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ABSTRACT

Purpose: Spinal ependymomas (SE) are the most frequent primary spinal tumor, harboring
NF2 mutations in most cases and characterized by development of solid and/or cystic masses
and peritumoral edema associated with morbidity. To explore the developmental and cellular
mechanisms underlying these lesions and establish a reliable preclinical model, we generated a
mouse model with Nf2 inactivation in Foxjl-expressing ependymal cells, after confirming

FOXIJ1 expression in SE cells.

Methods: Fox.JICre®T; Nf2"**/x mice were generated, Nf2 inactivation was induced at
different developmental stages of high FoxJ1 expression (E16, P0—4, P15) using a tamoxifen-
inducible system. Mice were monitored for up to 15 months, with extensive histopathological
analysis and post-mortem MRI in selected cases. Multiplex immunofluorescence was
performed to characterize proliferative ependymal regions and identify potential progenitor-

like populations.

Results: Conditional Nf2 inactivation resulted in frequent ependymal proliferations (87%) and
cystic dilations of the central canal (54%), mimicking human pathological features. These
spinal proliferations were often associated with intracranial hydrocephalus and periventricular
lesions, particularly after P15 induction. Early induction (E16, P0—P4) caused higher mortality
and malformations, whereas the P15 cohort showed a reproducible phenotype with minimal
lethality. No frank tumor formation was detected in any cohort. Human SE and mouse
proliferative lesions shared FoxJ1* ependymal cells and FoxO3*/GFAP*/S100B~ populations

resembling immature radial glial-like progenitors.

Conclusion: Nf2 loss in differentiated ependymal cells induces frequently proliferation and
cystic dilation of the central canal, characterizing early tumorigenic changes of SE. This mouse
model provides a valuable preclinical platform for studying the earliest stages of SE

pathogenesis and testing new therapeutic approaches.
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INTRODUCTION

Spinal ependymomas (SE) account for approximately 10% of all central nervous system
ependymomas and represent the most frequent glial tumors of the spinal cord (1). They differ
markedly from other ependymoma subtypes in both localization and tumorigenic mechanisms,
which are often driven by specific gene fusions and molecular signatures (2). Among the ten
molecularly defined ependymoma subgroups, SE are uniquely characterized by biallelic
inactivation of the NF2 tumor suppressor gene identified in more than 90% of cases, whether
they occur sporadically or in the context of NF2-related Schwannomatosis (NF2-SWN),
underscoring the central role of the NF2 gene in regulating ependymal cell proliferation. The
most frequent tumor locations are cervical and cervicothoracic, and in approximately 75% of
cases, the lesion includes a solid nodule associated with cystic components (3). They are
typically diagnosed only after the onset of neurological symptoms, leading to early surgical
management which remains the gold standard, balancing oncological control and functional

preservation (4).

While human SE show biallelic NF2 inactivation, their cell of origin and early developmental
mechanisms remain poorly understood. Experimental studies in mice have suggested that
mature ependymal cells, although traditionally considered terminally differentiated, retain
latent plasticity and can re-enter the cell cycle under specific conditions such as injury or gene
disruption (5). This capacity may be influenced by the Nf2 tumor suppressor, which regulates
cell—cell adhesion and contact-dependent growth arrest during tissue morphogenesis (6).

Herein, we used the FOXJI gene, a specific marker of human SE and ependymal cells.in the
mouse (5,7). We leveraged this marker to target Nf2 inactivation in Foxjl-expressing cells at
different time points using a tamoxifen -inducible model allowing specific temporal control of
Nf2 deletion. We observed early ependymal tumorigenesis and we also investigated the nature
of the progenitor cells of the SE and we showed that SE and mouse ependymal proliferations

shared a similar phenotype with persistence of immature precursor cell populations.

MATERIAL AND METHODS

Histology and immune-histochemistry of human SE

Human SE slides were reviewed to confirm the diagnosis. FOXJ1 immuno-histochemistry was
performed (Merck, HPA005714, 1/500). Immature cells were assessed with GFAP (Abcam,
ab7260, 1/1000), FOXO3 (Fisher, 16817513, 1/500), BLBP (Abcam, ab32423, 1/100), S10083
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(Sigma Aldrich, ABN59, 1/500), OLIG2 (Sigma Aldrich, AB9610, 1/1000). Multiplex staining
was done with Opal technology (Akoya Biosciences, USA), and automated cells quantification

applied after calibration on fluorescence.

Generation of the FoxJICreRTWT, Nfafloxflox mijce

FoxjlCrefRT?:6FPWT mice (Jackson Laboratory®) (8) were double-crossed with Nf2o/* mice
to generate Fox.JICre®RT"T - Nf2/owflox progeny. Cre recombination was induced by tamoxifen
administration at distinct developmental stages to capture the peak periods of Foxjl expression
(5). Genotyping was performed using tail biopsies collected from each mouse during the first
week of life. RNA was extracted from these samples, allowing determination of the genotype
of each animal and subsequent allocation to the appropriate experimental cohorts. Tail biopsies
were performed using an established and appropriate procedure, within the recommended time

frame, to ensure animal welfare.

Tamoxifen induction protocols

Three cohorts were established according to already published Foxj1 expression peaks: prenatal
(E16), early postnatal (P0—P4), and late postnatal (P15) (5). Appropriate controls were included
(corn oil-injected Fox.JI Cre®RTVT: Nf2exllox mice and Fox.J1 Cref " T, N2 VT with tamoxifen
injection). Tamoxifen was delivered by oral gavage of pregnant females (E16, 0.05mg/g.),
intraperitoneal injection in lactating females (PO—P4, 0.075mg/g, one intraperitoneal injection

per day to the dam for four consecutive days), or intraperitoneal injection (P15 mice, 0.1mg/g).

Monitoring and tissue processing

Mice were observed for up to 15 months and sacrificed at endpoint or upon neurological signs.
Brain and spinal cord were removed as a single piece using retrograde hydraulic extrusion,
preserving anatomical continuity for histology. After euthanasia, the skull was opened using
scissors, and the brain was carefully dissected by severing the cranial nerves while keeping the
brain connected to the spinal cord. The vertebral column was then transected just above the
base of the tail to expose the vertebral canal. A 20G cannula was inserted into the spinal canal,
and cold sterile water was injected under controlled pressure (a volume of 1 mL was injected
over 1-2 seconds). This hydraulic pressure enabled the ejection of the entire CNS—brain and
spinal cord—as an intact unit through the cranial cavity. This technique minimizes mechanical
damage and preserves the anatomical continuity of the CNS for downstream analyses

(Supplementary Fig 1).
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At six months post-induction, three FoxJICreRTWT Nf2loxlox mice from the P15 cohort were
sacrificed for interim analysis. The spinal cord and brain were collected and processed as
described above to assess early histopathological changes before the onset of overt cystic
lesions or ependymal disorganization. This intermediate timepoint was chosen to evaluate
whether Nf2 inactivation in ependymal cells led to progressive rather than immediate
abnormalities.

Spinal cords (axial) and brains (coronal) were serially sectioned every 400 um, generating two
consecutive sections at each level; every other section was stained with HE. A selected set of
slides was reassessed by an expert neuropathologist (F. R.).

In addition to paraffin-embedded specimens, a subset of spinal cords and brains, was freshly
dissected and rapidly frozen in isopentane cooled by liquid nitrogen. Cryostat sections (5 pm)
were prepared and fixed in 4% paraformaldehyde for 10 min before immunostaining. FoxJ1
immunofluorescence was performed on these frozen sections to validate antigen preservation
and to visualize ependymal cell organization under conditions minimizing fixation-related

artifacts.

MRI acquisition

Post-mortem spinal MRI was performed on an 11.7 Tesla Bruker BioSpec MRI with optimized
T1/T2 protocols (ParaVision 360 software) and 38mm volume coil. Mice were euthanized
immediately before scanning to prevent motion artifacts. Imaging enabled clinico-radiological
correlation with observed phenotypes. MRI Imaging required a 4-hour acquisition time per

mouse.

Immunohistochemistry and multiplex immunofluorescence of mouse tissues

Foxjl immunohistochemistry was performed on frozen spinal cord sections. Multiplex
immunofluorescence (Foxjl, Gfap, Foxo3, Blbp, S100B, Olig2, the same antibodies as
described in the section above were used.) were performed on selected sections showing
ependymal proliferation. Multiplex staining was performed using Opal™ technology (Akoya
Biosciences, Marlborough, MA, USA). Slides were scanned and analyzed with automated

fluorescence quantification software after calibration.

RESULTS

FOXJ1 is expressed in human spinal ependymomas
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To confirm a previous work (9) that showed that low-grade ependymoma share a FOXJ1
ciliogenesis program with their normal tissue counterparts, we analyzed 16 paraffin-embedded
tissue blocks from patients operated on for NF2-SWN or sporadic SE demonstrating strong
nuclear FOXJ1 positivity (16/16, 100%) within tumor cells (Fig 1), without difference between
NF2-SWN and sporadic. This finding confirms the ependymal differentiation of the neoplastic

cells and reflects preservation of their functional ciliogenic program (10).

Generation of a mouse model and identification of the best timing for Nf2 biallelic
inactivation in FoxjI-expressing ependymal cells

The consistent and strong expression of FOXJ1 in SE supports its value as a reliable marker of
ependymal lineage to target biallelicN72 inactivation. To determine whether Fox.JICre®R7"T
mediated Nf2 inactivation results in ependymoma formation, we generated 3 cohorts of
FoxJICrefRTWT, Nfflox/lox mice  with injection of Tamoxifen at 3 different timepoints
representing the physiological peaks of Foxjl expression in mice (5).

The late postnatal cohort (tamoxifen at P15) was the easiest to generate, with the lowest
mortality rate. It included 24 experimental mice and 10 control mice. Three additional mice
were euthanized after 6 months of follow-up for an early histological analysis, none of which
exhibited clinical manifestations. At 15 months, 12 exhibited a generalized reduction in motor
activity, and one animal showed clinical features consistent with epileptic seizures. In contrast,
no clinical abnormalities were observed in the control mice. The prenatal cohort (tamoxifen at
E16) included 17 experimental mice and 6 controls. This cohort was more difficult to generate,
as gavage of pregnant females resulted in a high number of miscarriages (40-50%). The early
postnatal cohort (tamoxifen at POP4) consisted of 15 experimental mice and 2 controls. This
group was particularly challenging to generate due to high pup mortality during the first weeks

of life.

Foxjl -directed biallelic Nf2 inactivation leads to the development of ependymal cell
proliferation and cyst dilatation.

Histological analysis performed on mice euthanized at 6 months (P15) showed an ependymal
proliferation associated with cystic dilatation of the ependymal canal in 2 out of 3 animals.
After 15 months, histological analysis of spinal cords showed a phenotype predominantly in
the cervical portion of the spinal cord (Fig.1C). Ependymal cell proliferation defined by the
presence of more than two layers of ependymal cells around the ependymal canal was observed

in most cases (n=21, 87%) (Fig.1D-E), frequently associated with a cystic dilation of the
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ependymal canal (n=13, 54%) (Fig.1F-G). Hydrocephalus and periventricular proliferations
were observed in 83% and 12% of cases respectively.
The mouse with epileptic seizures showed no additional cerebral lesions beyond hydrocephalus,

a feature also observed in other mice.

For the prenatal cohort (tamoxifen at E16), after 15 months, histological analysis of spinal cords
showed cystic dilation of the ependymal canal (n=8, 47%), along with ependymal cell
proliferation (n=14, 82%). Hydrocephalus and periventricular proliferations were observed in
53% of cases.

For the early post-natal cohort (tamoxifen at POP4), histological analysis did not reveal
proliferative or cystic lesions; instead, only malformations and structural anomalies were
observed.

No tumor formation, particularly, SE was identified in any of the three cohorts.

We observed that the occurrence of ependymal cysts progressively decreased from the cervical
to the lumbar region, consistent with a gradient in the severity of the ventricular wall alteration
(Fig. 2A). Cervical segments most frequently exhibited two ependymal layers or overt
ependymal proliferation, whereas thoracic segments showed fewer and milder alterations. In
contrast, lumbar regions displayed an intermediate phenotype, with fewer two-layered
structures but a re-emergence of proliferative changes in some specimens (Fig. 2B). The
heatmap in Figure 2C illustrates the heterogeneity of these phenotypes at the individual-mouse
level, highlighting that although the cervical region consistently presents the highest
pathological scores, the thoracic and lumbar segments display variable combinations of two-
layering, proliferation, and cyst formation. Together, these observations indicate a region-
dependent vulnerability of the ependymal lining, with the cervical spinal cord being the most
susceptible to structural and proliferative abnormalities. These analyzes were performed in P15
subgroup.

Post-mortem MRI performed in three P15-mice revealed cystic dilatations of the ependymal
canal at the cervicothoracic level in 2 out of 3 animals. Subsequent histological analysis of these
spinal cords confirmed the presence of these cystic dilatations at the same location identified

by MRI (Fig. 3).

Investigation of radial glial cell populations in human SE and mouse model
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To further characterize the tumoral cells, we performed multiplex immunofluorescence
analyses on a cohort of human NF2-SWN (n = 16) and sporadic SE (n = 8) showing the presence
of radial glial-like progenitor populations within SE. Tumoral cells co-expressing GFAP and
FOXO3 were identified, together with a subset of GFAP*/FOXO3*/BLBP* cells lacking
expression of S100B3, OLIG2, and FOXIJ1, supporting the presence of immature, progenitor-

like populations within these tumors.

We then sought to determine whether this type of cell was found in ependymal proliferations
in our mouse model. In Fox.J1 CrefRTWT, Nfflox/flox e first detected strong Fox;jl staining in all
ependymal proliferations assay that were test (n = 8) (Fig. 4A). We identified a population of
Foxo03*/Gfap*/S100B~ cells within the ependymal proliferations (Fig. 4B), characterized by
nuclear Foxo3 expression and astroglial lineage commitment (Gfap*) while lacking the mature
ependymal marker S100f. This immunophenotypic profile is consistent with the presence of
radial glial-like progenitor cells and suggests the persistence of immature precursor populations
within the lesions. The recapitulation of the cellular phenotype observed in human SE further
supports the relevance of this mouse model for studying the early stages of Nf2-driven SE

development.

DISCUSSION

This study provides the first comprehensive characterization of a conditional
FoxJICrefRTWT, Nffloxlox mouse model reproducing the earliest pathological stages of Nf2-
associated SE development. Nf2 biallelic inactivation in FoxJI-expressing cells induced very
often focal ependymal proliferations and cystic dilations of the central canal of the spinal cord
recapitulating hallmark features of human NF2-associated SE, predominantly at the cervical
location This suggests that Nf2 bi-allelic inactivation induced “ependymal proliferations,”
microscopic lesions that represent early stages of ependymal tumorigenesis. Similar
observations have been reported in Nf2-deficient mouse models of meningioma and
schwannoma, in which loss of Nf2 is sufficient to trigger focal hyperplastic or pre-neoplastic
lesions (11,12). In meningeal tissues, Nf2 inactivation results in proliferative arachnoidal
lesions that resemble early meningioma formation, whereas in Schwann cells it promotes
Schwann cell hyperplasia and precursor lesions preceding schwannoma development. (11,12).

Frequent proliferative alterations (87%) and cystic canal dilations (54%) confirmed by



238
239
240
241
242
243
244
245
246
247

248
249
250
251
252
253
254
255
256
257
258

259
260
261
262
263
264
265
266

267
268
269

immediate post-mortem MRI, represent a pre-tumoral state. Notably, ependymal hyperplasia
proliferation was already detectable in animals examined at 6 months of age, suggesting that
these lesions arise relatively early in life and may represent an early consequence of Nf2
inactivation. We hadn't designed the protocol for an early study of tumorigenesis, but clearly,
that still needs to be done to determine at what point this mouse model exhibits a usable
phenotype. A previous study in mice have demonstrated that Nf2 regulates cell—cell adhesion
during tissue fusion and that Nf2 protein is required to stabilize the junctional complex (tight
and adherent junctions) (6). In absence of merlin, the ependymal cells cannot form junctions
and are unable to form a well-organized tissue and are resistant to contact-dependent growth

arrest, producing multilayers, a first step of tumorigenesis as observed in our mouse model.

Clinically, spinal ependymomas predominate in the cervical and cervico-thoracic spinal cord
(3,13,14), mirroring our finding that the cervical segment shows the most pronounced
ependymal two-layering and proliferative changes. Given its consistent and severe
involvement, the cervical cord represents the most tractable region for analysis, restricting
studies to a well-defined, reproducible compartment. Ependymal hyperplasia was already
detectable by 6 months of age, indicating relatively early onset; whether still earlier lesions
exist remains to be tested. Overall, these findings support the FoxJI CreERVWT: Nf2oxlox mouse
model as a practical, reproducible preclinical platform for studying early Nf2-driven ependymal
alterations, with tamoxifen induction at P15 offering the best balance between phenotype
penetrance and survival compared with the E16 and PO-P4 groups and cervical spinal cord

analysis being

The question of the ependymoma cell of origin remains debated. In SE, molecular and
transcriptomic data point to a derivation from radial glial-like or ependymal progenitors of the
central canal, rather than from the multipotent neuroepithelial stem cells implicated in
supratentorial subtypes (15). Although post-mitotic under physiological conditions, ependymal
cells retain latent plasticity; after spinal cord injury, Foxjl* ependymal cells dedifferentiate,
migrate to the lesion site, and redifferentiate into astrocytic or oligodendroglial lineages,
contributing to tissue repair (16—18), a cellular response closely paralleled in ependymoma

models.

Consistent with this hypothesis, our multiplex immunofluorescence identified in human SE
immature glial-like cells co-expressing GFAP and FoxO3 but lacking the mature astrocytic

marker S1008, with variable BLBP expression and heterogeneous Olig2/FoxJ1 status. While
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this heterogeneity, also reported in RNA-seq studies (19), does not permit definitive
identification of the cell of origin, it supports the persistence of progenitor-like states within
NF2-SWN lesions, reminiscent of the transient radial glia identity present during embryonic.
On the mouse model generated in this study,s asimilar phenotype was observed in the

ependymal proliferations with the presence of radial glial-like progenitor cells.

Our results suggesting the persistence of immature precursor populations within the lesions, are
very preliminary but novel and need to be further investigated and confirmed, particularly

through RNA-seq and multi-omics studies in humans and mice.

CONCLUSION

In summary, this conditional Fox.JICref®7"T/Nf2o*/lx mouse model recapitulates the earliest
stages of Nf2-driven SE pathogenesis, highlighting the roles of ependymal progenitor plasticity.
It bridges developmental biology and clinical neuro-oncology, providing a robust framework
for exploring both the mechanisms of tumor development and cystic progression and the

efficacy of novel targeted therapies.
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Figure 1: Overview of histological findings in FoxJ1"T/Nf2ox10x jce
A and B : FoxJ1 (DAB) in human ependymoma. C: Schematic representation of abnormalities
found during histological analysis. D: Two ependymal layers, at P15, cervical axial section. E:

Ependymal multilayer, at P15, cervical axial section. F: Cystic dilatation of ependymal canal
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with flattening of ependymal cells, at P15, cervical axial section. G: Ependymal canal without

anomalies, at P15, cervical section.

Figure 2
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Figure 2: Regional distribution of ependymal abnormalities along the spinal axis in the Nf2-
mutant mouse model.

A: Incidence of ependymal cysts across cervical, thoracic, and lumbar spinal levels. Individual
data points represent animals, and the line indicates the mean + SEM. B: Distribution of
ependymal dysplasia scored as: no abnormality, ependymal two-layer, or ependymal
proliferation. Individual values and mean + SEM are shown. C: Heatmap summarizing the
combined severity of ependymal abnormalities and cyst formation in each spinal segment for
all mice analyzed. Color codes correspond to: 0 = normal; 1 = ependymal bilayer; 2 =
ependymal bilayer + cyst; 3 = ependymal proliferation; 4 = ependymal proliferation + cyst. The
anatomical diagram on the left indicates the rostro—caudal orientation of the spinal cord. The

animals labeled ‘C’ on the right side of the heatmap correspond to control mice.



Figure 3
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420  Figure 3: Post-mortem mouse spine MRI
421  A: Axial T1- and T2-weighted MRI sequences of the spinal cord from a P15 mouse, showing
422  dilation of the ependymal canal (red arrows). B: Axial section of the cervical spinal cord at the

423 level corresponding to the MRI images shown above.
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Figure 4: Immunofluorescence in spine of FoxJ1 <" T/Nf2"o*/ox mice

A: Immunofluorescent staining for FOXJ1 highlighting intense expression within a
periependymal proliferative area in a P15 mouse. B: Multiplex immunofluorescence staining
(GFAP, FoxO3, S100B) identifying a GFAP-positive, FOXO3-positive, S100B-negative (green

arrow) cell at the margin of the ependymal canal in a P15 mouse.

Supplementary Figure 1: One piece extraction of the mouse central nervous system.
A: One piece extraction of a mice CNS. B: Step of one-piece (en bloc) extraction of the mouse

central nervous system
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