the percentage of 
Ki-67 positive cells. The staining for MAP2 and TRIM24 
were quantified by four-value proportion score (1, ≤25%; 
2,>25% and ≤ 50%; 3, >50% and ≤ 75%; 4, >75%) plus a 
staining intensity score (0, negative; 1, weak; 2, intermedi-
ate; 3, strong).

http://bioinf.wehi.edu.au/software/elda/
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2.15 � Statistical analysis

Statistical analyses were performed using GraphPad Prism 
8.0 software. The results were presented as mean ± SEM. 
Two-tailed Student’s t test was used for comparisons 
between two groups and one-way ANOVA was used for 
comparisons between multiple groups. Kaplan-Meier sur-
vival analysis was carried out using the log-rank test. Mul-
tivariable Cox regression analyses were used to evaluate the 
risk factors. P ≤ 0.05 was considered statistically significant.

3 � Results

3.1 � TRIM24 is highly expressed in neuroblastoma 
and correlated with unfavorable prognosis

To identify the putative regulators of NB differentiation, we 
first performed differential expression analysis to estimate 
the fold change of TRIM family genes between spontane-
ous NB and dysplastic ganglion in TH-MYCN transgenic 
mice from the GSE17740 dataset [20] and identified 8 sig-
nificantly upregulated genes including Trim24 (Fig. 1a). We 
confirmed that TRIM24 was significantly higher in spon-
taneous NB than neural crest-derived adrenal medulla in 
TH-MYCN transgenic mice through immunohistochemi-
cal staining (Fig. 1b). Then, comparing human NB with 
better-differentiated tumors, ganglioneuroma and gangli-
oneuroblastoma (GN/GNB), we found that TRIM24 was 
significantly upregulated in human NB in GSE12460 data-
set [21] (Fig. 1c). Additional immunohistochemical stain-
ing of NB specimens also demonstrated that TRIM24 levels 
were positively related with tumor stages (Fig. 1d and e). 
Besides, TRIM24 was ubiquitously expressed in NB cell 
lines regardless of MYCN status (Fig. 1f). High TRIM24 
expression was associated with worse overall survival in sev-
eral cohorts including Neuroblastoma Research Consortium 
(NRC) cohort [22] and SEQC cohort [23] (Fig. 1g). Moreo-
ver, high TRIM24 expression was an independent risk factor 
for shorter overall survival with a hazard ratio of 1.873 by 
multivariable Cox analysis (Fig. 1h). These data indicate that 
TRIM24 is ubiquitously and highly expressed in neuroblas-
toma and is correlated with unfavorable prognosis.

3.2 � Knockout of TRIM24 promotes NB cell 
differentiation and suppresses NB 
tumorigenicity

Further exploration of the TARGET dataset showed that 
TRIM24 expression was higher in poorly or undifferenti-
ated NB than that in differentiated NB (Fig. 2a). We also 
detected the mRNA levels of TRIM24 in clinical speci-
mens and TRIM24 was indeed significantly higher in the 

undifferentiation group (Fig. 2b). Since TRIM24 expres-
sion showed no obvious relation with MYCN expression 
(Fig. 2c-e), we suspect that TRIM24 expression was nega-
tively related with NB differentiation state and independent 
of MYCN. We established TRIM24 knockout (KO) cells 
using two sgRNAs in MYCN-amplified CHP-134 and SK-
N-BE(2) cells and MYCN-non-amplified SH-SY5Y cells 
(Fig. 2e and Fig.S1a). As expected, we found that TRIM24 
KO significantly increased neurite outgrowth in CHP-134 
and SK-N-BE(2) cells (Fig. 2f and g) as well as in SH-SY5Y 
cells (Fig. S1b and S1c). Consistently, TRIM24 KO upregu-
lated the expression of various differentiation-related marker 
genes, such as NEFM, NF68, TH, and TRKA (Fig. 2h and 
Fig. S1d) in these cells. Besides, TRIM24 KO-induced NB 
cell differentiation was accompanied by decreased NB 
sphere formation (Fig. 2i and j). These results demonstrate 
that TRIM24 KO promotes NB cell differentiation independ-
ent of MYCN.

Next, we examined the effects of TRIM24 KO on NB 
cell growth and tumorigenicity using soft agar assays and 
subcutaneous xenograft animal models. As shown in Fig. 3a 
and b, TRIM24 KO reduced anchorage-independent colony 
formation of CHP-134 and SK-N-BE(2) cells. Furthermore, 
TRIM24 KO significantly decreased tumor growth and tumor 
weight of SK-N-BE(2) cells (Fig. 3c-e). Similarly, TRIM24 
KO reduced CHP-134 xenograft tumorigenicity (Fig. 3f-h). 
Further immunohistochemistry staining showed decreased 
proliferation rates and increased differentiation assessed 
by Ki-67 and MAP2 (Fig. 3i-k). Taken together, these data 
demonstrate that targeting TRIM24 promotes NB differen-
tiation and decreases tumorigenicity.

3.3 � TRIM24 knockout up‑regulates genes involved 
in neural differentiation pathways

To gain insight into the molecular mechanism of TRIM24 
KO-induced NB differentiation, we performed RNA-Seq 
in CHP-134 cells. As shown in Fig. 4a, TRIM24 KO sig-
nificantly up-regulated 991 genes and down-regulated 
512 genes (fold change ≥1.5, adjusted P ≤ 0.05). Further 
Gene Ontology (GO) enrichment analysis showed that both 
upregulated and downregulated differentially expressed 
genes were enriched in pathways related to neural devel-
opment and differentiation (Fig. 4b). Gene set enrichment 
analysis (GSEA) also suggested significant enrichment of 
neural differentiation-related gene signatures in TRIM24 
KO CHP-134 cells (Fig. 4c). qRT-PCR analysis confirmed 
that TRIM24 KO in SK-N-BE(2), CHP-134, and SH-SY5Y 
cells significantly increased the expressions of several genes 
known to be related to neural differentiation and NB dif-
ferentiation [24, 25], including ZIC4, CLU, and CDKN1A 
(Fig. 4d). These data suggest that TRIM24 KO upregulates 
differentiation-related genes to promote NB differentiation.
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Fig. 1   TRIM24 is highly expressed in neuroblastoma and is cor-
related with unfavorable prognosis (a) Barplot showing the log2 
transformed fold-change of TRIM family genes expression in spon-
taneous neuroblastoma (n = 26) comparing with hyperplastic ganglia 
(n = 9) from TH-MYCN transgenic mice in GSE17740 dataset. Fold-
change≥1.5 and adjusted p value≤0.05 were applied as cutoffs. Red 
indicated significantly upregulated and blue indicated significantly 
downregulated in neuroblastoma. b Representative images of immu-
nohistochemistry staining showed TRIM24 expression in the adre-
nal medulla and spontaneous neuroblastoma from two TH-MYCN 
transgenic mice. Scale bars, 50  μm. c Plot displayed the expression 
of TRIM24 in human neuroblastoma (NB) and ganglioneuroma/
ganglioneuroblastoma (GN/GNB) from GSE12460 dataset (n  = 62). 

d Representative images of immunohistochemistry staining showed 
TRIM24 levels in neuroblastoma specimens from patients with differ-
ent stages. Scale bars, 50 μm. e Quantification of TRIM24 expression 
in (d). f Identification of TRIM24 expression in neuroblastoma cell 
lines by immunoblotting. g Kaplan-Meier analysis of overall survival 
in neuroblastoma patients with high or low expression of TRIM24 
from the NRC cohort (GSE85047) and SEQC cohort (GSE62564). 
The best cut-point was employed as the cutoff. h Forest plot showed 
the hazard ratio (HR) with 95% confidence intervals (CI) of the 
association of overall survival and TRIM24 expression in the SEQC 
cohort (GSE62564). Data were presented as mean ± SEM. *P ≤ 0.05, 
**P ≤ 0.01, ***P ≤ 0.001, by two-tailed Student’s t test or log-rank 
test or Cox multivariate analysis
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3.4 � TRIM24 knockout disrupts LSD1‑CoREST 
complex formation to promote differentiation

To investigate the underlying mechanism of NB differentia-
tion regulated by TRIM24, we performed immunoprecipita-
tion and mass spectrometry in SK-N-BE(2) cells to identify 
the interaction partners of TRIM24. We detected several 
components of the LSD1-CoREST transcriptional repres-
sion complex, including LSD1, CoREST, and HDAC1/2 
(Fig. 5a).

The LSD1-CoREST complex is unique in containing 
both demethylase LSD1 and deacetylase HDAC1 [26]. By 
forming a complex, CoREST allows the crosstalk between 

deacetylation and demethylation, and tethers LSD1 to the 
nucleosomes to demethylate H3K4, resulting in repression 
of neural genes transcription [26–29]. Moreover, its core 
component LSD1 has been proven to be overexpressed in 
poorly differentiated NB and impeded NB differentiation 
by inhibiting neural gene transcription such as PAX3, and 
ZIC4 [24, 30]. We validated exogenous TRIM24 interac-
tion with LSD1 in HEK-293 T (Fig. 5b) and endogenous 
TRIM24 interaction with LSD1-CoREST complex com-
ponents including LSD1, CoREST, and HDAC1 in SK-N-
BE(2) cells by immunoprecipitation (Fig. 5c). We further 
hypothesized that TRIM24 might be involved in LSD1-
CoREST complex expression or formation. To this end, we 

Fig. 2   Knockout of TRIM24 
promotes neuroblastoma cell 
differentiation independent 
of MYCN (a) Plot displayed 
the expression of TRIM24 
in differentiated and poorly 
differentiated or undifferenti-
ated neuroblastoma from the 
TARGET dataset (n = 129). b 
The relative mRNA level of 
TRIM24 in differentiated and 
undifferentiated neuroblastoma 
specimens (n = 11) was deter-
mined by qRT-PCR analysis. 
c-d Effects of overexpression 
of MYCN in SK-N-AS and 
SK-N-SH cells (c) or knockout 
of MYCN in CHP-134 cells (d) 
on TRIM24 expression were 
determined by immunoblotting. 
e Validation of TRIM24 and 
MYCN expression in control 
and TRIM24-KO CHP-134 and 
SK-N-BE(2) cells by immuno-
blotting. f-g The morphology 
changes (f) and quantification of 
neurite lengths (g) of CHP-134 
and SK-N-BE(2) after TRIM24 
KO. Scale bars, 50 μm. h Rela-
tive mRNA levels of indicated 
neural differentiation marker 
genes upon TRIM24 KO were 
determined by qRT-PCR analy-
sis. i The representative images 
of neuroblastoma spheres. Scale 
bars, 50 μm. j Limiting dilu-
tion sphere-forming assays in 
CHP-134 and SK-N-BE(2) cells 
and corresponding TRIM24 KO 
cells. Data were representative 
of three independent experi-
ments with similar results. Data 
were presented as mean ± SEM. 
*P ≤ 0.05, **P ≤ 0.01, 
***P ≤ 0.001, by two-tailed 
Student’s t test



1769Targeting TRIM24 promotes neuroblastoma differentiation and decreases tumorigenicity via…

1 3

detected LSD1 interaction with HDAC1 and CoREST in 
control and TRIM24-KO SK-N-BE(2) cells. As shown in 
Fig. 5d, after TRIM24 KO, LSD1 binding with CoREST 
and HDAC1 was markedly weakened while their expressions 
were not affected.

Next, we stably knocked down LSD1 in control and 
TRIM24-KO SK-N-BE(2) cells to further explore the 
relationship of TRIM24 and LSD1 in NB (Fig. 5e). As 
shown in Fig. 5f, compared with TRIM24 KO or LSD1 

knockdown (KD) alone, knocking down LSD1 in TRIM24-
KO cells further induced the expression of CDKN1A and 
ZIC4. Knocking down ZIC4 in TRIM24-KO SK-N-BE(2) 
cells repressed TRIM24 KO-upregulated neural differen-
tiation marker genes (Fig. 5g), indicating that ZIC4 func-
tioned as one of the downstream effectors of TRIM24 in 
NB differentiation. Taken together, our data demonstrate 
that targeting TRIM24 promotes NB differentiation via the 
LSD1-CoREST complex.

Fig. 3   Knockout of TRIM24 
reduces colony formation 
and inhibits neuroblastoma 
tumorigenicity (a) Repre-
sentative areas from anchorage 
independent growth of control 
and TRIM24-KO CHP-134 and 
SK-N-BE(2) cells in soft agar 
assays. Scale bars, 200 μm. 
b Quantification of soft agar 
colonies with diameters greater 
than 100 μm in (a). c and f 
Tumor masses of indicated 
SK-N-BE(2) xenografts (n = 6 
mice per group) (c) and CHP-
134 xenografts (n = 4 mice 
per group) (f). d and g Tumor 
growth curves of indicated 
SK-N-BE(2) xenografts (d) and 
CHP-134 xenografts (g) in nude 
mice. e and h Tumor weights of 
indicated SK-N-BE(2) tumors 
(c) and CHP-134 tumors (h). 
CK indicated control group. 
i Representative images of 
immunohistochemistry staining 
showed proliferation index 
Ki-67 and neuronal differentia-
tion marker MAP2 expression 
in CHP-134 xenografts. Scale 
bars, 50 μm. j and k Quan-
tification of Ki-67 positive 
cells (j) and MAP2 IHC score 
(k) in indicated CHP-134 
tumors. Data were presented 
as mean ± SEM. *P ≤ 0.05, 
**P ≤ 0.01, ***P ≤ 0.001, by 
two-tailed Student’s t test
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3.5 � Targeting TRIM24 in combination with retinoic 
acid promotes NB differentiation

Previous studies demonstrated that TRIM24 inhibits the 
retinoic acid (RA) pathway to function as a liver-specific 
suppressor in mice [14, 15], and LSD1 or HDAC1 inhibi-
tors exhibit synergy with RA treatment in NB [31, 32]. 
Thus, we first assessed whether TRIM24 KO regulated RA-
related pathways and found that RA-related pathways were 
significantly enriched in TRIM24 KO CHP-134 cells using 
GSEA (Fig. 6a), indicating that TRIM24 KO activates the 
RA pathway. In addition, we found that a considerable 
number of known RA pathway downstream genes, includ-
ing direct RA targets RBP1, TGM2, and STRA6 as well 
as downstream responder CDKN1A [14, 24], were signifi-
cantly up-regulated in TRIM24 KO cells in our RNA-seq 

data (Figs. 4d and 6b). Further qRT-PCR analysis results 
validated that TGM2 and RBP1 mRNA levels were signifi-
cantly increased after TRIM24 KO (Fig. 6c) in all cell lines 
used. Next, we examined whether targeting TRIM24 could 
enhance the effect of RA. Compared with TRIM24 KO or 
RA treatment alone in SK-N-BE(2) cells, TRIM24 KO in 
combination with RA treatment synergistically increased 
neurite outgrowth and upregulated the expression of neural 
differentiation marker genes (Fig. 6d-f). Besides, TRIM24 
KO or RA treatment alone reduced cell viability in SK-N-
BE(2) and SH-SY5Y cells, while TRIM24 KO combined 
with RA treatment synergistically decreased cell viability 
(Fig. 6g). These data indicate that targeting TRIM24 in 
combination with RA treatment induces NB differentia-
tion, suggesting that this may be a potential therapeutic 
strategy.

Fig. 4   TRIM24 knockout 
up-regulates neuroblastoma 
differentiation pathways (a) 
Clustering heatmap showed 
differentially expressed genes 
between TRIM24-KO and 
control CHP-134 cells. b 
Gene ontology (GO) enrich-
ment analysis of significantly 
upregulated genes (red) and 
downregulated genes (blue). c 
Gene set enrichment analysis 
(GSEA) showed enrichment of 
neuronal differentiation-related 
gene signatures in TRIM24-KO 
CHP-134 cells. NES, normal 
enrichment score. d Relative 
mRNA levels of ZIC4, CLU, 
and CDKN1A in control and 
TRIM24-KO CHP-134, SK-
N-BE(2), and SH-SY5Y cells 
were determined by qRT-PCR 
analysis. Data were repre-
sentative of three independ-
ent experiments with similar 
results. Data were presented 
as mean ± SEM. *P ≤ 0.05, 
**P ≤ 0.01, ***P ≤ 0.001, by 
two-tailed Student’s t test
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4 � Discussion

In the treatments for high-risk NB patients, RA is commonly 
used in maintenance therapy to reduce the risk of recur-
rence after high-dose chemotherapy or transplantation, but 
the effectiveness is limited and it only slightly improves the 
5-year overall survival rate [3, 4]. Therefore, it is urgent 
to find new therapeutic targets and explore the synergistic 
effect while combining with RA treatment. Here we demon-
strate that targeting TRIM24 in combination with RA treat-
ment synergistically promotes NB differentiation.

In this study, we show that TRIM24 has a new function as 
a critical regulator of NB differentiation. TRIM24 has been 
demonstrated to function as an oncogene in breast cancer, 
prostate cancer and glioblastoma [8–11]. Meanwhile, it was 

also reported to work as a liver-specific tumor suppressor 
in mice [14, 15]. In our study, knockout of TRIM24 signifi-
cantly promoted NB cell differentiation in vitro and reduced 
NB tumorigenicity in soft agar assay and xenograft animal 
model. High TRIM24 expression is associated with the 
undifferentiation state of NB and poor outcomes in patients.

Here, we demonstrate that TRIM24 KO promotes NB 
differentiation through suppressing LSD1/CoREST com-
plex formation. The complex functions as a transcription 
repressor to suppress neural differentiation by epigenetic 
silencing. CoREST binds with LSD1 and further pro-
motes LSD1 associating with nucleosomes to demeth-
ylate H3K4me1/2 and inhibit downstream transcription 
[26, 28, 29, 33]. LSD1 inhibition was found to activate 
RA pathways by regulating H3K4me1/2 enrichment in 

Fig. 5   TRIM24 knockout dis-
rupts LSD1-CoREST complex 
formation (a) Silver staining 
showed the associated proteins 
of TRIM24 in SK-N-BE(2) cells 
identified by immunoprecipita-
tion (IP) and mass spectrometry. 
b Co-immunoprecipitation 
(Co-IP) analysis of exogenous 
HA-TRIM24 and Flag-LSD1 
interaction in HEK293T cells. 
(c) Co-IP analysis identified 
the interaction of endogenous 
TRIM24 with LSD1, CoREST 
and HDAC1 in SK-N-BE(2) 
cells. d Effects of TRIM24 KO 
on the assembling of LSD1, 
HDAC1 and CoREST. e Valida-
tion of LSD1 knockdown in 
control and TRIM24-KO SK-N-
BE(2) cells by immunoblotting. 
CK: Control knockout cells. f 
Effects of LSD1 knockdown on 
the mRNA levels of ZIC4 and 
CDKN1A and neural differen-
tiation marker genes in control 
and TRIM24-KO SK-N-BE(2) 
cells. g qRT-PCR analysis of 
the mRNA levels of ZIC4 and 
neural differentiation marker 
genes upon ZIC4 knockdown 
in control and TRIM24-KO SK-
N-BE(2) cells. Data were rep-
resentative of three independ-
ent experiments with similar 
results. Data were presented 
as mean ± SEM. *P ≤ 0.05, 
**P ≤ 0.01, ***P ≤ 0.001, by 
two-tailed Student’s t test or 
one-way ANOVA analysis
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Fig. 6   Targeting TRIM24 in combination with retinoic acid therapy 
promotes neuroblastoma differentiation (a) GSEA showed enrich-
ment of retinoic acid-related pathways in TRIM24-KO cells. b Heat-
map showed RNA-seq analysis of known retinoic acid pathway 
targets significantly upregulated in TRIM24-KO CHP-134 cells. c 
Relative mRNA levels of RBP1 and TGM2 in control and TRIM24-
KO CHP-134, SK-N-BE(2), and SH-SY5Y cells were determined by 
qRT-PCR analysis. d and e The morphology changes (d) and quan-
tification of neurite lengths (e) of SK-N-BE(2) cells after TRIM24 
KO in the absence or presence of RA (10 μM) for 7 days. Scale bars, 
50 μm. f qRT-PCR analysis of the mRNA levels of neural differen-
tiation marker genes upon RA (10 μM) treatment for 7 days in con-
trol and TRIM24-KO SK-N-BE(2) cells. g Relative cell viability of 

control and TRIM24-KO SK-N-BE(2) and SH-SY5Y cells treated 
with DMSO or indicated RA for 7  days. h. Schematic illustration 
of TRIM24 inhibiting neuroblastoma differentiation and promot-
ing oncogenesis through binding with LSD1. TRIM24 promotes 
LSD1 and HDAC1, CoREST complex formation in neuroblastoma 
cells to inhibit the expression of neural differentiation genes such 
as ZIC4. Besides, TRIM24 inhibits the RA pathway. Altogether, 
TRIM24 inhibits neuroblastoma differentiation and promotes tumo-
rigenesis. Data were representative of three independent experiments 
with similar results. Data were presented as mean ± SEM. *P ≤ 0.05, 
**P ≤ 0.01, ***P ≤ 0.001, by two-tailed Student’s t test or one-way 
ANOVA analysis
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acute myeloid leukemia [34]. LSD1 also demethylated 
H3K4me1/2 on the promoters of neural genes such as 
PAX3, and ZIC4 and inhibited NB differentiation [24]. 
In addition, inhibition of LSD1 or a further combina-
tion of LSD1 inhibitors and RA treatment promoted NB 
differentiation [30, 32]. Our results showed that LSD1 
KD promoted TRIM24 KO-induced differentiation and 
the knockdown of LSD1 known target ZIC4 attenuated 
TRIM24 KO-induced differentiation. Besides, TRIM24 KO 
in NB activated the RA pathway which was consistent with 
a previous finding that TRIM24 inhibited the RA signaling 
pathway in animal liver cancer models [7, 14, 35]. Our 
study suggests that TRIM24 KO disrupts LSD1/CoREST 
complex to activate neural differentiation genes mean-
while it activates the RA pathway and finally promotes 
NB differentiation. However, the crosstalk of pathways and 
molecular insight warrant further investigation.

In this study, we also show that targeting TRIM24 in 
combination with RA treatment is a potential therapeutic 
strategy for NB. Two small molecule inhibitors targeting 
TRIM24, namely TRIM24 bromodomain inhibitor IACS-
9571 [36] and VHL-ligand-based proteolysis targeting chi-
mera (PROTAC) dTRIM24 [37] have been used to treat 
various tumors in vitro [38, 39]. It is putative to treat high-
risk NB with these inhibitors combined with RA.

In conclusion, our findings identify TRIM24 as a criti-
cal regulator of NB differentiation, and targeting TRIM24 
with RA treatment promotes NB differentiation via LSD1/
CoREST complex, suggesting that TRIM24 may serve as 
a new prognostic factor and a novel therapeutic target for 
NB differentiation therapy.
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