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Abstract

Background. Although some of the regulatory genes, signaling pathways, and gene regulatory networks altered in
medulloblastomas (MB) are known, the roles of non-coding RNAs, particularly long non-coding RNAs (IncRNAs),
are poorly described. Here we report that the IncRNA SPRIGHTLY (SPRY4-IT1) gene is upregulated in group 4
medulloblastoma (G4 MB).

Methods. SPRIGHTLY expression was assessed in MB subgroup patient-derived xenografts, cell lines, and patient
samples.The effect of SPRIGHTLY hemizygous deletion on proliferation, invasion, apoptosis, and colony formation
were assessed in vitro and on tumor growth in vivo. dChIRP pull-down assays were used to assess SPRIGHTLY-
binding partners, confirmed by immunoprecipitation. SMYD3 AE5 transcripts were examined in cell lines and pub-
licly available RNA-seq data. Pathway analysis was performed by phospho-kinase profiling and RNA-seq.

Results. CRISPR/Cas9 deletion of SPRIGHTLY reduced cell viability and invasion and increased apoptosis in G4
MB cell lines in vitro. SPRIGHTLY hemizygous-deleted G4 MB cells injected into mouse cerebellums produced
smaller tumors than those derived from parental cells expressing both copies of SPRIGHTLY. SPRIGHTLY IncRNA
bound to the intronic region of the SMYD3 pre-mRNA transcript. SPRIGHTLY also interacted with PTPB1 protein
to regulate SMYD3 exon skipping to produce an aberrant protein. SPRIGHTLY-driven SMYD3 regulation enhanced
the expression of EGFR pathway genes in G4 MB cell lines and activated cell coagulation/hemostasis-related gene
expression, suggesting a novel oncogenic role in G4 MB.

Conclusions. These results demonstrate the importance of SPRIGHTLY IncRNA as a promoter of G4 MB and the
role of the SPRIGHTLY-SMYD3-PTPB1 axis as an important oncogenic regulator in MB.

Key Points
e The IncRNA SPRIGHTLY is highly expressed in group 4 medulloblastomas.

e Together with its novel binding partner, PTPB1, SPRIGHTLY regulates SMYD3 exon
skipping.

e The downstream effects of these regulatory events modify oncogenic signaling and
potentially the microenvironment in group 4 medulloblastomas.

© The Author(s) 2022. Published by Oxford University Press, the Society for Neuro-Oncology and the European Association of Neuro-Oncology.

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


https://doi.org/10.1093/noajnl/vdac120
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0001-7770-432X
https://orcid.org/0000-0001-9607-6867
https://orcid.org/0000-0002-2910-9427
mailto:jperera2@jh.edu?subject=

Lee et al. SPRIGHTLY in medulloblastoma

Importance of the Study

Long non-coding RNAs (IncRNAs) are
emerging as important regulators of cancer
growth and behavior, but few have been char-
acterized in medulloblastomas. We now re-
port that the IncRNA SPRIGHTLY is expressed
in the group 4 subtype of medulloblastomas,
for which the driver pathways are poorly
described. We establish that SPRIGHTLY
IncRNA binds to PTPB1 protein, and in doing

Medulloblastoma (MB) is the most common malignant
pediatric brain tumor." Molecular profiling studies have
subcategorized MB into four main molecular subgroups:
wingless pathway (WNT) activated, sonic hedgehog
pathway (SHH) activated, group 3 (G3), and group 4 (G4).28
While the main common driver pathways for G3 and G4
MB have not been identified, these groups are character-
ized by c-Myc and MYCN signatures, respectively.>* Among
the four subgroups, G3 is the most aggressive MB with a
45-60% 5-year survival rate,® while other subgroups (WNT
> 90%,% SHH 60-80%,” and group 4 75-80%)° have more fa-
vorable prognoses.

The standard treatment for MB includes surgical re-
section, radiotherapy, and chemotherapy.2 Although
craniospinal irradiation after surgery improves long-term
outcomes, the development of radio-resistance hampers
therapeutic efficacy and survival.? Even with advanced mo-
lecular classification, robust candidate therapeutic targets
for the different subgroups, especially G3 and G4 MB, have
yet to be identified.”® Therefore, there is an urgent need
to identify underlying molecular mechanisms in MB sub-
groups to discover new therapeutic targets.

MBs develop through various genetic, epigenetic, and
non-coding RNA (ncRNA)-related mechanisms. However,
the roles played by ncRNAs, particularly long non-coding
RNAs (IncRNAs), in MB development remain poorly de-
fined. Several IncRNAs associated with MB have been re-
ported.” The fusion of PVT7 oncogene, which encodes a
IncRNA, with MYC and NDRG1 is frequently observed in
G3 MB."? Similarly, Inc-HLX-2-7 was highly upregulated
in G3 MBs, and its knock-down reduced tumor growth
both in vitro and in vivo.'® Varon et al.' reported that the
IncRNA TP73-AS1, an antisense transcript of p73 mRNA,
is upregulated in the SHH subgroup; its silencing in the
SHH MB human cell line DAQY reduced cellular prolifer-
ation, increased apoptosis, and reduced tumorigenicity in
xenografts in mouse brains relative to parental DAQY cells.
TP73-AS1 acts as an oncogene by regulating proliferation,
migration, and invasion by sponging miR-493-3p.'® By con-
trast, a relative absence of understanding of the molecular
pathogenesis of G4 MB makes it important to investigate
this subclass of medulloblastomas.

We previously identified and reported that the
SPRIGHTLY IncRNA regulates cell proliferation, invasion,
and apoptosis in melanomas.'® Further studies showed
that SPRIGHTLY serves as an intra-nuclear organizing hub
for pre-mRNA molecules,'” but its specific role in mRNA

so regulates the expression of SMYD3 tran-
script variants, leading to modulating the
EGFR signaling pathways. These regulatory
events governed by SPRIGHTLY affect group
4 medulloblastoma tumor growth and ap-
pears to modulate the microenvironment,
providing new insights into the molecular
biology of this poorly described subgroup of
medulloblastoma.

splicing was speculative. Since skin and brain tissues are
both derived from neural crest cells of the primary ecto-
derm of the embryo,'®' and neural stem cells give rise
to both neural cells and melanocytes,?° common molec-
ular pathways are involved in the early differentiation
and morphogenesis of these two organs. For example,
Notch signaling pathways are important in the early mor-
phogenesis of both tissues,?’ and abnormalities in these
pathways are associated both with melanomas?? and
brain tumors, including medulloblastomas.?32* These
considerations led us to speculate whether there might
be a more intimate molecular connection involving not
only protein-mediated signaling cascades but also non-
coding RNA circuitries between skin and brain tumors.
More specifically, we hypothesized that as in melanoma,
the IncRNA SPRIGHTLY, which controls the transcript
levels of SMYD3, which is a direct target of HIF2a (a
member of the SHH signaling pathway and a regulator
of the EGFR signaling cascade,?® might similarly control
EGFR pathways in medulloblastoma. This is especially
interesting in light of the observation that simultaneous
inhibition of Notch and EGFR pathways exhibit additive
effects on medulloblastoma cellular properties,?® and,
because there are several reports of cross-talks among
the SHH, Notch, and EGFR pathways,??° especially in
medulloblastomas.®®

Consistent with the above speculation, here we report
that SPRIGHTLY expression is highly upregulated in G4 MB
patient RNAseq datasets, in cell lines and patient-derived
xenografts (PDXs), and that SPRIGHTLY regulates EGFR
and its downstream pathway gene transcription in these
cells. Knocking down SPRIGHTLY in G4 MB cell lines re-
duced cellular proliferation rates, invasiveness, and colony
forming ability. SPRIGHTLY-gene deleted G4 MB cells in-
jected into mouse cerebellums produced smaller tumors
than those injected with equivalent numbers of parental
G4 MB cells. We discovered that SPRIGHTLY IncRNA binds
to the intronic region of SMYD3 pre-mRNA molecules and
that this binding leads to the skipping of exon 5 of SMYD3
pre-mRNA during splicing. PTBP1 protein, a member of
the heterogeneous nuclear RNA (hnRNA) binding protein
group, is associated with this exon skipping property of
SPRIGHTLY on SMYD3 pre-mRNA.The expression patterns
of SMYD3 and SMYD3 E5-deleted transcripts in patient
RNA-seq data suggest that an altered ratio of the two tran-
scripts is associated with G4 MB tumor development and/
or maintenance.



Materials and Methods
Cell Culture

The group 4 MB CHLA-01-MED (hereafter CHLAO1) cell line
was purchased from the American Type Culture Collection
(ATCC). Cells were cultured in DMEM/F-12 medium sup-
plemented with B-27 supplement (Invitrogen, Carlsbad,
CA, USA), 20 ng/ml EGF (R&D Systems, Minneapolis, MN,
USA), and 20 ng/ml bFGF (R&D Systems, Minneapolis,
MN, USA) in a humidified incubator at 37°C in 5% CO,,.

Cell Invasion Assay

Cell invasion assays were performed using a trans-well
chamber (Corning, Tewksbury, MA, USA). DMEM/F-12
medium supplemented with B-27 supplement, EGF and
bFGF was added to the bottom chambers, and cells were
suspended in DMEM/F-12 medium and seeded into the
top chamber coated with Matrigel. After 48 h incubation
at 37°C, cells in the top chamber were removed with a
cotton swab. The cells were fixed in 4% paraformaldehyde
for 5 min, followed by staining with 0.5% crystal violet
in 95% ethanol for 40 min. Cells were counted using a
phase-contrast microscope and quantified with Image J
software.®"

Anchorage-Independent Colony Growth Assay

Anchorage-independent growth assays were performed
using the soft agar colony formation assay.®? Briefly,
CHLAO1 cells were cultured in the growth medium that
contained 0.6% agar at 1000 cells per 24-well plate. Cells
were cultured in a humidified incubator at 37°C in 5% CO,,.
The complete growth medium on top of the agar was
changed each 3 days. After 21 days incubation, the colo-
nies were stained with 0.005% crystal violet in 95% ethanol
for 30 min and all colonies were counted using Cytation
1 cell imaging reader (BioTek, Winooski, VT, USA). Colony
number was determined using the ImageJ software.3!

RNA Samples

Normal human cerebellum (CB) was purchased from
BioChain (Newark, CA, USA). RNAs from various MB cell
lines and PDXs were kindly provided by Dr. Wechsler-Reya
(Sanford Burnham Prebys Medical Discovery Institute, La
Jolla, CA, USA).33-35

RNA-Fluorescence in Situ Hybridization
(RNA-FISH)

RNA was visualized in paraffin-embedded tissue sections
using the QuantiGene ViewRNA ISH Tissue Assay
Kit (Affymetrix, Frederick, MD, USA). In brief, tissue
sections were rehydrated and incubated with proteinase
K. Subsequently, they were incubated with ViewRNA
probe sets designed to target human SPRIGHTLY and
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MYC (Affymetrix, Santa Clara, CA, USA). Custom Type 1
primary probes targeting SPRIGHTLY and Type 6 primary
probes targeting MYC were designed and synthesized
by Affymetrix (Santa Clara, CA, USA; Supplementary
File 1). Hybridization was performed according to the
manufacturer’s instructions.

Immunofluorescence

CHLAO1 cells were fixed with freshly made 4%
paraformaldehyde and immuno-stained with anti-SMYD3
(ab187149, 1:250, Abcam, Cambridge, UK) and anti-MYC
tag (ab32, 1:200, Abcam) antibodies. Primary antibody-
antigen complexes were visualized using anti-mouse Alexa
Fluor 488 and anti-rabbit Alexa Fluor 546 secondary anti-
bodies (Molecular Probes, Eugene, OR, USA; 1:500). Nuclei
were counterstained with 4’,6-diamidino-2-phenylindole
(DAPI). Stained sections were imaged using a confocal
laser-scanning microscope (Nikon C1 confocal system,
Nikon Corp, Tokyo, Japan). The acquired images were pro-
cessed using NIS (Nikon) and analyzed with Image J soft-
ware (https://imagej.nih.gov/ij/).

Intracranial Medulloblastoma Xenografts

Mouse studies were approved and performed in ac-
cordance with the policies and regulations of the Animal
Care and Use Committee of Johns Hopkins University.
Intracranial MB xenografts were established by injecting
CHLAO1 cells or SPRIGHTLY-deleted CHLAO1 cells into the
cerebellums of NOD-SCID mice (Jackson Laboratory, Bar
Harbor, ME, USA). Cerebellar coordinates were -2 mm
from lambda, +1 mm laterally, and 1.5 mm deep. Tumor
growth was evaluated by weekly bioluminescence imaging
using an in vivo spectral imaging system (IVIS Lumina ll,
Xenogen, Alameda, CA, USA).

Quantitative Real-Time PCR (qRT-PCR)

RNA was isolated using the Direct-zol RNA miniprep
kit (Zymo Research, Irvine, CA, USA) and cDNA was
synthesized using a High-Capacity cDNA Reverse
Transcription kit (Applied Biosystems, Waltham, MA, USA).
Real-time PCR was performed using a Power SYBR green
PCR master mix (Applied Biosystems) in the QuantaStudio
5 Real-Time PCR systems (Thermo Fisher Scientific). ACTB
was used for normalization. Primer sequences are listed in
Supplementary File 1.

Domain-Specific Chromatin Isolation by RNA
Purification (dChIRP)

dChIRP was performed as previously described.'”3¢ Cells
were cross-linked with 0.3% formaldehyde for 10 min.
Sheared chromatin was diluted with hybridization buffer
and probes were added. The mixture was incubated over-
night at 37°C with rotation. Streptavidin-magnetic C1
beads (Thermo Fisher Scientific, Waltham, MA, USA) were
added and incubated for another 2 h at 37°C. Beads were
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re-suspended in buffer containing proteinase K (Sigma-
Aldrich, St. Louis, MO) and incubated at 50°C for 45 min
followed by overnight incubation at 65°C for reverse
crosslinking. RNAs were extracted by TRIzol:chloroform
and precipitated with ethanol. The purified RNAs were
treated with DNA-free water (Life Technologies, Carlsbad,
CA, USA) according to manufacturer’s protocol. RNAs
were quantified gRT-PCR. Primer and probe sequences are
available in reference."”

SMYD3, SMYD3 AEbL, SPRY4, and SPRIGHTLY
Expression in Patient RNA-seq Data

Raw FASTQ files for the RNA-seq data were collected from
the European Genome-Phenome Archive (EGA, http://www.
ebi.ac.uk/ega/, accession number: EGAD00001003279)
after obtaining permission from the ICGC Data Access
Compliance Office (DACO). The data represented 175
medulloblastoma samples (n = 18 WNT, n =46 SHH, n=45
G3, and n = 66 G4). Libraries for these data had been pre-
pared using a strand-specific method (TruSeq or a modified
method) and were sequenced on the Illlumina HiSeq2000
platform for 2 x 51 cycles. The ultra-fast FASTQ preprocessor
package fastp®” was used for quality control, adapter trim-
ming, and filtering low-quality FASTQ read data. Filtered
FASTQ files were then mapped to SMYD3 and SMYD3
E5-deleted sequences separately using BWA read aligner.
Samtools was used to count primary aligned reads to the
SMYD3/SMYD3 E5-deleted genomic sequence.

Overexpression and siRNA-Mediated
Knock-Down

The plasmid containing PTBP1 was obtained from
Addgene (Watertown, MA, USA). One ng of plasmids for
PTBP1 (Addgene plasmid #64925) or SPRIGHTLY' were
transfected for 48 h using FugeneHD (Promega, Madison,
WI, USA). siRNAs targeting PTBP1 (catalog no. 4427038,
ID: s11436) and negative control (siNEG, catalog no.
AM4611) were purchased from Ambion (Foster City, CA,
USA). siRNAs were transfected at 20 nM for 48 h using
Lipofectamine RNAIMAX (Life Technologies, Carlsbad, CA,
USA).The efficiency was determined by qRT-PCR.

SMYD3-Myc and SMYD3 AE5-Myc
Overexpressing Cell Lines

SMYD3 cDNA was cloned into pcDNA4/TO/myc-HisB
(Thermo Fisher Scientific) using an In-Fusion cloning
system according to the manufacturer’'s instructions
(Takara Bio USA Inc., San Jose, CA, USA). SMYD3 AE5
gBlock was synthesized by Integrated DNA Technologies
(IDT, Coralville, 1A, USA) and cloned into pcDNA4/TO/
myc-HisB. To move SMYD3-Myc and SMYD3 AE5-Myc
fragments into lenti-plasmids, the dCas9-VP64 gene
in pLenti-dCas9-VP64_blast (addgene #61425) was re-
placed with SMYD3-Myc or SMYD3 AE5-Myc fragments.
Lentiviruses were generated using a Lenti-X packaging
single shot (Takara Bio USA Inc.) and CHLAO1 cells were
transduced with lentiviruses containing the SMYD3-Myc or

SMYD3 AE5-Myc gene. Primer sequences are available in
Supplementary File 1.

Western Blotting

Cell lysates were fractionated by SDS-PAGE and transferred
to polyvinylidene difluoride membranes. Membranes
were blocked with 5% bovine serum albumin (Fisher
Scientific, Hampton, NH, USA) inTBST (10 mMTris, pH 8.0,
150 mM NaCl, 0.5% Tween 20) for 60 min, then incubated
with antibodies targeting PTBP1 (Medical and Biological
Laboratories (MBL), Nagoya, Aichi, Japan; catalog no.
RNO11P), lamin B1 (MBL; catalog no. PM064), phospho-
ERK1/2 (Cell Signaling Technology, Danvers, MA, USA;
catalog no. 4370), SMYD3 (Abcam; catalog no. ab183498),
Myc (Abcam; catalog no. ab32), and tubulin (Abcam; cat-
alog no. ab6046) at 4°C overnight. Membranes were
washed and incubated with a 1:10,000 dilution of horse-
radish peroxidase-conjugated anti-mouse or anti-rabbit
antibodies for 1 h. Blots were washed and developed with
the ECL system (Amersham Biosciences, Piscataway, NJ,
USA) according to the manufacturer’s protocols.

Identification of SPRIGHTLY-Binding Proteins

SPRIGHTLY-binding proteins were purified with the
RiboTrap kit (MBL) according to the manufacturer’s pro-
tocol. Briefly, 1.0 x 107 cells were harvested and lysed in
CE buffer with detergent solution. After removing the cy-
tosol fraction, nuclei were re-suspended in NE buffer. The
nuclear lysate was used for immunoprecipitation. BrU-
labeled SPRIGHTLY was prepared with the MEGAstrip
T7 system (Invitrogen). BrU-labeled RNA was mixed with
the nuclear extracts and captured by Protein G agarose
conjugated with an anti-BrdU antibody. Proteins were di-
gested with trypsin for analysis by mass spectrometry.
Mass spectrometry analysis was performed by the Johns
Hopkins University School of Medicine Proteomics Core
(https://www.hopkinsmedicine.org/research/labs/mass-
spectrometry-core). Average peptide numbers between
replicates were used for determining the specific binding
partners. To measure the degree of variation between rep-
licates, the coefficient of variation was calculated as the
ratio of the standard deviation to the mean [= (standard de-
viation/mean) x 100].

Validation of PTBP1 Interaction with SPRIGHTLY
by Co-immunoprecipitation

PTBP1 immunoprecipitation was performed using a
Pierce classic IP kit (Thermo Fisher Scientific) according
to the manufacturer’s protocols. Briefly, cell lysates (from
5.0 x 10° cells) were pre-cleared using control agarose
resin and incubated with 1 ng of anti-PTBP1 antibody over-
night. Immune complexes were captured with protein A/G
agarose. After washing the captured immune complexes,
half were used for protein elution with SDS sample buffer.
The other half was used for RNA extraction by adding
TRIzol and subjected to purification using a Direct-zol RNA
Mini Prep kit (Zymo Research).
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Cell Fractionation

To localize SPRIGHTLY or SMYD3 in the cell, cytosolic and
nuclear fractions were prepared using the RiboTrap kit
(MBL). The same amount of cytosol and nuclear extract
was analyzed by western blotting using an anti-SMYD3
antibody. For SPRIGHTLY localization, RNAs were isolated
from the cytosol and nuclear fractions using the Direct-zol
RNA Mini Prep kit (Zymo Research), and SPRIGHTLY was
detected by qRT-PCR.

Human Phospho-Protein Profiler Array

Lysates from DMSO- and EGF-treated cells were incubated
with the Human Phospho-Kinase Array kit (ARY003C;
R&D System, Minneapolis, MI, USAs) according to the
manufacturer’s instructions. The protein signal was de-
tected by chemiluminescent signal.The intensity of specific
protein expression was quantified using ImageJ software.

Results

LncRNA SPRIGHTLY is Upregulated in G4 MB
Cell Lines and in MB Patient-Derived Xenografts

Since IncRNA expression is generally known to be more
tissue-specific than that of mRNAs,3%3 we examined
SPRIGHTLY expression in MB subgroup patient-derived
xenografts (PDXs). SPRIGHTLY expression was highest
in G4 PDXs (Figure 1A and Supplementary Figure S1A)
relative to its expression in normal cerebellum. These
observations were reflected in established MB cell lines:
SPRIGHTLY expression was highest in the two G4 cell
lines CHLAO1 and CHLAO1-R-MED (here after termed
CHLAO1-R; the drug resistant version of the CHLAO1
cells from the same individual) compared with the other
MB cell lines tested and normal cerebellum (Figure 1B
and Supplementary Figure S1B). SPRIGHTLY-gene ex-
pression was further confirmed by RNA-FISH in pa-
tient tissue microarray samples and cell lines (Figure 1C
and Supplementary Figure 1C). As shown in Figure 1C,
SPRIGHTLY RNA-FISH signals were enriched in G4 pa-
tient tissues compared with the other groups. RNA-FISH
further confirmed SPRIGHTLY transcript enrichment in
G4 cell lines, with MYCN used as the G4 positive con-
trol* (Supplementary Figure S1C). RNA-FISH analysis
also showed SPRIGHTLY RNA localized to the nucleus,
which was further confirmed by subcellular fractionation
followed by gPCR analysis (Supplementary Figure S2).
Lastly, we examined the expression level of SPRIGHTLY
and SPRY4 (SPRIGHTLY host gene)'® expression levels re-
ported in 175 patient-derived RNA-seq data.*® SPRIGHTLY
expression in G4 MB was higher than in other groups,
especially relative to those in SHH MB. Interestingly,
SPRIGHTLY expression pattern was quite different from
that of its host gene SPRY4 in various subgroups of MB.
SPRIGHTLY resides in the intron region of SPRY4 and
the two RNA transcriptions were co-regulated in mel-
anoma.*’ By contrast to SPRIGHTLY expression pat-
tern, the expression levels of SPRY4 mRNA in G4 MB
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samples were significantly lower than those in other
groups (Supplementary Figure S3), possibly due to a dif-
ferent decay rate in MB cells.

SPRIGHTLY Knock-Down Decreases in Vitro and
in Vivo Cellular Proliferation

We next deleted the SPRIGHTLY in CHLAO1 cells using
CRISPR/Cas9 and isolated single clones that simultane-
ously exhibited PCR-determined hemizygous knockout
of the SPRIGHTLY gene and at least 50% reduction in
SPRIGHTLY expression (Supplementary Figure S4). Both
of two independent single clones (SC#12 and SC#14) had
reduced viability (Figure 2A), invasion, and colony forma-
tion in vitro (Figure 2B and C, Supplementary Figure S5).
We postulated that the decreased viability arose from in-
trinsic apoptosis,*?*® which was reflected in the higher ex-
pression of caspases 3 and 7 in these cell lines relative to
parental controls containing the “empty” lentiviral vector
(Figure 2D).

Next, to study the in vivo effect of SPRIGHTLY knock-
down, CHLAO1 (transduced with empty lentiviral vector),
SC#12, and SC#14 cells were separately injected intra-
cranially into the cerebellums of NOD/SCID mice. SC#12
and SC#14 tumors were smaller than parental tumors at
day 21 (P < .05). Signal intensity decreased by ~10-fold
(at day 35) as judged by in vivo imaging of the orthotopic
tumor (IVIS system; Figure 2E and Supplementary Figure
S6A), representing a significant delay in tumor develop-
ment in cells with hemizygous deletion of SPRIGHTLY.
This result was further confirmed by H&E staining and
Ki67 immunostaining showing reduced in vivo prolifera-
tion in SC#12 and SC#14 tumors compared with controls
(Supplementary Figure S6B-D). In addition, according
to the log-rank test, there was significant improvement
of mice survival. Compared to mice implanted with pa-
rental G4 MB cells, the survival rates of mice injected with
SC#12 and SC#14 cells were significantly higher (P < .05,
Figure 2F).Together, these results demonstrate SPRIGHTLY
expression promotes MB tumor growth in vivo.

SPRIGHTLY Binds to the Intronic Region of
SMYD3 Pre-mRNA and Interacts with its Binding
Partner PTBP1

Since it is difficult to predict IncRNA function from its
primary sequence, we sought to determine its binding
partners, because the functions of its binding proteins
might be informative. We previously identified a role for
SPRIGHTLY in melanoma and reported its RNA-binding
partners using domain-specific chromatin isolation by RNA
purification (dChIRP)."” In melanoma cells, SPRIGHTLY
binds to the intronic regions of six pre-mRNAs: SMYD3,
SND1, SOX5, MEOX2, DCTN6, and RASAL2. We confirmed
that the same six pre-mRNA partners still interacted with
SPRIGHLY IncRNA in medulloblastoma cells by dChIPR-
qPCR (Figure 3A). SPRIGHTLY has three distinguishable
topological domains (D1-D3); three independent dChIRP
pull-down assays were therefore carried out using the
respective domain-specific biotinylated probes, and the
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Figure 1.

SPRIGHTLY expression in MB PDXs, cell lines, and patient samples. SPRIGHTLY expression was determined by qRT-PCR in various

MB (A) PDX and (B) cell lines. (C) RNA-FISH analysis revealed that SPRIGHTLY is highly expressed primarily in Group 4 MBs compared with other

groups. Student’s t-test. * <.05, ** <.01, **** <0001, ns, not significant.

pull-down efficiencies were determined by qPCR analysis
using domain-specific qPCR primers'” (Figure 3B).

The interaction between SPRIGHTLY and its six pre-
mRNA binding partners is not mediated by sequence
complementarity, suggesting that another factor, per-
haps a protein, might be involved in this interaction."”
To identify a putative protein binding partner that might
mediate such an interaction, we first labeled SPRIGHTLY

transcripts with 5-bromo-UTP by in vitro transcription
followed by incubation with nuclear extracts to form
SPRIGHTLY-RNA-binding protein (RBP) complexes. The
SPRIGHTLY-RBP complexes were then immunoaffinity-
purified using anti-BrdU antibody. RBPs associated with
SPRIGHTLY IncRNA were identified by mass spectrom-
etry (Figure 3C and D). Antisense RNA of SPRIGHTLY
(negative control for non-specific association), sense
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SPRIGHTLY knock-down affects cellular proliferation, invasion, soft agar colony formation, apoptosis, in vivo tumorigenicity, and

mouse survival. Decreased SPRIGHTLY expression reduces (A) proliferation, (B) invasion, and (C) colony formation and increases (D) apoptosis.
(E) Tumor volume Student’s t-test. * <.05, ** < .01, *** < .001, **** <.0001. (F) Kaplan-Meier survival curve of mice. The log-rank test was applied to

assess the differences between groups. *P< .05, Mantel-Cox log-rank test.

RNA of HLX-2-7 (positive control for a G3-specific
IncRNA),"® and antisense RNA of HLX-2-7 (negative con-
trol for G3-specific IncRNA) were used in separate ex-
periments to exclude proteins non-specifically pulled
down with the SPRIGHTLY IncRNA. The total peptide
count showed that polypyrimidine tract binding protein
1 (PTBP1) was the most enriched protein of those iden-
tified, followed by nucleolysin TIAR (TIAL1) and treacle
ribosome biogenesis factor 1 (TCOF1) (Figure 3C). Non-
specific binding proteins are expected to show less re-
producibility in biological replicates. PTBP1 levels had
the lowest coefficient of variation (CV) between repli-
cates, suggesting that PTBP1 is most likely to be a spe-
cific binding partner protein of SPRIGHTLY (Figure 3D).To
confirm the interaction between PTBP1 and SPRIGHTLY,
we immunoprecipitated endogenous PTBP1 in CHLAO1
cells and observed by qRT-PCR that SPRIGHTLY IncRNA
had co-immunoprecipitated (Supplementary Figure S7).
Of note, the primary sequence of SPRIGHTLY contains

several PTBP1 consensus RNA-binding sequences*
(Supplementary Figure S8).

SPRIGHTLY IncRNA and PTBP1 Protein Regulate
Exon 5 Skipping of SMYD3 Pre-mRNA in G4
MB Cells

PTBP1 is known to act as a repressor of alternative splicing,
favoring exon skipping.*>4® Since SPRIGHTLY preferen-
tially binds to at least six distinct pre-mRNA sequences
(Figure 3A), we hypothesized that SPRIGHTLY IncRNA and
PTBP1 protein cooperate to regulate RNA splicing in G4
MB cells. Among the six recognized targets of SPRIGHTLY
IncRNA, we focused on SMYD3 because (a) it is a histone
lysine-N-methyl transferase and thereby regulates epige-
netic processes,*’*¢ (b) it is a direct target of HIF2a,%> which
is controlled by the SHH signaling cascade, and (c), it is a
regulator of EGFR signaling pathways as well direct reg-
ulatory of the telomerase gene.*® We therefore tested the
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SPRIGHTLY binds to its known RNA-binding partners and PTBP1 protein in the MB group 4 cell line CHLAO1. dChIRP was performed

with biotinylated probes, and SPRIGHTLY's RNA-binding partners were determined by gRT-PCR. (A) dChIRP-qRT-PCR showing the co-purification
of six RNA-binding partners with SPRIGHTLY. The relative fold change of co-purified RNAs are shown compared with the amount of non-specific
GAPDH RNA. (B) Pull-down efficiency of SPRIGHTLY in each dChIRP. Ribo trap followed by mass spectrometry analysis of binding proteins
shows that PTBP1 is a protein binding partner of SPRIGHTLY. (C) Top 3 protein binding partners. |dentified peptide numbers are shown. (D)
Coefficient of variation quantifying the variation between the three biological replicates.

hypothesis that SPRIGHTLY and PTBP1 together controls
alternative splicing of SMYD3.

SPRIGHTLY bindsto intron 5 of SMYD3 (NM_001167740.2),"7
so if SPRIGHTLY and PTBP1 protein localize to intron 5
of SMYD3, there could be at least two possible alterna-
tive splicing scenarios: exon 5 skipping or exon 6 skipping
(Supplementary Figure S9). We therefore designed PCR pri-
mers to detect the predicted exon-skipped and non-skipped
transcripts and transfected cells with PTBP1 siRNA or
overexpressed PTBP1 and SPRIGHTLY. As shown in Figure
4A, exon b5-skipped transcripts (SMYD3 AE5 transcript)
were detected in the G4 cell line, CHLAO1. Primers binding
to exons 4 and 5 detected full-length (amplicon size 243 bp)
and exon b5-skipped (amplicon size 106 bp) transcripts,
indicating that both transcripts were transcribed together in
CHLAO1 cells. PTBP1 knock-down significantly reduced, and
overexpression increased, SMYD3 AE5 transcripts, whereas
the overexpression of SPRIGHTLY significantly increased the
levels of full-length transcript (Figure 4A). Sanger sequencing
further confirmed the predicted 243 bp and 106 bp PCR

products of the skipped and non-skipped mRNAs: the 243 bp
amplicon contained exons E4, E5, and E6, while the 106 bp
amplicon contained only exons E4 and E6 (Supplementary
Figure S10). Both full-length and AE5 transcripts were ex-
pressed in the G4 cell line CHLAO1 (Figure 4A).

To examine whether AE5 transcripts are expressed in
patient samples, we retrieved RNA-seq data from twelve
normal cerebellums® and 175 MBs.*The ratio of full-length
to AE5 SMYD3 transcripts was indeed significantly higher in
MBs than in normal patient samples, suggesting that the AE5
transcript is a characteristic of MB (Figure 4B, right panel bar
graph). We suggest that the balance between the two tran-
script levels might affect MB development or maintenance.

The SMYD3/SPRIGHTLY Axis Stimulates the
EGFR Pathway in G4 MBs

SMYD3 is a lysine methyltransferase with a va-
riety of target proteins depending on the context and
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Figure 4. The interaction of SPRIGHTLY with PTBP1 regulates SMYD3 exon skipping. The group 4 cell line was transfected with siPTBP1 or
SiNEG or PTBP1 or SPRIGHTLY was overexpressed to determine their effects on exon skipping. (A) The splicing variant lacking exon 5 was
detected. Two independent experiments are shown. (B) The expression levels of full-length SMYD3 and SMYD3 E5 skipped (SMYD3 AES5) tran-
scripts were determined in tissue RNA-seq data (left and middle panel). The ratio between SMYD3AE5 and full length SMYD3transcripts in each
patient was determined (right panel). siNEG: siRNA for scrambled sequence, siPTBP1: siRNA for PTBP1, V5-PTBP1: V5 epitope-tagged PTBP1.
Student's t-test compared with normal cerebellum (CB). ns > .05, * < .05, **** < .0001.

localization. Nuclear SMYD3 induces histone H3K4 di- or
tri-methylation® and histone H4K5 methylation,*” whereas
cytosolic SMYD3 methylates MAP3K2 to stimulate the
ERK1/2 pathway.®' Therefore, it is important to determine
SMYD3 protein localization in G4 MB cells.

We performed immunofluorescence staining for en-
dogenous SMYD3 to determine its cellular localization.
Confocal immunofluorescence microscopy (Figure 5A)
showed that most SMYD3 protein localizes to the cyto-
plasm, but 18% of cells showed nuclear SMYD3 (Figure
5A and Supplementary Figure S11A). Both localiza-
tions were confirmed by cell fractionation followed
by western blot analysis with anti-SMYD3 antibodies
(Supplementary Figure S11B). Interestingly, as shown
in the middle and right panels of Supplementary Figure
S11C, SMYD3 was enriched at cell-cell junctions. While
CHLADO1 cells tend to grow in suspension, they also form
spheres of varying sizes. The localization of SMYD3 sug-
gests that it might be involved in cell-cell contacts and
cellular clumping. SMYD3 localization was further con-
firmed by stably overexpressing SMYD3-Myc fusion pro-
teins in cell lines. Immunofluorescent confocal images

with anti-Myc antibodies showed that SMYD3-Myc also
localized to both the cytosol and nucleus, similar to en-
dogenous SMYD3 protein (Supplementary Figure S12A).
Stable clones of cells expressing SMYD3 AE5-Myc fu-
sion proteins exhibited the same localization patterns
(Supplementary Figure S12B).

Since SMYD3 protein localizes to the cytosol, it may
function as a lysine methyltransferase to enhance MAPK
pathway activity, as observed previously.?' To identify which
pathways are affected by SMYD3, we first induced the EGFR
receptor tyrosine kinase pathway in cells overexpressing
SMYD3 (and in a negative control line containing the empty
vector) by stimulating with EGF and basic FGF (bFGF). EGF
treatment increased ERK1/2 phosphorylation, whereas bFGF
did not (Supplementary Figure S13). To compare the down-
stream signaling profiles between CHLAO1/vo and CHLAO1/
SMYD3-Myc cells, a human phospho-kinase antibody array
analysis was carried out on whole cell lysates. As expected,
SMYD3 overexpression enhanced EGFR pathway signaling
in CHLAO1 cells (Figure 5B and Supplementary Figure S14).
This suggests that SMYD3 methylates MAP3K2 in CHLAO1
cells to activate the EGFR pathway.
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Figure 5. SMYD3 overexpression activates the EGFR pathway in CHLAO1 cells. (A) Localization of endogenous SMYD3. Representative x60 Z-stack
confocal images showing cytosolic and nuclear localization. Scale bar 10 um (B) Human phospho-kinase array showing the activation of the EGFR
pathway upon SMYD3 overexpression. The phosphorylation level of each protein in duplicate was determined by western blot analysis. The dot in-
tensity was quantified using an Image J software and shown in Supplementary Figure S14. SMYD3-Myc overexpression cells showed the increased
the phosphorylation of EGFR pathway proteins. Red indicates elevated phosphoproteins in the EGFR pathway.

SMYD3 and SPRIGHTLY Together Regulate
Tumor-Associated Hypercoagulation Pathways

To understand the impact of SMYD3 and SPRIGHTLY in
G4 MB, we subjected CHLAO1/vo, CHLA01/SMYD3-Myc,
CHLAO01/SMYD3 AE5-Myc, and CHLAO1/SPRIGHTLY-
deleted (SC#14) cells to RNA-seq analysis. Differential
gene expression analysis showed a clear distinctive
gene expression pattern on SMYD3-Myc or SMYD3 AE5-
Myc overexpression or SPRIGHTLY hemizygous dele-
tion (Figure 6). Both unsupervised clustering (Figure 6A)
and principal component analysis (Figure 6B) showed

that the gene expression in SPRIGHTLY-deleted cells
is distinct (clustering and PCA) from parental cells ex-
pressing both copies of SPRIGHTLY and the SMYD3 or
SMYD3 AE5-overexpressing groups.

As predicted, SPRIGHTLY overexpression forced the
splicing of SMYD3 towards the full-length SMYD3 tran-
script (Figure 4A), and, conversely, its deletion reduced
full-length  SMYD3 mRNA expression (Supplementary
Figure S15). This suggests that both SPRIGHTLY and
SMYD3 should regulate genes downstream of SMYD3
in the same direction. To test this, we subjected SMYD3-
overexpressing and SPRIGHTLY-depleted RNA to RNA-seq
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analysis (Supplementary File 2). Gene set enrichment genes in SMYD3-overexpressing cells (FDR 9.45 x 10-8;
analysis (GSEA)%2 showed that genes involved in mi-  Figure 6C left panel). In addition, cell cycle regulation path-
totic spindle assembly were the major hallmark pathway  ways (G2/M checkpoint genes and E2F target genes, FDR
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3.25 x 10-® and 2.09 x 10 -5, respectively) were regulated by
both SMYD3 and SPRIGHTLY in CHLAO1 cells.

Interestingly, “coagulation” and “hemostasis”-related
gene sets were upregulated in SMYD3-overexpressing
and downregulated in SPRIGHTLY-deleted cells (Figure 6C
left and right panels). Cancer patients commonly exhibit a
subclinical hypercoagulable state (an increased tendency
to develop blood clots). Indeed, hypercoagulation is the
second leading cause of cancerrelated deaths®® and is
known to promote tumor growth and progression by stim-
ulating intracellular signaling pathways.>* For example,
tumor cells secrete procoagulant and fibrinolytic molecules
that are known to cause hypercoagulability in cancer pa-
tients.%® Tumor cells synthesize an activator of the blood
coagulation called tissue factor (TF), thereby activating he-
mostasis. TF promotes thrombin generation and facilitates
fibrin deposition, thus creating a hypercoagulation micro-
environment that may protect tumor cells from immune
system attack.%®

As shown in Figure 6A and B, cells with endogenous
SMYD3 or SMYD3 AE5 overexpression clustered together,
suggesting that both proteins similarly affect downstream
gene expression. In GSEA analysis (Figure 6D left and
right panels), consistent with the human phospho-kinase
array results (Figure 5B), receptor tyrosine kinase pathway
(FDR 3.7 E-2) and MAPK kinase pathway genes (FDR 3.7
E-2) were upregulated in both SMYD3- and SMYD3 AE5-
overexpressing cells (Figure 6D left panel), whereas,
tumor suppressor gene pathways such as p53 signaling
and the retinoblastoma protein regulation pathway were
downregulated in both cell types (Figure 6D right panel).

Discussion and Conclusion

Here we have shown that the IncRNA SPRIGHTLY, ex-
pressed at high levels in G4 MB cells, prevents exon 5 skip-
ping of SMYD3 precursor mRNA. This enables a higher
expression level of the full-length SMYD3 transcript rel-
ative to that of the exon-skipped version. The expression
of SPRIGHTLY and full-length SMYD3 mRNA was associ-
ated with increased expression of cell cycle, spindle appa-
ratus, and hemostasis/coagulation genes and increased
activity of EGFR pathway components accompanied by
hyper-phosphorylation of ERK and downstream signaling
proteins in G4 MB cell lines. Consistently, we demonstrate
that a reduction in SPRIGHTLY levels through hemizygous
deletion by CRISPR/Cas9 in G4 MB cells is accompanied
by a reduction in the full-length SMYD3 mRNA, a corre-
sponding increase in the exon 5-skipped version of the
SMYD3 mRNA, and delayed G4 MB development in mice.
Based on these evidence, we suggest that the abnormal
expression (e.g., due to gene amplification) of SPRIGHTLY
augments G4 MB through an over-production of the full-
length SMYD3 protein. Our results establish a strong di-
rect correlation between the ratio of the full-length to the
exon-skipped shortened version of SMYD3 as an important
parameter for G4 MB aggressiveness in a murine model
xenografted with human MB cells. Since the SMYD3 gene
maps at 1qg44, the observed correlation is consistent with
the frequent observation of chromosome 1 gain (24% of
observed samples) in childhood medulloblastomas,” and

a case of cerebellar medulloblastoma with a chromosome
1q trisomy.®8This is because a gain in SMYD3 gene (located
on 1g44) copies, and their increased levels of transcription
to produce the precursor RNA, might titrate SPRIGHTLY/
PTBP1 complexes such that the exon-skipped version of
SMYD3 mRNA might be underproduced relative to that of
full-length version, thus contributing to MB development.

The full-length SMYD3 protein has 428 amino acids and
contains an MYND-type zinc finger domain and a SET do-
main at its N-terminal region.’® However, the SMYD3 AE5
transcript encodes a smaller protein of 140 amino acids
due to the introduction of an early stop codon in exon 6
(Supplementary Figure S16A). Compared to full-length
SMYD3, SMYD3 AE5 has lost most of the SET domain
(N-lysine methyltransferase domain) but retains the
MYND-type zinc finger domain, which might be involved
in protein-protein interactions® (Supplementary Figure
S16B). Therefore, the AE5 version might help protein-
protein interactions of the full-length protein or encode a
dominant-negative protein that interferes with the normal
SMYD3-encoded RNA-dependent methyltransferase. We
therefore hypothesize that the expression of the full-length
SMYD3 protein in G4 MB cells is related to its tumorigenic
properties, and that in normal precursor stem cells—the
progenitor of G4 MB cells—the ratio of the two versions
of SMYD3 proteins is important for maintaining their stem
cell characteristics. More specifically, the shortened protein
from the exon 5-skipped SMYD3 mRNA is associated with
a protective function whereas the full-length version of the
SMYD3 protein promotes G4 MB. A salient prediction of this
model, that the shortened protein from the exon 5-skipped
version of SMYD3 mRNA is a dominant-negative regulator
of the full-length SMYD3 protein, will be tested in future ex-
periments. These results and the model of SPRIGHTLY action
in G4 MB cells are summarized in Supplementary Figure S17.

Recent studies have noted that tumorigenesis induced
by oncogene and tumor suppressor gene mutations can
activate clotting pathways.566'-63 For example, oncogenic
mutation of KRAS and loss of function of p53 in colorectal
cancer are associated with high TF expression.®* In a sim-
ilar manner, glioblastomas, which often harbor oncogenic
EGFR mutations, express high levels of TE® In MB, TF
overexpression has been reported in the SHH subgroup®
but data are lacking for the G4 MB subgroup. Based on
the results of GSEA analysis conducted on RNAseq data
obtained from genetically modified G4 MB cells, we
speculate that SPRIGHTLY and SMYD3, together with
SMYD3-AE5 regulate hemostasis pathway gene expres-
sion patterns to influence clinical manifestations of G4 MB
during later stages of tumor development.

Supplementary Material

Supplementary material is available at Neuro-Oncology
Advances online.
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