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Meningiomas, the most common primary intracranial
tumors, usually follow an indolent clinical course [1]. How-
ever, a subset of aggressive meningiomas frequently recur
despite multimodal treatments. DNA methylation signatures
have recently been adopted as prognostic markers for men-
ingioma recurrence [3, 9, 10], including an unsupervised
approach that classifies meningiomas into three clinically
distinct groups: merlin-intact (low-risk), immune-enriched
(intermediate-risk), and hypermitotic (high-risk) [3]. Dif-
ferences in RNA expression across meningioma molecu-
lar groups are further linked with risk of recurrence and
response to post-operative radiotherapy [2]. These findings
suggest that dysregulated RNA processing between aggres-
sive and benign meningiomas may contribute to the biol-
ogy of these tumors [6]. All aspects of RNA biology are
regulated by RNA-binding proteins (RBPs), however, their
role in shaping the transcriptome of meningiomas is largely
unknown.

To determine if RBPs contribute to the biology of men-
ingiomas, we quantified expression of 754 RBPs using
RNA-seq data from 486 human meningiomas with matched
DNA methylation profiles (Fig. la, online resource).
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Comparing hypermitotic to merlin-intact meningiomas
revealed 45 upregulated RBPs (Log,FC> 0.5, p,4;<0.05)
and 45 downregulated RBPs (Log,FC <—0.5, p,4;<0.05).
Compared to immune-enriched meningiomas, hypermi-
totic meningiomas had 18 upregulated and 41 downregu-
lated RBPs. IGF2BP1 was one of the most upregulated
RBPs in hypermitotic meningiomas (hypermitotic vs
merlin-intact Log,FC=3.8, p,4; <0.0001; hypermitotic vs
immune-enriched Log,FC=1.6, p,4;<0.001) (Fig. 1b, c;
Supplementary Table 1a, b). Individual meningioma’s can
have a large degree of intratumoral heterogeneity in gene
expression [7]. We, therefore, examined heterogeneity in
IGF2BP]I expression using a spatial transcriptomic dataset
with samples from all DNA methylation groups [7], iden-
tifying differences in IGF2BP1 expression both within and
between individual tumor samples (Supplementary Fig. 1a).
IGF2BP1 acts predominantly as an mRNA stability factor
and N6-methyladenosine (m6A) RNA binding protein with
putative roles in tumorigenesis [5]. IGF2BP1 is expressed
at relatively low levels in normal or tumor-adjacent tissues
but overexpressed in corresponding tumor samples and is
associated with poor prognosis across multiple tumor types
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[11]. In meningiomas, IGF2BP 1 methylation has been asso-
ciated with tumor recurrence and more aggressive pheno-
types [4, 14], but prior studies have not examined IGF2BP1
expression or activity across meningioma DNA methylation
groups. We stratified patients, first using DNA-methylation,
and then by IGF2BP1 expression and observed that patients
with high IGF2BP1 expression had significantly lower rates
of overall survival (OS) and local freedom from recurrence
(LFFR) (Fig. 1d). Additionally, upon regression analysis,
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high IGF2BP1 expression negatively impacted tumor con-
trol independent of other molecular and clinical variables
(Supplementary Fig. 1b), together suggesting an association
between IGF2BPI and outcomes.

To investigate the effect of IGF2BPI expression on
meningioma cell biology, we used a hypermitotic menin-
gioma cell line, BenMen, with ~4-fold higher IGF2BP1
protein expression compared to three immune-enriched cell
lines NU02141, NU02171, and IOMM-Lee (Fig. le, ) [3]
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«Fig.1 IGF2BP1 is upregulated in hypermitotic meningiomas and
promotes stability of FOXMI target genes. a Meningiomas are
grouped based on DNA-methylation profiles. b Differential expres-
sion of 754 RBPs between hypermitotic and merlin-intact meningi-
omas, or hypermitotic and immune-enriched meningiomas. Upregu-
lated genes are in red (Log,FC>0.5, p,qg;<0.05), downregulated in
blue (Log,FC<—0.5, p,4;<0.05), smaller significant changes in gray
(Log,FC<I0.51, p,4;<0.05). ¢ IGF2BP1 gene expression measured by
RNA-seq across meningioma samples plotted as normalized counts
by DNA methylation group (n=486; median+I1QR; Wilcoxon test,
**p<0.01, ****¥p<0.0001, ns—not significant). d Local freedom
from recurrence (LFFR) and overall survival (OS) based on menin-
gioma DNA-methylation and IGF2BPI expression level (z-score:
high > 0, low <0). IGF2BP1 protein expression in meningioma cell
lines measured by western blot (e) and immunofluorescence (f).
IGF2BP1 levels are normalized to total protein, plotted as fold change
relative to NU02141 (n=3; mean + SD; #-test, *p <0.05, **p <0.01).
Cells are counterstained with Hoechst and phalloidin (Scale bar
100 pm). IGF2BP1 protein expression (g) and cell proliferation (h)
in BenMen cells transfected with IGF2BP1-targeting siRNAs or a
negative control 48 h post-transfection. IGF2BP1 expression is meas-
ured by western blot and normalized to GAPDH loading control. Cell
proliferation is measured using EdU incorporation, counterstained
with Hoechst, plotted as percent EQU +to total Hoechst +cells (n=3;
mean=+ SD; t-test to control, *p<0.05, **p<0.01, ***p<0.001).
i 40 transcripts that correlate (r>0.5) with IGF2BP1 expression in
meningiomas (top) are scored for the presence of IGF2BP1 binding
peak(s) using ENCODE HepG2 eCLIP data (middle), and their levels
are measured in /GF2BP1 Cas9-KO vs. control cells using ENCODE
RNA-seq HepG2 data (p,q;<0.05) (bottom). j Gene ontology analysis
for transcription factor targets from ENCODE/ChEA using IGF2BP1
target genes from (i) that correlate with IGF2BPI expression in men-
ingiomas and contain IGF2BP1 binding sites. k Binding peaks from
FOXM1 ChIP-seq and IGF2BP1 eCLIP-seq ENCODE assays, dis-
played as unique reads compared to control, in indicated cell lines for
AURKA, CCNA2, and PLK] genes. 1 Expression of AURKA, CCNA2,
PLK] in BenMen cells transfected with IGF2BP1-targeting siR-
NAs or a negative control at 48 h post-transfection assessed by RT-
qPCR, normalized to GAPDH (n=3; mean+SD; t-test, *p<0.05,
*#p <0.01, ***p<0.001, ns—not significant). m Suggested model
by which FOXMI1 drives expression of cell cycle or pro-proliferative
genes, which are then stabilized by IGF2BP1 binding

siRNA-mediated IGF2BP1 knock-down in BenMen cells
resulted in a decrease in cell proliferation compared to con-
trol siRNA (Fig. 1g, h).

Since IGF2BP1 primarily regulates mRNA stabil-
ity through interactions with target RNA 3’ untranslated
regions (3'UTR) and m6A modifications [5], we exam-
ined how IGF2BP1 impacts stability of target mRNAs in
aggressive meningiomas. First, we identified transcripts
whose expression was moderately correlated (> 0.5) with
IGF2BP1 expression across meningiomas. We, then, fil-
tered this list for any transcript with evidence of direct
IGF2BP1 binding, determined using publicly available
ENCODE data from enhanced crosslinking and immu-
noprecipitation (eCLIP) assays in HepG2 hepatocellular
carcinoma cells [12]. We identified 44 target RNAs from
meningiomas that contained at least one eCLIP peak for
IGF2BP1, including 31 (70%) containing at least one peak
within the 3’UTR (Fig. 1i; Supplementary Table 1c). Of

the remaining transcripts without an IGF2BP1 eCLIP
peak, 38% were not expressed in HepG2 cells. Further-
more, 37 (84%) of target RNAs from meningiomas, includ-
ing 26 out of 31 targets with 3’UTR peaks, were signifi-
cantly downregulated following /GF2BP1 knockout in
HepG2 cells (Fig. 1i; Supplementary Table 1c). Together,
these findings suggest that IGF2BP1 binding to these tar-
get RNAs may promote transcript stability.

To further investigate the biological significance of
IGF2BP1 RNA targets, we performed gene ontology anal-
ysis and observed a significant enrichment in targets of
FOXM1 (Fig. 1j; Supplementary Table 1d), a transcription
factor that drives meningioma aggressiveness [13] and is
enriched in hypermitotic meningiomas [3]. These targets
included genes associated with cell-cycle control, e.g.,
AURKA, CCNA2, and PLKI, and their expression posi-
tively correlated with IGF2BP1 expression across menin-
gioma samples (Supplementary Fig. 1c). Within individual
tumor samples from the spatial transcriptomics dataset,
regions of high IGF2BP1 expression also exhibited high
AURKA, CCNA2, and PLK] expression (Supplementary
Fig. 1d). Expression of these genes are enriched in Ben-
Men Hypermitotic cells, as well as in IOMM-Lee, an
Immune-enriched cell line with a high proliferative rate
in vitro, compared to other Immune-enriched cell lines
(NUO02141 and NU02171) (Supplementary Fig. le). Anal-
ysis of available ENCODE data revealed all three genes
contained both FOXM1 ChIP-seq peaks in their promoter
regions and IGF2BP1 eCLIP peaks within their coding and
3’UTR regions (Fig. 1k). Finally, siRNA-mediated knock-
down of IGF2BP1 resulted in significantly decreased
expression of AURKA, CCNA2, and PLK1 in BenMen cells
(Fig. 11), further suggesting their expression is regulated
by IGF2BP1.

Together, these data support a role for the RBP IGF2BP1
in regulating meningioma cell growth and suggests a model
whereby IGF2BP1 regulates the expression of cell cycle
related genes downstream of FOXMI1 in aggressive men-
ingiomas (Fig. 1m), potentially through direct binding of
IGF2BP1 to its target transcripts. However, further func-
tional validations are needed to confirm the model described
here. Interestingly, individual meningiomas can have a wide
degree of intratumoral variability in IGF2BPI expression
and further investigation of intratumoral heterogeneity
could provide additional biological insight into the role of
IGF2BP1 in human meningiomas. Nevertheless, these find-
ings have clinical importance as IGF2BPI expression strati-
fies patient outcomes and may be utilized as a risk marker.
Finally, small molecule inhibitors targeting IGF2BP1 are
currently being tested in pre-clinical settings [8, 15], and
may represent promising therapeutics for high risk menin-
giomas, however, may be limited by systemic toxicity given
IGF2BPI role’s in normal tissues.
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Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00401-024-02788-w.
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