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Abstract

The Hippo signalling cascade is an evolutionarily conserved pathway critical for the development of numerous organ sys-
tems and is required for the development of many parts of the mammalian nervous system, including the cerebellum. The
Hippo pathway converges, via the nuclear YAP/TAZ co-transcription factors, on transcription factors of the TEA Domain
(TEAD) family (TEAD1-4) and promotes the expression of pro-proliferative genes. Despite the importance of TEAD func-
tion, our understanding of spatial and temporal expression of this family is limited, as is our understanding of which TEAD
family members regulate Hippo-dependent organ development. Here, we focus on TEAD1 and how this factor contributes
to postnatal murine cerebellar development. We find expression of TEAD1 within cerebellar progenitor cells and glial cells,
including astrocytes and Bergmann glia, as well as by some interneurons within the granular layer. The importance of TEAD1
expression for cerebellar development was investigated using a conditional ablation approach, which revealed a range of
developmental deficits in Teadl mutants, including an underdeveloped cerebellum, morphological defects in Bergmann
Glia and Purkinje Neurons, as well as granule neuron migration defects. Collectively, these findings suggest a major role for
TEADI1 as an effector of the Hippo pathway during cerebellar development.
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Introduction Bhattacharya et al. 2020). Therefore, understanding the
mechanisms by which cerebellar development is regulated
is crucial to developing better treatments for these disorders/

diseases.

The cerebellum is a hindbrain-derived structure with crucial
roles for coordination of motor output, emotional process-

ing and other sensorimotor behaviours (Manto et al. 2012;
Amore et al. 2021). Abnormal cerebellar development
underlies a range of disorders, including ataxias, autism
spectrum disorder and attention deficit hyperactivity dis-
order (D'Arrigo et al. 2021; van der Heijden et al. 2021;
Stoodley 2016). The cerebellum is also prone to the devel-
opment of paediatric and adult cancers (Packer et al. 1999;
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Cerebellar development is a protracted process, begin-
ning around the middle of gestation and ending around the
third postnatal week in mice, with comparable timelines for
human cerebellar development (Iskusnykh and Chizhikov
2022; Leto et al. 2016). The development of the cerebellum
involves the generation of a multitude of developmentally
distinct cell types, comprising various GABAergic and glu-
tamatergic neurons, as well as non-neuronal cells such as
Bergmann glia (BG) (Consalez et al. 2020; Consalez and
Hawkes 2012; Araujo et al. 2019; Yamada and Watanabe
2002). Glutamatergic cerebellar granule neurons are the
most populous neuronal cell type within the entire brain
(Lee et al. 2009). Developmentally, these cells arise from a
highly proliferative portion of the neuroepithelium known
as the rhombic lip (Consalez et al. 2020). In mice, granule
neuron development begins around embryonic day (E) 12
and results in the tangential migration of cerebellar granule
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neuron progenitors (CGNPs) to the nascent cerebellar neu-
roepithelium to populate an area known as the external
granular layer (EGL). This is a transient secondary germi-
nal zone, where CGNPs undergo a proliferative expansion
prior to their differentiation and subsequent inwards migra-
tion to form granule neurons within the internal granular
layer (IGL). This process concludes by the end of the 3rd
postnatal week (Consalez et al. 2020; Chizhikov and Mil-
len 2003). Other neuronal subtypes, including neurons of
the deep cerebellar nuclei, as well as unipolar brush cells,
are also derived from progenitors within the rhombic lip
(Machold et al. 2011; Englund et al. 2006).

GABAergic inhibitory neurons, which include Purkinje
neurons (PNs), basket and stellate cells and several other
molecular layer and granule layer interneurons, as well as
glial progenitors, derive from a separate pool of precursors
within the embryonic neuroepithelium (Leto et al. 2012,
2008; Haldipur et al. 2018). These precursors derive from
the ventricular zone adjacent to the rhombic lip between
E10.5 and E13.5 (Luca et al. 2015) and follow a distinct
trajectory to those cells derived from the rhombic lip
(Chizhikov and Millen 2003). PNs are generated at~E11
in mice and migrate through the cerebellar anlage to form
the nascent Purkinje cell layer (PCL) below the EGL, where
they then secrete ligands crucial for the expansion of CGNPs
(Luca et al. 2015; Wang et al. 2022). Similarly, radial glial
progenitors (which include Bergmann glia and astrocytes)
are specified at E14 in the ventricular zone, commence
migration up to the first week of postnatal life, and subse-
quently begin to elaborate radial (Bergmann) fibres, which
facilitate both the outgrowth of PN dendrites and the inwards
migration of immature granule neurons from the EGL to the
IGL (Consalez et al. 2020; Yamada and Watanabe 2002).

How are these complex populations of neurons gener-
ated spatially and temporally to form the mature cerebellum?
Research has implicated numerous signalling pathways as
being relevant to this process. For example, Shh signalling
is crucial for the expansion of CGNPs in the EGL (Consalez
et al. 2020), as well as regulating the proliferation of PAX2*
interneuron progenitors (Luca et al. 2015). Additionally,
pathways such as WNT and Notch have also been shown
to play similar roles in the development of the cerebellum,
particularly in CGNP expansion within the EGL (Wang and
Liu 2019). Another pathway critical for nervous system
development is the Hippo pathway (Terry and Kim 2022).
Hippo signalling involves a cascade of signalling molecules
that ultimately drive transcription of genes associated with
pro-proliferation, anti-apoptosis and the regulation of organ
growth (Sahu and Mondal 2021; Misra and Irvine 2018).
This cascade of molecules culminates within the nucleus,
with the YAP/TAZ co-factors binding to the TEAD family
of transcription factors. This complex then binds DNA and
drives transcription of canonical pro-proliferative genes such
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as Cyr61/Ccnl and Ctgf/Ccn2 (Malik et al. 2015; Mukhtar
et al. 2020). The TEAD family have been shown to be
important in a variety of developmental contexts, includ-
ing cardiomyocyte proliferation (Wen et al. 2019), smooth
muscle development (Wen et al. 2019; Osman et al. 2019;
Kimura et al. 2020), skeletal muscle formation (Ribas et al.
2011; Sun et al. 2017; Feng et al. 2019; Honda et al. 2019)
and generation of the pancreas (Cebola et al. 2015; Currey
et al. 2021). Within the central nervous system, the TEAD
family have been reported to contribute to neural tube clo-
sure (Kaneko et al. 2007), neural crest expansion (Gee et al.
2011) and neural stem cell biology within the cerebral cor-
tex (Mukhtar et al. 2020; Currey et al. 2021). Importantly,
distinct regulation of YAP/TAZ via Hippo-dependent and
Hippo-independent mechanisms have recently begun to be
elucidated (Kwon et al. 2022; Shreberk-Shaked and Oren
2019; Rausch and Hansen 2020). Further, YAP/TAZ have
been demonstrated to have roles outside of the nucleus (Bui
et al. 2016), suggesting a crucial role for Hippo signalling
and its components in a variety of contexts.

Is Hippo signalling important for cerebellar development?
A recent study revealed that cerebellar morphogenesis was
disturbed in the absence of Yap/Taz (Hughes et al. 2020).
However, whether this reflects Hippo-dependent or -inde-
pendent pathways and which of the four TEAD factors may
be engaged remains unclear. To investigate how Hippo-
dependent signalling regulates cerebellar development, we
studied the expression of TEAD1 within the postnatal cer-
ebellum and assessed the phenotypic consequences of Teadl
ablation on cerebellar morphogenesis. Our studies reveal
that TEAD]1 is expressed by CGNPs within the postnatal
mouse cerebellum, as well as by glial progenitor cells and
their progeny, including BG and astrocytes. Moreover, the
conditional ablation of Teadl from neural stem cells, via a
SoxI-Cre deleter, culminated in a range of both cell- and
non-cell-autonomous deficits within the cerebellum. These
phenotypes are reminiscent of the phenotype of mice lacking
Yap/Taz (Hughes et al. 2020), suggesting that Hippo signal-
ling regulates cerebellar development in part through a YAP/
TAZ-TEADI1 transcriptional program.

Materials & methods
Animals

Animals used in this study were bred at The University of
Queensland under approval from the Institutional Animal
Ethics Committee (2023/AE000007). For the expression
analyses wild-type C57BL/6 J mice were used. To study the
role of Tead] in cerebellar development, a conditional allele
was used; Tead """ (Tead 1™ *KOMP)Wisiy " which was gener-
ated by the Knockout Mouse Project (KOMP) consortium
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using embryonic stem cells (Collins et al. 2007). All embry-
onic stem cell injections, chimeric and germline mouse gen-
eration was performed at UC Davis KOMP Repository. Prior
to use in our studies, the lacZ-neo cassette was removed
via Flp-mediated deletion, as previously described (Skarnes
et al. 2011). This conditional line was crossed with a Sox-
1€ line (Takashima et al. 2007), enabling the ablation of
Teadl from neural stem cells within the nervous system
from approximately ES8. This generated TeadV*; Sox1<"+
progeny. These animals were crossed with Tead "' mice to
generate control (Tead ™, Sox1™* or Tead™*; Sox1**;
hereafter referred to as controls), heterozygous (Tead'’*;
Sox1€7*; hereafter referred to as cHet mice) or homozy-
gous (Tead '™ Sox1°"*; hereafter referred to as cKO mice)
animals. All experiments were performed according to the
Australian Code of Practice for the Care and Use of Animals
for Scientific Purposes. Pregnant females were acquired by
placing male and female mice together overnight. The next
day, females were inspected for the presence of a vaginal
plug. The day of birth was designated as postnatal day (P)
0. Mice were housed in Optimice IVC caging, with double
HEPA filter and built in ventilation. Food and water were
available ad libitum. Animals at PO, P5, P20 and P56 were
used in this study. Mice were genotyped by PCR; primers
are available on request.

Immunohistochemistry

Postnatal pups were transcardially perfused (1X phosphate
buffered saline, followed by 4% paraformaldehyde (PFA))
and postfixed in 4% PFA at 4 °C as previously described
(Oishi et al. 2016). Brains were removed from the skull
and processed in a Leica ASP300S Pathcentre prior to
embedding in paraffin. Brains were embedded sagittally

and sectioned at 12 um (Leica RM2245 Microtome). Mid-
sagittal sections were mounted on Superfrost + slides and
dried in a 37 °C oven before heat-mediated antigen retrieval
was performed in 10 mM sodium citrate solution (90 °C
for 10 min). Fluorescence immunohistochemistry (IF) was
then performed as previously described (Piper et al. 2010).
Briefly, sections were incubated overnight with primary anti-
bodies against target proteins (Table 1). The following day,
sections were rinsed in phosphate buffered saline (PBS) and
then incubated with the relevant secondary antibodies for 3 h
at room temperature. A list of all antibodies used is listed
in Table 1. Sections were rinsed in 0.9% saline and coun-
terstained with 4°, 6-diamidino-2-phenylindole (DAPI) and
mounted in fluorescence mounting media (DAKO).

Histological staining

Postnatal pups were transcardially perfused (1X PBS, fol-
lowed by 4% PFA), postfixed in 4% PFA at 4 °C and pro-
cessed to paraffin as described above. Brains were embed-
ded sagittally and sectioned at 12 pm (Leica RM2245
Microtome) and mid-sagittal sections were stained with
Haematoxylin and Eosin (H&E) using standard protocols
(Piper et al. 2011). For all H&E-stained images, sections
were imaged using a brightfield slide scanner (Aperio XT
Brightfield) at 40 X magnification. Images were captured
using ScanScope XT, and post-processed using Aperio
ImageScope xX64. Images were exported as tiffs and were
quantified in blinded conditions.

Imaging and cell counts

To analyse the colocalisation of TEAD1 with cell type-
specific proteins, images were acquired on a Zeiss LSM900

Table 1 Details of all antibodies

o ANTIBODY SPECIES COMPANY CATALOG # DILUTION

used in this study for IF

analyses TEADI Rabbit Abcam EPR3967(2) 1/800
K167 Mouse BD Biosciences 550,609 1/1000
PAX6 Rabbit BioLegend 901,301 1/400
GFAP Mouse MilliporeSigma MAB360 1/500
Parvalbumin Mouse MilliporeSigma P3088 1/400
Calbindin Mouse MilliporeSigma C9848 1/300
SOX2 Rat eBioscience 14-9811-82 1/500
TBR2 Sheep Thermofisher PA5-47,818 1/400
NFIX Mouse Sigma-Aldrich SAB1401263 1/400
SECONDARY ANTIBODIES & DAPI
Mouse o 647 Donkey Jackson ImmunoResearch 715-605-150 1/1000
Rabbit o 555 Donkey Jackson ImmunoResearch 711-165-152 1/1000
Rat o 555 Goat Thermofisher A-21434 1/1000
Goat a 594 Donkey Abcam ab150132 1/1000
DAPI N/A Thermofisher D1306 1/500

@ Springer



42 Page4of 17

Brain Structure and Function (2025) 230:42

Airyscan 2 confocal microscope at 20 x (0.8 NA) magni-
fication. Data were acquired as Airyscan Multiplex-4Y
(MPLX4Y) images to improve signal-to-noise and spatial
resolution compared with standard laser scanning confo-
cal microscopy (Huff 2019, 2015). Variable beam splitters
restricted the emission wavelengths captured to prevent
fluorescence bleed through between the DAPI (detection
wavelength 400-494 nm), AlexaFluor 555 (detection wave-
length 529-628 nm), AlexaFluor 594 (detection wavelength
562-630 nm) and AlexaFluor 647 channels (detection wave-
length 630-700 nm). The MPLX4Y images were acquired
as 8 pm tiled z-stacks (0.34 pm z-step), which were stitched
and rendered as maximum intensity projections using ZEN
Blue software. To quantify cell number and morphology
within the whole cerebellum, 8 pm tiled z-stacks (0.49 pm
z-step) of control, cHet and cKO cerebella were captured
at 40 X magnification (0.95 NA) using a Zeiss Axioscan Z1
slide scanner with a Colibri 7-LED light source, pentaband
emission filter set (112 MBP) and Hamamatsu Orca Flash
4 sCMOS camera. The tiled z-stacks were stitched and ren-
dered as maximum intensity projections using ZEN Blue
software.

In all cases except molecular layer (ML) width, cross-
sectional area quantification, TEAD1/marker co-localisa-
tion, and Ki67 and PN cell number, the StarDist plugin for
ImageJ (Rueden et al. 2017) was used to automate the cell
count process and to minimise bias. Default settings (avail-
able from StarDist’s documentation) were used for all cell
counts, except for the number of tiles — this was set to 40 to
accommodate whole section counts for the largest sections to
be performed. Following StarDist, images were thresholded
(1 and 65,535) and a mask was created. The number of cells
was then counted using Analyse Particles. Cell count validity
was verified by performing automated and manual blinded
counts on sections of lobes and confirming similar num-
bers were reached by researcher and StarDist as previously
described (Schmidt et al. 2018; Weigert et al. 2020; MaS
and Uwe 2020; Fraser et al. 2017). For PAX6 cell counts,
the IGL was traced and removed from all images, as this
area was too dense for reliable quantification via StarDist.
For PCL-localised SOX2™" cell number, the PCL was traced
using the positioning of PCL soma (large acellular areas
along the cell-dense IGL) for Lobes 6/7. SOX2 cell number
was then quantified using StarDist as described above.

For molecular layer width, the straight-line tool in Fiji
was used to measure the distance between the PCL and pial
surface (3 lobes/brain). For cross-sectional area quantifica-
tions, H&E images were loaded in Fiji and scale was set for
the image. The outermost edge of each section was con-
tinuously traced using the polygon tool, and a measure of
the total cerebellar area was obtained. All quantifications
(manual or automated) were performed on whole sections
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from three biological replicates for control, cHet and cKO
cerebella.

Volumetric analyses

The Australian Mouse Brain Project Atlas for the cerebel-
lum was downloaded (https://imaging.org.au/AMBMC/) and
registered to each of the samples BO images (Ullmann et al.
2012). This was done using FSL and ANTS software pack-
ages (Supp. Table S1). Rigid and deformation warping was
optimised and conducted using these packages. ITKSnap
software packages (Supp. Table S1) were used to manu-
ally adjust the cerebellum atlas region template to matched
anatomical areas. Volumetric analyses (students ¢-test with
Holm-Sidak correction) were then conducted to determine
whole structure volume, and individual region volumes. For
all volumetric analyses, n=8 Ctrl and n=8 cKO age- and
sex-matched adult (P56) mice were used, with an approxi-
mately even split of sexes.

Statistical analyses

All cell count data was validated using a one-way ANOVA
with multiple comparisons of control, cHet and cKO
data unless specified otherwise. All data are presented as
mean + SEM. Three biological replicates were used for all
IF quantifications.

Results

Expression of TEAD1 within the postnatal
cerebellum

TEADI expression has been reported within the cerebellum
of several different mammalian species at the transcriptomic
level, including the mouse (Supp. Fig. S1) (Brawand et al.
2011), however the cell type-specific expression patterns
of TEADI protein within the cerebellum remains unclear.
To address this, we first performed immunofluorescence
staining on sagittal sections of the P5 mouse cerebellum
using a TEAD1-specific antibody. This revealed clear and
specific nuclear staining of TEAD1 within CGNPs and by
cells within the PCL and white matter at this age (Fig. 1A-
B). Importantly, analysis of P5 cKO tissue revealed that
no immunopositive cells were present (Fig. 1C-D). This is
consistent with recent findings from our laboratory detail-
ing the expression of TEAD1 within the developing telen-
cephalon (Pelenyi et al. 2024). These data are important for
three reasons. Firstly, the data reveal that our conditional
knockout strategy is effective. Secondly, they reveal that our
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P5 Control

Fig.1 TEADI1 is expressed within the postnatal mouse cerebel-
lum. Sagittal sections taken from control (A-B) and cKO (C-D) P5
cerebella at the level of the vermis, revealing expression of the tran-
scription factor TEADI1 (red). Nuclei were labelled with DAPI (grey).
Boxed regions in A and C are shown at higher magnification in B and

TEADI antibody is specific and does not demonstrate cross-
reactivity with related family members. Finally, they also
reveal that TEADI is expressed widely within the postnatal
cerebellum. To investigate this further, we next used co-
immunofluorescence staining to map the cell type specific
expression of TEAD1 within the postnatal cerebellum.

Proliferative cells within the postnatal EGL express
TEAD1

Our preliminary data (Fig. 1A) suggested that TEAD1 was
expressed by CGNPs within the EGL at P5. CGNPs divide
rapidly during postnatal development—as such, we used
the expression of the proliferative marker, Ki67, to verify if
these cells express TEAD1. Dual labelling with antibodies
against Ki67 revealed that proliferating CGNPs within the
PO and P5 EGL expressed TEADI1 (Fig. 2A, D). Interest-
ingly, this analysis also revealed cells within the PCL, the
emerging IGL (Fig. 2B, E) and the white matter (Fig. 2C,
F) that expressed TEADI; some of these cells were pro-
liferating (Ki67 positive), whereas others were not (Ki67
negative). To begin identifying these additional TEAD1-
expressing populations, we performed dual labelling with
antibodies against the transcription factor NFIX, which we
have previously shown is expressed by CGNPs within the

D, respectively. In the control, TEADI expression was evident within
nuclei in the internal granular layer/white matter (IGL/WM; arrow-
heads in B-B”’). However, in the cKO cerebellum, no immunoreactiv-
ity was observed (D-D”). Scale bar (in D”) represents 165 pm for A
and C and 20 um for B-B”, D-D”

PS5 mouse cerebellum, and by immature and mature granule
neurons within the IGL (Fraser et al. 2017). As expected, at
P5 a high percentage of CGNPs co-expressed both NFIX
and TEAD1 within the EGL (Fig. 3A-B’”; 137 out of 150
(91.3%) CGNPs expressed both factors). Interestingly, at PS
there was evidence for some cells expressing both NFIX
and TEAD1 within the IGL, however, most cells expressed
NFIX, but not TEADI1. This suggests that CGNP-derived
granule neurons do not express TEAD1. Analysis of P20
cerebellar tissue confirmed this, revealing that NFIX-
expressing granule neurons within the IGL do not express
TEADI1 (Fig. 3D-E’”). Collectively, these data suggest that
CGNPs express TEADI, but that the expression of this tran-
scriptional regulator is rapidly downregulated as these cells
differentiate into granule neurons.

Purkinje neurons do not express TEAD1

Despite our data indicating that mature granule neurons do
not express TEADI1, we did identify a population of cells
between the IGL and the molecular layer that expressed
this factor (Fig. 3D-E). The PCL lies between the molecu-
lar layer and the IGL, and houses the soma of PNs and BG.
To determine which of these cells express TEADI, we first
performed co-immunofluorescence staining for TEAD1

@ Springer



42 Page6of 17

Brain Structure and Function (2025) 230:42

Fig.2 Proliferative cells within the developing cerebellum express
TEADI1. Mid-sagittal sections taken from wild-type cerebella at PO
(A-C”’) and P5 (D-F), revealing the expression of TEAD1 (red)
and Ki67 (green). Nuclei were labelled with DAPI (grey). Low mag-
nification images in A and D revealed broad colocalisation of TEAD1
and Ki67 across both ages. At PO, expression of TEADI colocalised
with Ki-67 in both the EGL/IGL (B-B’”) and the presumptive white

and calbindin, a marker for PNs (Wierzba-Bobrowicz et al.
2011). Analysis at P20 revealed a population of cells with
small nuclei expressing TEAD1 within the PCL, how-
ever, these cells were not immunoreactive for calbindin,
but rather were interspersed between the large soma of
calbindin-expressing cells (Fig. 4A-B’”). A similar find-
ing was found when we used a second marker for PN,
parvalbumin (Fig. 4C-D’”") (Bastianelli 2003). These data
suggests that PNs do not express TEAD1. Furthermore,
parvalbumin also labels interneurons within the molecular
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matter (pWM; C-C”’) (arrowheads). However, in both the EGL and
pWM, there were also non-proliferative TEAD1*/Ki67~ cells present
(arrows). Similarly, at P5, TEAD1%/Ki67* populations were identi-
fied within the EGL/IGL (E-E’”) and pWM (F-F’”) (arrowheads), as
were some TEAD1%/Ki67~ cells (arrows). Scale bar in (F*”") repre-
sents 30 um for A & D and 20 um for all other panels

layer. We did not observe co-expression of TEAD1 by
these cells (Fig. 4C-D’”), suggesting that, like PNs, basket
and stellate interneurons do not express TEADI.

Glial progenitor cells, Bergmann glia and astrocytes
express TEAD1 within the postnatal cerebellum

Given the expression of TEAD1 within the PCL and IGL,
but not by PNs or granule neurons, we posited that glial
cells may be responsible for these expression patterns. To
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Fig.3 Cerebellar granule neuron precursors, but not mature granule
neurons, express TEAD1. Mid-sagittal sections of wild-type cerebella
at PS5 (A-C’”) and P20 (D-G) demonstrating expression of TEAD1
(red) and NFIX (green). Nuclei were labelled with DAPI (grey). At
PS5, expression of TEAD1 was coincident with NFIX within the EGL
(arrowheads) and within sub-populations of cells outside the EGL
(double arrowheads). Cells were also evident within the nascent IGL

investigate this, we co-stained PO, P5 and P20 cerebel-
lar sections with antibodies against TEAD1 and SOX2, a
marker expressed by glial progenitor cells and mature glia
within the cerebellum (Cerrato et al. 2018). Consistent with
our earlier findings, we observed expression of TEAD1 by
CGNPs within the EGL at PO and P5 (Fig. SA-D’”). Further-
more, within the emerging PCL and IGL at these ages, most
TEAD1-expressing cells also expressed SOX2, demonstrat-
ing that glial progenitors and developing BG express TEAD1
during the genesis of the cerebellum. Within the mature P20
cerebellum, most BG within the PCL were immunoreactive
for TEAD1 and SOX2 (148/150 colocalised cells, 98.7%
colocalisation), as were astrocytes within the ML and IGL
(Fig. 5E-F’”, 131/151 colocalised cells, 86.8% colocalisa-
tion). These findings were supported using another astrocytic
marker, GFAP. At PS5, developing TEAD1-expressing nuclei
within the PCL, IGL and white matter were surrounded by

and pWM which expressed NFIX, but not TEAD1 (arrows). Con-
versely, at P20, expression of TEAD1 was coincident with NFIX
only within the PCL (arrowheads). Cells within the IGL (arrows) and
ML (double arrows) which were immunopositive for NFIX did not
express TEADI, suggesting that TEAD] is not expressed in mature
granule neurons. Scale bar in (E’”) represents 30 um for A, 50 pm for
D, 20 pm for B-C*” and 10 pm for E-E’”

GFAP-immunoreactive fibres (Fig. 6A-D’”). This pattern
of expression was also clear at P20 with BG (Fig. 6F-F”),
velate protoplasmic astrocytes within the IGL (Fig. 6G-G’”),
and fibrous astrocytes within the white matter (Fig. 6H-H’”),
all exhibiting GFAP-immunopositive fibres surrounding
TEAD1-expressing nuclei (Fig. 6E). Taken together, these
data suggest that TEADI1 is expressed in developing and
mature cerebellar BG and astrocytes, suggestive of a crucial
role for Teadl in regulating these populations.

Expression of TEAD1 by unipolar brush cells
Finally, we observed that a subset of cells within the IGL
expressed TEAD1, but not GFAP. These cells could be uni-

polar brush cells, a population of glutamatergic interneu-
rons found within the IGL. Like CGNPs, these cells are
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parvalbumin

Fig.4 Mature Purkinje neurons and molecular layer interneurons do
not express TEAD1. Mid-sagittal sections taken from wild-type cer-
ebella at P20, revealing the expression of TEADI (red) and calbindin
(A-B’”) or parvalbumin (C-D’”) in green. Nuclei were labelled with
DAPI (grey). (A-B””) High magnification images revealed that cal-
bindin-expressing PNs did not express TEADs in the PCL (arrow-
heads). Numerous cells in the PCL were shown to express TEADI,

ultimately derived from progenitor cells of the thombic lip
(Kalinichenko and Okhotin 2005). Using the expression
of TBR2 as a marker for these glutamatergic interneurons
(Englund et al. 2006), we revealed that most unipolar brush
cells within the IGL do express TEAD1 within the P20 cer-
ebellum (Supp. Fig. S2A-D).

Cerebellar development is impaired in the absence
of Tead1

We next sought to assess the role of TEADI in cerebellar
development. To do this, we conditionally deleted Teadl
from neural stem cells within the developing murine nerv-
ous system using a Sox/" deleter. This approach effectively
ablated TEAD1 expression from the postnatal cerebellum
(Fig. 1C-D). To confirm if morphological abnormalities
were evident in the absence of Teadl, we performed Hae-
matoxylin & Eosin (H&E) staining to visualise gross cer-
ebellar morphology. Importantly, at P5, the cKO cerebel-
lum exhibited morphological abnormalities, with the size
of the cKO cerebellum being reduced, and the cerebellar
folia being less well developed in comparison to the control
(Fig. 7A-C). This phenotype was clearer at P20, with cKO
cerebella exhibiting dysmorphic folia (Fig. 7D-F), as well
as being significantly reduced in size (Fig. 7G). At P20, the
midsagittal cross-sectional area of cHet mice was reduced,
albeit not at a statistically significant level in comparison
to the control (Fig. 7G). Unfortunately, we were unable to
extend our analyses of the cerebellum of cKO mice beyond
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but not calbindin (arrows). (C-D’””) Similarly, expression of another
PN marker, parvalbumin, revealed that PNs do not express TEAD1
at this age (arrowheads). Furthermore, interneurons of the ML (bas-
ket and stellate cells) were not immunoreactive for TEAD1 (double
arrows). Small nuclei within the PCL were, however, immunoreactive
for TEADI (arrows). Scale bar in (D’”) represents 100 um for A and
C and 20 ym for all other panels

P20, as these mice died around this age. However, cHet mice
survived into adulthood allowing us to determine whether
the cerebellum of adult cHet mice exhibited alterations in
size. To this end, we performed volumetric magnetic res-
onance imaging, which revealed that the size of the adult
cHet cerebellum was significantly reduced in comparison to
controls, as were a range of cerebellar sub-structures (Supp.
Fig. S3A-D, Table S2). We recently reported a similar reduc-
tion in the size of the adult telencephalon and diencephalon
in Teadl cHet mice in comparison to controls (Pelenyi et al.
2024), indicating that the reductions seen within the size
of the cerebellum are not unique to this structure in this
model. Collectively, these findings suggest that the loss of
Tead] during development alters the trajectory of cerebellar
development, culminating in reduced cerebellar size, and
highlighting the crucial role Tead! plays in the development
of this structure.

Bergmann glial fibres are dysmorphicin the absence
of Tead1

Given the dysmorphic development exhibited by the cKO
cerebellum, we wanted to investigate different cellular popu-
lations within these mice. BG have several crucial roles in
the morphogenesis of the cerebellum (Cerrato et al. 2018),
including acting as a scaffold for migrating granule neu-
rons, and for facilitating PN dendrite arborisation. Is BG
morphology altered in cKO mice? To investigate this, we
analysed GFAP expression. At P20, the BG fibres within
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Fig.5 Glial lineages express TEAD1. Mid-sagittal sections of wild-
type cerebella at PO (A-B’”’), P5 (C-D’”’) and P20 (E-F’*’), demon-
strating expression of TEAD]1 (red) and SOX2 (green). Nuclei were
labelled with DAPI (grey). At PO, expression of TEAD1 was evident
within the EGL, while TEAD1/SOX2 co-expression was observed
by cells within the IGL/pWM (arrowheads in B-B’*”). At P5, expres-
sion of TEAD1 was seen within nuclei located in the EGL and IGL

control cerebella extended from the PCL directly to the
pial surface through the molecular layer (Fig. 8A-C). cKO
mice, however, exhibited BG fibres which were more tortu-
ous, as well as being shorter (Fig. 8D-F). Additionally, we
also quantified SOX2" cell number within the P20 control
and cKO cerebellum. This analysis revealed no significant
changes in the number of SOX2-expressing cells within the
PCL of the mutant compared to the control (Supp. Fig. S4A-
F, H). However, this analysis did reveal a significantly
increased number of SOX2-expressing cells within the IGL
of cKO mice (Supp. Fig. S4G). Collectively, these findings
are indicative of cell-autonomous deficits within cerebellar
glia in the absence of Teadl, consistent with previous studies
on Hippo function during cerebellar development (Hughes
et al. 2020).

IGL/pWM ML, EGL | o
© ;

Q

O,
O ML,EGL

=
=il
£
9

— however, colocalisation with SOX2 was only evident within the
IGL (arrowheads in D-D’’*). At P20, some scattered cells within the
ML and cells within the PCL expressed both markers (arrowheads in
F-F’*’). There were also cells within the IGL positive for both mark-
ers (double arrowheads). Scale bar (in F*’”) represents 50 um for A, C
and E and 20 um for all other panels

Purkinje neurons exhibit dysmorphic development
in the absence of Tead1

BG regulate PN development (Bellamy 2006) — could the
glial phenotype we observed contribute to non-cell-auton-
omous effects within PNs? To determine this, we analysed
calbindin expression in P20 control and cKO mice. At P20,
calbindin expression revealed a monolayer of PNs above
the IGL in control samples. Moreover, these PNs possessed
elaborate dendritic trees (Fig. 9A-C). In contrast, cKO mice
exhibited a dysmorphic PCL, with no clear monolayer for-
mation of PN soma compared with controls (Fig. 9D-F).
There was no significant difference in overall PN soma
number in the mutant compared to the control. Addition-
ally, while cKO PNs did possess dendrites, these were less
elaborate than that observed in controls. Analysis with a
second PN marker, parvalbumin, supported these findings
(Supp. Fig. S5A-F) In total, these findings suggest a key
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role for Tead]l in regulating PN development in a cell-non-  Tead1 is required for granule neuron migration
autonomous manner.

BG fibres are also critical for the migration of newborn gran-
ule neurons to the IGL. We used the expression of PAX6
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«Fig. 6 Astrocytes express TEADI throughout development. Mid-sag-
ittal sections taken from wild-type cerebella at P5 (A-D’”) and P20
(E-H’”), revealing the expression of TEADI (red) and GFAP (green).
Nuclei were labelled with DAPI (grey). (A-D’”’) Low magnification
image in A reveals broad co-localisation of TEAD1 and GFAP within
the developing cerebellum. Higher magnification images reveal many
TEAD]1-expressing nuclei surrounded by GFAP-expressing fibres
within the nascent PCL/IGL (B), deep IGL (C) and pWM (D) (arrow-
heads), indicative of TEADI expression within various astrocytic
progenitor populations (including BG/radial glia, velate protoplasmic
astrocytes and fibrous astrocytes). (E-H’”). Low magnification image
in E reveals colocalisation of TEAD1 and GFAP across the mature
cerebellum. Higher magnification images reveal numerous TEADI-
expressing nuclei (arrowheads) surrounded by GFAP-expressing
fibres within the PCL (BG; F), the IGL (velate protoplasmic astro-
cytes; G) and the pWM (fibrous astrocytes; H). Scale bar in (H’”)
represents 20 um for A and 25 pm for E and 10 pm for all zoom pan-
els

to identify granule neurons within the cerebellum of P20
mice to determine if their migration was disrupted in cKO
mice. At P20, PAX6 expression was primarily confined to
the IGL in control mice, suggestive of granule neurons hav-
ing completed their migration (Fig. 10A-C). By comparison,
there were significantly more PAX6-expressing cells within
the ML of cKO mice, suggestive of delayed migration of
newborn granule neuron cells into the IGL (Fig. 10D-G).
This phenotype was seen despite the significantly reduced
width of the ML evident in cKO mice (Fig. 10H), a pheno-
type potentially arising from reduced PN dendritogenesis or
aberrant BG development (Cerrato et al. 2018; Cheng et al.

P5 Control

Fig.7 Cross-sectional area of the cerebellum is reduced in the
absence of Teadl. Mid-sagittal sections of PS5 (A-C) and P20 (D-F)
cerebella, stained using Haematoxylin and Eosin. At P5, both con-
trol and cHet cerebella exhibited normal morphological develop-
ment, with all folia present and correctly formed. cKO mice, however,
exhibited less clear development of the folia, particularly within the

2018; van der Heijden and Sillitoe 2021). Taken altogether,
these findings suggest that granule neurons exhibit abnormal
migration in the absence of Teadl, indicative of another non-
cell-autonomous defect in these cKO mice.

Discussion

Transcriptional regulation of gene expression is crucial
for organogenesis (Mukhtar et al. 2022; Xue et al. 2011;
Papadimitriou and Thomaidou 2024). Previous studies have
begun to elucidate how Hippo signalling, an evolutionarily
conserved organogenesis pathway (Chen et al. 2020) func-
tions in a number of different organ systems, such as the liver
(Russell and Camargo 2022), heart (Mia and Singh 2019)
and lungs (Lange et al. 2015). However, the role of Hippo in
nervous system development remains unclear. While some
studies have highlighted the role of YAP/TAZ in nervous
system development (Hughes et al. 2020; Park et al. 2016),
our understanding of the role of the YAP/TAZ-interacting
transcription factors, the TEADs is limited. Further, investi-
gations have primarily focussed on the role of Hippo-TEAD
in corticogenesis (Mukhtar et al. 2020), with research into
the cerebellum limited. Here, we use the postnatal devel-
oping cerebellum as a model to probe the spatiotemporal
expression of TEADI, but also how cerebellar development
is dysregulated in the absence of this transcription co-factor.
We reveal that TEADI is expressed by CGNPs in the early

(9}

Average cross-sectional

Ctrl cHet cKO

posterior lobes (A-C). This phenotype was also evident at P20, with
cKO mice exhibiting clear disturbances in morphogenesis of the cer-
ebellum (D-F). Quantification of cross-sectional area revealed the
cKO cerebellum was significantly smaller at this age (G). Scale bar
in F represents 375 pm for A-C and 2 mm for D-F. ns, not significant;
*=p<0.05, one-way ANOVA
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Fig.8 BG architecture is dysmorphic in the absence of Tead!. Mid-
sagittal sections taken from cerebella at P20, revealing the expression
of GFAP (green) in control (A-C) and cKO (D-F) mice. Nuclei were
labelled with DAPI (grey). High magnification images reveal typi-
cal glial fibre architecture in control mice, with BG fibres extending

postnatal cerebellum, as well as by glial progenitor cells and
astrocytes/BG. We also reveal both cell- and non-cell-auton-
omous roles for TEADI in formation of the cerebellum.
Recently, YAP/TAZ function was shown to be impor-
tant for cerebellar development (Hughes et al. 2020). The
authors revealed expression of these Hippo components
within glial cells and CGNPs, but not within PNs. Our data
are consistent with these findings, suggesting that TEAD1
is a key component of Hippo/YAP/TAZ signalling within
the emerging cerebellum. Moreover, our data mirror that of
Hughes and colleagues, who used a double Yap/Taz condi-
tional ablation approach to disrupt Hippo signalling. Their
data revealed foliation deficits and reduced cerebellar size,
akin to our findings. Yap/Taz mutants also exhibited abnor-
mal BG development, suggestive of cell-autonomous BG
deficits, like our cKO mice. These data suggest that YAP/

@ Springer

straight up from the PCL to the pial surface (arrowheads, A-C). In the
cKO however, BG fibres did not extend straight up, instead exhibiting
tortuous and curved orientations (arrows, D-F). Scale bar (in F) rep-
resents 20 um for all panels

TAZ signalling within the developing cerebellum is regu-
lated, at least in part, by TEADI function.

One of the key findings of our study was that glial pro-
genitor cells and BG express TEAD1, and that the develop-
ment of BG fibres is abnormal in cKO mice. This is sug-
gestive of a cell-autonomous role for TEAD1 within these
cells. What role could Hippo/TEADI1 signalling play in
BG development? One possibility is that Hippo signalling
could mediate PTEN phosphatase activity. This factor plays
a crucial role in the intrinsic specification and regulation
of BG differentiation and scaffold organisation (Yue et al.
2005). Importantly, miR-29 has been shown to regulate
PTEN expression (Tumaneng et al. 2012), and, moreover,
TEADI1 has been shown to drive Yap/Taz-dependent tran-
scription of the micro-RNA miR-29a/b/c family (Tumaneng
et al. 2012). While these studies were not performed in the
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calbindin

Fig.9 PN morphology and localisation is disturbed in the absence
of Teadl. Mid-sagittal sections of control (A-C) and cKO (D-F) cer-
ebella at P20, revealing the expression of calbindin (green); nuclei
were labelled with DAPI (grey). In control cerebella, formation of
the PCL monolayer (dotted lines demarcate the PCL) was evident.

context of the developing cerebellum, they do suggest one
potential mechanism by which TEAD1 could promote BG
development. BG also play crucial roles in foliation, not
only through regulation of granule neuron migration (Con-
salez et al. 2020), but also through PN dendritogenesis and
synaptogenesis (Bellamy 2006; Lippman et al. 2008; Ango
et al. 2008). As such, dysregulation of BG development may
help to explain the deficits seen in our cKO mice, such as
delayed granule neuron migration and PN dendritogenesis.
Looking ahead, single cell sequencing of the cerebella of
cKO mice could reveal transcriptional deficits in different
cellular populations, such as BG. Furthermore, as the bind-
ing motif of the TEAD family is known (Filandrova et al.
2021), potential direct TEAD1 targets could be identified,
and their role downstream of TEADI1 assessed using genetic
approaches, such as the analysis of trans-heterozygotes, or
the manipulation of TEADI target gene expression specifi-
cally within BG.

Our data also reveal TEAD1 expression within CGNPs,
suggestive of a potential role for Hippo signalling in medi-
ating proliferation within this germinal niche. However,

PNs also exhibited elaborate dendritic trees at this age (arrowheads).
In comparison, cKO cerebella exhibited disturbances with PN mon-
olayer formation (dotted lines). Additionally, PN dendritic architec-
ture, while evident, appeared less well defined at this age (arrows).
Scale bar (in F) represents 20 pm for all panels

deletion of both Yap and Taz in CGNPs has previously been
investigated, revealing no proliferative deficits in postnatal
CGNPs, either in vitro or in vivo, even when these factors
were ablated specifically from CGNP’s using a MathlI-Cre-
based conditional approach (Hughes et al. 2020). Our data
mirrored these findings; we did not observe any significant
changes in the number (Welch’s #-test, p =0.6666) or density
(Welch’s t-test, p=0.7983) of proliferative cells within the
EGL of the cKO in comparison to the control at P5. What
then is the role for Hippo pathway activity in these cells? It
has been recently demonstrated that TEAD1 has roles inde-
pendent for proliferation, meaning that binding of YAP/TAZ
is not required for it to exert proliferative effects in all con-
texts (Li et al. 2022). One potential role for TEADI1 activity
on these cells could be to mediate the development of PNs.
CGNPs are known to regulate PN dendrite development via
WNT signalling; aberrant CGNP-derived WNT signalling
can lead to both disrupted PN dendritic development as
well as altered PN soma localisation (Cheng et al. 2018).
In future, investigation of altered signalling from Teadl-
deficient CGNPs, potentially via transcriptomic-based
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Fig. 10 Abnormal migration of developing granule neurons in the
absence of Teadl. Mid-sagittal sections of control (A-C) and cKO
(D-F) cerebella at P20, revealing the expression of PAX6 (green);
nuclei were labelled with DAPI (grey). In control cerebella, PAX6
expression was predominantly confined to the IGL, with relatively
few PAX6-expressing cells evident within the ML (arrowheads in A-

experiments, could help define the cell-autonomous role of
this transcription factor within these cells. Analysis of PN
dendrite morphology and synapse formation, perhaps via
Golgi-Cox analysis, could also help elucidate how TEADI1
impacts this cellular population in a non-cell-autonomous
manner.

One limitation of our study was that Teadl was ablated
from neural stem cells throughout the neuraxis from ES,
making it difficult to parse effects we see within the post-
natal cerebellum from earlier developmental events. One
way to mitigate this in future could be to use different
Cre lines, enabling removal of Teadl specifically from dif-
ferent embryonic and postnatal cellular populations. An
example of this could be a Sox2-CreER™ line, as SOX2
is expressed by glial cells including BG. Postnatal tamox-
ifen administration could enable the role of TEAD1 within
the cerebellum at this age to be differentiated from any
embryonic roles. Moreover, this approach could provide a
mechanism to test both the cell-autonomous roles within
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C). The dotted lines demarcate the boundary between the PCL and
the IGL. In comparison, many more PAX6-expressing cells were evi-
dent within the ML of cKO cerebella (arrows in D-F, quantified in
G). Furthermore, the width of the ML was significantly reduced in
cKO mice (H). Scale bar (in F) represents 20 um for all panels. ns,
not significant, * p <0.05, ** p <0.01; one-way ANOVA

BG, and non-cell-autonomous roles of TEAD1 within
the cerebellum, as has been similarly done previously
(Cerrato et al. 2018). If TEAD1 expression within BG
contributes to the non-cell-autonomous development of
PNs, we would posit that ablating Tead! from BG would
phenocopy the PN deficits we observed in our broader
conditional approach. Single cell sequencing of BG within
such a Teadl; Sox2-CreER™ line could also identify the
mechanistic processes underpinning both BG develop-
ment, and the cell-cell signalling processes controlled
by Hippo signalling that regulate PN morphogenesis.
Rescue experiments in this line could further clarify the
molecular mechanisms whereby TEAD1-dependent BG
development controls PN formation. Similarly, the use of
a Mathl-CreER™ line (Machold and Fishell 2005) would
enable the role of TEAD1 within CGNPs, both embry-
onically and postnatally, to be analysed, defining both the
cell-autonomous, and non-cell-autonomous roles of this
factor within these cells. Collectively, our study reveals a
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range of cell- and non-cell-autonomous roles for TEAD1
within the postnatal cerebellum, highlighting the critical
role for Hippo signalling in the formation of this critical
brain region.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00429-025-02903-x.
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