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MYCN and SNRPD3 cooperate to maintain a balance of
alternative splicing events that drives neuroblastoma progression
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Many of the pro-tumorigenic functions of the oncogene MYCN are attributed to its regulation of global gene expression programs.
Alternative splicing is another important regulator of gene expression and has been implicated in neuroblastoma development,
however, the molecular mechanisms remain unknown. We found that MYCN up-regulated the expression of the core spliceosomal
protein, SNRPD3, in models of neuroblastoma initiation and progression. High mRNA expression of SNRPD3 in human
neuroblastoma tissues was a strong, independent prognostic factor for poor patient outcome. Repression of SNRPD3 expression
correlated with loss of colony formation in vitro and reduced tumorigenicity in vivo. The effect of SNRPD3 on cell viability was in
part dependent on MYCN as an oncogenic co-factor. RNA-sequencing revealed a global increase in the number of genes being
differentially spliced when MYCN was overexpressed. Surprisingly, depletion of SNRPD3 in the presence of overexpressed MYCN
further increased differential splicing, particularly of cell cycle regulators, such as BIRC5 and CDK10. MYCN directly bound SNRPD3,
and the protein arginine methyltransferase, PRMT5, consequently increasing SNRPD3 methylation. Indeed, the PRMT5 inhibitor, JNJ-
64619178, reduced cell viability and SNRPD3 methylation in neuroblastoma cells with high SNRPD3 and MYCN expression. Our
findings demonstrate a functional relationship between MYCN and SNRPD3, which maintains the fidelity of MYCN-driven
alternative splicing in the narrow range required for neuroblastoma cell growth. SNRPD3 methylation and its protein-protein
interface with MYCN represent novel therapeutic targets.
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Graphical Abstract
Hypothetical model for SNRPD3 as a co-factor for MYCN oncogenesis. SNRPD3 and MYCN participate in a regulatory loop to balance
splicing fidelity in neuroblastoma cells. First MYCN transactivates SNRPD3 to lead to high-level expression. Second, SNRPD3 and MYCN
form a protein complex involving PRMT5. Third, this leads to balanced alterative splicing (AS) activitiy that is favorable to neuroblastoma.
Together this forms as a therapeutic vulnerability where SNRPD3 perturbation or PRMT5 inhibitors are selectively toxic to neuroblastoma
by conditionally disturbing splicing activity.
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INTRODUCTION
Neuroblastoma is a common solid tumour in early childhood with
only a 50% survival rate for high-risk patients [1]. Amplification of
the MYCN oncogene remains the single most important genetic
predictor of poor patient prognosis [1]. While MYCN would make
an ideal target, it is extremely difficult to target due to its protein
structure having few suitable docking sites for small molecule
inhibitors [2]. Therefore, it is important to explore MYCN co-
factors as well as pathways that are altered because of MYCN
amplification as potential therapeutic targets. Many of the pro-
tumorigenic functions of MYCN are attributed to its ability to
regulate global gene expression programs [3–5]. Alternative
splicing is another important regulator of gene expression in
normal or malignant cells and is aberrantly regulated in cancer
cells to produce cancer-specific isoforms that drive cancer
progression by promoting growth and survival advantages
[6–9]. Several different mechanisms can lead to aberrant splicing,
which include: alterations in cancer-related genes that directly
affect their pre-mRNA splicing; mutations in genes encoding
snRNAs, splicing factors or core spliceosomal subunits; and
disruptions in the balance of the expression of RNA-binding
proteins [10].
Effective alternative splicing depends upon an intact and

highly coordinated process carried out by the spliceosome. The
spliceosome is a dynamic machinery composed of several
different components, which can contain over 300 proteins
[11]. However, a core component of this complex is a group of
seven proteins referred to as Sm proteins including the Small
Nuclear Ribonucleoprotein D3 Polypeptide (SNRPD3). These
seven Sm proteins result in the formation of a ring structure
that is then incorporated into the spliceosome responsible for its
stability and nuclear import [12, 13]. The ring is assembled when
the 3 Sm proteins, SNRPB, SNRPD1, and SNRPD3 are symme-
trically dimethylated by the protein arginine methyltransferase,
PRMT5 at the arginine/glycine-rich “RG motifs” in the region
carboxyl-terminal to their Sm domains [14, 15]. Interestingly, a
recent study has proposed that the core Sm proteins are cancer-
selective lethal targets in non-small cell lung cancer, compared
to the more commonly mutated splicing factor, SF3B1, where
loss of function is toxic to non-malignant cells [16]. The role of
SNRPD3 in cancer has really only been discovered in the last
decade [17]. Overexpression of SNRPD3 has been observed in
several cancers but has not yet been linked to childhood cancer
[18–21].
Alternative splicing has been shown to be involved in

neuroblastoma tumorigenesis [22–24]. Moreover, it is known that
MYCN-amplified neuroblastoma tumours have a distinct alter-
native splicing pattern and exhibit greater differential splicing
[23, 24]. However, no direct involvement of the spliceosome has
been described in neuroblastoma, and thus we still do not
understand the regulatory mechanisms that underpin MYCN-
driven alternative splicing changes. There is growing evidence
that MYCN up-regulates components of the spliceosome to drive
splicing events, which promote MYCN-driven tumorigenesis
[23–26]. Along with MYCN, other proto-oncogenes such as MYC
and KRAS up-regulate components of the spliceosome in cancer,
indicating a possible addiction to a hyperactivated spliceosome,
and a potential novel therapeutic target [21, 27, 28].
Here we show for the first time that SNRPD3 is directly up-

regulated by MYCN and together these two factors form a protein
complex with the protein arginine methyltransferase, PRMT5. High
SNRPD3 expression is correlated with poor patient outcome. We
found that SNRPD3 ensures the fidelity and balance of MYCN-
driven alternative splicing events required for neuroblastoma
oncogenesis. Our findings highlight a potential new therapeutic
approach for the treatment of high-risk neuroblastoma.

RESULTS
Identification of SNRPD3, a core spliceosome assembly gene,
as a prognostic factor in neuroblastoma
To understand the regulation of alternatively spliced genes during
MYCN-driven neuroblastoma initiation and progression, ganglia
and tumour tissue were collected at 1, 2, and 6 weeks of age from
transgenic homozygote Th-MYCN+/+ and wildtype littermate
mice, as previously described [29]. All homozygote Th-MYCN+/+

transgenic mice develop neuroblastoma in the sympathetic
ganglia at 6−7 weeks of age, after a precancer stage of neuroblast
hyperplasia in the ganglia during the first 2 weeks of life [30].
Microarray analysis revealed a near global upregulation of most of
the 300 genes involved in RNA splicing during neuroblastoma
progression in Th-MYCN+/+ mice (Fig. 1A). Further analysis of the
26 core spliceosome assembly genes (as defined by the GO term,
GO:0000387), also revealed strong upregulation in Th-MYCN+/+

mice compared with wildtype mice, which was most marked at
the late stages of tumour progression (Fig. 1B). To identify possible
candidate genes that are important for neuroblastoma progres-
sion, the 26 core spliceosome assembly genes were assessed
against the following three criteria: strong independent prognos-
tic factor, association with patient outcome in neuroblastoma, and
functionally targetable (Fig. 1C). Microarray data from the Kocak
(n= 649) and SEQC (n= 498) neuroblastoma patient cohorts were
utilised to analyse the 26 genes that make up the core
spliceosome assembly genes (GO:0000387). We found that
SNRPD3, SNRPF and LSM4 had the strongest independent
prognostic effect on neuroblastoma patient outcome among the
core spliceosome assembly genes as measured by hazard ratios
for event-free (EFS) and overall (OS) patient survival (Fig. 1D and
Supplementary Fig. 1A). SNRPD3 was selected for further study
due to the availability of known indirect inhibitors in phase I and II
clinical trials, JNJ-64619178 and GSK3326595 (ClinicalTrials.gov
identifier: NCT03573310, NCT03614728, and NCT02783300). In the
Kocak dataset, high SNRPD3 expression significantly correlated
with poor patient outcome (Fig. 1E and Supplementary Fig. 1B).
Furthermore, multivariate Cox regression analysis for both OS and
EFS showed SNRPD3 expression to be an independent prognostic
factor when compared to well established clinical prognostic
factors such as INSS clinical stage (4 vs other), age at diagnosis
(>18 months vs <18 months), and MYCN amplification status
(amplified vs non-amplified) (Fig. 1F and Supplementary Fig. 1C).
Patients with poor prognostic factors: Stage 4 disease (p= 4.0e-
15), those diagnosed at greater than 18 months of age (p= 2.3e-
06), or with MYCN amplification (p= 9.5e-14), all had significantly
higher SNRPD3 gene expression (Supplementary Fig. 1D). These
findings were also observed in the independent SEQC neuro-
blastoma patient tumour dataset (Supplementary Fig. 1E−G).
Next, we examined the correlation between SNRPD3 and MYCN
mRNA during tumorigenesis in the Th-MYCN+/+ mouse ganglia
tissue. Microarray mRNA expression analysis revealed increasing
SNRPD3 expression during tumorigenesis, synchronous with a
previously described MYC-signature of target gene expression
shared with MYCN [29] (Supplementary Fig. 1H). Importantly,
SNRPD3 expression strongly correlated (R= 0.926) with the level of
MYC-signature expression during neuroblastoma (Fig. 1G). In the
Kocak and SEQC datasets SNRPD3 expression also significantly
correlated with MYCN expression (Fig. 1H and Supplementary Fig.
1I). Lastly, we found that MYCN-amplified (SK-N-BE(2)-C, CHP-134,
KELLY and IMR-32) human neuroblastoma cell lines had sig-
nificantly higher SNRPD3 expression when compared to MYCN
non-amplified cell lines (SK-N-AS and SH-SY5Y) and human
fibroblast (MRC-5 and WI-38) cell lines (Fig. 1I and Supplementary
Fig. 1J). Taken together these results indicate that SNRPD3 may
have a functional relationship with MYCN and has an important
role in neuroblastoma tumorigenesis.
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SNRPD3 is a MYCN transcriptional target and is required for
MYCN-driven cell viability
As SNRPD3 expression was highly expressed in MYCN-amplified
cell lines, we hypothesised that SNRPD3 is a MYCN transcriptional
target gene. Publicly available ChIP-sequencing data [3] revealed

that MYCN bound to the SNRPD3 promoter (Fig. 2A). To validate
MYCN binding to the promoter of SNRPD3 we performed
Chromatin Immunoprecipitation (ChIP) with anti-MYCN and IgG
antibodies followed by quantitative real time PCR (RT-qPCR) using
primers that target the CAGGTG E-box (+ 647 bp upstream of the
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SNRPD3 transcription start site (TSS)) and a negative control
(Control; −2000 bp downstream of SNRPD3 TSS) region in the
MYCN-amplified human neuroblastoma SK-N-BE(2)-C and KELLY
cell lines (Fig. 2B). We found that MYCN occupancy at the SNRPD3
promoter was 7-fold higher than the negative control region in
SK-N-BE(2)-C cells and 2.5-fold higher in KELLY cells (Fig. 2C).
Furthermore, SNRPD3 mRNA (Fig. 2D) and protein (Fig. 2E)
expression was significantly reduced when MYCN was switched
off by the addition of doxycycline (Dox) to the SHEP.tet21n cell
line, which carries a Dox-inducible MYCN knockdown. Together
these results demonstrate that SNRPD3 transcription is regulated
by MYCN. The functional relationship between MYCN and SNRPD3
was further examined using SHEP.tet21n cells, transfected with
SNRPD3 siRNA. The suppression of SNRPD3 resulted in a marked
reduction of cell viability and colony formation in the presence of
MYCN with a lesser reduction in viability and colony formation
when MYCN was switched off (Fig. 2F−I). These findings suggest
that in the presence of MYCN, SNRPD3 has profound effects on
cell viability and proliferation, which are, in part, reduced in the
absence of MYCN. However, these data, and the independent
prognostic value of SNRPD3 expression in human neuroblastoma,
indicate the two proteins affect the malignant phenotype by both
dependent and independent mechanisms.

SNRPD3 is required for the survival and proliferation ofMYCN-
amplified neuroblastoma cells
To investigate whether SNRPD3 plays a role in the survival and
proliferation of MYCN-amplified neuroblastoma, in vitro, pheno-
typic assays and in vivo xenograft experiments were performed.
Depletion of SNRPD3 using two siRNAs targeting SNRPD3 in the
MYCN-amplified SK-N-BE(2)-C and KELLY cell lines caused a
significant reduction in cell viability and cell proliferation, as
measured by alamar blue and BrdU incorporation assays,
respectively (Fig. 3A, B). Similarly, clonogenic assays in SK-N-
BE(2)-C and KELLY cells demonstrated that siRNA-mediated
knockdown of SNRPD3 led to almost complete abrogation of
clonogenicity (Fig. 3C, D and Supplementary Fig. 2A). Given that
we observed MYCN-dependent and independent effects of
SNRPD3 on cell viability and proliferation, we performed siRNA
knockdowns of SNRPD3 in two MYCN non-amplified cell lines, SH-
SY5Y, which has high MYC expression and SK-N-FI, which has no
to low MYCN and MYC expression. We found that depletion of
SNRPD3 resulted in a decrease in cell viability in SH-SY5Y but not
in SK-N-FI cells (Supplementary Fig. 2B). To assess the in vivo
impact of SNRPD3 depletion in neuroblastoma, pooled Dox-
inducible control shRNA (shControl) or two SNRPD3 shRNA
(shSNRPD3 #1 and #2) SK-N-BE(2)-C cell lines were generated.
Suppression of SNRPD3, through the addition of Dox resulted in a
significant reduction in colony formation and cell viability, similar
to what was observed for the siRNA (Supplementary Fig. 2C−F).
We next examined the effects of SNRPD3 on neuroblastoma cell
growth in xenograft mouse modelling. Four- to five-week-old

Balb/c nude mice were subcutaneously injected with the Dox-
inducible SNRPD3 shRNA SK-N-BE(2)-C cells. When tumours
reached 4−5mm, mice were divided into Dox- or vehicle
control-treated groups and given 5% sucrose water supplemented
with or without 2 mg/ml Dox, until the tumours reached
1000mm3 or maximum holding time of 12 weeks. Treatment
with Dox to supress SNRPD3 expression completely ablated
neuroblastoma tumorigenesis in this xenograft model and
resulted in 100% survival (Fig. 3E−G). Indicating that SNRPD3
plays a vital role in neuroblastoma tumorigenesis.

SNRPD3 maintains the balance of MYCN-driven alternative
splicing events required for neuroblastoma tumorigenesis
Given the large number of genes alternatively spliced in high-risk
neuroblastoma patients [23], we next sought to investigate the
changes in the splicing landscape resulting from disruptions to
MYCN and SNRPD3 expression. SHEP.tet21n cells treated with
vehicle (MYCN+ ) or Dox (MYCN-) were additionally transfected
with control (SNRPD3 +) or SNRPD3 (SNRPD3-) siRNA, followed by
RNA-seq. Therefore, the following nomenclature will be used to
represent each sample condition; MYCN-/SNRPD3+ (wildtype),
MYCN+ /SNRPD3+ , MYCN+ /SNRPD3-, and MYCN- /SNRPD3-.
Consistent with previous reports showing MYC proteins induce
greater differential splicing when dysregulated in cancer cells
[28, 31], our analysis using the leafcutter program [32] revealed
that neuroblastoma cells overexpressing MYCN exhibited a
greater number of differentially spliced genes compared to cells
expressing no MYCN (lane 4 vs lane 1, Fig. 4A). Surprisingly,
SNRPD3 knockdown in MYCN over-expressing cells resulted in a
further increase in the number of genes being differentially
spliced (lanes 5–6 vs lane 4, Fig. 4A) suggesting that SNRPD3
maintained the fidelity of specific alternative splicing events
required by MYCN. This pronounced difference in splicing was
MYCN-specific, with SNRPD3 knockdown alone showing fewer
effects on differential splicing (lane 2–3 vs lane 1, Fig. 4A).
Next, rMATS analysis [33] was performed on the RNA-seq

dataset to identify the alternative splicing events that take place.
Multiple comparisons were made to assess the effect of MYCN
alone on splicing (wildtype vs MYCN+ /SNRPD3+ ), the effect of
SNRPD3 alone on splicing (wildtype vs MYCN-/SNRPD3-), the
effect of SNRPD3 on splicing in the context of MYCN over-
expression (MYCN+ /SNRPD3+ vs MYCN+ /SNRPD3-), and lastly,
the effect of MYCN on splicing in the context of SNRPD3 depletion
(wildtype vs MYCN+ /SNRPD3-). The predominant splicing event
to take place among all comparisons was exon skipping, however,
an increase in intron retention and mutually exclusive exon usage
was observed in the wildtype vs MYCN+ /SNRPD3- comparison
(Fig. 4B). Gene ontology (GO) enrichment analysis was performed
on the gene sets identified from the rMATS analysis that were
statistically significant (p < 0.05). In the wildtype vs MYCN+ /
SNRPD3- comparison, we found enrichment of splicing regulation,
cell cycle and DNA damage pathways (Fig. 4C). This observation

Fig. 1 Some core snRNP assembly genes are up-regulated in neuroblastoma and are prognostic for patient outcomes. A heat map of a
mRNA microarray analysis on ganglia cells collected from transgenic Th-MYCN + /+ and wildtype mice at 1, 2, and 6 weeks of age assessing the
expression of (A) all RNA splicing-related genes, or (B) the core spliceosome assembly genes. C All 26 core spliceosome assembly genes (as
defined by the GO term, GO:0000387) were assessed based on the three given criteria to identify possible candidate genes. D Overall (OS) and
event-free survival (EFS) multivariate CoxPH analysis using the Kocak (n= 476) neuroblastoma patient cohort was conducted on the core
spliceosome assembly genes (as defined by the GO term, GO:0000387). The dot plot represents the median hazard ratios (mHR) from the
CoxPH models for each gene regarding EFS and OS. E Kaplan–Meier OS curve obtained from Kocak neuroblastoma patient cohort (n= 476)
dichotomised on median SNRPD3 expression. F OS multivariate CoxPH analysis on Kocak cohort (n= 649) with SNRPD3 gene expression
against classic neuroblastoma prognostic factors, dots represent the median HR (hazard ratio) whilst lines represent the 95% confidence
interval. G Scatter plot with a linear regression fit of mRNA expression levels from the Th-MYCN+/+ mouse tissues for MYC-signature vs SNRPD3
gene expression (6 weeks of age, microarray, log2). H Scatter plot with linear regression fit for the Kocak neuroblastoma patient cohort for
MYCN vs SNRPD3 gene expression (mRNA microarray, log2 expression). I Western blot analysis for SNRPD3, cMYC and MYCN expression in a
range of MYCN-amplified (SK-N-BE(2)-C, CHP-134, KELLY, IMR-32), MYCN non-amplified (SK-N-AS, SH-SY5Y), and normal lung fibroblasts (MRC-
5, WI-38) cells. GAPDH is a protein loading control. Western blot is a representative image of n= 3 independent experiments.
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was unique to the wildtype vs MYCN+ /SNRPD3- comparison
(Fig. 4C), where depletion of SNRPD3 in the context of MYCN
overexpression (MYCN+ /SNRPD3+ vs MYCN+ /SNRPD3-) (Sup-
plementary Fig. 3A) saw enrichment of splicing events of
predominantly splicing regulatory factors including symmetric

dimethylarginine. This observation demonstrated that disruption
to a core splicing factor, SNRPD3 in the presence of the oncogenic
driver MYCN, resulted in comprehensive changes to RNA splicing.
Importantly, the effects of SNRPD3 on the splicing landscape
under the MYCN driver gene (Supplementary Fig. 3A) differs from

A. Salib et al.

367

Oncogene (2024) 43:363 – 377



the effects of SNRPD3-alone (Supplementary Fig. 3B), where
SNRPD3 predominantly enriched pathways involved in immune
and DNA damage pathways. Overexpression of MYCN-alone
predominately enriched apoptotic pathways (Supplementary Fig.
3C). These results suggests that SNRPD3 specifically maintains
splicing fidelity of MYCN-related mis-splicing events in genes
responsible for cell cycle and DNA damage pathways. To
understand the effects of SNRPD3 knockdown on cell cycle
progression, we first performed flow cytometry analysis. We found
that suppression of SNRPD3 caused an increase in the proportion
of neuroblastoma cells in the G2/M cell cycle phase resulting in
G2/M arrest (Fig. 4D).
We identified BIRC5 (Survivin) and CDK10, to be the most

significantly differentially spliced cell cycle genes in our RNA-seq
dataset when MYCN is overexpressed and SNRPD3 is repressed
(MYCN+ /SNRPD3-) (Supplementary Table 2). Our analysis
revealed exon 3 skipping for BIRC5 and intron 7 retention for
CDK10 in MYCN+ /SNRPD3- cells compared to wildtype cells
(Fig. 4E). Our RNA-seq data showed that BIRC5 exon 3 skipping and
CDK10 intron 7 retention occurs in the MYCN+ /SNRPD3- sample
whereas our in silico RNA-seq data shows that other samples
incorporate exon 3 in BIRC5 or splice out intron 7 in CDK10 in the
final mRNA transcript (Fig. 4E). The RNA-seq findings were
validated in vitro by RT-qPCR using two sets of primers: one that
recognised preceding exons in BIRC5 or CDK10, and, a second
primer pair recognising the BIRC5 skipped exon or the CDK10
retained intron (Supplementary Fig. 3D). RT-qPCR analysis using
both primer pairs revealed non-significant changes to total BIRC5
expression but a significant reduction in exon 3 expression in
MYCN+ /SNRPD3- samples compared to MYCN-/SNRPD3+ (wild-
type) samples, for CDK10 there was a significant reduction in total
CDK10 expression and a significant increase in intron 7 retention
(Supplementary Fig. 3E). Considering both expression changes in
the skipped exon or retained intron and total mRNA, we confirmed
significant skipping of exon 3 in BIRC5 and intron 7 retention in
CDK10 resulting from SNRPD3 knockdown, and therefore, favour-
ing the expression of the alternative isoform (labelled Isoform b)
(Supplementary Fig. 3F). Taken together with our finding that
knockdown of SNRPD3 in MYCN-high expressing cells resulted in
greater reduction of cell viability when compared to MYCN-low
expressing cells (Fig. 2G), we propose that the skipping of exon 3 in
BIRC5 and intron 7 retention in CDK10 are toxic splice events
in MYCN-driven neuroblastoma which are prevented by SNRPD3 in
MYCN driven cancer cells. Therefore, SNRPD3 preserves balanced
MYCN-driven splicing of the cell cycle genes BIRC5 and CDK10.

MYCN, SNRPD3 and PRMT5 form a protein complex resulting
in enhanced methylation of SNRPD3
As previously shown, core spliceosome genes are globally
upregulated in the presence of MYCN amplification, one of which

is SNRPD3. We examined SNRPD3 methylation in response to
changing MYCN expression. The western blot analysis in
SHEP.tet21n cells demonstrated a reduction in SNRPD3 methyla-
tion in response to Dox treatment (Fig. 5A, B). The reduction in
methylation was shown to be time-dependent, where the greatest
reduction is observed at 72 h (lane 2 vs lane 4, Fig. 5A, B). The
reduction of SNRPD3 methylation observed at 48 h was greater
than the reduction in total SNRPD3 and PRMT5 protein expression
(lane 1 vs lane 2, Fig. 5A, B), indicating that the reduction in
SNRPD3 methylation was not due entirely to reduced SNRPD3
levels. These results suggest that MYCN expression influences the
levels of SNRPD3 methylation.
We next investigated whether SNRPD3, MYCN, and PRMT5

proteins directly bound each other. Since the methylation of
SNRPD3 is an important step in its function and is catalysed by
PRMT5, an SNRPD3 co-immunoprecipitation (Co-IP) was per-
formed. Endogenous SNRPD3 was immunoprecipitated from
MYCN-amplified neuroblastoma, SK-N-BE(2)-C and KELLY cell lines
and PRMT5 protein was shown to bind SNRPD3 (Fig. 5C). We
hypothesised that MYCN might also form a protein complex with
SNRPD3 and/or PRMT5 [34] to influence the methylation of
SNRPD3 and thus the function of the spliceosome. A MYCN Co-IP
demonstrated that endogenous MYCN bound both SNRPD3 and
PRMT5 in both SK-N-BE(2)-C (lane 1–3) and KELLY (lane 4–6) cell
lines (Fig. 5D). Together these findings suggest that MYCN,
SNRPD3, and PRMT5 proteins may cooperatively complex to
enhance SNRPD3 methylation and spliceosome assembly in
MYCN-driven neuroblastoma.

Chemical inhibition of PRMT5 reduces the survival and
proliferation of neuroblastoma cells in a MYCN and SNRPD3-
dependent manner
To investigate whether targeting SNRPD3 methylation is an effective
therapeutic strategy in MYCN-amplified neuroblastoma we assessed
the effects of the PRMT5 inhibitor, JNJ-64619178 in vitro. JNJ-
64619178 simultaneously binds the S-adenosyl-L-methionine (SAM)
and protein substrate binding pockets of the PRMT5/MEP50
complex to prevent SNRPD3 methylation [34]. JNJ-64619178 was
screened at a range of concentrations (0–50 µM) for its effects on
cell viability on MYCN-amplified (SK-N-BE(2)-C and KELLY), MYCN
non-amplified (SH-SY5Y and SK-N-FI) neuroblastoma cell lines, and
the normal lung fibroblast, MRC-5. JNJ-64619178 potently reduced
cell viability in both MYCN-amplified and non-amplified neuroblas-
toma cell lines, apart from SK-N-F1, compared to the normal
fibroblast cell line (Fig. 6A and Supplementary Table 3). Interestingly,
the SK-N-FI cell line has little to no MYCN and MYC expression,
whereas the SH-SY5Y cell line has high MYC expression. Moreover,
SK-N-BE(2)-C and KELLY cells treated with the IC50 concentrations of
JNJ-64619178 exhibited a near complete ablation of colony forming
capacity (Fig. 6B). To determine if JNJ-64619178 was targeting

Fig. 2 MYCN regulates the expression of the SNRPD3 gene in neuroblastoma cells. A ChIP-sequencing traces from publicly available
databases [3] for MYCN binding the SNRPD3 gene in a panel of MYCN expressing neuroblastoma cells detailing MYCN binding motifs at
canonical (CACGTG) and non-canonical (CANNTG) E-boxes B Schematic representation of the SNRPD3 target sequence (+647 bp from SNRPD3
TSS) and negative control target sequence (−2000 bp from SNRPD3 TSS) used for quantitative real time PCR (QPCR) following chromatin-
immunoprecipitation (ChIP), detailing the MYCN peak summit and its distance from TSS. C ChIP-qPCR assay for the negative control region or
the SNRPD3 promoter containing the MYCN binding site in SK-N-BE(2)-C and KELLY cells. Results represent n= 3 independent biological
replicates, mean ± SEM. P-values were determined by two-tailed t test comparing control against SNRPD3 promoter. D SNRPD3 mRNA and
E protein expression measured in SHEP.tet21n cells treated with doxycycline (Dox; MYCN off ) or without Dox (Vehicle; MYCN on). Results
represent n= 3 independent biological replicates, mean ± SEM, where P values were determined by two-tailed t test comparing vehicle
against Dox. F A representative immunoblot of MYCN and SNRPD3 expression in SHEP.tet21n cells treated with either vehicle or Dox following
SNRPD3 siRNA knockdown. G Cell viability was measured 72 h after SHEP.tet21n cells treated with either vehicle (DMSO) or Dox were
transfected with control siRNA, or the two SNRPD3 siRNAs. Results represent n= 3 independent biological replicates, mean ± SEM, where the
P value was determined through a two-way ANOVA, with Tukey’s multiple comparison tests. H SHEP.tet21n cells treated with either vehicle or
Dox were transfected with control siRNA or the two SNRPD3 siRNAs for 10 days, followed by colony formation assays. Differences in colony
formation were compared to siControl and I number of colonies quantified. Results represent n= 3 independent biological replicates,
mean ± SEM, where the P value was determined through a two-way ANOVA, with Tukey’s multiple comparison tests.
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SNRPD3 methylation, we assessed protein expression and observed
that treatment significantly reduced methylated SNRPD3 protein
levels with minimal reduction in SNRPD3 and PRMT5 overall protein
levels in both SK-N-BE(2)-C and KELLY cells, with reductions
observed as early as 24 h (Fig. 6C and Supplementary Fig. 4A).

We then evaluated whether JNJ-64619178 exhibited MYCN
dependency in its effects on neuroblastoma cell viability.
SHEP.tet21n cells were first treated with Dox to reduce MYCN,
followed by JNJ-64619178 at a range of concentrations (0–50 µM).
Cell viability was then measured after 72 h. We found that
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JNJ-64619178 was more potent in the presence of MYCN (IC50 of
2.8 μM), as measured by IC50, compared to Dox-treated cells (IC50
of 6.7 μM) (Fig. 6D). Western blot analysis confirmed successful
knockdown of MYCN, along with a reduction in SNRPD3
methylation (Fig. 6E). As expected, a greater reduction of SNRPD3
protein expression was observed with the MYCN knockdown
(Supplementary Fig. 4B).
As PRMT5 inhibitors affect other protein methylation events, we

assessed whether JNJ-64619178 effects on neuroblastoma cell
viability were dependent on SNRPD3 in neuroblastoma cells. Dox-
inducible, SNRPD3 or control shRNA-expressing SK-N-BE(2)-C cells
were treated at a range of concentrations (0–50 µM) and cell
viability was measured. KELLY cells were transfected with either
SNRPD3 or control siRNAs for 72 h, followed by a secondary
transfection with control or SNRPD3 siRNA for 24 h before
treatment with increasing concentrations (0–50 µM) of JNJ-
64619178. We found that JNJ-64619178 was more potent in the
presence of SNRPD3 (IC50 of 0.8 μM for BE2C.shSNRPD3 #2
(vehicle); IC50 of 2.3 μM for BE2C.shSNRPD3 #1(vehicle); IC50 of
0.5 μM for KELLY siControl), compared to the Dox-treated or
SNRPD3 siRNA transfected cells (IC50 of 24.9 μΜ for
BE2C.shSNRPD3 #2; IC50 of 60.5 μM for BE2C.shSNRPD3 #1; IC50
of 12.0 μM for KELLY siSNRPD3 #1; IC50 of 5.4 μM for KELLY
siSNRPD3 #2) (Fig. 6F and Supplementary Fig. 4C, D). We found no
difference in cell viability between vehicle and Dox-treated
BE2C.shControl cells (Supplementary Fig. 4E). Western blot
analysis confirmed the successful knockdown of SNRPD3, along
with a reduction in SNRPD3 methylation after treatment with JNJ-
64619178 in both BE2C.shSNRPD3 #2 (Fig. 6G and Supplementary
Fig. 4F) and BE2C.shSNRPD3 #1 (Supplementary Fig. 4G, H), and
KELLY cells transfected with SNRPD3 siRNA (Supplementary Fig. 4I,
J). Lastly, western blot analysis of protein from BE2C.shControl cell
lines showed a reduction of methylated SNRPD3 but no significant
reduction in total SNRPD3 or PRMT5 after treatment with JNJ-
64619178 (Supplementary Fig. 4K, L). These results reveal a novel
therapeutic strategy for targeting SNRPD3 methylation in MYCN-
amplified neuroblastoma.

DISCUSSION
Here we have determined that a core spliceosome protein, SNRPD3,
plays a vital role in maintaining the fidelity and balance of MYCN-
driven alternative splicing events which are required to promote
neuroblastoma tumorigenesis. Therapeutic inhibition of SNRPD3
methylation and thus spliceosome function using a PRMT5 inhibitor
was an effective strategy for reducing cell viability in a SNRPD3- and
MYCN-dependent manner. Our findings extend our understanding
of global gene dysregulation caused by the MYCN oncoprotein,
point to specific alternative splicing events required for MYCN
oncogenesis, and suggests a potential role for therapeutics which
block SNRPD3 methylation and its binding to MYCN.

Alternative splicing is a tightly regulated process to ensure a
delicate balance between isoforms is maintained for normal cell
functioning. In cancer cells this balance is no longer maintained,
and alternative mRNA isoforms that promote tumorigenesis are
expressed [35]. By altering the splicing machinery to gain growth
advantage, cancer cells may be sustaining a trade-off between
splicing efficiency and splicing fidelity [36]. Our data suggests that
cancer-related alternative splicing can be easily disrupted by
placing excess demand on the splicing machinery through
depletion of SNRPD3, thereby reducing cell viability. The
methylation of Sm proteins through PRMT5 has been shown to
ensure splicing fidelity in MYC-driven lymphomas, where the
expression of these proteins are up-regulated [28]. We hypothe-
sise that a similar mechanism is utilised in neuroblastoma to
maintain splicing fidelity, where MYCN increases the expression of
PRMT5, SNRPD3, and SNRPD3 methylation. Additionally, we show
for the first time that MYCN directly interacts with the splicing
machinery by binding to SNRPD3 and PRMT5. PRMT5 has been
reported to bind MYCN resulting in the methylation of arginine
residues in MYCN [37]. The exact functional outcome of the MYCN,
SNRPD3, and PRMT5 protein complex requires further investiga-
tion, however, our findings suggest that MYCN may facilitate the
binding between PRMT5 and SNRPD3 to increase SNRPD3 protein
arginine methylation. Moreover, our study along with others are
beginning to reveal that proto-oncogenes such as MYC and MYCN
can regulate the methylation of splicing factors that provide
cancer cells with a mechanism which promotes cell survival
[28, 38]. Furthermore, one limitation from bulk RNA analyses of
this study is that they don’t account for cellularity and therefore
transcriptional activity of each cell, which may relate to the
expression of spliceosome genes and splicing activity. Newer
single-cell analyses exploring alternate splicing patterns when
SNRPD3 or MYCN are perturbed will be valuable to address this
limitation.
The splicing specificity created by SNRPD3 and MYCN alongside

the observed 100% survival in xenografted mice with depleted
SNRPD3 expression suggests that neuroblastoma cancer cells are
susceptible to therapeutic inhibition of SNRPD3. Indeed, the
current study showed that the PRMT5 inhibitor, JNJ-64619178, is
effective against neuroblastoma cell lines and demonstrated
SNRPD3- and MYCN-dependency. PRMT5 inhibitor-sensitive cells
may have an addiction to excess alternative splicing that leads to
a therapeutic vulnerability [39, 40]. However, we do note that the
observed MYCN-dependency may reflect the initial chemosensi-
tivity that is exhibited in MYCN-amplified neuroblastomas. There-
fore, further exploration of combining PRMT5 and
chemotherapeutics is warranted. This is especially relevant as
recent studies have suggested that PRMT5 inhibitors can increase
the sensitivity of cancer cells to chemotherapeutics, even in
resistant populations [41, 42]. Consequently SNRPD3, MYCN, and
PRMT5 expression levels may be used as predictive biomarkers for

Fig. 3 SNRPD3 is required for the growth and proliferation of MYCN-amplified neuroblastoma cells. SK-N-BE(2)-C and KELLY cells were
transfected with siRNAs targeted against SNRPD3 or a control siRNA for 72 h, then subjected to (A) cell viability and (B) cell proliferation
measurements. Differences in cell viability and proliferation were compared with siControl. C SK-N-BE(2)-C and KELLY cells were transfected
with siRNAs targeting SNRPD3 or a control siRNA for 10 days (SK-N-BE(2)-C) or 14 days (KELLY), followed by colony formation assays.
Differences in colony formation were compared to siControl and (D) the number of colonies were quantified. This is a representative image of
three biologically independent experiments (n= 3), mean ± SEM, where the P value was determined through a one-way ANOVA, with Dunnett
multiple comparison testing. SK-N-BE(2)-C cells expressing SNRPD3 shRNA (shSNRPD3) were xenografted into immunodeficient nude mice.
Once tumours reached 4−5mm, mice were divided into DOX (2mg/mL doxycycline) or vehicle (water containing 5% sucrose) control
(Vehicle) subgroups. E Tumour volume was measured (n= 7 mice per treatment group) from day 0 post-treatment until the tumour reached
≥1000mm3 or a maximum holding time of 12 weeks. The effect of DOX on tumour progression was evaluated using a two-way ANOVA.
F Representative photos of either vehicle- (day 17 post treatment) or DOX-treated (day 65 post treatment) mice. G Kaplan–Meier survival
curves showed the probability of overall survival of the mice (n= 7 mice per treatment group). A log rank test was used to obtain p-value. All
results represent n= 3 independent biological replicates, mean ± SEM, where the P value was determined through a one-way ANOVA, with
Dunnett multiple comparison testing, unless stated otherwise.
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PRMT5 inhibitor response, not only in neuroblastoma, but
potentially other cancers.
Our data adds to the growing body of evidence indicating cell

cycle pathways are profoundly affected by SNRPD3 or PRMT5
inhibition [20, 21, 38, 39, 43, 44], suggesting that combination

therapy between PRMT5 and cell cycle inhibitors may be a
promising avenue for further exploration in cancer therapeutics.
We revealed that BIRC5 (Survivin) and CDK10 were the most
differentially spliced cell cycle genes resulting from SNRPD3
depletion, when MYCN is overexpressed. BIRC5 is a well-
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Fig. 4 SNRPD3 alters the splicing of cell cycle genes in a MYCN-dependant manner. A Heat map showing leafcutter analysis of differential
splicing from SHEP.tet21n cells, treated with (to repress MYCN) or without Dox (to induce MYCN), followed by depletion of SNRPD3 with two
siRNAs or a control siRNA (siControl). Leafcutter calculated the delta PSI (percentage spliced in) of the n= 1203 introns that were found to be
differentially spliced in at least 1 pair of samples using MYCN OFF/siControl condition (lane 1) as a reference. B The number of significant
differentially spliced genes as determined by rMATS analysis in SHEP.tet21n cells treated with (MYCN off ) or without (MYCN on) Dox and
transfected with either control or SNRPD3 siRNA. Skipped exon (SE), Retained intron (RI), Mutually exclusive exon (MXE), Alternative 5’ splice
site (A5SS), Alternative 3’ splice site (A3SS). C Gene ontology showing enriched pathways in SHEP.tet21n cells treated with Dox (to repress
MYCN) and transfected with control siRNA (wildtype; MYCN-/SNRPD3+ ) compared to SHEP.tet21n cells treated without Dox (to induce MYCN)
and transfected with SNRPD3 siRNA (MYCN+ /SNRPD3-). D Flow cytometry analysis of cell cycle distribution in SK-N-BE(2)-C and KELLY cells
transfected with SNRPD3 siRNAs for 72 h followed by propidium iodide (PI) treatment. P-values were determined by two-sided t test
comparing control siRNA against siSNRPD3 #1 or siSNRPD3 #2. E RNA-seq coverage plots for BIRC5 and CDK10 and the corresponding
alternative splicing event. Arrows point to which exon is skipped or which intron is retained. Skipped exon (SE), Retained intron (RI). All results
represent n= 3 independent biological replicates.

Fig. 5 MYCN, SNRPD3 and PRMT5 form a protein complex to enhance SNRPD3 methylation. A Representative western blot of MYCN,
PRMT5, SNRPD3 and SNRPD3 protein arginine methylation (methylated SNRPD3) expression in SHEP.tet21n cells following treatment with
either vehicle or Dox at 48 and 72 h. B Densitometry analysis of SNRPD3 protein arginine methylation, PRMT5 and SNRPD3 protein expression
in SHEP.tet21n cells following treatment with either vehicle or Dox at 48 and 72 h. C Representative western blot for endogenous PRMT5 and
SNRPD3 after immunoprecipitation of SNRPD3 from SK-N-BE(2)-C and KELLY cells. Five percent of the cell lysate was loaded as input.
D Representative western blot for endogenous SNRPD3, PRMT5 and MYCN after immunoprecipitation of MYCN from SK-N-BE(2)-C or KELLY
cells. Five percent of the cell lysate was loaded as input. All results represent n= 3 independent biological replicates, mean ± SEM, where the P
value was determined through a two-way ANOVA, with Tukey’s multiple comparison tests.
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established contributor to cancer progression in several cancers
[45–48], including neuroblastoma [49–51]. However, BIRC5 tar-
geted agents have failed to progress to the clinic [48]. One of the
greatest challenges faced by BIRC5 inhibitors in clinical trials is low
antitumour efficacy and high toxicity [48, 52, 53]. Thus,

combination treatment with PRMT5 and BIRC5 inhibitors has the
potential to increase the therapeutic window and achieve greater
efficacy.
Overall, this study has provided novel insights into the

molecular mechanisms of SNRPD3 as an oncogenic protein, and
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alternative splicing in MYCN-driven neuroblastoma. We show that
in neuroblastoma there is both, a reliance on a hyperactivated
spliceosome, and a fidelity which is maintained by SNRPD3. Our
findings highlight that disruption of SNRPD3 protein methylation
using PRMT5 inhibitors is a promising novel therapeutic target for
the treatment of high-risk neuroblastoma, particularly given the
observed SNRPD3- and MYCN-selectivity.

MATERIALS AND METHODS
Cell culture
Neuroblastoma cell lines, SK-N-BE(2)-C, SK-N-AS, SH-SY5Y, SK-N-FI, IMR-32,
and SHEP.tet21N were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) (Life technologies Australia, VIC, Australia) with 10% foetal calf
serum (FCS) (Life Technologies). CHP-134 and KELLY cells were cultured in
RPMI media (Life Technologies) with 10% FCS. MRC-5 and WI-38 normal
human fibroblasts were grown in alpha-minimum essential media (MEM)
(Life Technologies) supplemented with 10% FCS. Neuroblastoma cell line
SHEP.tet21N, which are genetically modified to repress human MYCN
cDNA when exposed to doxycycline (dox) was kindly provided by Professor
Jason Shohet (Texas Children’s Cancer Center, Houston, TX, USA).
Neuroblastoma cell lines, SK-N-BE(2)-C, and SH-SY5Y cells were provided
by Barbara Spengler (Fordham University, New York, NY). The neuroblas-
toma cell line, IMR-32, and SK-N-FI, along with the normal human
fibroblasts, MRC-5 and WI-38 cells were obtained from the American Type
Culture Collection (ATCC) (Manassas, VA, USA). Neuroblastoma cell lines,
KELLY, CHP-134, and SK-N-AS cells were obtained from the European
Collection of Cell Cultures through Sigma-Aldrich (Sigma-Aldrich, Sydney,
Australia). All cell lines used were authenticated by Cell Bank Australia
(Westmead, NSW, Australia), STR validated and free from mycoplasma, and
cultured at 37 °C/5% CO2 in a humidifier incubator.

Establishment of doxycycline-inducible control shRNA and
SNRPD3 shRNA-expressing neuroblastoma cell lines
To generate control and stable SNRPD3-inducible knockdown cells, SK-N-
BE(2)-C cells were transduced with pSMART non-targeting control vector or
pSMART encoding a SNRPD3-specific shRNA’s (shSNRPD3#1: 5’-TTAA-
CATGGGTGCGTTCTT-3’ or shSNRPD3 #2: 5’-CCCGATATACCTCACCGGT-3’)
along with 8 μg/ml of polybrene (Santa Cruz Biotechnology). SK-N-BE(2)-C
cells were then incubated with 2 μg/ml of puromycin (Sigma-Aldrich) to
select for positive clones.

In vivo mouse experiments
All experimental procedures involving mice were approved by the
University of New South Wales Animal Care and Ethics Committee (ACEC#
21/29B) according to the Animal Research Act, 1985 (New South Wales,
Australia) and the Australian Code of Practice for Care and Use of Animals
for Scientific Purposes (2013). Subcutaneous xenograft models of
neuroblastoma were established by subcutaneous injection of 2 × 106

doxycycline-inducible SNRPD3 shRNA SK-N-BE(2)-C cells into the right flank
of 5–6 week old female Balb/c nude mice. When engrafted tumours

reached 4−5mm, mice were randomised into 2 groups: Vehicle (5%
Sucrose) or doxycycline (Dox)-treated mice. Mice with undetectable
engraftment were excluded. Mice were fed with 5% sucrose water with
or without doxycycline hyclate (Sigma) at 2 mg/mL. Tumour development
was monitored, and tumour volume was calculated using
0.5 × (length × width × height). Mice were culled when tumour volume
reached 1000mm3 or reached the maximum holding time of 12 weeks.
Investigators were not blinded to the treatment given.

Microarray analysis on Th-MYCN+/+ ganglia tissues
Ganglia from male and female Th-MYCN+/+ mice and wild-type controls
were collected at 2, 4, and 6 weeks of age (on 129 × 1/SvJ strain). RNA was
extracted from the cells with a PureLink RNA Kit (Life Technologies), and
genome-wide differential gene expression was examined using Agilent
SurePrint G3 Mouse GE 8 × 60 K Microarrays. The microarray data was
analyzed in R [http://www.r-project.org] and normalised using the vsn
method using the “limma” package [29, 54].

Human neuroblastoma tumour gene expression and survival
analysis
Microarray data were obtained for 649 clinically annotated primary
neuroblastoma samples (KOCAK neuroblastoma cohort) from the gene mRNA
expression omnibus (GEO) with the accession GSE45547 [55]. Orthogonal
analyses were conducted in an independent gene expression microarray
dataset, consisting of 498 clinically annotated primary neuroblastoma samples
(SEQC neuroblastoma cohort) from GEO with the accession GSE49711 [56].
The survival R package was used to run univariate or multivariate Cox
Proportional Hazards (CoxPH) regression models for genes of interest using
median gene expression. Followed by regressing covariates associated with
neuroblastoma prognosis such as advanced disease stage (3 and 4), age at
diagnosis (>18 months), and MYCN-amplification status. We utilised matched
clinical annotations containing event-free and overall survival data to
construct Kaplan–Meier survival curves of subgroups dichotomised by
median gene expression using the survival R package. All statistical tests
concerning Kaplan–Meier analyses were done using log-rank tests, adjusted
using the Bonferroni method for multiple hypotheses testing where
appropriate. Correlation of gene expression between genes of interest as
well as with gene copy number, was analysed using Pearson correlation and
resultant p-values were adjusted using the Bonferroni method.

siRNA transfections
For siRNA mediated knockdown, the indicated cell lines were transfected
with 20 nM of siGENOME plus human SNRPD3 siRNA (SNRPD3 siRNA #1:
5’- GAAGAACGCACCCATGTTA-3’ and SNRPD3 siRNA #2: 5’- GAACA
CCGGTGAGGTATAT-3’) synthesised by Dharmacon. Non-targeting pool
siRNA was used as a siControl and purchased from Dharmacon. Cells were
transfected for 24 h to 72 h after plating, depending on the experimental
requirements. A secondary transfection was performed in KELLY cells 72 h
post first transfection, for a total of 96 h of knockdown before JNJ-
64619178 treatment. Transfections were performed using Lipofectamine
2000 (Life technologies) following the manufacturer’s instructions.

Fig. 6 Chemical inhibition of PRMT5 has selective toxicity for neuroblastoma cells compared to normal myofibroblast cells. A Cell viability
measured 72 h after SK-N-BE(2)-C, KELLY, SH-SY5Y, SK-N-FI, and MRC-5 cells were treated with increasing concentrations (0–50 µM) of the
PRMT5 inhibitor, JNJ-64619178. B SK-N-BE(2)-C and KELLY cells were treated with IC50 concentrations of JNJ-64619178 for 10 days (SK-N-BE(2)-
C) or 14 days (KELLY), followed by colony formation assays. Quantification of colony forming assays was based on colony numbers. Differences
in colony formation were compared to the vehicle control. All results represent n= 3 independent biological replicates, mean ± SEM, where
the P value was determined through a one-way ANOVA, with Dunnett multiple comparison testing. C Representative western blot of SNRPD3
protein arginine methylation (methylated SNRPD3), SNRPD3, and PRMT5 expression following treatment with IC50 concentration of JNJ-
64619178 in SK-N-BE(2)-C and KELLY cells for 24 and 48 h, followed by densitometry analysis, where difference in protein expression was
compared to vehicle control. D Cell viability was measured 72 h after vehicle or Dox treated SHEP.tet21n cells were treated with increasing
concentrations (0–50 µM) of JNJ-64619178. E Representative western blot of SNRPD3 protein arginine methylation, SNRPD3, PRMT5, and
MYCN expression following treatment of vehicle or Dox treated SHEP.tet21n cells with IC50 concentrations of JNJ-64619178 for 24 h, followed
by densitometric analysis of protein expression compared to vehicle control. F Cell viability was measured 72 h after vehicle or Dox treated
BE(2)-C.shSNRPD3 #2 cells were treated with increasing concentrations (0–50 µM) of JNJ-64619178. G Representative western blot of SNRPD3
protein arginine methylation, SNRPD3, and PRMT5 expression following treatment of vehicle or Dox treated BE2C.shSNRPD3 #2 cells with IC50
concentrations of JNJ-64619178 for 24 h, followed by densitometry analysis of protein expression compared to vehicle control. Two-way
ANOVA statistical test was performed for each concentration compared back to no drug control (at 0 μM) (****p < 0.0001). All results represent
n= 3 independent biological replicates, mean ± SEM, where the P value was determined through a two-way ANOVA, with Tukey’s multiple
comparison tests, unless stated otherwise.
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RNA isolation and quantitative real-time PCR
Total RNA was extracted using the PureLink RNA kit (Life Technologies)
according to the manufacturer’s protocol. cDNA was synthesised by
reverse-transcribing 1 μg of RNA using the Tetro cDNA synthesis kit
(Bioline) according to manufacturer’s protocol. To quantify gene expres-
sion using RT-qPCR, 2 μL of cDNA was added to a reaction mix containing:
10 μL 10x Power SYBR Green mix (Applied Biosystems, Life Technologies),
1 μL Forward primer, 1 μL Reverse primer, and 6uL of DEPC-treated H2O.
Differential gene expression was measured on the QuantstudioTM 3
(ThermoFisher Scientific) using the standard protocol and data analysed
using the log2ΔΔCt method. All mRNA expression levels were normalised
to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Primer
sequences (Supplementary Table 1) were obtained from Integrated DNA
Technologies (NSW, Australia).

RNA-sequencing and analysis
RNA-seq libraries were prepared using TruSeq Stranded mRNA-seq
(Illumina); paired-end sequencing (NovaSeq 6000, 2 × 100 base pairs)
was performed by Ramaciotti Centre of Genomics (UNSW, Sydney,
Australia). Reads were mapped to hg38 human genome assembly using
STAR (v2.5.0a) with the recommended ENCODE parameters and appro-
priate adjustments [57]. Differential splicing was conducted using the
leafcutter alternative splicing tool. Aligned reads were passed through the
leafcutter workflow and differential results obtained [32]. Annotations
through leafcutter were made using the GENCODE v28 annotation.
Statistically significant differential splicing events were determined by
leafcutter across all pairwise sample comparisons (false discovery rate
<0.05). Delta PSI was computed using the average value of the MYCN-/
SNRPD3+ condition as a reference. Adjusted delta-PSI value represents all
delta PSI values in terms of absolute value, except when delta-PSI for a
particular sample differed to the more prevalent direction of delta PSI
across all samples. These values are represented in the form of a heatmap
(ComplexHeatmap package) [58]. To determine differential splicing events,
rMATS (v4.1.0) [33] was used to count junction reads and reads falling into
the tested region within ENSEMBL gene definitions. Splicing events were
labelled significant if FDR < 0.001 and Inclusion Level Difference (ΔΨ) >
│−1.5│.

Immunoprecipitation
For endogenous MYCN and SNRPD3 immunoprecipitation assays, SK-N-
BE(2)-C and KELLY cells were lysed in cold BC100 (Sigma-Aldrich) or NP40
buffer (Sigma-Aldrich), respectively, supplemented with protease inhibitor
(Sigma-Aldrich). Five percent of the cell extract was saved as the input, the
remainder (750 μg of total protein) was incubated with either 10 μg MYCN-
specific antibody (Merck Millipore Millipore, VIC, Australia) or 5 μg SNRPD3-
specific antibody (Abcam, ab157118) or control IgG antibody (10 μg for
mouse (Santa Cruz Biotechnology) or 5 μg for rabbit (Cell signalling)) and
A/G PLUS agarose beads (Bio-Strategy) at 4 °C overnight. After 3 washes
with the lysis buffer, the bound proteins were eluted by boiling with SDS
sample buffer. Bound proteins were resolved by SDS-PAGE.

Western blot analysis
Cell pellets were lysed in RIPA buffer (Sigma-Aldrich) supplemented with
protease inhibitor (Sigma-Aldrich) and incubated on ice for 30min. After
centrifugation at 12,000 x g for 20min at 4 °C, the supernatant was
collected. Protein concentration was determined using the BCA protein
quantification assay kit as per manufacturer’s instructions (ThermoFisher
Scientific, Waltham, MA, USA), and 15–30 μg whole protein lysates were
resolved on either the 10–20% Criterion™ Tris-HCl Protein Gel (Bio-rad) or
the NuPAGE™ 4 to 12%, Bis-Tris mini protein gel (Invitrogen). Nitrocellulose
membranes (GE Healthcare) were blocked with 10% (wt/vol) nonfat dry
milk in Tris-buffered saline with Tween-20 (20 mM Tris-HCl (pH 7.6),
137mM NaCl, 0.1% Tween-20), then incubated overnight at 4 °C with the
following primary antibodies: SNRPD3 (1:500; HPA001170; Sigma-Aldrich),
MYCN (1:1000; B84B; Santa Cruz Biotechnologies), PRMT5 (1:1000; sc-
376937; Santa Cruz Biotechnology), SYM11 (1:500; 07-413; Merck Millipore),
GAPDH (1:2000; G-9; Santa Cruz Biotechnology), cMYC (1:500; D84C12; Cell
Signalling Technologies), and Vinculin (1:10000; V9131; Sigma-Aldrich).
Appropriate horseradish peroxidase-conjugated secondary antibodies
(1:1000; Santa Cruz Biotechnologies and Merck Millipore) were diluted in
1% (wt/vol) nonfat dry milk in Tris-buffered saline with Tween-20 and
membranes were probed at room temperature for 2 h. Immunoblots were
visualised with Clarity ECL Chemiluminescence reagents (Bio-Rad).

Densitometry of protein expression was measured using Image Lab
software (BioRad) and each protein expression band was normalised to
loading controls.

Chromatin immunoprecipitation assay
Preparation of DNA from SK-N-BE(2)-C and KELLY cells for ChIP assay were
performed using the Chromatin-Immunoprecipitation Assay kit (Merck
Millipore) according to the manufacturer’s instructions. ChIP assays were
performed with mouse anti-MYCN antibody (B84B; Santa Cruz Biotechnol-
ogy) or control mouse IgG antibody (Santa Cruz Biotechnology). DNA was
purified using a MiniElute PCR Purification Kit (Qiagen). Real-time PCR was
performed with primers designed targeting a negative control region
(−2000 bp downstream of SNRPD3 TSS) or SNRPD3 target sequence
(+647 bp upstream from SNRPD3 TSS). Fold enrichment of SNRPD3 target
region was calculated by dividing cycle threshold values of the SNRPD3
target region by cycle threshold values of the negative control region,
relative to input. Primer sequences (Supplementary Table 1) were obtained
from Integrated DNA Technologies (NSW, Australia).

Drug treatments
Neuroblastoma cell lines or normal human fibroblasts were seeded in
either a 96-well plate, 6-well plate or T75 flask (Corning) at densities that
would reach 70–90% confluency at the 24–72 h assay endpoint. All
inducible cell lines were primed with 2 μg/ml of Dox 72 h prior to drug
treatments. Following an initial 24 h incubation after seeding, drug
treatments were made at the specified concentrations in fresh media.
JNJ-64619178 (HY-101564; MedChemExpress) was constituted in DMSO
(Sigma-Aldrich). Cells were incubated at 37 °C with 5% CO2 for 24–96 h,
followed by various phenotypic assays.

Cell proliferation assay
Cell proliferation was measured using the Cell Proliferation ELISA, BrdU
colorimetric assay (11647229001, Roche) according to the manufacturer’s
instructions. Changes in cell proliferation were calculated from the
absorbance readings at 370 nm (490 nm reference wavelength) on the
Benchmark Plus microplate reader (Bio-Rad).

Colony forming assay
A total of 500 SK-N-BE(2)-C and 500 KELLY cells, transfected with either
control siRNA or SNRPD3 siRNA #1 or SNRPD3 siRNA #2, were seeded in
6-well plates and left to grow for 10 and 14 days, respectively. A total of
500 SK-N-BE(2)-C cells expressing shSNRPD3 or shControl constructs or 200
SHEP.tet21n cells were seeded in 6-well plates and treated with or without
Dox for 72 h, then left to grow for 10 days to allow colonies to form. Five
hundred SK-N-BE(2)-C and KELLY cells were seeded in 6-well plates and
treated with JNJ-64619178 for 72 h then left to grow for 10 and 14 days,
respectively. Colonies were fixed and stained in crystal violet containing
50% methanol. Stained colonies were then imaged and quantified using
Image J.

Cell viability assay
Cell viability was measured using the Alamar Blue fluorescence assay
(Invitrogen) according to the manufacturer’s instructions. Assay absor-
bance was determined using the Wallac 1420 VICTOR2TM microplate
reader at an excitation/emission of 560/590 nm (PerkinElmer). A baseline
reading was taken at 0 h, followed by readings after 6 h. All data were
normalised and compared to a treatment control.

Flow cytometry
Cell cycle phases and apoptosis among treated cells were estimated using
Propidium Iodide (556463, BD Pharmingen) staining. SK-N-BE(2)-C and
KELLY adherent and floating cells were harvested and adjusted to an equal
number of cells per sample. Cells were fixed in ethanol overnight then
stained with Propidium Iodide. Samples were analysed by flow cytometry
using the Fortessa (BD Biosciences, Macquarie Park, NSW, AU) and the data
was analysed using the FlowJo software (Ashland, OR, USA).

Statistical analysis
All experiments conducted were performed a minimum of three
independent experiments (n= 3) unless stated otherwise. For animal
studies, seven mice (n= 7) were used per treatment group. Data obtained
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from all experiments were analysed using the software GraphPad prism 9.
Statistical analysis to determine P values was completed using either; one-
way or two-way ANOVA, with Tukey’s multiple comparison tests, or
unpaired t tests. All values are expressed as mean values with error bars
representing ± SEM. Power calculations for estimation of sample size were
not used for all in vitro and in vivo experiments and sample size was
chosen based on prior experience in similar studies. Samples were not
excluded from analyses unless deemed to have technical errors or
problems.
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