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Abstract

OBJECTIVE—Meningioma is the most common primary intracranial neoplasm. Only 1%–3% 

of meningiomas are malignant according to the 2016 WHO criteria (WHO grade III). High-

grade meningiomas present specific gene expression signatures indicating aggressive growth or 

recurrence. However, changes in gene expression and in neuroinflammatory gene expression 

signatures in WHO grade III meningiomas and during progression from WHO grade I or II to 

grade III are unknown.

METHODS—The authors used a NanoString targeted gene expression panel with focus on 787 

genes relevant in meningioma pathology and neuroinflammatory pathways to investigate patients 

with grade III meningiomas treated at Rigshospitalet from 2000 to 2020 (n = 51). A temporal 

dimension was added to the investigation by including samples from patients’ earlier grade I and II 

meningiomas and grade III recurrences (n = 139 meningiomas). The authors investigated changes 

in neuroinflammatory gene expression signatures in 1) grade I meningiomas that later transformed 

into grade III meningiomas, and 2) grade III meningiomas compared with nonrecurrent grade I 

meningiomas.

RESULTS—The authors’ data indicate that FOXM1, TOP2A, BIRC5, and MYBL2 were 

enriched and the HOTAIR regulatory pathway was enriched in grade III meningiomas compared 

with nonrecurrent grade I meningiomas. They discovered a separation of malignant and benign 

meningiomas based only on genes involved in microglia regulation with enrichment of P2RY12 
in grade I compared with grade III meningiomas. Interestingly, FOXM1 was upregulated in 

premalignant grade I meningioma years before the grade III transformation.

CONCLUSIONS—The authors found gene expression changes in low-grade meningiomas 

that predated histological transformation to grade III meningiomas. Neuroinflammation genes 

distinguished grade III from grade I meningiomas.
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MENINGIOMAS are the most common primary intracranial neoplasms, accounting for 

37% of all primary intracranial neoplasms.1 Classification is based on histopathological 

characteristics according to the 2016 WHO Classification of Tumors of the Central Nervous 

System.2 The recently published 2021 WHO classification3 introduces the TERT promoter 

mutation4,5 and CDKN2A/B homozygous deletion6 as additional, independent criteria for 

a grade 3 diagnosis. The majority of meningiomas (approximately 80%) are slow-growing, 

indolent grade I meningiomas, but a subset of patients (1%–3%) either present with de 

novo grade III meningioma (patients with a primary malignant meningioma) or develop a 

grade III meningioma after a previous grade I or II meningioma (patients with a secondary 

malignant meningioma).7 Grade I meningiomas may thereby be completely benign and 

remain benign during follow-up (herein defined as benign grade I) or recur and undergo 

transformation to grade II and then grade III meningioma or directly to grade III (herein 

defined as premalignant grade I). Despite the high morbidity and mortality following a grade 

III meningioma diagnosis, attempts to develop targeted, personalized adjuvant treatment 

options are hindered because of limited knowledge of the phenotypes, underlying molecular 

mechanisms, and the rarity of this disease.

Gene expression profiling has defined molecular subgroups. The most aggressive subtype 

was characterized by loss of the DREAM complex, a master regulator of the cell cycle.8 

Surprisingly, driver mutations or alterations did not differentiate subgroups of anaplastic 

meningiomas, while differential gene expression did.9 Targeted gene expression analyses 

have suggested a 36-gene signature that is associated with risk of recurrence among all 

meningiomas.10 However, several key comparisons within grade III meningiomas remain to 

be explored with novel therapeutic development in sight.

There is limited knowledge in transcriptional changes across multiple recurrences, 

particularly in premalignant grade I or II meningiomas. Moreover, the neuroinflammatory 

profile in meningiomas and tumor-associated macrophages (TAMs) has shown 

relevance only recently.11,12 TAM infiltration is decreased in aggressive meningiomas 

characterized as molecular subgroups with specific features.13 Moreover, inhibition 

of immunosuppressive myeloid cells attenuates meningioma growth14 and aggressive 

meningiomas have upregulated anti-inflammatory TAMs.12,15 In this context, investigation 

of neuroinflammation in contrasting meningioma phenotypes is warranted. We analyzed the 

gene expression profile in meningioma tissue from 51 patients with grade III meningiomas 

treated at Rigshospitalet between 2000 and 2020, including previous benign meningiomas 

and later grade III recurrences. The patients were matched to 51 patients with benign grade I 

meningiomas known to have no recurrences despite long-term follow-up (Fig. 1).

We present a targeted gene expression analysis focusing on key neuroinflammatory 

pathways and genes previously suggested to be involved in meningioma biology to study 

1) if premalignant grade I meningiomas differ from benign grade I meningiomas that do 

not grade-transform or recur, 2) if neuroinflammation profiles are different between grade I 

and III tumors, and 3) if previously suggested molecular features of aggressive growth and 

recurrence can be validated.
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Methods

Patient Population and Sample Selection

The background population included all patients treated surgically for meningioma at 

the Copenhagen University Hospital between March 2000 and December 2020. Fifty-one 

patients with grade III meningiomas were identified in the pathology database by the 

SNOMED code M95303. Because of recurrences, patients underwent 1–10 surgeries, and 

all surgical samples were identified using the Danish social security number system (n = 

151). We previously published an in-depth, granular clinical analysis of the cohort.16 We 

retrieved paraffin-embedded samples from 139 (92%) of the 151 surgeries. Patients with 

secondary grade III meningiomas had undergone previous surgery for grade I and/or grade 

II meningiomas that later recurred as grade III. We defined grade I and II meningiomas that 

later progressed to grade III as “premalignant meningiomas.”

All meningiomas were reevaluated by a senior neuropathologist according to the 2016 WHO 

criteria. Patients with grade III meningiomas were matched on sex, location (skull base 

or non–skull base), age at diagnosis (± 5 years), and tumor sample age (± 5 years) with 

patients who had a grade I meningioma without recurrence (benign grade I meningiomas, 

n = 51). Recurrence status was checked in benign controls and defined as no growth on 

control MRI scans for a minimum of 5 years and no new neurological symptoms during 

the entire follow-up time available (a minimum 5 years). In 1 case, matching on sex was 

not possible. For all patients, age, sex, meningioma sample age, WHO grade, number of 

surgeries, anatomical localization, and histological subtype were noted. Ethics approval 

was given by the Regional Research Ethics Committees, Capital Region of Denmark, and 

exemption from patient consent was granted.

RNA Extraction and Quality

RNA was extracted from formalin-fixed paraffin-embedded tumor blocks using the RNeasy 

mini kit (Qiagen). All blocks had > 70% tumor tissue present evaluated on H&E-stained 

slides and were generally high in tumor cell content. A Bioanalyzer 2100 with the 6000 

RNA Nano assay (Agilent Technologies) was used to evaluate the concentration, quality 

(the percentage of RNA fragments > 300 nucleotides [DV300]), and RNA integrity number 

(RIN) of extracted RNA. A Nanodrop spectrophotometer (Thermo Fisher Scientific) was 

used to validate the concentration and purity of extracted RNA (wavelength absorbance ratio 

A260/280). All samples had an absorbance ratio of approximately 2.0, the median RIN was 

2.3 (range 1.4–5.3), and 44% of samples had a DV300 > 50%. RNA input was scaled based 

on the DV300 value [100 ng × (100/DV300)] making the input range from 200 to 350 ng in 

total (NanoString Inc., MAN-10050-03).

NanoString nCounter Analyses and Normalization

The nCounter neuroinflammation panel from NanoString covering 770 genes, including 

13 housekeeping genes, was used to generate RNA expression data. We customized the 

panel by adding 30 targets known in previous literature to be involved in meningioma 

pathophysiology9,17 (Supplementary Material S1). RNA was hybridized with biotin-labeled 

capture probes for 18–19 hours at 65°C using the nCounter XT CodeSet gene expression 
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panel assay (NanoString Inc., MAN-10056-03). Samples were loaded to the nCounter 

preparation station. Excess capture probes and reporter probes were removed, and the 

hybridized RNA was loaded onto a cartridge and immobilized for imaging on the nCounter 

Digital Analyzer. Using nSolver 4.0 (NanoString Inc.), the technical success of the 

experiment was assessed by hybridization effectiveness and an overall quality control check. 

Binding density flags were present in 8 samples; these were rerun successfully at a lower 

input.

Run-to-run variability was normalized with 6 positive and 8 negative RNA transcripts 

included in the CodeSet. Sample-to-sample variability was normalized using counts from 

the 13 included housekeeping genes with the GeNorm Algorithm and the NanoStringNorm 

package in R.18 RNA from one sample was run in 8 different batches to evaluate a possible 

batch effect.

Statistical Analyses

Pre hoc, four key comparisons of the targeted gene expression profile were planned (Fig. 1).

In analysis 1, grade I meningiomas from benign controls were compared with meningiomas 

from patients with grade III meningiomas. In patients with subsequent grade III recurrences, 

the first grade III meningioma was used.

In analysis 2, grade I meningiomas from benign controls were compared with premalignant 

grade I meningiomas. Nine patients presented with a premalignant grade I meningioma 

and were included in the analysis. In patients with more than one premalignant grade I 

meningioma, the first was used.

Analysis 3 was within patients with grade III meningioma. We compared grade 

III meningiomas from patients with primary malignant meningioma with grade III 

meningiomas in patients with secondary malignant meningioma. In patients with multiple 

grade III recurrences, the first was used.

Analysis 4 was within patients with secondary grade III meningiomas. We compared the last 

premalignant meningioma (if multiple grade I or II recurrences were available) with the first 

grade III meningioma to investigate changes in gene expression on either side of the “grade 

switch.”

To investigate differences of gene expression we used a probabilistic index (PBI) regression 

model. In analyses 1, 2, and 3, the PBI is the probability that the gene expression in the 

tumor of a patient in one group is higher than the gene expression in the tumor of a patient in 

the other group. The regression analyses were adjusted for age at date of tumor biopsy and 

sex. Hence, the PBI regression model is a generalization of the Mann-Whitney-Wilcoxon 

rank test, which allowed us to control for patient demographics. In analysis 4 (Fig. 1), we 

accounted for the fact that two measurements are coming from the same individual, and 

we employed the Wilcoxon signed-rank test (formulas available in Supplementary Material 

S2); p values were adjusted using the Benjamini-Hochberg correction method. Differentially 

expressed genes (DEGs) based on the PBI had an adjusted p value < 0.05.
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Heatmaps and Pathway Analyses

Qlucore Omics Explorer version 3.7 (Qlucore AB) was used to generate heatmaps and 

2-way unsupervised hierarchical clustering (UHCL) based on DEG identified from t-tests in 

analyses 1, 2, and 3. For all analyses, the following filters were applied: variance > 0.1, p < 

0.05, and > 2-fold change in gene expression, except analysis 1, in which the variance filter 

was set to > 0.2. Analysis 1 was extended by subgrouping genes according to biofunctions 

relevant in neuroinflammation (e.g., microglia and cytokines) as annotated by NanoString, 

and by assessing heatmaps based on the genes in the respective neuroinflammatory pathway.

DEGs from t-tests in analysis 1 were loaded into Ingenuity Pathway Analysis (Qiagen),19 

and data were assessed in the Ingenuity Knowledge Base. For canonical pathways, a −log(p 

value) > 3 and z-scores > 2 or < −2 were set as thresholds for significant activation or 

inhibition, respectively.

Results

DEGs in WHO Grade III Meningiomas and Grade I Meningiomas

An overview of patients with grade III meningiomas and benign controls can be seen in 

Table 1. A comparison of the 51 first grade III meningiomas and the 51 benign grade 

I meningiomas from controls yielded 429 DEGs based on the PBI (Fig. 2A). The top 5 

upregulated genes with the highest PBI in grade III cases were TOP2A, MELK, RAD51, 

BIRC5, and PTTG1. Among benign grade I meningiomas from benign controls, the top 5 

upregulated genes based on PBI were SLC44A1, ENPP6, PINK1, AGO4, and TNFRSF25. 

A heatmap and UHCL based on 78 (36 up and 42 down) DEGs, all included in the 429 

DEGs identified in the PBI model (Figs. 3 and 4), showed almost complete separation of 

grade I and III meningiomas. We expanded the analysis and constructed heatmaps of the 

genes involved in the respective pathways as annotated by NanoString (Table 2). Genes 

involved in microglia regulation clearly separated benign grade I and grade III meningiomas 

(Supplementary Material S3).

Among canonical pathways (Supplementary Material S4), the biological pathway most 

significantly enriched (p value and z-score combined) by genes in the data set was the 

HOTAIR Regulatory Pathway [−log(p value) = 3.68, z-score = 2.24] with EZH2, FOXM1, 

JAM2, MMP12, and SPP1 involved.

Premalignant WHO Grade I Tumors Show an Aggressive Gene Expression Profile

The gene expression signature from 9 premalignant grade I meningiomas was compared 

with meningiomas from benign controls. A total of 37 DEGs were identified based on the 

PBI. The top 5 genes with the highest PBI (sorted by adjusted p value) in premalignant 

grade I meningiomas compared with the 51 benign grade I meningiomas were CASP8, 

SIN3A, ARNT2, SMARCE1, and SETD1A. The list also included FOXM1 (adjusted p 

value = 0.014), H3-3A (adjusted p = 0.037), and TRAF7 (adjusted p = 0.005) (Fig. 2B). 

The top 5 genes with the lowest PBI (sorted by adjusted p value) included KDM1A, 

PEX14, HDAC1, PINK1, and PIK3CA. UHCL and the heatmap showed 21 DEGs (Fig. 

5). Consensus between the PBI model (nonparametric, generalization of Mann-Whitney-
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Wilcoxon rank test) and quantification in the Qlucore software (parametric, t-test) was found 

in the following 7 genes: IGF2, FOXM1, ARNT2, TNF, and SIGLEC1 (upregulated) and 

PRKAR2B and C4A (downregulated).

No DEGs Identified in Secondary and Primary WHO Grade III Meningioma

A comparison of grade III meningiomas from patients with secondary (n = 24) and primary 

(n = 27) malignant meningioma showed no DEGs based on the PBI (Supplementary 

Material S5). T-tests yielded 5 DEGs, among these MYBL2. However, the q value was 0.51 

(Supplementary Material S6). Comparison of rhabdoid/papillary and anaplastic histology 

(heatmap and UHCL) is shown in Supplementary Material S7.

DEGs at Grade Switching

A comparison at grade switch within patients with secondary malignant meningioma yielded 

119 DEGs. The top 5 genes (sorted by p value) with a positive median of the difference 

between the first grade III tumor and the last premalignant tumor, and thus upregulated, were 

MYBL2, TOPBP1, PTTG1, RRM2, and NCAPH. The top 5 genes with a negative median 

of the difference were ENPP6, P2RY12, FGL2, CSF1R, and BIK (Supplementary Material 

S5).

Gene Expression Trajectories Across Recurrences

The gene expression trajectories of FOXM1, TOP2A, and P2RY12 across recurrences 

among patients with malignant meningiomas are shown in Supplementary Material S8. We 

observed large intra- and interpatient variability across the trajectories, but a trend toward a 

rise in FOXM1 and TOP2A expression was seen while P2RY12 expression diminished.

Discussion

We detected upregulation of transcripts defining a malignant phenotype already in 

premalignant, histological grade I meningiomas. Further analyses showed differences of 

neuroinflammatory gene expression profiles between grade I and III meningiomas. Our 

findings also corroborated previous reports that gene expression signatures in meningiomas 

with aggressive phenotypes are enriched for genes involved in cell-cycle regulation and 

mitosis.10

Clinical Implications and Targets for Precision Medicine

Personalized follow-up and adjuvant treatment to minimize morbidity and optimize 

healthcare utilization could avoid unnecessary treatment and imaging. In this context, 1%–

3% of all meningiomas that are histologically diagnosed as grade I meningiomas according 

to the WHO 2016 classification are known to undergo malignant transformation and 

finally recur as secondary malignant meningiomas, which carry dismal prognoses.7 Early 

identification of this subgroup would provide a treatment window to optimize outcomes via 

additional surgery, closer follow-up, or adjuvant therapies. Molecular markers that define 

aggressive clinical courses comprise patients with loss of 1p,20 TERT promoter mutations,4,5 

intermediate or malignant methylation classes,21 CDNK2A homozygous deletion,6 or high 

Ki-67 labeling index.22,23 Only 5.4%–15% of meningiomas harbor the TERT promoter 
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mutation,4,5 and < 5% harbor CDKN2A/B alterations; thus, molecular markers for improved 

prognostic precision are needed in the remaining cases. Our data revealed a distinctive 

signature of grade III meningiomas already in premalignant grade I meningiomas. Benign 

grade I meningiomas that remained benign could thus be differentiated from premalignant 

grade I meningiomas that progressed to grade III. Early identification of the latter would 

allow tailored adjuvant treatment and follow-up. Our findings are in line with targeted gene 

expression data,10 and here it is indicated that changes in RNA expression can happen years 

before phenotypic transformation. Premalignant grade I tumors had upregulation of FOXM1 
years before malignant transformation (Figs. 2B and 5). Previously, Viaene et al. identified 

differences in whole-transcriptome analyses in grade I meningiomas that later progressed to 

grade II (n = 3 paired cases) compared with grade I meningiomas without grade progression 

and additionally evaluated differences in gene expression among all meningioma grades.24 

In comparison with our findings, they reported separate clustering of grade I progressing 

and grade I nonprogressing meningiomas. This supports our proof-of-concept finding that 

detectable changes in gene expression precede a phenotypical transformation to grade III. 

We did not find any direct matches between the 7 genes expressed differentially between 

grade I meningiomas that progressed to grade III (analysis 2) and those that did not, and 

those reported by Viaene et al. in their comparison of grade I progressing versus grade 

I nonprogressing meningiomas. In their analyses, TNF-related genes, IGF1, and SIGLE-

C11 were upregulated in progressing grade I meningiomas. Moreover, they compared 

nonpaired grade I and III meningiomas and found, as we did, upregulation of FOXM1, 

EZH2, CHEK1, BIRC5, TOP2A, and MYBL2 in grade III meningiomas. They reported 

differential expression of GREM2, SNORA46, and SNORA48 among all meningioma 

grades. These genes were not included in our study, which compromises comparability 

of these genes. Discrepancies may reflect different methodologies (full transcriptome vs 

targeted gene expression) and, importantly, different biological hypotheses. Viaene et al. 

studied progression to grade II, while we analyzed grade III meningiomas. Different 

transcripts may be implicated in transformation to grade II compared with grade III.

The central role of FOXM1 in aggressive meningioma biology is not a new finding.10,17,25 

Our data set corroborates its high expression in a large cohort of grade III meningiomas and 

unprecedentedly describes its upregulation in premalignant grade I meningiomas in a unique 

series of meningiomas that progressed from grade I to grade III. The 2.6-fold difference 

of FOXM1 expression between grade III and I meningiomas in our data might indicate 

FOXM1 as a pharmacological target in humans. The FOXM1 inhibitor Siomycin-A has been 

shown to diminish meningioma volume and growth in mouse models,25 although inhibition 

is complicated by posttranslational modifications, kinetics, and clinical factors.26,27 FOXM1 
inhibitors are therefore not yet available for human use, despite our data and previous data. 

Moreover, high expression of CHEK1 (encoding Checkpoint kinase 1, Chk1) in grade III 

versus grade I meningiomas was evident in our material. Chk1 inhibitors are used either 

as monotherapy or in combination with genotoxic therapies in clinical and preclinical 

studies.28,29 So far, no clinical trials have explored their use in aggressive meningioma. 

The potential of targeted therapy based on upregulated transcripts in benign meningioma to 

prevent aggressive transformation is not known, although our findings and other recent data 

suggest investigating transcripts such as EZH2, CHEK1, and FOXM1 for preclinical testing.
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The gene expression of FOXM1 and TOP2A varied extensively across recurrences but 

appeared to be higher in malignant than benign tumors (Supplementary Material S8). Our 

study has shown that NanoString technology is suitable for gene expression studies in 

archived formalin-fixed paraffin-embedded meningioma tissue, as degraded RNA can be 

compensated through increasing input. The gene expression profiles could support screening 

profiles to quickly identify meningiomas at high risk of malignant transformation and 

allow potentially curative measures before transformation. Following prospective validation 

and protein analyses, upregulated transcripts could be included in a prognostic, targeted 

gene expression panel, and inclusion of neuroinflammatory markers could be predictive for 

assessing outcome of future treatment targeting protumorigenic macrophages.

Neuroinflammatory Signatures and Two Contrasting Meningioma Phenotypes

We found differences in genes involved in microglia regulation between grade I and III 

meningiomas (Table 2 and Supplementary Material S3), which were in concordance with 

novel findings of an immunogenic meningioma subtype.13 P2RY1230,31 had a high PBI of 

expression in grade I tumors from benign controls. Furthermore, P2RY12 and CX3CR132 

had a > 1.5-fold lower expression in WHO grade III compared with benign grade I 

meningiomas. P2RY12 is considered a microglia-specific marker even under pathological 

conditions33 and is associated with the M1 proinflammatory subtype.34 CX3CR1 is a 

chemokine receptor for fractalkine, which is, among other features, secreted by damaged 

neurons to recruit microglia.31 Our results suggest that migrating microglia may have a role 

in proimmunogenic meningiomas, although the postulated microglial specificity of P2RY12 
must be further established.

FGL2 and SFRP1 had a > 2-fold change in the benign grade 1 meningiomas compared 

with the grade 3 meningiomas. The precise antineoplastic functions of most studied genes 

are not known, while FGL235 and SFRP1 have specified antineoplastic or proneoplastic 

functions. The SFRP family modulates Wnt-signaling and epigenetic silencing of SFRP 
leads to Wnt-pathway activation;36 our results agree with earlier findings of high SFRP1 
expression in tumors with low FOXM1 expression in meningiomas.17 FGL2 is a membrane-

bound or secreted protein expressed by macrophages, T cells, and tumor cells.35 In glioma, 

it confers poor prognosis,37 and FGL2 may promote tumor progression by expanding 

tumor-supportive M2-macrophages.37,38 Its possible role in meningioma is, however, far 

from established, and FGL2 can instead recruit inflammatory cells in other malignancies.35 

We did not quantify different cells, and higher FGL2 expression could reflect large 

numbers of macrophages in benign meningiomas.11 Moreover, the premalignant grade I 

meningiomas showed upregulation of SIGLEC1. Recently, an autoregulatory loop between 

cancer cells and TAMs, involving TNF-alpha and SIGLEC1, generated protumoral TAMs 

and an immunosuppressive environment in breast cancer.39 Our data imply the same 

functional relation in meningiomas, although causality must be addressed in functional 

studies. Protumorigenic polarization of macrophages seems to be an early event in malignant 

transformation. Importantly, inhibition of the CSF1-CSF1R axis, an important regulator of 

macrophage phenotype, could diminish meningioma growth in a murine model.14 Thus, the 

characterization and manipulation of protumorigenic TAMs in meningioma is pertinent for 

future treatment. In contrast, anti-inflammatory treatment may have negative effects since 
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aggressive meningioma phenotypes appear to be associated with attenuated inflammatory 

markers here and in previous literature.12,15

The HOTAIR regulatory pathway was significantly affected by DEGs in the Ingenuity 

Pathway Analysis (Supplementary Material S4). We investigated DEGs downstream in 

the regulatory pathway, not HOTAIR expression. HOTAIR is a long noncoding RNA 

that modulates gene expression by interaction with chromatin remodeling complexes 

and specifically the PRC2 complex.40 The PRC2 complex balances proliferation versus 

differentiation.41 Atypical meningiomas exhibit upregulation of the catalytic subunit EZH2 

of the PRC2 complex,42 a finding reproduced in grade III meningiomas in our data. 

Deregulation in either direction can have an oncogenic effect and a possible effect 

on the threshold of transcriptional activation of genes controlling proliferation such as 

CDKN2A, a known biomarker in meningioma.6,43 E2F is a part of the repressive DREAM 

complex regulating cell cycle,44 and loss of the repressive function characterizes aggressive 

meningiomas with aggressive phenotypes.8

Patients with secondary malignant meningioma had higher expression (Supplementary 

Material S3) of MYBL2,10 among others, in the first sample from a grade III meningioma 

compared with the last premalignant grade I or II meningioma sample, while P2RY1234 and 

FGL237 were downregulated, possibly enabling or marking the malignant switch.

Within the grade III meningiomas, we found no difference in gene expression between 

the first grade III meningiomas from patients with primary (n = 27) and secondary (n = 

24) malignant meningiomas. Data on whether overall survival differs between primary and 

secondary grade III tumors are contradictory,16,45 and molecular or phenotypic differences 

remain unknown. Anaplastic versus rhabdoid/papillary seemed to cluster; however, the 

q value was 0.31 (Supplementary Material S7). The gene expression profile did not 

differentiate tumors with rhabdoid/papillary features with and without concomitant anaplasia 

or high mitotic index, although the material was small.

Limitations and Strengths

Our study was limited by the number of malignant meningiomas and the retrospective 

design. Pathological diagnoses were validated to agree with 2016 WHO grading, but we 

could not completely exclude previous misclassification with omission of eligible cases. Our 

benign controls had a 5-year follow-up; the criteria strongly suggested a benign phenotype 

but did not completely rule out later recurrence. We did not have data on precise steroid 

dosages before surgery, which could have influenced the neuroinflammation signature. We 

had no reason, however, to suspect a large dosage discrepancy between the two groups. 

Clinical data were used for characterization of the contrasting phenotypes in the cohort 

(Table 1), but in-depth clinical data from the patients with grade III meningiomas were not 

compared with gene expression for statistical reasons with our study design. The risk of 

false-positive findings would be unacceptably high, with additional clinical outcomes and 

more granular phenotypes. We preselected the four most important analyses according to 

hypotheses and thus did not perform an exploratory investigation that would have required 

a validation cohort. The retrospective nature of data also limited causal interpretations of 

gene expression changes or patterns in association with previous radiotherapy, outcome, or 
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survival. A targeted gene expression panel with a neuroinflammatory focus was chosen as 

1) a predefined set of genes and hypotheses minimized the statistical risk of false-positive 

findings, 2) the sample quality was not expected to support a full transcriptome analysis with 

a median RIN of 2.3, and 3) we defined a need to increase knowledge of neuroinflammatory 

genes in contrasting phenotypes of meningioma. We did not analyze protein synthesis that 

would have resulted from upregulated mRNA transcripts. Immunohistochemical analysis 

is warranted to localize gene products and quantitative analyses such as Western blot for 

quantification; moreover, proteomics can depict relevant protein expression. Logical next 

steps are targeted analysis of immunohistochemical expression and quantification of, for 

example, FOXM1 in meningioma and more exploratory studies of proteins with proteomics 

methodologies.

Despite its limitations, the study had unusual strengths. The study included samples 

from several stages of disease from an unselected population of meningioma patients 

treated in Eastern Denmark, and the sample size was comparatively large for malignant 

meningiomas. It was still possible to obtain tissues from repeated surgeries during malignant 

transformation, and we had detailed clinical information from malignant meningiomas 

and benign controls. The cohort was thereby uniquely suitable to study gene expression 

signatures of malignant phenotypes and malignant transformation over time in a hypothesis-

driven manner within the preplanned analyses 1–4. Because of this study design, we 

refrained from dividing patients into discovery and validation cohorts and employed all data 

for testing the primary statistical hypotheses. Prospective validation of premalignant and 

malignant gene signatures is needed, preferably across multiple institutions, and the causal 

relation between upregulated transcripts and malignant transformation can be analyzed in 

experimental settings such as murine knockout models.

Conclusions

Our results from an unselected population of 51 patients with WHO grade III meningiomas 

showed that premalignant WHO grade I meningiomas had a gene expression signature 

different from that of benign WHO grade I meningiomas and similar to WHO grade 

III meningiomas years before histopathological transformation to a malignant phenotype. 

Moreover, we found different neuroinflammatory profiles in benign and malignant 

meningiomas, particularly among RNA transcripts involved in microglia regulation. Taken 

together, results from our targeted gene expression analyses show novel features that can 

allow early detection of malignant phenotypes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

DEG differentially expressed gene

DV300 percentage of RNA fragments > 300 nucleotides

PBI probabilistic index

RIN RNA integrity number

TAM tumor-associated macrophage

UHCL unsupervised hierarchical clustering
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FIG. 1. 
Overview of patients and meningiomas and the four pre hoc planned comparisons. Analysis 

1 compares the first (earliest presenting) grade III meningiomas (n = 51) with benign grade 

I meningiomas from controls (n = 51). Analysis 2 compares the first premalignant grade I 

meningioma (n = 9) with benign grade I meningioma from controls (n = 51). Analysis 3 

comprises the first grade III meningioma from patients with primary grade III meningioma 

(n = 27) compared with the first grade III meningiomas from patients with secondary 

malignant meningiomas (n = 24). Analysis 4 is within patients with secondary grade III 

meningioma: the last premalignant tumor (grade I or II) compared with the first grade III 

meningioma within individual patients.
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FIG. 2. 
PBIs, p values, and adjusted p values for analyses 1 (left) and 2 (right). Left: In analysis 1 

the first grade III meningiomas (n = 51) were compared with benign grade I meningiomas 

from controls (n = 51). The genes are ranked by magnitude of PBI, and the top 50 of the 

429 genes (adjusted p < 0.05) are shown. Right: In analysis 2, the first premalignant grade 

I meningiomas (n = 9) were compared to benign grade I meningiomas (n = 51). Genes 

are ranked according to adjusted p value, and 37 genes have an adjusted p < 0.05 (border 

marked with a dotted red horizontal line). Adj. = adjusted; gr. = grade.
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FIG. 3. 
Heatmap and UHCL of DEGs from t-tests comparing mRNA expression between 51 WHO 

grade III meningiomas (orange) and 51 WHO grade I meningiomas from controls (blue). 

The analysis yielded 78 DEGs out of 787 investigated genes with a > 2-fold change in 

gene expression, p < 0.05, and q = 0.08 (36 upregulated in grade III [yellow] and 42 

downregulated in grade III [blue]).
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FIG. 4. 
Volcano plot of DEGs from t-tests comparing mRNA expression between 51 WHO grade III 

meningiomas and 51 WHO grade I meningiomas from controls. Dashed lines indicate cutoff 

values for differential expression. Annotated genes have a log2 fold change > 1.8.
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FIG. 5. 
Heatmap and UHCL of DEGs from t-tests comparing mRNA expression between 9 

premalignant grade I meningiomas (orange) and 51 benign grade I meningiomas (gray) 

(analysis 2). The analysis yielded 21 DEGs out of 787 investigated genes with a > 2-fold 

change in gene expression, p value < 0.05, and q = 0.20 (17 upregulated in premalignant 

grade I [yellow] and 4 downregulated in premalignant grade I [blue]).
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TABLE 1.

Clinical characteristics of patients with WHO grade III meningioma and benign controls

Patients w/ Grade III Meningioma (n = 51)* Benign Controls (n = 51)

Surgeries, n 151 51

Age at op, median (range) 61 (10–87) 60 (29–85)

Male sex, n (%) 25 (49.0) 24 (47.1)

Skull base location, n (%) 9 (17.6) 8 (15.7)

Age of sample in yrs, median (range)† 8.2 (0.4–24.6) 10.8 (6.3–21.2)

Histology, n (%)

 Anaplastic 42 (82.4) 0 (0)

 Papillary features 4 (7.8) 0 (0)

 Rhabdoid features 5 (9.8) 0 (0)

 Meningothelial, fibrous, transitional 0 (0) 50 (98.0)

 Angiomatous 0 (0) 1 (2.0)

*
Data are based on the first (earliest presenting) WHO grade III meningioma.

†
Sample age was calculated from last follow-up date.
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