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Abstract

Meningioma represents the most common primary brain tumor in adults. Recently several non-NF2 mutations in
meningioma have been identified and correlated with certain pathological subtypes, locations and clinical
observations. Alterations of cellular pathways due to these mutations, however, have largely remained elusive. Here
we report that the Krueppel like factor 4 (KLF4)-K409Q mutation in skull base meningiomas triggers a distinct tumor
phenotype. Transcriptomic analysis of 17 meningioma samples revealed that KLF4K409Q mutated tumors harbor an
upregulation of hypoxia dependent pathways. Detailed in vitro investigation further showed that the KLF4K409Q

mutation induces HIF-1α through the reduction of prolyl hydroxylase activity and causes an upregulation of
downstream HIF-1α targets. Finally, we demonstrate that KLF4K409Q mutated tumors are susceptible to mTOR
inhibition by Temsirolimus. Taken together, our data link the KLF4K409Q mediated upregulation of HIF pathways to
the clinical and biological characteristics of these skull base meningiomas possibly opening new therapeutic
avenues for this distinct meningioma subtype.
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Introduction
Meningioma, a tumor arising from arachnoid cap cells,

represents the most common primary brain tumor in

adults with an incidence of 8.14/100,000 [23]. The major-

ity of meningiomas belongs to the benign WHO I° group,

whereas up to 20% correspond to grade II or grade III

meningiomas with increased histological malignancy [27].

Along with direct compression of brain tissue and cranial

nerves a subset of meningiomas causes peritumoral brain

edema (PTBE) which in turn can lead to neural deficits,

epileptic seizures and life-threatening periprocedural com-

plications [28]. To date, there are no pharmaceutical

therapeutic options for meningiomas, and surgical re-

moval remains the treatment of choice [11]. Meningiomas

located at the skull base are particularly difficult to treat

[7, 13]. Their proximity to crucial neural and vascular

structures makes surgical removal challenging, underlin-

ing the need for alternative treatment options.

Bi-allelic NF2 inactivation is the most common and

most studied genetic alteration found in meningiomas.

In recent efforts however, several distinct non-NF2 mu-

tations linked to skull base meningiomas have been de-

scribed [5, 43]. Of these, SMO mutations are associated

with the anterior skull base, have been shown to have an
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impact on the onset of tumor recurrence [3, 42] and

both AKT1E17K and SMO are currently investigated as

candidates for targeted therapy (ClinicalTrials.gov:

NCT02523014). Investigations regarding KLF4 are less

advanced. While the combination of KLF4 and TRAF7

mutations defines the secretory subtype [5] and

KLF4K409Q tumors have been shown to be associated

with larger peritumoral edema [43], the biological func-

tion and molecular mechanisms associated with the

KLF4K409Q mutation have not been elucidated.

The Krüppel-like factor 4 (KLF4) is a transcription fac-

tor involved in a variety of cellular signaling pathways.

Its expression is induced by a variety of factors including

inflammation, DNA damage and oxidative stress and its

posttranslational regulation is largely dependent on Von

Hippel-Lindau tumor suppressor (pVHL) induced deg-

radation [8, 9]. KLF4 has been shown to regulate crucial

pathways in cell differentiation, proliferation, inflamma-

tion and apoptosis. It is a critical factor in generating in-

duced pluripotent stem cells and promoting

angiogenesis via activation of VEGF [35, 38]. In the

onco-genetic context, KLF4 acts as a tumor suppressor

in colon cancer, but plays a potent oncogenic role in

mammary carcinoma and melanoma. Its highly context-

dependent function in tumor biology renders it a chal-

lenging, but in many tumor-entities promising thera-

peutic target [31, 33, 34, 36, 39]. Indeed, some KLF4

inhibitors, for instance Statins, have been already identi-

fied and recently characterized as promising inhibitory

agents in osteosarcoma [6, 19, 44].

Previous data have shown that about 10–14% of meningi-

omas harbor the mutation KLF4-p.K409Q (KLF4K409Q) [5,

29]. This missense mutation is highly specific for meningi-

omas and has only been reported in four non-meningeal tu-

mors (two pancreatic and two breast derived cancers) [12].

Here we demonstrate that KLF4K409Q mutation in

meningioma leads to an upregulated HIF-1α pathway,

leaves cells susceptible to hypoxia and that this effect

can be blocked by mTOR inhibition with Temsirolimus.

Materials and methods
Clinical data and human specimens

Clinical data and Tumor material from 96 meningioma

patients were collected and analyzed (study was approved

by the local ethical committee (Application No. 03–170)).

Statistics

Statistical analysis was performed using SPSS, release 22

and GraphPad Prism 7. ANOVA, t-test, Chi-square and

Fisher’s exact where used for gaussian distributed data,

Mann-Whitney-U and Kruskal-Wallis when data did not

meet the normality assumption. Tests were performed

two-tailed. R-values were calculated via Spearman-

Correlation. Log-rank (Mantel-Cox) test was used for

comparison of survival curves. Significance levels: *p <

0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001, Confidence

Interval: 95%. Error bars in figures represent SD.

Targeted sanger sequencing

Targeted Sanger sequencing of the region encompassing

codon 409 of the human KLF4 gene was performed after

PCR amplification. To monitor AKT1 mutations we also

performed targeted Sanger sequencing of AKT1 (codon

17). For Primers and further details see supplementary

materials.

Tissue microarray (TMA)

Using 27 FFPE-embedded skull base WHO I° meningi-

oma samples, a tissue microarray (TMA) was con-

structed as previously reported [25]. From each FFPE

block, three separate samples were spotted on the TMA.

Immunohistochemistry was performed from 4 μm thick

paraffin sections. Antibodies used are detailed in supple-

mentary materials.

RNA-Seq and analysis of RNA-Seq data

Sample preparation and isolation of RNA for RNA

sequencing

RNA was extracted from frozen tumor samples and se-

quenced by Novogene. (See supplementary materials for

detailed protocol) RNA sequencing was performed on

Illumina HiSeq X platform.

RNA sequencing data analysis

For RNA-seq data analyses low quality read ends as well as

remaining parts of sequencing adapters were clipped off

using Cutadapt (v 1.14). Subsequently, reads were aligned

to the human genome (UCSC GRCh38) using HiSat2 (v

2.1.0) [15]. FeatureCounts (v 1.5.3) [20] was used for sum-

marizing gene-mapped reads. Ensembl (GRCh38.89) [41]

was used for annotating genes. Differentially expressed

genes (DEGs) were determined by utilizing the R package

edgeR (v 3.18.1) [30] using TMM normalization.

Cell lines

The cell lines used were generated from the malignant

meningioma cell line IOMM-Lee and cultured as previ-

ously described [25]. HEK293T cells were purchased

from DSMZ (Braunschweig, Germany).

Lentiviral transfection

HEK293T cells were lentivirally transfected using FuGene®

HD transfection reagent (Promega, Mannheim, Germany)

with pLV[Exp]-Bsd-EF1A > hKLF4[NM_004235.4] or

pLV[Exp]-Bsd-EF1A > hKLF4[NM_004235.4]*(K409Q)

constructs (VectorBuilder) in combination with lentiviral

packaging plasmid mix pC-Pack 2 (Cellecta). After 48 h the

supernatants were harvested, filtered and used to infect
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IOMM-Lee cells. Infected cells were finally selected with

Blasticidin (Corning).

Real-time reverse transcription (RT)-qPCR

RNA from adherent cells was isolated with TRIzol reagent

(ThermoFischerScientific, Dreieich, Germany) or RNeasy

Mini kit (QIAGEN) as described earlier [4]. Briefly, iso-

lated RNA was reverse transcribed into cDNA using ran-

dom hexamer primers and used for real-time PCR to

determine the relative gene expression, normalized to a

housekeeping gene (HPRT or β2-microglobulin). For

genes analyzed, the primer sequences and systems used

see supplementary materials. The relative mRNA expres-

sion was calculated through 1/2∆Ct, ∆Ct representing the

difference of Ct values between gene of interest and

housekeeping gene. For experiments involving hypoxic

conditions Cells were cultured under hypoxia (1% O2) for

1 day before total RNA isolation.

Cell proliferation

To determine cell proliferation, the Cell Proliferation

ELISA (BrdU) from Roche was used. Ten thousand cells

were seeded into 96-well plate (Sarstedt, Nümbrecht,

Germany) and incubated at 37 °C, 5% CO2. Upon 48 h

cells were stained according to manufacturer’s informa-

tion and analyzed using Tecan-Reader (Infinite 200).

Cell viability assay

The number of viable cells was determined by quantifi-

cation of ATP in the cell culture using CellTiter-Glo® lu-

minescent cell viability assay (Promega, Mannheim,

Germany) according the manufacturer’s instruction.

(Detailed protocol in Supplementary Materials).

Colony formation assay

Ten thousand cells in 10 ml culture medium were

seeded onto 10 cm culture dishes (TPP, Switzerland).

After 4 days of cultivation, cells were washed with phos-

phate buffered saline (PBS; PAN Biotech, Aidenbach,

Germany) and stained with 0,5% crystal violet solution

containing 20% methanol for 15 min. Finally, the colony

sizes were determined under a microscope with AxioVi-

sion Rel. 4.8 software.

In vitro treatment of cells

0.1 × 106 cells were seeded into cell culture flasks (25

cm2, Greiner bio-one) for gene expression studies, while

10,000 cells were seeded into 10 cm dishes for colony

formation assays (CFA). Drugs were added after 24 h

and remained on the cells for 24 h prior to protein or

RNA extraction and 4 days prior to measuring of col-

onies in CFA. Stocks of Temsirolimus (Sigma) in ethanol

and Simvastatin (Sigma) in DMSO were prepared. Final

solvent concentrations after treatment was limited to

0.1% (vol/vol). Controls were treated with the solvent

equivalent of the highest drug concentration.

Immunoblotting

Cells or tissues were lysed in lysis buffer (see supple-

mentary materials). In hypoxia experiments cells were

treated with hypoxia (1% O2) or Temsirolimus (0.5 μM)

for 24 h prior to lysis. Twenty micrograms of protein

samples were separated on SDS polyacrylamide gels and

transferred to a nitrocellulose membrane. Membranes

were incubated with primary antibodies at 4 °C overnight

and the protein expression was detected using horserad-

ish peroxidase (HRP)-conjugated secondary antibodies

and the chemiluminescent substrate. β-actin or Tubulin

were used as loading controls. Blots were quantified

using Kodak 1D3.6 software. (For antibodies and dilu-

tions used see supplementary materials).

Protein stability

HEK293T cells were transfected with GFP-KLF4-wt-pLVX

or GFP-KLF4-mut(K409Q)-pLVX and selected with puro-

mycin to generate a stable overexpression. Protein translation

was blocked with Emetin [100 μM] at indicated time points

and protein abundance was measured via immunoblot.

Luciferase reporter assay

Cells were transiently transfected with constructs ex-

pressing firefly luciferase fused to HIF1α-ODD (Addgene

plasmid #18965) together with an SV40-Renilla lucifer-

ase construct (Promega) used for normalization of trans-

fection efficiency. Cells were cultured for 18 h under

hypoxia and assayed for luciferase activity with the Dual-

Luciferase Reporter-Assay System (Promega).

Hydroxylation assay

2.5*105 cells were cultured under hypoxia (1% O2) for 4 or

18 h. In the last 3 h before harvesting, cells were treated

with MG132 (10 μM, Merck). Hydroxylation of HIF-1α on

proline 564 was detected by blotting Hydroxy-HIF-1α

(Pro564) antibody (Cell Signaling, 3434).

Orthotopic xenograft mouse models

Convexity meningioma model

Young Swiss Nude mice (Charles River, France), > 9

weeks old were anesthetized intraperitoneally (i.p.) with

Rompun (Bayer Vital GmbH Leverkusen, Germany)

/Ketamin (Bremer Pharma GmbH, Warburg, Germany)

mixture and fixed in the stereotactic head frame. After a

longitudinal incision two holes were drilled 2 mm anter-

ior of the bregma and 1.5 mm right and left from the sa-

gittal suture. Using Hamilton syringe (Hamilton

Bonaduz AG, Bonaduz, Switzerland) 2.5 × 105 of KLF4wt

or KLF4K40Q transfected IOMM-Lee meningioma cells

in 2.5 μl PBS (PBS; PAN Biotech, Aidenbach, Germany)
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were applied 1.5mm deep in each hole. The skin was sealed

with Histoacryl (B Braun Surgical, S.A., Rubi, Spain).

Skull base meningioma model

Young Swiss Nude mice, > 9 weeks old, were used. A

single hole was drilled 1.5 mm anterior of the bregma

and 2mm on the right side from the sagittal suture and

0.5 × 105 transfected IOMM-Lee cells (KLFwt or

KLFK409Q) in 0.5 μl PBS were deposited above the skull

base bone (about 7.5 mm in depth). At day three after

tumor inoculation, daily treatment with Temsirolimus

i.p. (20 mg/kg) was started for 11 days. At day 14 after

tumor inoculation, tumor growth was analyzed by MRI.

Tumor area was determined by tracing the largest tumor

cross section on a given MRI slice.

Confocal microscopy

For actin staining 10,000 cells were grown in culture

medium on non-treated cover slips at 37 °C, 5% CO2

overnight, fixed in 4% paraformaldehyde (PFA)/PBS for

10 min, permeabilized with 1% Triton X-100/PBS for 3–

5 min and blocked with 1% BSA for 30 min. Actin was

stained with Phalloidin Alexa Fluor 546 (Invitrogen,

USA)/ 40x in PBS for 30 min. Cover slips were mounted

on slides and imaged under a confocal microscope

TCSSL (Leica, Germany).

Study approval

Study of human tumor specimens was performed after

written consent was received from individual patients.

The study was approved by the local ethics board of

University Hospital of Cologne, (Application No. 03–

170). Animal studies were approved by the local state

department: Landesverwaltungsamt Sachsen Anhalt,

Referat Verbraucherschutz, Veterinärangelegenheiten;

Licence number 42502–2-1550 UniMD.

Results
KLF4K409Q mutation is associated with a significant

upregulation of hypoxia driven pathways

Clinical and pathological data on 96 patients who previ-

ously underwent meningioma resection between 2013

and 2018 were collected and frozen tumor samples se-

quenced for the KLF4K409Q mutation. Of the 96 men-

ingiomas, 81 (84,4%) were WHO I°, 14 (14.6%) WHO II°

and one (1,04%) was WHO III°. 13 (13.5%) of the ana-

lyzed tumors carried the KLFK409Qmutation and were

significantly associated with a secretory subtype (p <

0.001) and sphenoid wing location (p < 0.005), confirm-

ing previous reported observations [5, 29]. In order to

gauge the impact of the KLF4K409Q mutation on cellu-

lar pathways, we performed transcriptomic analysis of 7

KLF4K409Q and 10 KLF4wt meningiomas (all WHO I°

and AKT1 wildtype) matched by patient sex, age and

tumor location. Unsupervised clustering revealed a sig-

nificant shift in gene expression of mutated tumors with

strong upregulation of hypoxia-induced pathways. These

findings were supported by Gene-set-enrichment ana-

lysis (GSEA) pointing at upregulation of hypoxia-

inducible factor (HIF-1α)-dependent gene expression

(Fig. 1a). Next to an overall increased KLF4 level, direct

comparison of mRNA levels, tissue-micro-array (TMA)

staining and Western blot analysis confirmed the increase

of HIF-1α dependent genes such as Hexokinase II and

SLC2A3 in KLF4K409Q tumors. Significant upregulation of

PGK1 mRNA did not translate to increased PGK1 protein

levels in mutated samples. (Fig. 1b, c, d, e). Given the fact

that KLF4K409Q mutated tumors are strongly associated

with PTBE and elevated VEGF levels are characteristic for

meningiomas with large PTBE [24, 37], we aimed to

further investigate the involvement of the KLF4K409Q-mu-

tation on the regulation of VEGF and more generally on

the hypoxia pathway experimentally.

The KLF4K409Q-mutation reduces growth rate and leaves

cells susceptible to hypoxia

To this end, we generated 2 cell lines from IOMM-

Lee cells, an immortal, NF2 wildtype line of menin-

gothelial tumor cells [18], with a lentivirus carrying

KLF4wt or KLF4K409Q with a BSD-tag (BSD selectable

marker) under the control of an EF1-α promoter.

Stable cell lines were selected with Blasticidin and

comparable levels of KLF4 overexpression in both

KLF4wt and KLF4K409Q cells were confirmed by west-

ern blotting (Fig. 2a). Comparison of cell proliferation,

cell viability and colony formation capacities of the

cell lines revealed that the KLF4K409Q meningioma

cells had a significantly less aggressive character than

the KLF4wt cells, in line with the smaller tumor size

associated with KLF4K409Q meningiomas [43] (Fig. 2b).

RT-qPCR analysis of HIF-1α-dependent gene expres-

sion revealed a consistent upregulation of target gene

mRNA levels in the IOMM-KLF4K409Q cells (Fig. S1).

Given the fact that the hypoxic pathway is upregu-

lated in the patient derived tumor samples, we

assessed the effect of KLF4K409Q on the hypoxia path-

way in IOMM cells under hypoxic conditions. Cells

grown for 24 h under normoxic (control) or hypoxic

conditions were harvested and relative mRNA expres-

sion as well as protein levels analyzed. Importantly,

KLF4K409Q lead to a robust increase of HIF-1α (and

to a lesser extent of HIF-2α) under normoxic and

hypoxic conditions. In line with a HIF-dependent in-

duction of the hypoxia pathway through KLF4K409Q

the upregulation of the HIF-target genes GLUT1,

VEGF and CAIX in KLF4K409Q cells was significantly

larger (p < 0.001) when compared to KLF4wt cells

under hypoxic conditions (Fig. 2c, d).
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Fig. 1 KLF4K409Q Mutation results in a significant shift of gene expression and upregulates hypoxia driven pathways. a Transcriptomic analysis of 7
KLF4

K409Q and 10 KLF4wt tumors. Nineteen thousand seven hundred ninety-nine protein-coding transcripts were considered, Trimmed Mean of M-
value-normalization of all data. False discovery rate (FDR) < 0.1. Heatmap indicates the NES values derived for indicated hallmark gene sets by
GSEA. Only gene sets with an FDR < 0.05 were considered. b Selective heatmap of genes relevant to hypoxia/glycolysis pathways. Red indicates
significantly (FDR < 0.05) upregulated genes in KLF4K409Q tumors, bold is upregulated but not significant. c Boxplots of KLF4, VEGF-A, SLC2A3 and
HK2 expression within the analyzed samples. d, e Exemplary Western blot, its quantification of HK2 and TMA-IHC (e) of patient derived tumor-
tissue confirming the increased expression of hypoxia dependent genes as well as KLF4 on the protein level in KLF

K409Q Meningiomas. (Western
blot: n = 8, 4 KLF4wt and 4 KLF4K409Q, TMA: n = 27, 17 KLF4wt and 10 KLF4K409Q)
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The KLF4K409Q mutation promotes KLF4 protein stability

and inhibits hydroxylation-dependent degradation of

HIF1-α

Our initial hypothesis was that increased expression of

KLF4 would direct the upregulation of hypoxic response

genes in mutated meningiomas. However, the correlation

of KLF4 mRNA levels with the mRNA levels of VEGFA,

SLC2A3 and HK2 was only moderate to weak in the ana-

lyzed tumor samples (R = 0.5044; R = 0.3348; R = 0.4416;

Fig. 2e). Thus, upregulation of KLF4 mRNA is unlikely to

be the sole reason for enhanced hypoxia and glycolysis,

which was detected by GSEA. Therefore, we investigated

Fig. 2 Effects of the KLF4K409Q mutation on cell viability, growth rate and hypoxia response. a Western blot analysis of KLF4 overexpression in
transfected IOMM cells. b Colony formation assay (n = 60), cell viability assay after 4, 24 and 48 h (n = 5 / timepoint) and cell proliferation assay
(n = 15) of KLF4wt- and KLF4K409Q -cell lines. c, d Western Blot and RT-qPCR (n = 3) analyses of cell lines under normoxic and hypoxic conditions. e
Correlation of KLF4-mRNA and mRNA levels of hypoxia dependent genes in patient derived tumor samples. f Quantification of relative
KLF4wt/K409Q protein stability with GFP-KLF4 constructs and blocking of protein translation with emetin at specified timepoints. (n = 3). g
Quantification of hydroxylation dependent HIF1-α degradation in IOMM-KLF4wt/K409Q cell lines after transient transfection of HIF1-ODD-Luc (n = 3).
h Western Blot analysis of hydroxylated HIF1-α after proteasome inhibition with MG132
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if the KLF4K409Q mutation could affect the protein stability

of KLF4. To this end, HEK293T cells were transfected

with GFP-KLF4wt or -K409Q construct and selected for

stable expression. After inhibiting protein translation with

Emetin, GFP-KLF4 levels were measured at 0, 3 and 6 h.

After both 3- and 6-h blockage, GFP-KLF4 levels were sig-

nificantly higher (p < 0.05; p < 0.005) in the KLF4K409Q

group, suggesting that increased protein stability contrib-

utes to the elevated KLF4 activity in these cells (Fig. 2f).

However, the mechanisms underlying the striking differ-

ence between the hypoxia response of KLF4wt cells and

KLF4K409Q cells (Fig. 2c, d) remained unexplained. We

therefore further investigated the effect of the KLF4K409Q

mutation on HIF-1α. Since HIF-1α is characterized by a

high protein turnover regulated by oxygen-dependent

degradation, we tested whether the KLF4K409Q mutation

affects this process. We co-transfected both KLF4 cell

lines with a HIF-1α-ODD-Luciferase [32] which transfers

the oxygen-dependent sensitivity of HIF-1α to firefly lucif-

erase, and a Renilla-Luciferase control construct and

quantified the bioluminescence under hypoxic conditions.

Importantly, KLF4K409Q significantly increased the stability

of the ODD reporter construct, showing that KLF4K409Q

reduces the oxygen-dependent degradation of HIF-1α

(Fig. 2g). This was further confirmed by assessing the pro-

lyl hydroxylation of HIF-1α. Hydroxylation of proline resi-

dues in HIF-1α ODD-domain is required for pVHL

binding which leads to HIF-1α ubiquitination and degrad-

ation. This process is catalyzed by different oxygen-

dependent prolyl-4-hydroxylases (PHDs) [21]. To analyze

PHD activity, we subjected KLF4 cells to hypoxia, inhib-

ited the proteasome activity with MG132 and analyzed

protein levels of hydroxylated HIF-1α (HIF-1α-OH) after

0, 4 and 18 h. Consistently, HIF-1α-OH levels in

KLF4K409Q cells were prominently reduced at all time-

points (0, 4 and 18 h after treatment) (Fig. 2h). Import-

antly, TMA-staining of the matched KLF4wt / KLF4K409Q

meningioma samples confirmed the increased expression

of HIF-1α in KLF4K409Q meningiomas (Fig. 3a). Collect-

ively, these experiments demonstrate that KLF4K409Q po-

tentiates HIF-1α and HIF dependent gene expression

through the reduction of PHD activity.

KLF4K409Q tumors show susceptibility to mTORC1

inhibition

The search of public databases for compound candidates

that directly inhibit KLF4, revealed statins as a promising

option. They are a well-established class of drugs with a

good safety profile which have been shown to be cyto-

toxic against meningioma cells [10] and were recently

reported to act as specific inhibitors of KLF4 in cancer

stem cells [19]. Unfortunately, the effect of Simvastatin

(a medication in Statins class) did not translate into our

KLF4 meningioma model (Fig. S2).

Given the fact that the KLF4K409Q mutation leads to

specific upregulation of the hypoxia pathway, we ex-

plored whether this could be exploited for medical treat-

ment. We have shown previously that the mTOR

(mammalian target of rapamycin) inhibitor Temsiroli-

mus is a promising agent in meningioma treatment [25].

Furthermore, mTOR inhibitors have proven effective in

the treatment of clear renal cell carcinoma, a cancer as-

sociated with loss of pVHL function and deregulation of

hypoxia pathways [2]. In general, HIF-1α levels are in-

creased following mTOR activation through phosphoryl-

ation of both the eukaryotic translation initiation factor

4E binding protein (4E-BP1) and the p70-S6 kinase

(p70S6K) [21]. Since TMA-staining of the matched

KLF4wt / KLF4K409Q meningioma samples revealed a

trend towards higher expression of both p70S6K and

phosphorylated p70S6K (Pho-p70S6K) in the mutated

samples (Fig. 3a; Fig. S3), we decided to test the effect of

Temsirolimus on cell growth in vitro.

Cells treated with Temsirolimus formed significantly

smaller colonies, had strongly altered morphology (Fig.

3b, c) and KLF4 as well as its dependent genes VEGF,

HK2 and PGK1 were downregulated (Fig. 3d). Import-

antly, we were able to confirm that this effect was

equally strong under hypoxic conditions. Treatment with

Temsirolimus reliably reduced the overshooting HIF-1α

expression in both cell lines under hypoxia (Fig. 3e).

Temsirolimus is a promising treatment option for

meningiomas in vivo

To evaluate our findings in vivo we first performed

xenograft experiments by establishing convexity tumors

through intracranial injection of IOMM-KLF4wt or

-KLF4K409Q cells. The results show no difference in

tumor formation or overall survival (OS) for tumors

grown at this meningioma site (Fig. 4a). Subsequently, to

better mimic clinical conditions of skull-base meningi-

omas, we implanted tumor cells at the skull base and

treated mice with the mTOR inhibitor Temsirolimus.

While not being statistically significant, MRI of tumor-

bearing mice showed that KLF4K409Q tumors at the skull

base tended to be smaller than their wildtype counter-

part, replicating clinical findings of small tumor sizes in

KLF4K409Q meningioma (Fig. 4b, c). When treated with

Temsirolimus in the skull base meningioma model, me-

dian OS in both groups (KLF4wt and KLF4K409Q) was

prolonged by 9 days (17 vs 26 days, p < 0.001) in com-

parison with non-treated mice. When comparing treated

mice bearing skull base KLF4wt or skull base KLF4K409Q

tumors, the median survival of the KLF4K409Q group was

further increased by 2.5 days (26 vs 28.5 days, p= 0.050)

(Fig. 4d, e). Taken together, these data identify Temsiro-

limus as a promising agent preferentially in KLF4K409Q

skull base tumors.
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Discussion
Recent next generation sequencing efforts have led to a bet-

ter understanding of the molecular drivers of meningioma.

The KLF4K409Q mutation defines a distinct subtype of men-

ingioma characterized by a preferential skull base location,

large edema formation and slow growth [5, 29, 43]. Here

we identify a crucial role of the KLF4K409Q mutation in the

control of the hypoxic pathway through HIF-1α and un-

cover novel therapeutic options to specifically treat

KLF4K409Q mutated meningiomas.

The first line of treatment for a small, asymptomatic

meningioma usually consists of a simple “watch and wait”

approach [11]. Since KLF4K409Q mutated tumors frequently

show slow tumor growth this would seemingly be a logical

Fig. 3 Effect of Temsirolimus treatment in vitro. a TMA staining of human tumor samples for HIF1-α and Pho-p70S6k. (n = 27, 17 KLF4wt, 10
KLF4K409Q). b Colony formation assay (CFA) and size analysis after Temsirolimus treatment. (n = 60). c Confocal imaging of actin stained IOMM
cells. d RT-qPCR analysis of HIF1-α dependent genes after treatment with Temsirolimus under normoxic conditions. (n = 3). e Western Blot
analysis of HIF1-α and (Ph)-p70S6K protein levels after treatment with Temsirolimus under hypoxia
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first step. However, KLF4K409Q mutated tumors are prone

to cause severe PTBE, which in turn tends to cause a var-

iety of severe neurological symptoms and in most cases

can only be alleviated by surgical tumor resection. Due to

the challenging skull base location [7], the increased age of

meningioma patients [26], and heightened risks of serious

periprocedural complications in tumors with large PTBE

[28], the need for alternative treatment options is obvious.

Our data uncover that the increased activation of the HIF

pathway is a consequence of the KLF4K409Q mutation in

meningioma which could contribute to several biological

characteristics of this tumor subtype. Our transcriptomic

analysis revealed the upregulation of the hypoxia pathway

in KLF4K409Q tumors. This observation was recapitulated

in vitro in IOMM-Lee cells overexpressing KLF4K409Q

strongly suggesting a functional role for the K409Q-muta-

tion as the main driver of this change. We show that the

KLF4K409Q leads to increased activation of HIF-1α under

normoxia and hypoxia. Mechanistically, we demonstrate

that the KLF4K409Q mutation reduces oxygen-dependent

HIF1-α degradation through decreased hydroxylation.

HIF-1α has been characterized as one of the main

drivers of VEGF expression in tumors and increased

levels of VEGF have long been thought to play a crucial

role in the formation of PTBE. However, until now the

underlying factors leading to increased VEGF expression

in the context of meningiomas have remained elusive.

The activation of the HIF pathway in solid tumors is a

common phenomenon and has been linked to high prolif-

eration, angiogenesis and poor prognosis in different can-

cers [16, 17, 40]. Importantly, we and others have

previously demonstrated that the HIF pathway also entails

tumor-suppressive components and can reduce tumor pro-

liferation and growth [1, 22], possibly explaining the benign

properties of KLF4K409Q mutated tumors. Prototype tumor

mutational changes of PI3K, p53 and pVHL in several can-

cers have been shown to converge on the HIF pathway, dir-

ectly or indirectly altering HIF’s translation, its degradation

and the activity of its downstream targets [14].

Similarly, we show that in meningiomas the KLF4K409Q

mutation results in an increased HIF-1α activity through

impaired HIF-1α degradation. Our experiments show that

the KLF4K409Q mutation leads to an increased stability of

KLF4. Since both HIF-1α and KLF4 are degraded after ubi-

quitinoylation through the pVHL complex [9], increased

KLF4 levels could lead to the competitive binding of pVHL

and reduce ubiquitinoylation of HIF-1α. Additionally,

KLF4K409Q reduces oxygen dependent hydroxylation of

HIF1-α and further decreases degradation.

Anti-edematous therapy in neuro-oncology has relied

on dexamethasone for decades. While the efficacy of this

treatment is well established, side effects for long term

users are severe. In our study we show that by leveraging

the mTor dependency of HIF1-α, Temsirolimus

Fig. 4 Survival studies of orthotopic xenograft models in mice. a Kaplan-Meier-Survival curve after establishing tumors through intracranial
injection of IOMM-KLF4wt or -KLF4K409Q cells in the convexity (IOMM-KLF4wt vs IOMM-KLF4K409Q) and exemplary MRI. No difference in OS was
observed (p = .4305). b Exemplary MRI of KLF4wt (I) and KLF4K409Q (II) tumors and histological cross section of the KLF4K409Q skull base tumor
(III and IV). c Analysis of tumor size on MRI (n = 3). d Kaplan-Meier-Survival curve of mice bearing skull base tumors with and without treatement.
e Combined Kaplan-Meier-Survival curve of both cell lines (KLF4wt and KLF4K409Q) with and without treatment
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suppresses the overshooting hypoxia response, reduces

VEGF levels under normoxic and hypoxic conditions and

inhibits tumor growth both in vitro and in vivo in KLF4-

overexpressing tumor cells. In KLF4K409Q mutated cells

this effect is even more pronounced than in KLF4wt. Given

the strong link between HIF-1α and VEGF expression, we

postulate that this would translate into relevant reductions

of PTBE. However, due the general lack of a viable PTBE

mouse model, this remains hypothetical. Apart from Tem-

sirolimus, direct VEGF inhibitors like bevacizumab might

prove useful in clinical treatment in the subgroup of men-

ingiomas exhibiting a derailed HIF pathway.

Conclusion
In summary, this study provides important mechanistic

insights into the biological characteristics of KLF4K409Q

mutated meningiomas and could provide a starting point

for alternative treatment options in patients with skull

base meningiomas.
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