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Abstract
Background  For over a century, the dominant hypothesis has maintained that meningiomas arise exclusively from arachnoid 
cap cells. However, emerging evidence from single-cell transcriptomics, spatial sequencing, developmental biology, and 
transgenic animal models suggests a significantly more complex and heterogeneous cellular origin.
Methods  This mini-review revisits historical perspectives and critically evaluates the limitations of the traditional arachnoid-
based paradigm. By synthesizing classical histological insights with contemporary molecular and proteomic data, the study 
explores alternative hypotheses, particularly those implicating fibroblast-like or regionally distinct meningeal progenitors.
Results  The synthesis of multi-omic and developmental data indicates that a singular cellular source is insufficient to account 
for the clinical and biological diversity of meningiomas. Findings suggest that meningioma ontogeny is likely driven by a 
broader spectrum of progenitors whose characteristics vary according to anatomical location and embryological lineage.
Conclusions  A redefinition of meningioma ontogeny is necessary. Future classification and therapeutic strategies should 
reflect the inherent diversity of their cellular sources and anatomical environments, moving beyond the classical arachnoid-
cap-cell model.
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Introduction

The ontogeny of a tumor, in other words “the cell of ori-
gin”, provides the scaffold that is necessary for diagnosis, 
risk stratification, prognostication, therapeutic targeting and 
experimental modelling for a tumor. It provides informa-
tion on the etiology as it points to the specific vulnerability 
allowing the initial oncogenic change to occur, and very 
importantly its timing. Therefore, it has been in the focus of 
meningioma research for over a century.

In almost all textbooks, “arachnoid cap cells” are cited 
as the “cell of origin” for meningiomas. Having originated 
from early reports of John Cleland and Martin Schmidt and 
subsequent support from Harvey Cushing, this hypothesis 

has dominated the literature, despite very limited scientific 
evidence [13]. Novel findings and experimental evidence 
is slowly challenging this dogma and changing our under-
standing. The current evidence points to a more diverse set 
of cells rather than one single cell of origin. The current 
literature also supports the notion that such cells or origin 
are likely early progenitors that exist early during develop-
ment of the meninges, secondarily shaped by the tumor 
microenvironment.

The evolution of meningioma nomenclature

The precise cellular and locational origins of meningiomas 
have consistently been questioned for almost three centuries. 
In 1774, Antoine Louis in France referred to dural-based 
tumors as “fungating tumors of the dura mater”, offering 
one of the earliest tumor descriptions linked to meninges 
[31]. This perspective was reinforced by Jean Cruveilhier 
in 1835, who differentiated between “bloody tumors- “ and 
“cancerous tumours-of the meninges” [12]. Cruveilhier’s 
description indicated to a histologically defined localization. 
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Hermann Lebert published 21 of his cases and 80 others that 
he collected from the literature and published the first large 
study on this tumour type [27]. Lebert called the tumour 
“Tumeurs fibro-plastiques intra-craniennes” and also differ-
entiated between “cancerous” and “non-cancerous” forms 
in 1851. Sir James Paget mentioned this tumour type in his 
book on cancers in 1954 and defined these as myeloid (mar-
row like) tumours and noted that they are less malignant 
than other cancers [35]. In 1863 Rudolf Virchow identified 
small calcifications within the tumour and called the tumour 
“psammoma” and its malignant form “dural sarcoma” [35]. 
In 1869 Camilo Golgi named these dural based tumours 
as “dural endotheliomas” based on the Wilhelm His’ idea 
that serous cavities and the meninges should be considered 
“endothelial” [35]. In the  1920 s, Pío del Río-Hortega intro-
duced the term “exothelioma” based on the characteristic 
external covering function of arachnoid cells, arguing that 
earlier terms such as “endothelioma” were inappropriate and 
misleading [35]. Around the same period, Victor Cornil and 
Louis Ranvier described vascular variants as “angiolytic sar-
comas,” suggesting a blood vessel–associated mesenchyme 
as the source. The current “meningioma” name was given by 
Harvey Cushing, who in his 1922 Cavendish lecture noted 
that this tissue based name was a simple and non-committed 
designation, which did not suffer from the limitations of an 
ontogenic or anatomic nomenclature [13]. However, as it 
will be more evident in the rest of this text, meningiomas 
exhibit considerable variation among them (anatomically, 
pathologically, genetically and clinically) and this is to such 
a degree that it would not be absurd to define them as a 
“group of tumours” (similar to the example of “gliomas”) 
rather than a discrete tumour entity.

How the evidence on meningioma ontogeny 
developed

Origin of the “arachnoid cap cell origin theory”

In the early years of the twentieth century, pathologists had 
conflicting ideas on the origin of meningiomas. Ribbert pos-
tulated that meningiomas originated from connective tis-
sue, Mallory from fibroblasts, Oberling from glia, Roussy 
and Cornil from neuro-epithelial cells [35]. Among those 
different theories, the one that gained traction was on the 
origin from arachnoid granulations. Richard Bright from 
Edinburgh University had given one of the first reports of 
meningiomas and had pointed to the arachnoidal lining of 
the dura as the origin of the disease without giving a spe-
cific name to the disease in 1831 [35]. In 1864 when John 
Cleland, a Scottish anatomist and surgeon from University 
of Glasgow, reported his results on a frontal convexity and 
an olfactory grove meningioma, he defined them as “villous 

tumours of the arachnoid” and concluded that they should 
arise from Pacchionian corpuscles [10]. Shortly thereafter C. 
Robin also reported two meningeal tumours in 1869, which 
he attributed to arachnoid origin [35]. These two conclu-
sions were not completely new, but Luschka in 1852, Meyer 
in 1859, Key and Retzius in 1876 had hinted to similarities 
between arachnoid granulations and meningiomas. A more 
detailed work by Martin B. Schmidt in 1902 concluded that 
the tumours should originate from endothelial cell clusters 
capping the arachnoid villi [43]. Aoyagi and Kyuno [2], 
expanded on this anatomical perspective by examining dura 
mater samples across age groups, identifying endothelial 
cell processes that supported an arachnoid-derived origin 
in 1912. A pivotal moment came in 1911 with Cushing’s 
15th case, which suggested that these tumours originated 
from the parasagittal sinus wall and not the dura proper. 
Harvey Cushing presented the case of a lady with a parame-
dian convexity meningioma, who also had arachnoidal cell 
whorls located outside the tumour in the falx cerebri in his 
1922 Cavendish lecture and supported the “arachnoidal cap 
cell origin theory” [13]. Cushing used this theory to explain 
the “Favored seats of origin of meningiomas, which were 
not random but rather reflected localizations where arach-
noid villi are most abundantly developed. He considered 
the dura to be a reactive host rather than a site of tumour 
origin. Cushing’s view, although grounded in meticulous 
anatomical observation, relied on a largely static and partial 
understanding of meningeal biology. He noted, for example, 
the fibrous nature of some meningiomas and their capacity 
to infiltrate bone or dura yet interpreted these traits as reac-
tive phenomena rather than indications of lineage diversity. 
His language, such as “psammomatous transformation” and 
“meningotheliomatous cell,” reflected an attempt to catego-
rize based on morphology without developmental insight.

Despite the lack of concrete scientific evidence the 
“arachnoid cap cell origin theory” became the dogma and 
dominated the twentieth century. Cytological similarity 
between arachnoid villi and meningiomas, whorl and psam-
moma formation, the location around venous sinuses (, 
which correlated with the favored sites of origin,) shared 
epithelial membrane antigen (EMA) and vimentin expres-
sion supported this hypothesis. Nevertheless, it was well 
recognized from the beginning on that the theory was short 
of explaining the variability in histology, wide distribution 
of meningiomas and unexpected localizations such as the 
intraventricular site of meningiomas. The anatomical distri-
bution of arachnoid villi—and by extension, cap cells—is 
regionally limited (Fig. 1). They are virtually absent from 
many intracranial compartments where meningiomas fre-
quently arise, such as the anterior cranial fossa, the convex-
ity dura, and critically, intraventricular locations. In these 
areas, arachnoid villi are either underdeveloped or entirely 
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absent, raising fundamental questions about the plausibility 
of arachnoid cap cells as the universal cell of origin.

How did our understanding on the “origin of cancer” 
evolve?

When naming and classifying meningiomas, Cushing 
avoided an “ontogenic” classification. He argued that such 
was not possible due to lack of clear, undisputed knowledge 
in the development of meninges [13]. His approach to other 
tumours was different. Bailey and Cushing were the first to 
focus on ontogeny to classify gliomas in 1926. This classi-
fication was based on “Julius Conheim and Hugo Ribbert’s 
theory of cancer” which was the widely accepted notion 
of that day [6]. Coheim and Ribbert’s hypothesis proposed 
that cancers developed from heterotopic nests of embryonal 
cells that are triggered by chronic inflammation or trauma to 
form tumours. In the first half of the twentieth century, the 
hypothesis of a “block in differentiation” for central nerv-
ous system tumours was challenged by authors such as Hans 
Joachim Scherer and Nils Ringertz, who favored the alter-
native hypothesis of “de-differentiation” [42]. As a block 
in embryological diferentiation could explain the formation 
of a tumour but could not explain increasing malignancy 
over time. Their theory of de-differentiation claimed that the 
terminally differentiated cells of the tissues would undergo 
genetic alterations to form tumours. Soon, molecular biol-
ogy provided solid evidence on how cells underwent onco-
genic transformation by accumulation of genetic alterations 
[44]. Such “oncogenic programs” were proven to transform 
normal cells into cancerous counterparts. Nevertheless, an 
explanation on the cell of origin was still lacking. Subse-
quent studies showed that the “cell of origin” also had enor-
mous influence on the final cancer phenotype, independent 
of the cancer program [21]. The next great leap in our under-
standing came with the identification of “cancer stem cells” 
in various central nervous system tumours [46]. Such cells 
exhibited various traits of stem cells and could re-populate 

large tumours starting from a very small number of cells. 
Every human tissue physiologically has progenitor cells, 
which are responsible for housekeeping and regenerating 
that tissue. The current understanding is that accumulation 
of genetic alterations (the oncogenic programs) results in the 
transformation of resident progenitors. Mesenchymal stem-
like cells as well as stem-like gene expression programs have 
been discovered in meningiomas, but their role and function 
still need further study [4, 28]. Finally, the tumour develop-
ment process is influenced by the host organism (e.g. The 
host immune system) to result in a complex tumour micro-
environment. In the case of meningiomas, the oncogenic 
programs have been largely uncovered but the cell of origin 
and the effects of the tumour microenvironments are still to 
be clarified.

Meningioma is not a homogenous disease

Early studies by Cruveilhier, Lebert, and Virchow had 
clearly demonstrated the presence of benign and malignant 
tumour types [35]. Bailey and Bucy’s 1931 publication 
described 9 different types of meningiomas, which they 
claimed to arise from different intermediate cell types [3]. 
The current 2021 WHO classification of central nervous sys-
tem tumours differentiates 15 meningioma subtypes. More 
recent studies also point to 6 distinct methylation subsets and 
7 distinct transcriptomic subsets [41, 48]. It is very unlikely 
that these diverse subtypes have a single cell of origin.

The oncogenic program, which is the sum of genetic 
alterations required to transform the cell of origin, also gives 
clues on the origin of the tumour. Every distinct tumour in 
the body has a different set of mutations that are commonly 
seen in that particular tumour type. The last 30 years have 
exponentially increased our understanding of the oncogenic 
programs in meningiomas. In 1994 Ruttledge et al. [39]. 
demonstrated that 60% of all sporadic meningiomas had 
complete inactivation of the NF2 gene which is located at 
22q12. A biallelic inactivation of this tumour suppressor 
gene is required for meningiomas to develop and this can 
occur due to (familial inherited NF2 tumour predisposition 
syndrome) or due to (sporadic alterations in the gene in the 
meningiomas cell of origin). The two genetic hits most com-
monly occur due to the deletion of one allele of) the entire 
chromosome 22 or a large portion of it, accompanied by a 
mutation in the NF2 gene [38]. The term “loss of heterozy-
gosity” in the context of NF2 refers to this loss of one copy. 
This tumour suppressor gene pattern led to the discovery 
of the Neurofibromin/NF2/Merlin gene, perturbation of the 
Hippo pathway and the resultant “loss of contact inhibition” 
as the underlying mechanism. 2013 marked the publication 
of several translational studies that demonstrated alterna-
tive oncogenic programs (such as the TRAF7, KLF4, PI3K, 
POLR2A, Sonic Hedgehog mutations and YAP1 fusions) 

Fig. 1   Arachnoid cap cells are specialized cells, that are located at the 
top of arachnoid willi
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[5, 8, 37, 40]. These oncogenic programs were also strongly 
associated with anatomical localizations and tumour exten-
sion patterns [54]. Today it is well established that NF2 
driven meningiomas make up the majority and are mostly 
localized to the calvarium behind the coronal suture, as well 
as the tentorial, posterior fossa and the spine. It is known 
that radiation induced meningiomas are also most commonly 
NF2-driven. Agnihotri et al. [1] have shown that such radia-
tion induced cases share the same cell of origin with other 
NF2 driven meningiomas based on methylome analysis. 
Most non-NF2 driven meningiomas (TRAF7, Sonic hedge-
hog or POLR2A) are localized to the anterior midline skull 
base and the sphenoid wing [54]. These anatomical predi-
lections of various meningioma molecular subsets are also 
strongly correlated with the ontogeny of these structures 
(Fig. 2).

The neural crest and the mesenchyme

The origin of the human meninges is not homogenous. 
The neural crest origin of the meninges was first suggested 
by Oberlin [34]. Our understanding grew further with the 
chick-quail chimeric system studies of Nicole Le Douarin in 
1970’s and Wnt1-CRE lineage tracing studies, which dem-
onstrated that the meninges of telencephalon derived from 
neural crest, meninges around the brainstem from cephalic 
mesoderm and meninges around the spinal cord from somitic 
mesoderm [11, 45]. The origin of vascular endothelium from 
the mesoderm and pericytes from the neural crest adds to 

this mosaic. Such dual embryonic origin results in regionally 
distinct meningeal compartments with unique developmental 
trajectories, gene expression profiles, and potentially tumori-
genic susceptibilities and further complicates the search for 
a cell of origin. Methylome studies indicate the presence of 
multiple meningioma subsets, which may correspond to dif-
ferent cells of origin [41]. Meningiomas located in anterior 
central skull base, which originates from the neural crest, are 
most commonly non-nf2 driven meningiomas and harbour 
mutations in TRAF7, Hedgehog pathway or POLR2 [17]. 
Clark et al. [9] compared POLR2A-mutant meningiomas 
vs. other meningiomas or the dura and demonstrated higher 
super-enhancer binding and gene expression for WNT6 and 
ZIC1. During embryogenesis WNT6 is secreted by the non-
neural dorsal ectoderm and induces the formation of the neu-
ral crest and ZIC1 is expressed by meningeal cells of neu-
ral crest origin. This study demonstrated that the common 
hotspot mutations of non-nf2 driven meningiomas (which 
are most commonly seen in neural crest derivative- midline 
skull base) increased downstream signalling of neural crest 
related genes [9].

Epithelial vs mesenchymal characteristics

Despite the wide adoption of the “arachnoid cap cell the-
ory”, two competing hypotheses on the origin of menin-
giomas existed in the twentieth century: one proposing 
an epithelial origin and the other a mesenchymal deri-
vation [25]. This is not unexpected, as meningiomas can 

Fig. 2   Meningioma is not a single tumour entity but rather an 
umbrella term used for a group of tumours located at the meninges. 
Molecular genetic analyses have demonstrated that there are sev-
eral molecular subsets driven by distinct genetic alterations, which 
strongly correlate with the anatomical locations and pathological sub-

types. The most important of those is the distinction between “dor-
solateral” NF2-driven meningiomas and the “anterior central skull 
base” meningiomas which have “non-NF2 driven” molecular patho-
physiology
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exhibit a wide variety of phenotypes corresponding to the 
15 meningioma subtypes. Morphologically, fibroblastic, 
metaplastic and sarcomatous subtypes are reminiscent of 
the mesenchymal phenotype and exhibit spindle shaped 
cells, the production of a collagenous stroma. On the con-
trary, meningothelial meningiomas exhibit an epithelial 
phenotype with rounded cytology, intercellular junctions, 
EMA expression. At the most extreme point of this is the 
secretory meningioma subtype which exhibits metaplasia 
with microvilli, cilia, intraluminal secretions and immu-
nopositivity for the carcinoembryonic antigen (CEA). 
Research has indicated that these epithelial vs mesenchy-
mal characteristics are distributed with a rostro-caudal gra-
dient both in the calvarium and in the skull base [49]. Even 
today it is not known whether these epithelial or mesen-
chymal phenotypes are deviations from the same tumour 
origin, as it is in the case of gliosarcomas. In the 1980’s 
the famous pathologist John Kepes analysed over 1300 
meningiomas, where he used electron microscopy and cell 
culture studies [25]. He observed collagen production and 
whorl formation, suggesting fibroblast-like behaviour in 
meningioma cells. In his AANP honorary lecture in 2004, 
he questioned the exclusivity of arachnoid origins and pro-
posed an “intermediate cell” model straddling epithelial 
and mesenchymal traits—a vision that anticipates contem-
porary transcriptomic findings. His early recognition of 
transitional phenotypes—cells showing both epithelial-
like junctions and collagen-producing capacity—was a 
critical turning point in meningioma biology. Kepes was 
among the first to postulate that some meningiomas might 
originate from multipotent mesenchymal-like cells within 
the dura [25].

The dural border cell

In 1975 Nabeshima et al. [33] identified the “dural border 
cell” as a distinct layer within the dura. This cell layer is 
situated between the dura mater’s dense fibrous layer and the 
arachnoid barrier cell layer and consisted of flat fibroblasts, 
lacks collagen and lacks tight junctions. Unless physically 
forced, no clear distinction exists between these cell groups, 
which have distinct structural and biochemical character-
istics. Recent molecular-genetics studies on embryology 
of the meninges have identified that arachnoid barrier cell 
layer develops prenatally as a barrier to separate the fenes-
trated blood vessels of the dura from the immunopriviledged 
CSF [15]. Although of mesenchymal origin, these arach-
noid barrier cells exhibit epithelial-like (epithelioid) junc-
tions (desmosomes, tight-junctions and gap junctions) as 
well as pinocytic vesicles (consistent with an active barrier/
transport) interface, very similar to the arachnoid cap cells 
[16, 20]. Demonstration of the prostaglandin D2 synthase 

by Yamashima et al. [52] in 1997 allowed for biochemical 
differentiation of these two layers. PGDS is a characteristic 
and abundant protein of the cerebrospinal fluid, the PGDS, 
clearly marked the arachnoid barrier cells. The finding on 
the PGDS expression led Kalamarides et al. to use this char-
acteristic for an experimental strategy and using a (PGDS-
promoter driven biallelic inactivation of NF2 gene) during 
a strict susceptibility period, reported formation of fibro-
blastic and meningothelial meningiomas from dural border 
cells and arachnoid barrier cells respectively [23, 36]. This 
demonstrated that a “PGDS-positive primordial meningeal 
cell” which exists before development of the three meningeal 
layers may produce different meningioma subtypes.

Meningiomas with no meningeal attachment 
supporting a “common mesenchymal progenitor 
origin” hypothesis

Intraventricular, sinonasal, otic or pulmonary meningiomas 
are some of the entities that are difficult to explain with the 
arachnoid cap cell origin hypothesis. On the contrary the 
existence of such entities can be more readily explained by 
a mesenchymal cell of origin.

Located within the lateral ventricles, often near the 
trigone, intraventricular meningiomas emerge in a com-
partment devoid of meningeal structures. The ventricular 
system is lined by ependyma but does not contain meningeal 
tissue. Based on the “arachnoid cap cell origin theory” it 
was almost universally cited that intraventricular meningi-
omas arise from meningeal cell remnants that were origi-
nally transported during the formation of the choroid plexus. 
However, there is no observational or experimental data to 
support this hypothesis. The choroid plexus of the lateral 
ventricles develops embryologically around 8.5 weeks of 
gestation by invagination of blood vessels into the medial 
surface of the hemisphere, pushing through the primitive 
pia and the ventricular ependyma [47]. The invagination site 
later remains as the choroid fissure. Later in this process the 
ependyma is induced to make the choroid plexus epithelium 
(which is of neuroectodermal origin) and the primitive pia 
transforms into tela choroidea. Single cell transcriptom-
ics identifies these dorsal thalamic and third ventricular 
“region specific pial cells” that are CRYM positive but do 
not express pial(p75NTR) or archnoidal/dural (CRABP2) 
genes [16]. This suggest that tela choroidea (which is the 
only remnant of primitive pia in within the ventricles) 
towards a cell type that derives from a common progenitor 
but develops into a tissue that is distinct from the meninges. 
In the paediatric and adult population, the tela choroidea is 
morphologically fundamentally different from the dura and 
does not exhibit any structures morphologically or immu-
nohistochemically reminiscent of the arachnoidal cap cell. 
Recent single cell transcriptomic studies of human choroid 
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plexus have not identified any subset that is reminiscent of 
arachnoid cap cell [14, 16]. In further support of this find-
ing, we examined 20 surgical, non-neoplastic ChP samples 
and found no cell groups within ventricular compartments, 
which resembled the morphology or were immunopositive 
for arachnoid associated markers, EMA and PR (Unpub-
lished data, Fig. 3).

The ChP develops by an invasion of the arteries into the 
pia and then ependyma, leaving behind the choroid fissure. 
The resultant ChP structure has the choroid epithelium 
(derived from the ependyma, hence neuroectoderm), and 
the choroid plexus stroma containing vessels and connec-
tive tissue (deriving from the cranial mesoderm). Therefore, 
the embryology of the ChP does not involve the arachnoid. 
Building on these insight, we demonstrated that intraven-
tricular meningiomas (but not extraventricular meningi-
omas) expressed OTX2, which is the major transcription 
factor involved in the choroid plexus development [19]. Jun-
wirth et al. [22] demonstrated that 89% of intraventricular 
meningiomas were NF2 driven, which we also observed in 
our institutional cohort of IVM, where 8 of 8 tested cases 
had Chr22 loss. These findings indicate that intraventricu-
lar meningiomas, which are like calvarial meningiomas, 
although there are no meningeal structures and no neural 
crest derived structures within the ventricles, from which 
they can arise. A more suitable explanation would be that 
both intraventricular and extraventricular NF2 driven men-
ingiomas would arise from mesenchymal progenitors.

Another meningioma that has no meningeal attachment 
is the primary pulmonary meningioma. These rare tumours 
recapitulate the histological and immunophenotypic features 
of CNS meningiomas but occur in an organ with no menin-
ges [29]. Their existence reinforces the argument against a 

simplistic arachnoid cap cell driven hypothesis for menin-
gioma ontology.

Fibroblast‑like progenitors in meningeal 
compartments: the latest candidate

Growing high-quality evidence suggests that fibroblast-like 
progenitor cells within the meningeal layers—particularly 
the dura mater—may serve as the cellular origin for at least 
for NF2 driven meningiomas. This hypothesis is supported 
by developmental, ultrastructural, and transcriptomic stud-
ies. As mentioned above, meningiomas can exhibit both 
epithelial and mesenchymal features. Historically, Kepes’ 
observations in the  1960 s using electron microscopy and 
tissue culture indicated that the morphology and behaviour 
of some meningioma cells resembled connective tissue 
fibroblasts rather than epithelial arachnoid cells. Based on 
these observations he proposed that mesenchymal/meso-
dermal progenitor cells within the dura might give rise to 
meningiomas. However, the technology of the time was not 
capable of providing the necessary evidence. Advancements 
in single-cell RNA sequencing (scRNA-seq) and spatial 
transcriptomics after 2020’s revolutionized our understand-
ing of meningeal cellular diversity, providing unprecedented 
resolution of lineage-specific gene expression within both 
normal and neoplastic dura. DeSisto et al. [16] performed 
scRNA-seq of human and murine dura and identified spa-
tially distinct fibroblast subtypes, including perivascular 
and border-associated fibroblasts with unique gene expres-
sion profiles. The study also demonstrated a progressive, 
ventral to dorsal maturation of the telencephalic meninges. 
Kearns et al. [24] extended these findings to human men-
ingiomas, revealing that tumour cells in certain samples 
express fibroblast-associated genes (e.g., PDGFRA, LUM, 

Fig. 3   A Hematoxylin–eosin (H&E) staining shows the typical archi-
tecture of the choroid plexus with papillary fronds lined by a single 
layer of cuboidal to columnar epithelial cells overlying a delicate 
fibrovascular core. B  Immunohistochemical staining for epithe-

lial membrane antigen (EMA) is negative, indicating the absence of 
arachnoid or meningothelial cell components. C Progesterone recep-
tor (PR) immunostaining is negative, further supporting the lack of 
meningothelial differentiation



Acta Neurochirurgica         (2026) 168:114 	 Page 7 of 10    114 

COL1A2) while lacking canonical arachnoid markers such 
as S100B and AQP1. These fibroblast-like populations were 
often located near the dura–tumour interface, suggesting a 
potential site of origin. Vinsland et al. [50]. analysed foe-
tal and adult human meninges using spatial transcriptom-
ics and scRNA-seq and found that meningioma cells, tran-
scriptionally resembled dural cells rather than arachnoidal 
cells. The authors also indicated that common meningioma 
driver gene expression was localized to the inner dura [50]. 
Furthermore, spatial transcriptomic overlays confirmed that 
fibroblast-like tumor cells were often concentrated near the 
tumor–dura interface, consistent with a dura-based cell 
of origin. This spatial correlation reinforces the concept 
that tumor-initiating events may occur within mesodermal 
derived dural fibroblasts or bipotential precursors, rather 
than solely within arachnoid villi. This finding is also con-
sistent with the findings of Kalamarides et al. indicating to 
a precursor of both dural border cells and arachnoid barrier 
cells as the cell of origin in a NF2 driven transgenic animal 
model [23]. Choudhury et al. [7] reported in their single cell 
transcriptomic study of 6 meningiomas (with biallelic inac-
tivation of NF2) that such mural cells showed two clusters 
(one expressing cancer stem cell markers NOTCH3, THY1 
and the other expressing markers of cell cycle progression). 
In this study the authors also traced these NOTCH3 + cells 
to (PDGFRB or SMA expressing) mural cells in perinatal 
and adult brain vasculature. However, in IHC studies of adult 
meninges, such NOTCH3 + cells were adjacent but not over-
lapping with vascular smooth muscle cells. These findings 
indicate that, at least in a subset of meningiomas, fibroblast-
like, mesenchymal progenitors, which are in the dura may 
act as the cell of origin for NF2 driven fibrous-meningiomas. 
It is however, unlikely that the same cell of origin would 
produce (NF2-driven meningiomas of pure “meningothe-
lial” phenotype) or (non-NF2 driven meningiomas) and this 
has still to be proven. As can be concluded from aforemen-
tioned findings, the cell of origin is not universal, but it var-
ies among different meningiomas.

Additionally, the maturation sequence may also con-
tribute to anatomical variation in meningioma behaviour, 
despite having the same cell of origin. A ventro-dorsal mat-
uration and spatial transcriptomic heterogeneity has been 
demonstrated for mesenchymal, fibroblast like progenitors 
in meninges [26, 49, 54]. Although the fibroblast like mes-
enchymal progenitor is likely the.

The role of the meningioma microenvironment

Our understanding of tumour biology in the last century 
evolved from a tumour-cell centric view to a better under-
standing of the tumour microenvironment (TME). The 
most striking example of this was demonstrated for neu-
rofibromas in the context of NF1, where locally recruited, 

(haploinsufficient) mast cells are hyperstimulated by “Stem 
Cell Factor” of neoplastic Schwann cell origin, which in 
turn recruits fibroblasts and endothelial cells to result in the 
formation of a neurofibroma [53]. The meningioma micro-
environment must also be considered when interpreting the 
findings on the cell of origin. The meningioma microen-
vironment contains resident/recruited myeloid cells (mac-
rophages), mast cells and infiltrating lymphocytes as well 
as the parenchymal fibroblasts and vascular cells (endothe-
lial cells and pericytes). This TME has at least two possible 
effects on the cell of origin: First, the niche can actively 
“instruct” the cell of origin to result in variations in tumour 
phenotype [18, 30, 55]. Another aspect of the TME is that 
it is variable anatomically and can be a confounder during 
interpretation of experimental findings. The constituents of 
the TME varies based on anatomical location, tumour biol-
ogy/molecular biology as well as the treatment (effects of 
surgery/radiation on the tumour microenvironment) [32, 51]. 
As the TME is not equal at all anatomical locations, experi-
mental findings can look like surrogate marker for origin, 
even it is only a surrogate for anatomical location.

Conclusions

The traditional dogma of arachnoid cap cell origin, though 
historically important and valuable, is insufficient to explain 
the histological, molecular, and anatomical heterogeneity 
of meningiomas. Emerging evidence from developmental 
biology, spatial transcriptomics, and now proteomics sup-
ports that there are likely more than one cell of origin which 
corresponds to the great variation in meningioma phenotype. 
The current literature also supports the notion that such cells 
or origin are likely early progenitors that exist early during 
development of the meninges, with local environmental cues 
modulating its phenotype.
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