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Abstract

Background. Advances in our understanding of the molecular biology of meningiomas have led to significant
gains in the ability to predict patient prognosis and tumor recurrence and to identify novel targets for therapeutic
design. Specifically, classification of meningiomas based on DNA methylation has greatly improved our ability to
risk stratify patients, however new questions have arisen in terms of the underlying impact these DNA-methylation
signatures have on meningioma biology.

Methods. This study utilizes RNA-sequencing data from 486 meningioma samples corresponding to 3 menin-
gioma DNA-methylation groups (merlin-intact, immune-enriched, and hypermitotic), followed by in vitro experi-
ments utilizing human meningioma cell lines.

Results. We identify alterations in RNA splicing between meningioma DNA-methylation groups including indi-
vidual splicing events that correlate with hypermitotic meningiomas and predict tumor recurrence and overall
patient prognosis and compile a set of splicing events that can accurately predict DNA-methylation classifica-
tion based on RNA-seq data. Furthermore, we validate these events using reverse transcription polymerase chain
reaction (RT-PCR) in patient samples and meningioma cell lines. Additionally, we identify alterations in RNA-
binding proteins and splicing factors that lie upstream of RNA splicing events, including upregulation of SRSF1
in hypermitotic meningiomas which we show drives alternative RNA splicing changes. Finally, we design splice-
switching antisense oligonucleotides to target RNA splicing changes in NASP and MFF observed in hypermitotic
meningiomas, providing a rationale for RNA-based therapeutic design.

Conclusions. RNA splicing is an important driver of meningioma phenotypes that can be useful in prognosticating
patients and as a potential exploit for therapeutic vulnerabilities.
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Importance of the Study

DNA-methylation profiling has revealed molecular
groups of meningiomas that are associated with distinct
gene expression programs, therapeutic vulnerabilities,
and clinical outcomes. However, RNA processing events
across meningioma DNA-methylation groups have not
been assessed. Specifically, RNA splicing, a key step
in gene expression that promotes transcriptomic and
proteomic diversity, has yet to be systematically char-
acterized in human meningiomas. This study identi-
fies key RNA splicing events associated with high-risk

Meningiomas are the most common intracranial tumor.’
While most are benign,’ a subset are aggressive with high
rates of recurrence despite standard treatment.?® Recent
studies have revised meningioma classifications based on
tumor genomics,*” epigenetics,®'* and gene expression
signatures,' 87 and nominated novel therapeutic targets
that are in preclinical or early clinical trials for aggressive
meningiomas.®®'® Among these molecular approaches to
meningioma classification, DNA methylation is a powerful
tool for predicting patient outcomes.®"'* However, we lack a
comprehensive understanding of the biological differences
between DNA-methylation groups and the downstream
impact of these changes on tumor growth or therapeutic
vulnerability. Interestingly, DNA-methylation groups with
more malignant tumors harbor dysregulated expression
signatures across genes involved in RNA processing and
splicing.®" Alternative RNA splicing (AS) is a key step in
gene expression regulation that allows individual genes to
encode multiple RNA isoforms, facilitating transcriptomic
diversity that underlies cellular phenotypes.’®? AS is
dysregulated in cancers where the expression of RNA
isoforms is skewed towards those that promote hallmark
phenotypes of cancer.?"?2This shift in RNA isoforms is due
to underlying defects in RNA processing machinery in-
cluding splicing factors (SFs), a family of RNA-binding pro-
teins (RBPs) that regulate AS in a dose-dependent manner.
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(hypermitotic) meningioma groups. We further identify
RNA-binding proteins that are differentially expressed
and regulate these splicing events in meningiomas.
Finally, we create splice-switching antisense oligo-
nucleotides directed at oncogenic splicing events that
are toxic to hypermitotic meningioma cell lines in vitro.
Together, our results provide the first systematic identi-
fication of alternative splicing events across molecular
groups of meningiomas with potential utility in clinical
diagnostics, prognostication, and therapeutics.

SFs are recurrently mutated in hematological malignancies
but predominantly undergo copy number and expression
level changes in solid tumors.?'?2 Despite its importance
in cancer biology, a systematic analysis of AS changes in
meningiomas is lacking. A few studies examined the impact
of individual AS isoforms on meningioma tumorigenesis,
revealing important interactions with isoforms of CHEK2
and NF2 loss of function,® alternative splicing in NF2 it-
self,?* and tumor dependency on RBPs.?® These findings
suggest a role for AS in meningioma biology, and an unbi-
ased high-throughput analysis might therefore discover key
RNA isoforms that impact meningioma tumorigenesis.

Here, we systematically analyze 486 meningioma sam-
ples and reveal differences in AS patterns across DNA-
methylation groups, identifying AS events that predict
tumor recurrence and overall survival across independent
patient cohorts. Additionally, we identify upstream RBPs
that are differentially expressed between DNA-methylation
groups, including those upregulated in hypermitotic
meningiomas, which have the worst clinical outcomes,
and demonstrate that depletion of these proteins impairs
meningioma cell proliferation. Finally, we develop splice-
switching antisense oligonucleotides (ASOs) that target
hypermitotic-associated AS events in NASP and MFF, pro-
viding a proof-of-principle in rational therapeutic design
against AS in meningiomas.
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Methods
Human Cell Lines

HO1654, ID1654, NU02141, NU02171, IOMM-Lee, and
BenMen cell lines are maintained in DMEM (Gibco) with
10% FBS, 1% penicillin streptomycin (Sigma), and 1x
glutamax (Gibco). Cells are grown at 37 °C with 5% CO,.
Cells are routinely tested negative for mycoplasma using
the MycoAlert™ Mycoplasma Detection Kit (Lonza), and
early passages aliquots are used.

Patient samples

Meningioma tissue and MRI with brief clinical history were
provided as deidentified samples from the University of
Connecticut Health Center biobank (IRB #IE-08-310-1). MRI
images shown are contrast-enhanced T1-weighted series.
For RT-PCR analysis, meningioma tissue was lysed into RLT
buffer (Qiagen) and continued through RNA extraction and
PCR as below.

RNA Extraction and Reverse Transcription

Cells are lysed using RLT buffer (Qiagen) supplemented
with 1% B-mercaptoethanol. RNA is purified using an
RNAeasy kit (Qiagen) with DNAse |. About 250 to 500 ng
of RNA is reverse transcribed using Superscript lll reverse
transcriptase (Invitrogen).

Semiquantitative PCR for Splicing Detection

About 20 ng of cDNA are amplified with Phusion hot start
Il DNA polymerase (Thermo Fisher) and primers listed in
Supplementary Table S3A. PCR products are separated in
1% to 2% agarose gel stained with SYBR Safe (Invitrogen)
and imaged using ChemiDoc MP Imaging System (Bio-
rad). PCR bands are quantified using ImagelLab 6.0 (Bio-
rad) and the percent spliced-in (PSI) ratio of each transcript
is calculated as the exon-included band intensity divided
by the intensity of included and skipped isoform bands.
APSl is calculated as PSI_,__ - PSI

case control®

Cell Line Transfections

Cell lines are reverse transfected with siRNAs (Ambion
Silencer Select siRNA) (Supplementary Table S3B) or uni-
formly modified 2-O-methoxyethyl (22MOE) ASOs with
phosphorothioate backbones (IDT) (Supplementary Table
S3C) using Lipofectamine RNAIMAX (Invitrogen). siRNAs
and ASOs are diluted to final concentration of 10 nM and 50
to 500 nM, respectively, in 100 pL Optimum media (Gibco),
supplemented with 1.5 pL of lipofectamine RNAIMAX.
Following incubation at room temperature, 2.5 x 10° cells/
mL of resuspended cells in 500 yL media are added to
the siRNA or ASO mix. About 125 pL or 500 pL of the mix
are platted into 96- or 24-well plates for phenotyping or
RNA and protein extraction. For everolimus co-treatment,

cells were transfected with ASOs as above and plated in
everolimus (Thermo) containing media to final concentra-
tion of 10 nM.

Western Blot Analysis

Cells are harvested in 2mM EDTA in PBS and
lysed in Laemmli buffer (50 mM Tris-HClI pH 6.2, 5%
B-mercaptoethanol, 10% glycerol, 3% SDS). Protein lysates
are ran on 8% to 16% gradient gels (Bio-rad), transferred
onto nitrocellulose membranes (Millipore) and blocked
with 5% milk inTween-20-TBST (50 mMTris pH 7.5, 150 mM
NaCl, 0.05% Tween-20). Blots are incubated with primary
and secondary antibodies listed in Supplementary Table
S3D, and imaged with a ChemiDoc MP Imaging System
(Bio-rad). Protein expression is quantified using ImagelLab
6.0 software (Bio-rad), normalized to loading control and
expressed as fold change (FC) to controls.

Phenotypic Assays

ASO or siRNA-treated cells are seeded into 96 well imaging
plates (Perkin Elmer) at 2.5 x 104 cells per well. For caspase
activation: 48 h after transfection cells are incubated for
1h with 5 uM Cell Event Caspase-3/7 detection reagent
(Invitrogen) and 5 ng/mL Hoechst (Life Technologies). For
cell proliferation: 48 h after transfection, cells are labeled
with 10 uM EdU for 6 h, fixed in 4% paraformaldehyde, and
permeabilized with 0.5% tritonX-100. EdU is detected using
the Click-iT cell proliferation kit (Thermo Fisher) with alexa-
647 azide, and counterstained with Hoechst (5 ng/mL). For
all assays, 9 fields of view per replicate are imaged with
a 10x objective on an Opera Phenix high-content imaging
system (Perkin Elmer). Caspase+ or EdU+ cells and total
Hoechst + nuclei are counted using the Columbus analysis
software (Perkin Elmer) and presented as the percentage of
Caspase+ or EdU+ cells.

Immunofluorescence

About 48 h following the transfection cells were washed
with PBS, fixed with 4% paraformaldehyde, washed with IF
buffer (7.6 g/L NaCl, 1.896 g/L Na,HPO,, 0.414 g/L NaH,PO,,
0.5 g/L NaN,, 1 g/L BSA, 0.2%Triton X-100, 0.05% Tween-20,
pH 7.4), permeabilized with 0.5% TritonX-100, and blocked
with 10% goat serum (Sigma). Primary and secondary anti-
bodies are listed in Supplementary Table S3D. Cells were
counterstained with Hoechst and phalloidin-647 (Thermo),
and imaged with a 20x objective using an Opera Phenix
high-content imaging system (Perkin EImer).

Human Meningioma Cohorts

RNA-seq data from human meningioma samples was pre-
viously published (GSE183653, GSE212666).%'"7 For each
analysis, meningioma samples were split between a dis-
covery (GSE212666 n=302, 150 bp paired-ended reads)
and validation (GSE183653, n= 184, 50 bp single-ended
reads) cohort as described.
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Differential Splicing And Survival Analysis in
Human Meningioma Samples

Differential splicing analysis is carried out using an
in-house computational pipeline that incorporates rMATS
for event level splicing quantification?® (v2.0 https://github.
com/TheJacksonlLaboratory/splicing-pipelines-nf). To
stratify patients based on splicing, PSl values for individual
splicing events were extracted and samples were categor-
ized as “high inclusion” (z-score >0.5), “low inclusion”
(z-score < -0.5), or “other” (-0.5 < z-score < 0.5). Survival
analysis was performed using Survival and Survminer R
packages.

Differential Gene Expression Analysis in Human
Meningioma Samples

Differential gene expression is performed using DESeq2?’
in R with gene count matrices from STAR mapped fastq
files filtered for read counts> 10, by comparing DNA-
methylation groups (hypermitotic vs merlin-intact,
hypermitotic vs immune-enriched, immune-enriched vs
merlin-intact). Significant differential expression is as-
sessed USiNg P,y value <0.05 (Benjamini-Hochberg).
To compare splicing-factor expression, normalized gene
counts were z-scored for each cohort and plotted with me-
dian gene expression compared using a Wilcoxon test.

Visualization of eCLIP and ChIP-Seq Data from
ENCODE/ENCORE

ENCODE data for SRSF1 eCLIP-seq from HepG2
(ENCSR989VIY) and K562 (ENCSR432XUP) was visualized
in the UCSC genome browser as peak call outputs from
ENCODE analysis.282°

Gene Ontology Analysis Using Enrichr

Gene lists from differential expression analysis were ana-
lyzed with Enrichr (https:/maayanlab.cloud/Enrichr/).
Results for GO Biological Processes 2023 were plotted
using R.

Graphs and Figures

Plots were generated in R (v3.6.3) or excel (Microsoft) and
then formatted using lllustrator (Adobe). Figures were
generated using lllustrator (Adobe) in compliance with
the Nature Publishing Group policy concerning image in-
tegrity. Figures were supplemented with images from
BioRender.

Quantification and Statistical Analysis

Plots include mean =+ stdev or median + interquartile range,
as well as individual replicates/samples where applicable.
For RT-PCR, western blot, and immunofluorescence data
is presented as the mean +stdev and significant differ-
ences to a control are assessed using a 2-tailed unpaired
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t-test. For plots generated in R, statistics are done using the
ggpubr package.

Results

Alternative RNA Splicing Patterns Distinguish
Meningioma DNA-Methylation Groups and
Predict Patient Outcomes

To understand AS differences between meningiomas we
analyzed RNA-sequencing data from 486 meningiomas
for which there was paired DNA-methylation classifica-
tion based on the UCSF classifier (merlin-intact n= 176,
immune-enriched n=174, and hypermitotic n=136),%"
split into discovery (n=302) and validation cohorts
(n=184) (Figure 1A). We focused on comparing these
groups as several studies have described biological dif-
ferences between DNA-methylation groups that provide
important prognostic value.>™ ' We utilized a computa-
tional pipeline that incorporates rMATS for predicting
and quantifying AS events from RNA-seq data.?630 AS
events were classified into 5 types: cassette alternative
exons (CA), mutually exclusive exons (MXE), alternative 3
splice sites (A3SS), alternative 5" splice sites (A5SS), and
retained introns (RI), and for each AS event a “percent-
spliced in” (PSI) score was calculated representing the
ratio of isoforms including the event vs others (Figure
1B). Within the discovery cohort we identified 56 signif-
icant AS events (APSI>10%, FDR <0.05, P<0.05) be-
tween immune-enriched and hypermitotic meningiomas,
65 significant AS events between immune-enriched and
merlin-intact meningiomas, and 107 significant AS events
between merlin-intact and hypermitotic meningiomas,
the majority of which were CA or MXE events across all
DNA-methylation groups (Figure 1C, Supplementary Table
S1). A total of 228 AS events were detected in these 3 com-
parisons, some of which were shared across multiple com-
parisons (Figure 1D). A total of 184 unique AS events were
used to cluster all tumors, revealing a cluster enriched for
hypermitotic meningiomas (Figure 1E and F). This subset
of meningiomas were also enriched for high-risk subtypes
from other DNA-methylation classifiers,'® gene expres-
sion signatures,’™"” molecularly integrated grades,'?3
and CDKN2A deletions (Supplementary Figure S1A).
We also observed a non-significant trend towards higher
proportions of meningiomas harboring TERT promoter
(TERTp), BAP1, and SMARCB1 mutations (Supplementary
Figure S1A). Additionally, we compared recurrent vs
primary samples, identifying 13 significant AS events
when considering all meningiomas regardless of DNA-
methylation group, 506 significant AS events between
recurrent vs primary merlin-intact meningiomas, 104 sig-
nificant AS events between recurrent vs primary immune-
enriched meningiomas, and 33 significant AS events
between recurrent vs primary hypermitotic meningiomas
(Supplementary Figure S1B and C, Supplementary Table
S1D to G).

Among the AS events significantly enriched in
hypermitotic meningiomas, we identified inclusion of
a CA exon in NASP that generates a long NASP isoform
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Figure 1. RNA splicing differences underlie meningioma DNA-methylation groups. (A) Description of human meningioma samples (n = 486), split
into discovery (n=302) and validation (n = 184) cohorts. Meningioma samples were subjected to DNA-methylation profile and group assignment, as
described previously, as well as RNA-sequencing. Histograms represent the relative proportion of meningiomas in each cohort by DNA-methylation
group, conventional WHO grade, and recurrence status. (B) RNA-sequencing data was subjected to a computational pipeline that predicts 5 types
of alternative RNA splicing events (CA: cassette alternative exon; MXE: mutually exclusive exon, A3SS/A5SS: alternative 3'/5" splice site, RI: retained
intron) based on exonic, intronic, and junctional read counts. (C) Summary plots displaying significant differential AS events (Apercent spliced-in (PSI)
>10%, FDR < 0.05, P< 0.05) between DNA-methylation groups in the discovery cohort. Pie charts demonstrate distribution of AS events by event type,
histograms depict total count of AS events by APSI. (D) Overlap of significant AS events detected across DNA-methylation group comparisons. (E)
Significant AS events detected in the discovery cohort are plotted as a heatmap of PSI z-score across tumor samples. Hierarchical clustering based
on Euclidean distance. (F) Proportion of tumors representative of each DNA-methylation group in the hypermitotic splicing signature cluster from (E)
vsthe remainder of meningioma samples in the discovery cohort. (G to J) NASP-CA inclusion was quantified for both the discovery (circle points) and
validation cohorts (triangle points) and displayed as PSl across WHO grades (E), DNA-methylation groups (F), and recurrence status (G) (median = IQR,
Wilcoxon test; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns—not significant). Tumors were stratified based on NASP-CA inclusion level as
high (z-score > 0.5), low (z-score < -0.5), or other (-0.5 < z-score > 0.5). Patient outcomes were assessed with Kaplan—Meier estimates of local failure
free recurrence (LFFR) (left) and overall survival (OS) (right) (H). (K to N) hnRNPM-R/ inclusion across cohorts (K to M), and across patient outcomes
(N), same asin (G to J). (O to R) MFF-CAinclusion across cohorts (0 to Q), and across patient outcomes (R), same asin (G to J).



(also known as testicular or tNASP3233) (Figure 1G and
H). NASP is an essential gene in mammals that regulates
cell cycle progression through histone maintenance,?
and is dysregulated in multiple human tumor types.35-37
Depletion of tNASP can impair cancer cell proliferation in
vitro.%83 |nterestingly, this event was not different across
WHO grades but was enriched in recurrent meningioma
samples (Figure 11). Importantly, stratifying meningioma
samples based on NASP splicing demonstrated signifi-
cantly worse outcomes in local freedom from recurrence
(LFFR) (5-y LFFR [95% confidence interval] = 54% [44% to
67%] NASP-CA high; 81% [74% to 87%] NASP-CA low; 71%
[64% to 79%] NASP-CA intermediate) and overall survival
(OS) for patients with high NASP-CA inclusion (5-y OS
[95% confidence interval] =67% [58% to 78%] NASP-CA
high; 88% [83% to 94%] NASP-CA low; 84% [78% to 89%]
NASP-CA intermediate) (Figure 1J). A second example of
AS events distinguishing the 3 meningioma groups was an
Rl event in HNRNPM that was suppressed in higher WHO
grade, the hypermitotic DNA-methylation group, and recur-
rent meningiomas (Figure 1K to M). hnRNPM is a SF whose
expression is frequently dysregulated in human tumors.??
Patients with low HNRNPM-RI inclusion had lower rates
of LFFR (5-y LFFR [95% confidence interval] =81% [74%
to 86%] HNRNPM-RI high; 51% [41%-62%] HNRNPM-RI
low; 77% [71% to 83%] HNRNPM-RI intermediate) and
0OS (5-y OS [95% confidence interval] = 83% [76% to 90%]
HNRNPM-RI high; 70% [62% to 79%] HNRNPM-RI low;
88% [83% to 92%] HNRNPM-RI intermediate) (Figure 1N).
A third example of a gene impacted by AS was MFF which
encodes a protein that regulates mitochondrial perme-
ability and cell death pathways, and when inhibited de-
creases cancer cell viability.*®*? Multiple AS events were
seen in MFF, including a CA event with decreased inclu-
sion in WHO2, hypermitotic, and recurrent meningiomas
(Figure 10 to Q). Low inclusion of MFF-CA was associated
with decreased rates of LFFR and OS (5-y LFFR [95% con-
fidence interval] =86% [80% to 93%] MFF-CA high; 46%
[38% to 57%] MFF-CA low; 79% [72% to 85%] MFF-CA inter-
mediate) and OS (5-y OS [95% confidence interval] = 88%
[83% to 94%] MFF-CA high; 70% [62% to 78%] MFF-CA low;
86% [81% to 92%] MFF-CA intermediate) (Figure 1R). We
observed additional AS events in other transcripts whose
splicing has previously been described to impact cancer
phenotypes, including cancer cell metabolism (PFKM),*
cytoskeletal dynamics and angiogenesis (ADD3),4445
and ribosome biogenesis and cell turnover (EIF4A2)%
(Supplementary Figure S1D to O).

Given the prognostic value of individual AS events on
predicting patient survival as described above, we next
aimed to classify these tumors based on AS event PSI
values de novo (Supplementary Figure S2A). We utilized
1000 AS events with the highest standard deviation across
samples in the discovery cohort after filtering for read
count (N, tingreass > 10) and extremes of event inclusion
or skipping (PSICOhm_aVerage > 90% or <10%) (Supplementary
Figure S2B). Hierarchical clustering using Euclidean dis-
tance resulted in 6 clusters with 2 (clusters 4 and 6) con-
taining a disproportionate amount of hypermitotic and
immune-enriched meningiomas compared to merlin-intact
meningiomas (Supplementary Figure S2C to E). Compared
to other groupings based on AS profiles, these groups
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demonstrated lower rates of LFFR but no significant im-
pact on OS (Supplementary Figure S2F and G). K-means
clustering gave similar results with 2 clusters (clusters 2
and 3) showing higher rates of aggressive meningiomas
and decreased LFFR without significant impact on OS
(Supplementary Figure S2H to L). Taken together, these
data suggest that AS can be utilized as a powerful tool for
assessing meningioma recurrence and patient prognosis
and identifies potential aggressive subgroups with specific
AS alterations.

Alternative RNA Splicing Can Reliably Predict
Meningioma DNA-Methylation Group

Since AS events differed between methylation groups, we
next aimed to identify a set of AS events that could reli-
ably predict DNA-methylation signatures across patient
cohorts. We therefore filtered the 184 significant AS events
from the discovery cohort (Figure 1E) for those that were
also detected in the validation cohort, resulting in 74 AS
events with very similiar patterns of PSI difference across
meningioma DNA methylation groups in both cohorts
(Figure 2A). We further filtered this set of events for those
that could be identified across all tumor samples in both
cohorts, resulting in 43 events that were utilized to train a
random forest classifier with z-scaled PSI values from the
discovery cohort, and used this model to predict DNA-
methylation groups of the validation cohort (Figure 2B).
This model had a high predictive value for each methyl-
ation group (AUC__ . .. = 0.82 [0.75 to 0.88], AUC,
enriched = 0-83 [0.77 to 0.89], AUC, . . . =0.86 [0.81 to
0.91]) (Figure 2B and Supplementary Figure S3). Together,
suggesting that AS profiles can be used to classify tumor
DNA-methylation group.

RT-PCR Can Readily Detect Alternative RNA
Splicing Changes in Human Meningioma Samples
and Cell Lines

Current methods to capture DNA-methylation status from
human tumors require sophisticated sequencing tech-
niques with large upfront costs and time investment, which
can restrict their use to large academic centers. Given that
AS events can readily predict DNA-methylation groups
(Figure 2) we aimed to develop RT-PCR based assays to
both validate the RNA-seq data and provide potential
testing strategies. We focused on 3 events described above
(NASP-CA, MFF-CA, HNRNPM-RI) given their biological sig-
nificance and ability to stratify patient outcomes (Figure
1). We first validated these AS events in 6 meningioma
cell lines with DNA-methylation patterns consistent with
either merlin-intact (HO1654, 1D1654), immune-enriched
(NU02141, NU02171, IOMM-Lee), or hypermitotic (BenMen)
meningiomas (Figure 3A) using RT-PCR with primers simul-
taneously detecting both RNA isoforms. While we observed
some inherent variability between cell lines, BenMen cells
had higher inclusion of NASP-CA, lower inclusion of MFF-CA
and hnRNPM-RI then most other cell lines, consistent with
primary hypermitotic tumors (Figure 3B to D). Notably,
while classified as an immune-enriched meningioma cell
line, IOMM-Lee exhibited a highly proliferative growth rate
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recurrent primary

and splicing patterns more consistent with hypermitotic
meningiomas (Figure 3B to D).

We sought to further validate these AS events in a clin-
ical scenario of tumor recurrence in a patient with a menin-
gioma extending into the right orbit that underwent initial
resection followed by recurrence (Figure 3E). We observed

in the recurrent vs the primary tumor sample: increased
exon inclusion of NASP-CA (APS| = +55%), decreased
exon inclusion of MFF-CA (APSl=-6%), and decreased
intron retention of HNRNPM-RI (APSI =-12%) (Figure 3F
to H). Together, analysis of cell lines and an independent
human sample supports the use of RT-PCR assays to detect
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splicing changes associated with aggressive meningioma
behavior.

RNA-binding proteins and SFs are differentially
expressed across meningioma groups

Since dysregulation of AS frequently occurs due to
changes in RBP and SF expression,?’?> we aimed to as-
sess differences in the splicing machinery across me-
ningioma DNA-methylation groups. We performed
differential gene expression analysis on the discovery co-
hort, which readily clustered samples by DNA-methylation
group (Supplementary Figure S4). Overall, we observed
1805 upregulated and 1099 downregulated genes com-
paring hypermitotic to merlin-intact meningiomas; 1347
upregulated and 1887 downregulated genes comparing
hypermitotic to immune-enriched meningiomas; and
2788 upregulated and 1347 downregulated genes com-
paring immune-enriched to merlin-intact meningiomas
(upregulated: Log,FC>1, Pag; < 0.05; downregulated:
Log,FC<-1, p,g< 0.05) (Supplementary Figure S4B to

D, Supplementary Table S2). Consistent with previous
studies,® genes upregulated in hypermitotic meningiomas
were associated with mitosis, those in immune-enriched
meningiomas with immune cell activation and inflamma-
tory responses, and those in merlin-intact meningiomas
with cellular differentiation and epidermal development
(Supplementary Figure S4E to G).

We next examined the expression of 770 annotated RBPs
across DNA-methylation groups using normalized count
values z-scaled by cohort to control for any absolute dif-
ferences between the cohorts. Tumors were classified into
6 clusters according to RBP expression: RBPs differen-
tially expressed and preferentially upregulated in merlin-
intact (cluster 1: e.g., RBFOX2, SRSF12), immune-enriched
(cluster 3: e.g., SNRNP40, MBNL1), and hypermitotic
meningiomas (cluster 4: e.g., LARP1, SRSF1, LUC7L)
(Figure 4A-C). The remaining clusters had more variable
RBP expression. We further performed differential expres-
sion analysis of RBP genes annotated as directly associated
with the spliceosome or as regulating AS, utilizing a lower
FC cutoff (Log,FC>|0|) as even small changes in SF-levels
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occurring in human tumors can cause profound effects on
cellular phenotypes.?'?247 We identified 76 upregulated
(Log,FC >0, Pagi < 0.05) and 96 downregulated (Log,FC <0,
Poag; < 0.05) SFs when comparing immune-enriched vs
merlin-intact, 103 upregulated and 69 downregulated SFs
in hypermitotic vs immune-enriched, and 83 upregulated
and 87 downregulated SFs in hypermitotic vs merlin-intact
meningiomas (Supplementary Figure S4H). Together these
data demonstrate differential expression of RBPs and SFs
across meningioma DNA-methylation groups and sug-
gests the importance of these difference in driving under-
lying splicing changes.

DDX39A and SRSF1 Are Upregulated in
Hypermitotic Meningiomas and Impact
Proliferation

SFs can act as potent oncogenes when overexpressed
in human cancers.?'?2 We therefore focused on 2 RBPs,
DDX39A, and SRSF1, upregulated in hypermitotic
meningiomas (Figure 5, Supplementary Figure S5A) and
previously implicated in other cancers. DDX39A is an
RNA-helicase which functions in mRNA nuclear export*®
and telomere maintenance,*® and has been associated
with poor prognosis in pediatric neuroblastomas.®® We
observed lower rates of OS and LFFR for patient samples
with high DDX39A expression, both regardless of their
DNA-methylation status and when accounting for their un-
derlying DNA-methylation group (Supplementary Figure
S5B). BenMen and IOMM-Lee, 2 highly proliferative me-
ningioma cell lines, exhibit higher levels of DDX39A pro-
tein compared to other cell lines (Supplementary Figure
S5C). Knockdown (KD) of DDX39A decreased prolifera-
tion in both IOMM-Lee and BenMen cells (Supplementary
Figure S5D to G) and had a reproducible but mild im-
pact on AS of NASP-CA (APSI=-5%) in BenMen cells
(Supplementary Figure S5H). However, DDX39A KD did
not impact AS of MFF-CA and had inconsistent effects
on HNRNPM-RI splicing across siRNAs (Supplementary
Figure S5l and J), suggesting that DDX39A might impact
meningioma cell phenotypes through alternative routes
aside from its role in splicing. In comparison, SRSF1 is a
well validated oncogenic SF in other human cancers where
it promotes AS of pro-tumorigenic isoforms.?'??2 We ob-
served increased SRSF1 expression in hypermitotic vs
merlin-intact and immune-enriched meningiomas (Figure
5A). Meningioma patient samples with high SRSF1 expres-
sion, regardless of DNA-methylation group, demonstrated
lower OS and LFFR rates. Additionally, when incorporating
DNA-methylation information, high SRSF1 expression
identified a group of hypermitotic tumors that tended to
have lower OS and LFFR (Figure 5B). Finally, we observed
higher SRSF1 protein levels in hypermitotic BenMen cells
and hyperproliferative immune-enriched IOMM-Lee cells
(Figure 5C).Together, these data suggest high SRSF1 levels
may contribute to meningioma aggressiveness.

To examine how SRSF1 expression influences me-
ningioma cell phenotypes we utilized siRNAs to deplete
SRSF1 in BenMen and IOMM-Lee cells. In both cell lines
we achieved >90% SRSF1 protein KD and observed de-
creased cell proliferation and mis-splicing of target

transcripts (Figure 5D to M). Specifically, SRSF1 KD in-
creased inclusion of MFF-CA and hnRNPM-RI (Figure
5G,L,H,M), suggesting that baseline SRSF1 expression
promotes skipping of these events in hypermitotic menin-
gioma samples. Conversely, SRSF1 KD increased NASP-CA
inclusion (Figure 5F and K), suggesting the increased inclu-
sion of NASP-CA observed in hypermitotic meningiomas is
driven by other SFs, such as DDX39A, or context-specific
splicing in these samples. Changes in splicing of target
transcripts following perturbation of SF-levels can be ex-
plained by both direct effects of the SF on the target and in-
direct effects caused by secondary changes in other SFs or
binding site occupancy.To address this, we utilized publicly
available enhanced cross-linking and immunoprecipitation
(eCLIP-seq) ENCODE data from HepG2 hepatocellular car-
cinoma and K562 leukemia cell lines?® to examine SRSF1
binding around the NASP-CA, MFF-CA, and hnRNPM-RI AS
events (Figure 5N to P). SRSF1 eCLIP peaks were found,
in at least one cell line, within the alternative exon and
surrounding exonic sequences in NASP-CA and MFF-CA
events (Figure 5N and O), as well as at the 5 end of the
hnRNPM-RI event (Figure 5P). Together, these data sug-
gest that SRSF1 plays a direct role in regulating of these AS
events observed in human meningiomas.

Therapeutic Targeting of Alternative Splicing
Events in NASP and MFF

RNA splicing has been an attractive target for the design of
targeted therapies, ranging from broad spectrum splicing
inhibition to highly specific isoform-level targeting. Given
the established role of NASPand MFFin tumorigenesis and
their prognostic value in predicting meningioma patient
outcomes (Figure 1), we aimed to develop splice-switching
antisense oligonucleotides (ASOs) to reverse NASP-CA
and MFF-CA splicing changes observed in hypermitotic
meningiomas.

We designed 3 ASOs targeting an intronic splicing si-
lencer and hnRNPA1 binding site upstream of MFF-CA
to promote its inclusion (Supplementary Figure S6A),
and reverse the low MFF-CA inclusion observed in
hypermitotic meningiomas. All 3 ASOs promoted
MFF-CA inclusion, with ASO-MFF#1 and ASO-MFF#2 pro-
moting strong dose-dependent effects (Supplementary
Figure S6B and C). While MFF-CA directed ASOs had
very modest effects on cell viability in an initial screen
in BenMen cells (Supplementary Figure S6G), we aimed
to further explore the impact of MFF-CA splicing on me-
ningioma cell phenotypes. Treatment of BenMen cells
with ASO-MFF#1 or ASO-MFF#2 increased MFF-CA inclu-
sion as well as relative levels of high-molecular weight
(H-MW) to low-molecular weight (L-MW) MFF protein
isoforms (Supplementary Figure S7A to C). ASO-MFF
treatment in BenMen cells induced variable results on cell
proliferation with ASO-MFF#1 increasing and ASO-MFF#2
decreasing proliferation (Supplementary Figure S7D).
Additionally, we observed little to no impact of ASO-
MFF#1 or ASO-MFF#2 on MFF localization in BenMen cells
(Supplementary Figure S7E). We observed similar results
in IOMM:-Lee cells (Supplementary Figure S7F to H). Given
the role of MFF and mTOR signaling in mitochondrial
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Figure 5. SRSF1 is upregulated in hypermitotic meningiomas and contributes to splicing changes and meningioma cell proliferation in vitro. (A)
SRSF1 gene expression was quantified from RNA-seq across both discovery and validation cohorts. Z-scaled normalized counts across tumor
samples are plotted for each DNA-methylation group (n = 486; median = |QR; Wilcoxon test; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001,
ns—not significant). (B) Relationship of SRSFT expression on patient outcomes was assessed by first stratifying patients based on SRSF1 expres-
sion (top) or first by meningioma DNA-methylation and then by SRSF1 expression (bottom) as high (z-score > 0.5) or low (z-score < 0.5). Survival
outcomes were assessed with Kaplan-Meier estimates of overall survival (0S) (left) and LFFR (right). (C) SRSF1 protein expression was assessed
across meningioma cell lines, representative of different DNA-methylation groups, by western blotting with antibodies directed against SRSF1
and normalized to total protein input. Representative gels along with quantification are shown (n =3, mean + SD, ANOVA). (D and I) Expression of
SRSF1 in BenMen (D) and IOMM-Lee (1) cells transfected with siRNAs targeting SRSF1 or a negative control assessed at 48 h post-transfection
using western blotting and normalized to GAPDH as a loading control. Representative gels along with quantification are shown (n = 3; mean + SD;
t-test to control, **P < 0.01, ****P < 0.0001 ns—not significant). (E and J) Cell proliferation in BenMen (E) and IOMM-Lee (J) cells transfected with
siRNAs targeting SRSF1 or a negative control assessed using an EdU incorporation assay, counterstained with Hoechst, and plotted as percent
EdU+ to total Hoechst+ cells (n=3; mean + SD; t-test to control, *P < 0.05, **P < 0.01, ****P < 0.0001 ns—not significant). (F and M) Splicing of
NASP-CA (F and K), MFF-CA (G and L), and hnRNPM-RI (H and M) in BenMen (F, G, and H) and IOMM-Lee (K, L, and M) cells transfected with
siRNAs targeting SRSF1 or a negative control assessed with RT-PCR primers that amplify both included and skipping bands. Representative gels
along with PSI quantification from band intensity are shown (n = 3; mean + SD; t-test to control, *P < 0.05, **P < 0.01, *** P < 0.001, **** P < 0.0001,
ns—not significant). (N to P) Location of SRSF1 eCLIP peaks from ENCODE HepG2 and K562 cell lines in exonic and intronic regions nearby the
NASP-CA (N), MFF-CA (0), and hnRNPM-RI (P) AS events. Individual boxes represent peak calls for each replicate (R1 and R2) for indicated cell
lines. Upper diagram shows the genomic region, middle diagram shows the transcript structure of the specific AS event.

S6 kinase and S6 ribosome and decreased prolifera-
tion of ASO-CTL treated BenMen and IOMM-Lee cells
(Supplementary Figure S71 to L). However, co-treatment
of ASO-MFF and everolimus produced variable results on

function,®” we co-treated BenMen and IOMM-Lee cells
with ASO-MFF#1 or ASO-MFF#2 and the mTOR in-
hibitor everolimus (Supplementary Figure S7| to L).
Everolimus treatment reduced levels of phosphorylated
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Figure 6. Splice-switching ASO targeting the hypermitotic meningioma associated NASP-CA splicing event are toxic to meningioma cells in
vitro. (A) ASO-NASP#3 targets the 5 splice site (5’SS) of NASP-CA resulting in increased exon skipping. Schematic structure of the NASP-CA
exon in green, the relative position of ASO-NASP#3, and predicted splicing consequences are shown. (B and F) NASP-CA splicing in BenMen (B)
and IOMM-Lee (F) cells transfected with 200 nM of ASO-NASP#3 or ASO-CTL is measured 48 h post-transfection by RT-PCR using primers that am-
plify the skipped and included isoform. Representative gels along with percent spliced (PSI) quantification from band intensity are shown (n =3,
mean + SD, t-test; ****P < 0.0001). (C and G) NASP protein isoform expression in BenMen (C) and IOMM-Lee (G) cells transfected with 200 nM
of ASO-NASP#3 or ASO-CTL is measured 48 h post-transfection by western blotting using an antibody that recognizes both the high-molecular
weight (H-MW; tNASP) and low-molecular weight (L-MW; sNASP) isoforms, or GAPDH for loading control. Protein isoforms are normalized to
GAPDH and then represented as a percentage of total NASP protein. Representative gels along with quantification are shown (n =3, mean + SD,
t-test; *P < 0.05, ns—not significant). (D and H) Cell death in BenMen (D) and IOMM-Lee (H) cells transfected with 200 nM of ASO-NASP#3 or
ASO-CTL is measured 48 h post-transfection with a live stain caspase-3/7 activation detection reagent (cell event), counterstained with Hoechst
and propidium iodide, and plotted as percent caspase+ to total Hoechst+ cells. Representative images (scale bar: 200 pm) along with quantifica-
tion are shown (n = 3, mean + SD, t-test; ***P < 0.001). (E and I) Cell proliferation in BenMen (E) and IOMM-Lee (1) cells transfected with 200 nM
of ASO-NASP#3 or ASO-CTL is measured 48 h post-transfection using an EdU incorporation assay, counterstained with Hoechst, and plotted as
percent EdU+ to total Hoechst+ cells. Representative images (scale bar: 200 pm) along with quantification are shown (n = 3, mean + SD, t-test;
*P < 0.05, ****P < 0.0001). (J and K) NASP protein localization in BenMen (J) and IOMM:-Lee (K) cells transfected with 200 nM of ASO-NASP#3 or
ASO-CTL is measured 48 h post-transfection using immunofluorescence and counterstained with Hoechst and phalloidin (F-actin). Relative nu-
clearto cytoplasmic distribution of NASP is quantified as the total nuclear to total cytoplasmic NASP fluorescence. Representative images (scale

bar: 50 pm) along with quantification are shown (n = 8 individual fields; mean + SD; t-test; ns—not significant, *P < 0.05, **P < 0.01, ***P < 0.001,
**%%¥P < 0.0001).

cell proliferation, with ASO-MFF#2 creating an additive  with everolimus (Supplementary Figure S7L). Together,
reduction in proliferation of BenMen cells co-treated with  these data suggest targeting MFF-CA with ASOs induces
everolimus (Supplementary Figure S7J), while both ASO-  changes in MFF-CA splicing and MFF protein isoform
MFF#1 and ASO-MFF#2 produced mild but significant expression. However, given its established role in mito-
increases in proliferation of IOMM-Lee cells co-treated chondrial metabolism and turnover,4%525 peroxisome
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biogenesis,® and autophagy,®?®® the variable effects on
cell proliferation may be related to cellular stress and
metabolic pathways.

Similarly, we designed 3 splice-switching ASOs targeting
the 5 splice site (5'SS) of the NASP-CA event to block
exon recognition and decrease NASP-CA inclusion, which
is detected in hypermitotic meningiomas (Figure B6A,
Supplementary Figure S6D). All ASOs significantly de-
creased NASP-CA inclusion in a dose-dependent manner
in IOMM-Lee and BenMen cells, with ASO-NASP#3 pro-
moting almost complete exon skipping (Supplementary
Figure S6E and F). To explore the cytotoxic effects of
targeting NASP splicing, we treated BenMen and IOMM-
Lee cells with control ASO or ASO-NASP#3 which led to a
significant reduction in NASP-CA inclusion (Figure 6B and
F), and decreased ratio of tNASP (H-MW) to sNASP (L-MW)
protein isoforms (Figure 6C and G) in both cell lines.
ASO-NASP#3 treatment significantly increased cell death
(FCqenmen = 35/ FCiopm.Lee = 4-2) (Figure 6D and H), and de-
creased cell proliferation (FCy_ 1o, = 0-89, FC,oym.Lee = 0-18)
(Figure 6E and 1) compared to ASO-CTL, consistent with
its impact on overall cell viability (Supplementary Figure
S6G). Cells treated with ASO-NASP#3 demonstrated re-
distribution of NASP protein from the nucleus to the
cytoplasm (Figure 6J and K), consistent with previously re-
ported nuclear predominance of tNASP vs sNASP?5 likely
do to differential inclusion of a 339 amino acid sequence
that regulates its association with histone variants and
its nuclear vs cytoplasmic localization.?” Together, these
data suggest that NASP-targeting ASOs induces cytotoxic
effects through altering protein isoform abundance of
tNASP/sNASP and its subcellular localization.

Discussion

Dysregulation of AS is a critical step in tumorigenesis
observed across all solid tumor types. This study is the
first to systematically identify differential AS events in
meningiomas, particularly comparing DNA-methylation
groups with distinct biological behaviors and clinical out-
comes. In total, we uncover 184 differential AS events
across meningioma DNA-methylation groups and identify
several that scale with clinical outcomes. Together, these
AS events provide novel opportunities for diagnostics, pa-
tient stratification, and targeted therapies.

Clinical genomics have revolutionized our approach
to central nervous system tumors and have been readily
adapted into clinical care.58-8° With advances in RNA-
sequencing, stratification of meningioma patients based
on underlying gene expression' and now differential
splicing has provided additional information to predict
tumor recurrence and therapeutic response. However,
these approaches come with financial burden and re-
quire significant time commitments for tissue prepara-
tion and downstream data analysis. PCR-based testing
is a fast and inexpensive assay routinely employed in
medical diagnostics. AS provides a unique opportunity,
being internally normalized, to identify tumors with
‘high-risk’ isoform expression (e.g. NASP-CA, MFF-CA,
HNRNPM-RI). Importantly, we validate that AS changes
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are readily detectable by standard PCR methods in
patient samples and cell lines, and may aid diagnos-
tics in resource-limited settings or nonacademic cen-
ters. Furthermore, analysis of gene expression or AS
events in combination with clinical genomics and DNA-
methylation profiling allows for enhanced discretion in
meningioma patient prognosis.'’

RBPs are a large family of proteins with multifunctional
roles in splicing, transcription regulation, mRNA localiza-
tion, mRNA stability and degradation, epitranscriptomics,
and translation.’™% |Indeed, some of the most
hypermitotic-enriched RBPs uncovered here not only im-
pact RNA splicing but also regulate other aspects of RNA
biology such as mRNA stability and degradation, trans-
port, translation (e.g. DDX39A, MEX3A, IGF2BP1). SRSF1
is a well described SF that regulates splicing in many dif-
ferent human tumors, promoting isoforms that induce cel-
lular transformation.?'22We identified SRSF1 upregulation
in hypermitotic meningiomas where high expression cor-
relates with lower rates of OS and LFFR. Further we pro-
vide evidence that it directly interacts with and regulates
AS events associated with hypermitotic meningiomas.
Overall, this implicates SRSF1 as both a prognostic and
therapeutic target for aggressive meningiomas, however
the overall transcriptome changes observed are likely due
to a combination of alterations in multiple RBPs/SFs.

AS is an important contributor to the immunogenicity of
human tumors through the generation of cancer-specific
epitopes and altered function of immune-related genes,??
and disrupting AS can synergize with immune-checkpoint
blockade in preclinical models.®* While we do not iden-
tify a specific immune-related signature of AS events in
immune-enriched meningiomas, we observe splicing
changes in transcripts related to HLA alleles (HLA-DRB5),
immune cell signaling (SE371CA®), and antitumor im-
mune cell reactivity (ASAH15667), Future directions are
aimed at further investigating interactions between AS in
human meningiomas and the immune system, including
leveraging normal meninge tissue to predict AS-derived
neoepitopes within human meningiomas.

Dysregulated AS can be exploited as a thera-
peutic option for human tumors, including aggressive
meningiomas for which there is a paucity of reliable ther-
apies. Broad spectrum splicing inhibition, while toxic to
tumor cells, has significant systemic toxicities that need to
be managed for these approaches to become clinically ap-
plicable.®®° It remains to be tested whether more targeted
deliveries using small devices or biopolymers could pro-
vide therapeutic efficacy while limiting toxicity. Therefore,
novel approaches at targeting AS patterns by inhibiting
underlying SFs or modulating AS events have arisen as
promising therapies.?"7° In particular, ASOs targeting in-
dividual AS events have had tremendous clinical success
in treating central nervous system diseases’’ with sta-
bility and broad bioavailability in cerebrospinal fluid.”?
Here, we designed ASOs targeting 2 AS events enriched
in hypermitotic meningiomas, NASP-CA and MFF-CA.This
approach reverses these AS events towards patterns seen
in more benign meningiomas (merlin-intact and immune-
enriched) and exhibit significant toxicity to hypermitotic
meningioma cell lines in vitro. Further studies are needed
to elucidate the exact mechanism of these ASOs, and to
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test their efficacy against patient-derived and in vivo me-
ningioma models. Furthermore, potential synergism with
radiation or other therapies warrants additional inves-
tigation. For example, given its importance as a histone
shuttler, NASP-targeting ASOs could be combined with
histone deactylase inhibitors currently tested in aggres-
sive meningiomas (e.g. AR-42).73-75 Additionally, mTOR
inhibitors (e.g. everolimus) are being explored in clinical
trials for meningiomas refractory to conventional treat-
ment,’®78 particularly as NF2 mutated tumors upregulate
mTOR signaling.”®8 Given the relation between mTOR,
mitochondrial dynamics, and autophagy,®’ MFF-targeting
ASOs may synergize with mTOR inhibitors. Together, this
study provides an initial look at transcriptome diversity,
and highlights the prognostic and therapeutic value of AS
for meningiomas.

Supplementary material

Supplementary material is available online at Neuro-
Oncology (https://academic.oup.com/neuro-oncology).
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