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ABSTRACT

Mutations in the Transcription Factor 20 (TCF20) have been identified in patients with autism spectrum disorders (ASDs), intel-
lectual disabilities (IDs), and other neurological issues. Recently, a new syndrome called TCF20-associated neurodevelopmental
disorders (TAND) has been described, with specific clinical features. While TCF20's role in the neurogenesis of mouse embryos
has been reported, little is known about its molecular function in neurons. In this study, we demonstrate that TCF20 is expressed
in all analyzed brain regions in mice, and its expression increases during brain development but decreases in muscle tissue.
Our findings suggest that TCF20 plays a central role in dendritic arborization and dendritic spine formation processes. RNA
sequencing analysis revealed a downregulation of pre- and postsynaptic pathways in TCF20 knockdown neurons. We also found
decreased levels of GABRA1, BDNF, PSD-95, and c-Fos in total homogenates and in synaptosomal preparations of knockdown
TCF20 rat cortical cultures. Furthermore, synaptosomal preparations of knockdown TCF20 rat cortical cultures showed signifi-
cant downregulation of GluN2B and GABRAS5, while GluA2 was significantly upregulated. Overall, our data suggest that TCF20
plays an essential role in neuronal development and function by modulating the expression of proteins involved in dendrite and
synapse formation and function.

1 | Introduction co-regulator (Darvekar et al. 2012) that was initially identified

by its ability to bind the stromelysin-1 PDGF-responsive element

Among the several gene mutations identified as high-risk factors
for the pathogenesis of neurodevelopmental disorders, de novo
mutations of TCF20 (Transcription Factor 20) have been identi-
fied in large-scale exome sequencing data of patients with intel-
lectual disability and autism. TCF20 encodes a transcriptional

(SPRE), an element of the stromelysin-1 (matrix metalloprotein-
ase-3/MMP3) promoter (Sanz, Moscat, and Diaz-Meco 1995).
TCF20 (also termed AR1, SPBP, SPRE-binding protein) is local-
ized to the nucleus and has been found to play a role as a tran-
scriptional co-activator in modulating the transcriptional activity
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of Spl, c-Jun, Estl, Pax6 (Gburcik et al. 2005; Rekdal, Sjottem, and
Johansen 2000) and RNF4 (Darvekar et al. 2012; Rekdal, Sjottem,
and Johansen 2000; Sjottem et al. 2007; Lyngse et al. 2000). TCF20
is highly expressed in several brain areas (Gray et al. 2004), that
are involved in high cognitive functions, including the cortex,
hippocampus, and cerebellum (Lein et al. 2007).

An increasing number of patients with TCF20 mutations, in-
cluding de novo and inherited variants, have been recently
reported (Babbs et al. 2014; Lelieveld et al. 2016; Schifgen
et al. 2016; Study 2017; Bowling et al. 2017). For these pa-
tients, the described clinical features include mild-to-
moderate ID with or without ASD and accompanying features
such as proportionate overgrowth and muscular hypotonia
(Babbs et al. 2014; Lelieveld et al. 2016; Schifgen et al. 2016;
Study 2017).

Recently, two papers were published providing more clin-
ically relevant information for clinicians, researchers, and
families of affected individuals. These papers characterized
several variants in TCF20 that were unique to different fami-
lies (Torti et al. 2019; Vetrini et al. 2019). Both neurologic and
non-neurologic features were described in detail, strongly sup-
porting a major role for TCF20 mutations/deletions in causing
IDs and ASDs (Torti et al. 2019; Babbs et al. 2014; Schifgen
et al. 2016; Smeland et al. 2017; Vetrini et al. 2019). Thus, mu-
tations in TCF20 associated with ataxia, hypotonia, autistic be-
haviors, and sleep disturbances have been classified as causing
TAND (TCF20-associated neurodevelopmental disorders) (Torti
et al. 2019; Vetrini et al. 2019; Babbs et al. 2014).

Interestingly, TCF20 is located in chromosome 22q13.2 region,
which is a region also deleted in Phelan-McDermid syndrome
(PMS), where several other genes are deleted, including the
major candidate gene SHANK3 (Sala et al. 2015; Vicidomini
et al. 2017; Mossa et al. 2021; Upadia et al. 2018). Like TAND
syndrome, PMS involves a range of phenotypes including global
developmental delay, intellectual disability, neonatal hypotonia,
autism, and autistic-like behaviors. PMS is considered a syn-
dromic form of ASD (Phelan 2008; Phelan and McDermid 2012;
Kurtas et al. 2018). TCF20 mutations or microdeletions have also
been found in patients with PMS, suggesting a causative role for
TCF20 deletions/mutations in neurological dysfunction in these
patients (Upadia et al. 2018; Kurtas et al. 2018; Torti et al. 2019).

However, the role of TCF20 in brain development and function
remains to be clarified. Recent reports suggest that TCF20 pro-
motes the neurogenesis of mouse embryos, but little is known
about its molecular function in neurons. Here, we provide evi-
dence that TCF20 is an essential player in neuronal development
and function by regulating dendrite and synapse formation and
function.

2 | Materials and Methods
2.1 | Animals
To prepare primary neuronal rat cortical cultures, preg-

nant female Sprague Dawley rats (Rattus norvegicus,
RRID:MGI:5651135) were purchased from Charles River

(Charles River Laboratories, Calco, Italy). C57BL/6
(RRID:MGI:2159769) wild-type mice were purchased from
Charles River. Adult mice (with a weight of about 25g) and
rats (with a weight of about 120 g) were housed under constant
temperature (22°C £1°C) and humidity (50%) conditions with
a 12-h light/dark cycle and were provided with food and water
ad libitum in standard cages (355cm/square) in enriched en-
vironments (three animals for each cage). All experiments
involving animals followed protocols in accordance with the
guidelines established by the European Communities Council
and the Italian Ministry of Health (Rome, Italy) for the correct
use of laboratory animals in research (Aut. N. 582/2016-PR,
2D464.0).

2.2 | Constructs and Virus Generation

For RNA interference, four siRNA sequences targeting Tcf20
mRNA were designed using GenScript siRNA Target Finder
instructions (GenScript). The following nucleotide sequences
were used:

shRNA1 TGGCTAGCGAGACCTCTGG,
SshRNA2 ATCTCAAGCTAGTTTCAAC,
ShRNA3 GCCCAGTCCTAATTCTCAT,
shRNA4 GGCTGCTCCTTCCGATACC.

The generated short hairpin RNAs (shRNAs) were cloned
into the pLVTHM-GFP (RRID:Addgene_12247) vector
(Wiznerowicz and Trono 2003) using EcoRI and Clal restric-
tion sites. After choosing sShRNA3 as best construct for inter-
ference of TCF20 (named shTCF20), we generated a scrambled
sequence form of ShRNA3 that was cloned into pLVTHM-GFP
to obtain the control sShRNA (indicated as SCR). The sequence
of sShRNA3 is identical to the human (Sequence ID: KF851355)
and rat (Sequence ID: NM_001130574.1) TCF20 sequences.
It contains only a single mismatch, located in the middle of
the sequence, for the mouse TCF20 sequence (Sequence ID:
XM_011245552.4). Despite this minor mismatch, shRNA3
effectively knocked down TCF20 expression in both rat and
mouse cortical neurons (see Figure 5, additional data not
shown).

Previously described p-Sport1-SPBP vector, encoding full-length
human TCF20 (Sjettem et al. 2007), was used to generate a
construct resistant to interference by shTCF20. Site directed
mutagenesis was performed using QuikChange Lightning
Site-Directed Mutagenesis Kit (Agilent Technologies, cat. n.
210518/210519). In this construct, six nucleotides (C1278A,
T1281C, T1284C, T1287C, T1290 C, T1293C) of the sShTCF20 tar-
get site were altered, without changing the amino acid sequence
of the resultant protein.

For the overexpression experiments in HEK293T cells and
rat cortical neuron cultures, TCF20 sequence was subcloned
from p-Sportl-SPBP vector into Ascl and EcoRI sites of GW1-
CMV vector, containing a GFP-tag fused at N-terminal of
TCF20. GFP-318-TCF20 construct, encoding TCF20 truncated
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at AA318, was made by inserting a PCR product generated
from p-Sportl-SPBP using primers (5-TAAGCAGGCGCGC
CTATGCAGTCCTTTCGGGAG-3" and 5-TGCTTAGGAAT
TCTCACCCCCGCTCCGACTG-3') into the Ascl and EcoRI
sites of GW1-CMV vector, containing a GFP-tag fused at N-
terminal of truncated TCF20. GFP-1079-TCF20 construct, en-
coding TCF20 truncated at AA1079, was made by inserting a
PCR product generated from p-Sportl-SPBP using primers (5’
TAAGCAGGCGCGCCTATGCAGTCCTTTCGGGAG-3’ and
5"-TGCTTAGAATTCAAACCTGCGTTA-3') into the Ascl and
EcoRI sites of GW1-CMV vector, containing a GFP-tag fused
at N-terminal of truncated TCF20. GFP-1906-TCF20 construct,
encoding TCF20 truncated at AA1906, was made by inserting
a PCR product generated from p-Sportl-SPBP using primers
(5“-TAAGCAGAATTCTCAGCTGCATTA-3’ and 5-TGCTTA
GAATTCTCAGAAGGAGCAGC-3’) into the Ascl and EcoR1
sites of GFP-3237-TCF20 construct.

For viral transduction, genetically modified lentiviruses
shTCF20 and SCR were produced as previously described
(Lois et al. 2002; Naldini et al. 1996), and the production was
carried out with 2nd and 3rd generation lentiviral transfer
vectors.

2.3 | HEK293T Cell Culture

HEK293T cells (purchased by ATCC cat. CRL-3216,
RRID:CVCL_0045, number of maximum passage 50, were not
authenticated) were cultured at 37°C and 5% CO, atmosphere in
DMEM (ThermoFisher) supplemented with fetal bovine serum
(10%, ThermoFisher), L-Glutamine (2mM, Euroclone), PenStrep
(1%, ThermoFisher). The HEK293T cell line is not listed as a
commonly misidentified cell line by the International Cell Line
Authentication Committee (ICLAC; http://iclac.org/databases/
cross-contaminations/). HEK293T cells were transfected using
Polyethylenimine (PEI 25K) (23966-1, Polysciences) and col-
lected 48 h after transfection.

2.4 | Primary Neuronal Cell Culture

Rat cortical neuronal cultures were prepared from embryonic
day 18 (E18) embryos (Charles River) as previously described
(Verpelli et al. 2010). Pregnant rats and embryos (E18) were
killed by CO, inhalation and decapitation. A total number of 21
dams and 210 embryos were used. Isolated neurons, obtained
by pulling embryos brains obtained for each dam, were plated
at 250cells/mm? density on 6-well plates (Euroclone) and at
75 cells/mm? density on cover slips in 12-well plates (Euroclone)
coated with 0.01 mg/mL poly-L-lysine (Sigma-Aldrich). Neurons
were cultured in Neurobasal (ThermoFisher) supplemented
with the previously described B27 (Chen et al. 2008). Cells
were cultured on 6-well plates for protein biochemical analy-
sis, whereas 12-well plates with acid-treated coverslips (VWR)
were used for immunocytochemical analysis. At day-in vitro
7 (DIV7), neurons were transfected using Lipofectamine 2000
(ThermoFisher). At DIV4, neurons were transduced with lenti-
viral vectors. Biochemical and morphological experiments were
performed at DIV14.

2.5 | RNA Sequencing

Following transduction at DIV4 with shTCF20 or SCR lentivi-
ruses, total RNA was extracted from rat cortical neuronal cul-
tures using Trizol reagent (cat.n. 93289, Sigma) following the
manufacture's instruction. Preparation of RNA library and tran-
scriptome sequencing was conducted by Cambridge Sequencing
Center (UK) of Novogene. RNA degradation and contamination
were monitored on 1% agarose gels, RNA purity was checked
using the NanoPhotometer spectrophotometer (IMPLEN, CA,
USA), and RNA integrity and quantitation were assessed using
the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system
(Agilent Technologies, CA, USA).

A total amount of 1 pg RNA per sample was used as input ma-
terial for the RNA sample preparations. Sequencing libraries
were generated using NEBNext Ultra TM RNA Library Prep Kit
for Illumina (NEB, USA) following manufacturer's recommen-
dations and index codes were added to attribute sequences to
each sample. The clustering of the index-coded samples was per-
formed on a cBot Cluster Generation System using PE Cluster
Kit cBot-HS (Illumina) according to the manufacturer’s instruc-
tions. After cluster generation, the library preparations were
sequenced on an Illumina platform and paired-end reads were
generated.

2.6 | Biochemical Analysis

We used rat cortical neuronal cultures prepared from E18 em-
bryos and plated on 6-well plates. We generally obtain 6-9 6-well
plates from each pregnant rat, and total homogenate or synapto-
some were obtained by mixing the lysates of 2-3 6-plates. Thus,
for each cortical neuronal cultures preparation we were able to
obtain 3-4 independent samples that we used for the western
blot (WB) analysis. Each sample was used for at least 4-6 WB
for different proteins.

Mouse brains and muscle or cultured cortical neurons were
lysed in pre-chilled buffered sucrose [0.32M sucrose (Sigma-
Aldrich)/4mM HEPES-NaOH buffer (Sigma-Aldrich), pH 7.3,
protease inhibitors (Sigma-Aldrich), phosphatase inhibitors
(Roche)].

Samples were centrifuged at 800g for 5min at 4°C. In other
cases, fractionation took place to obtain a synaptosome-
enriched fraction (P2), as previously published (Vicidomini
et al. 2017). Resulting samples were quantified by BCA pro-
tein assay (EuroClone) to assess protein concentration and
then solubilized in 4x loading buffer [250 mM Tris, 40% glyc-
erol, 0.008% bromophenol blue (all Sigma-Aldrich)]. All sam-
ples were boiled at 65°C for 10min and then equal amounts
(50 ug) of each sample were separated using SDS-PAGE (per-
centage of SDS gels from 6% to 12%, depending on the MW
of the analyzed protein) and subsequently blotted on nitrocel-
lulose membranes using the Trans-Blot Turbo System (Bio-
Rad). Membranes were washed in Tris-buffered saline-Tween
(TBS-T) [20mM Tris pH 7.4, 150mM NaCl (both Sigma-
Aldrich), and 0.1% Tween 20 (Bio-Rad)]. Membranes were
then incubated for at least 1h at room temperature with 5%
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milk in TBS-T to prevent non-specific binding of detection
antibodies. Membranes were then incubated overnight at 4°C
with primary antibody in blocking buffer (TBS-T contain-
ing 5% milk). The membranes were washed three times with
TBS-T and then incubated with secondary antibodies in TBS-T
and 5% milk for 1h at room temperature. After three washes
(10min each), signal was acquired using Odissey CLx infra-
red imaging system (LI-COR Biosciences), and densitometry
was performed using Image Studio Lite 5.2 Software (LI-COR
Biosciences) and normalized against the values of the respec-
tive signal for actin.

2.7 | In Utero Electroporation

In utero electroporation experiments were carried out in com-
pliance with the German Animal Welfare Act and approved
by the respective government offices in Tiibingen, Germany
(TV-Nr. 1471). Electroporation of expression plasmids for SCR,
shTCF20, and shTCF20 + Resistant was carried out on E14.5
C57BL/6J mice essentially as described (Wiegreffe et al. 2015,
2017). Electroporation was performed in the morning between
8.30 and 11a.m. At least 30min before surgery, animals were
injected s.c. with carprofen solution (5mg/kg) for analgesia.
Anesthesia was induced with 5% isoflurane and maintained
with 2% isoflurane delivered with 100% oxygen. After laparot-
omy, the uterine horns were exposed and 1 to 2L plasmid solu-
tion (1 ug/uL) supplemented with 0.01% FastGreen was injected
with a pulled glass capillary into the lateral ventricle of each
embryo. Electroporation was carried out using a CUY 21 EDIT
square wave electroporator (Nepa Gene) and 5mm electrodes,
delivering five pulses of 40V and 50ms duration with 950 ms
pauses. The uterus was then repositioned, and the abdomen
sewed up. Animals were closely observed during the following
days, and analgetic treatment continued for at least 2days by
injection s.c. of carprofen solution every 12h (5mg/kg). A total
of 12 dams (weight 26-32g, 1 dam/cage) were used in two con-
secutive experiments for the three experimental groups (SCR:
4, shTCF20: 4, shTCF20 + Resistant: 4). A total of 101 embryos
were electroporated and 50 embryos survived. Pups were killed
at postnatal day P30 by CO, inhalation and decapitation. The
pups’ brains were removed and immersion-fixed in 4% formal-
dehyde, 10% sucrose in phosphate-buffered saline (PBS) at 4°C
overnight, washed three times in PBS and preserved in PBS con-
taining 0.01% sodium azide. Brains were subsequently cut into
50 to 100 wm frontal sections with a vibratome (Microm HM650
V, ThermoFisher Scientific).

2.8 | Multielectrode Array (MEA) Measurements

A MaxTwo Multiwell MEA system (MaxWell Biosystems)
was used to register the neuronal activity of rat cortical neu-
ronal cultures transduced at DIV4 with shTCF20 or SCR
lentiviruses.

Prior to plating, MaxWell MaxTwo 6-well plates (MaxWell
Biosystems) were treated with 1% solution of sterile-filtered
Tergazyme (Alconox, 1304-1) at 37°C overnight in order to
increase the hydrophilicity of the surface. After removal of
Tergazyme solution and disinfection with 70% ethanol for

15-20min, the plates were washed with PBS™~ (Thermo
Fisher Scientific) before coating the electrode area with
0.0l mg/mL poly-L-Lysine (Sigma-Aldrich) for 2h at 37°C.
Afterward, the coating solution was removed, and 100000
cells were seeded in each well on the electrode areas. Two
hours after plating, 1 mL of Neurobasal (Thermofisher) was
added to each well. Presented longitudinal data originate from
a minimum of three independent differentiations per cell line.
Electrophysiological parameters were obtained using a sys-
tem's gain of 512X with a high-pass filter from 300 Hz and a
spike threshold of 5.00. During recordings, the device was kept
closed and with an internal temperature of 37°C. First, the ac-
tivity of the wells was monitored with a full-sensor “Activity
Scan” assay in MaxLab Live software with a recording time of
20s per electrode. Those wells displaying less than 2.5% active
electrodes were not considered for further analysis (Sommer
et al. 2022). Afterwards, “Network Scan” assays (in MaxLab
Live software) were performed by recording only the most ac-
tive subset of electrodes per well (as evaluated by a built-in
algorithm in MaxLab Live software, based on the firing rate)
over a period of 300s. In order to allow a paired comparison
based on the silencing of TCF20, the average value of each
parameter was calculated based on all the wells belonging to
the corresponding condition (shTCF20 or SCR) in each inde-
pendent replicate (4 neuronal cultures).

2.9 | Immunocytochemistry

Cells were fixed in 4% paraformaldehyde, 4% sucrose in PBS
[136.8mM NacCl, 2.68 mM KCl, 10.1 mM Na,HPO,, and 1.76 mM
KH,PO,, pH 7.4 (all Sigma-Aldrich)] at room temperature for
10min. Primary antibodies were diluted in homemade gelatin
detergent buffer (GDB) [30mM phosphate buffer, pH 7.4, 0.2%
gelatin, 0.5% Triton X-100, 0.8 M NaCl (all Sigma-Aldrich)| and
applied o/n at 4°C. Secondary antibodies conjugate with fluo-
rophores (Jackson ImmunoResearch Laboratories) were also
diluted in GDB buffer (Verpelli et al. 2011) and applied for 1h.
DAPI staining (ThermoFisher) was carried out at a final concen-
tration of 0.5ug/mL. Coverslips were mounted on pre-cleaned
microscope slides using Mowiol mounting medium (Osborn and
Weber 1982).

2.10 | Image Acquisition and Processing

Confocal images were obtained using LSM 800 confocal micro-
scope (Carl Zeiss) with Zeiss 20X or 63X objectives at a resolu-
tion of 1024 x 1024 pixels. Images represent averaged intensity
Z-series projections of 2-7 individual images taken at depth in-
tervals of around 0.45 um.

Secondary and tertiary dendrites with comparable length and
width were selected for dendritic spine analyses. Dendritic spine
analysis was performed as described in Verpelli et al. (2011), but
using Fiji/ImageJ software (US National Institutes of Health) for
the quantification.

For neuronal arborization analysis, Sholl analysis was per-
formed using Fiji/ImageJ software. Branching points intersec-
tions were counted and plotted against distance from the soma.
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2.11 | Antibodies

Thefollowingprimaryantibodieswere used for westernblot: rabbit
anti-B-Actin (A206, 1:1000, Sigma, RRID:AB_476693), rabbit anti-
BDNF (PA5-85730, 1:500, Invitrogen, RRID:AB_2792869), rabbit
anti-c-Fos (9F6, 1:250, Cell Signaling, RRID:AB_2247211), mouse
anti-GABRA1 (75-136, 1:1000 NeuroMab, RRID:AB_2877288),
mouse anti-GABRAS5 (N415/24, 1:500, NeuroMab, RRID:AB_
2877618), mouse anti-GAD65 (D5G2/5843S, 1:1000, Cell
Signaling, RRID:AB_10835855), mouse anti-GluA2 (75-002,
1:400, NeuroMab, RRID:AB_2232661), mouse anti-GluN2B (75-
097, 1:400, Neuromab, RRID:AB_10673405), rabbit anti-PSD-95
(D27E11, 1:1000, Cell Signaling, RRID:AB_2943447), rabbit anti-
TCF20 (1:500 kindly provided by Dr. Sjettem and published in
Rekdal, Sjettem, and Johansen 2000).

The following secondary antibodies were used for western blot:
IRDye 800CW Goat anti-Rabbit (1:15000, LI-COR Biosciences,
RRID:AB_10518129) and IRDye 680RD Goat anti-Mouse
(1:15000, LI-COR Biosciences, RRID:AB_2895657). The fol-
lowing antibodies were used for immunocytochemistry: pri-
mary antibody rabbit anti-TCF20 (PA5-57816, 1:100, Invitrogen,
RRID:AB_2648315), secondary antibody anti-rabbit CY3 (1:200,
Jackson ImmunoResearch, RRID:AB_2337127).

2.12 | Experimental Design and Statistical
Analysis

A sample size calculation was performed using GPower 3.1.9.4.
Based on previous studies (Montani et al. 2017), an effect size of
d=0.5was used to detect a difference between two independent
means. The power was set to 80% (1-3=0.80), with an alpha
level of 0.05. No test for outliers was conducted.

For all graphic data, n represents the number of biological repli-
cates, with the n values reported in the figure legends. Data are
expressed as Mean + Standard Error of the Mean (SEM) or as per-
centages. These data were analyzed for statistical significance and
visualized using Prism 9 software (GraphPad, San Diego, CA). To
assess the normality of the experimental data, the Shapiro-Wilk
test or D'Agostino-Pearson test was applied. Depending on the
normality and the number of comparisons, appropriate statisti-
cal tests were selected, as detailed in the figure legends. For com-
parisons between two groups, either an unpaired two-tailed ¢-test
(for normally distributed data) or a Mann-Whitney test (for non-
normal data) was used. When comparing more than two groups,
a one-way ANOVA followed by Tukey's multiple comparisons
test was performed. For experiments involving two independent
variables, two-way ANOVA followed by Bonferroni correction
was conducted. The significance level was set at p <0.05.

3 | Results

3.1 | TCF20 is Differentially Expressed in Brain
and Muscle During Post-Natal Mouse Development

Considering that TCF20 mutations lead to developmental dis-
orders, IDs, and ASDs (Torti et al. 2019; Vetrini et al. 2019),
we studied its expression during mouse brain development at

0, 14, 35, and 70 post-natal days (PND). The Western blot (WB)
analyses of total lysates obtained from wild-type mouse brains
showed that TCF20 expression is significantly increased from
PNDO to PND70, suggesting its possible functional impor-
tance during the after-birth neuronal development (Figure 1A).
Indeed, the increased postnatal expression of TCF20 is sim-
ilar to the expression profile of PSD-95, a postsynaptic pro-
tein important in regulating synapse formation and function
(Figure 1A).

To investigate the role of TCF20 in neurons, we then analyzed
the area-specific protein expression in different mouse brain
areas. TCF20 expression was previously investigated in the cere-
bral cortex of mouse embryos, where it is ubiquitously expressed
(Feng et al. 2020). We performed WB analyses of total lysates
of cerebral cortex, cerebellum, striatum, and hippocampus dis-
sected from PND60 mice. Our results showed that TCF20 is
ubiquitously expressed in all the considered areas without sig-
nificant differences between these areas and between male and
female mice (Figure 1B).

Given that patients with TAND syndromes present hypotonia
(Schifgen et al. 2016; Torti et al. 2019; Vetrini et al. 2019), we
investigated TCF20 expression during mouse gastrocnemius
postnatal development. The WB analyses of total gastrocne-
mius lysates from mice at PND 0, 14, 35, and 70 showed, in
contrast to what was found in the brain, that TCF20 expres-
sion is significantly decreased during post-natal development
(Figure 1C).

3.2 | Lower Dendritic Arborization and Dendritic
Spine Density In Vitro and In Vivo Induced by
TCF20 Knockdown in Neurons

To evaluate the function of TCF20 in neuronal and synapse
morphogenesis, we designed and tested four different TCF20-
specific sShRNAs: shRNA1, shRNA2, shRNA3, and shRNA4.
In order to choose the shRNA that strongly reduces TCF20
expression, HEK293T cells were transfected with shRNA con-
structs and a control scrambled shRNA (SCR). We found that
all shRNAs significantly reduced TCF20 expression levels,
with higher efficiency for siRNA3, which was finally chosen
for our studies and referred to as shTCF20 (Figure S1A). To
confirm the specificity of shTCF20 silencing activity, shTCF20
was expressed together with a construct resistant to RNA in-
terference, referred to as Resistant, which was able to restore
the expression of TCF20 protein when co-transfected with
shTCF20 in HEK293T cells (Figure S1B). The shRNA3 se-
quence effectively knocked down TCF20 expression in both
rat and mouse cortical neurons (see Figure 5, additional data
not shown).

Considering that ASDs are often associated with alterations in
neuronal morphology (Montani et al. 2017; Dang et al. 2018),
we first investigated the effect of TCF20 silencing on dendritic
branching complexity in rat cortical neuronal cultures. Neurons
were transfected at 7days in vitro (DIV7) with shTCF20 or
shSCR constructs and were fixed at DIV14. Dendrite morphol-
ogy of transfected neurons was then evaluated by Sholl analysis
at DIV14. Branching analyses, performed on images acquired
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FIGURE1 | TCF20and PSD-95 levels increase during post-natal brain development. (A) Representative Western blot and relative quantification
of TCF20 and PSD95 expression in total brain lysates derived from wild-type mice at 0, 14, 35, and 70 post-natal days. Data (fluorescent arbitrary
units) are expressed as the mean+SEM, n=10 animals for all conditions; one-way ANOVA test followed by Tukey's multiple comparisons test;
*p <0.05; **p<0.01, degrees of freedom between groups: 3, degrees of freedom within groups: 12; F-value: 8.39; p-value: 0.0028. p <0.01; degrees of
freedom between groups: 3; degrees of freedom within groups: 12; F-value: 8.39; p-value: 0.0028. (B) TCF20 is ubiquitously distributed in different
brain areas of adult (PND60) wild-type mice. Western blot of total lysates in cerebral cortex, cerebellum, striatum, and hippocampus of adult male
(M) and female (F) mice. Data (fluorescent arbitrary units) are expressed as the mean + SEM (n =6 animals for all conditions; two-way ANOVA test
followed by Bonferroni correction). (C) TCF20 expression decreases during gastrocnemius postnatal development. Representative Western blot and
relative quantification of TCF20 expression at 0, 14, 35, and 70 post-natal days in total lysates of mouse gastrocnemius. Data (fluorescent arbitrary
units) are expressed as the mean+SEM, n=6 animals for all conditions; ANOVA test followed by Tukey's multiple comparisons test; **p <0.01;
***p <0.001; degrees of freedom between groups: 3; degrees of freedom within groups: 32; F-value: 8.80; p-value: 0.00021.

by confocal microscope, showed lower dendritic arborization in
shTCF20 neurons compared to control neurons. This morpho-
logical alteration was prevented by co-transfection of shTCF20

with the shRNA-resistant construct (Resistant) (Figure 2A,B).
Moreover, to evaluate the impact of TCF20 knockdown on
dendritic spine formation, we analyzed the number, length,
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and width of spines in shTCF20 rat cortical neuronal cultures.
Analyses performed on images acquired by confocal microscopy
showed a lower number of spines in shTCF20 neurons com-
pared to neurons transfected with shSCR (Figure 2C,D). Co-
transfection of sShTCF20 with Resistant prevented the dendritic
spine alterations. No differences in the spine length and width
were detected in neurons transfected with shSCR, shTCF20,
and shTCF20 + Resistant (Figure 2C,E,F). These data were also

shTCF20

shTCF20

t

t

0 T
0 100
Distance from soma (~M)

200 300 400 500

confirmed in neurons transfected at DIV7 and fixed at DIV10
(data not shown).

To further study the importance of TCF20 in modulating
neuronal branching and spine morphology in vivo, we per-
formed in utero electroporation (IUE) on wild-type mouse
cortical neurons at embryonic day 14 (E14) with shSCR,
shTCF20, or shTCF20+ Resistant constructs. Mice were
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FIGURE2 | Legend on next page.
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FIGURE 2 | TCF20 knockdown reduces neuronal arborization and dendritic spine density. (A) Representative immunofluorescences images
(20x) and relative traces of neuronal arborization in rat cortical neuronal cultures transfected with SCR, shTCF20, or shTCF20 + Resistant con-
structs. Scale bar 50 uM. (B) Results of Sholl analysis and quantification of the number of intersections, plotted against the distance from the soma.
Data are expressed as the mean+SEM (n=30 individual neurons for each condition from three independent cultures; two-way ANOVA test fol-
lowed by Bonferroni correction; *shTCF20 vs. SCR; #shTCF20 vs. Resistant; $SCR vs. Resistant; **p <0.01; ***p <0.001; ****p <0.0001; #p <0.05;
##p < 0.01; ###p <0.001; $ p<0.05); degrees of freedom between groups 2, degrees of freedom within groups 4647, F-value 247.67, p-value: 6.21e-
103. (C) Representative images (63x) of neuronal spines in rat cortical neuronal cultures transfected with SCR, shTCF20, and shTCF20 + Resistant.
(D-F) Quantification of dendritic spines number per 10 uM of dendrite (D), spines length (E) and spines width (F) in rat cortical neuronal cultures
transfected with SCR, shTCF20, and shTCF20 + Resistant. Data are expressed as the mean £ SEM (n = 30 individual neurons for each condition from
three independent cultures); statistical analysis: One-way ANOVA test followed by Tukey's multiple comparisons test; ****p <0.0001; spines num-
ber, degrees of freedom between groups 2, degrees of freedom within groups 87, F-value 105.00, p-value: 6.38e-24; spines length, degrees of freedom
between groups 2, degrees of freedom within groups: 87, F-value 0.89, p-value 0.416; spines width, degrees of freedom between groups 2, degrees of

freedom within groups 87, F-value 2.60, p-value 0.080.

sacrificed at PND30, and brain slices were acquired by con-
focal microscopy. Also in vivo, branching analyses showed
lower dendritic arborization in sShTCF20 transfected neurons
compared to shSCR or shTCF20 + Resistant transfected neu-
rons (Figure 3A,B). In shTCF20 electroporated cortical neu-
rons, we found not only a reduction in the number of spines
but also lower spine length and width compared to dendritic
spines in neurons expressing shSCR and shTCF20 + Resistant
(Figure 3C-F).

3.3 | RNA-Sequencing Revealed Transcriptomic
Alterations and a Downregulation

of Pre- and Postsynaptic Pathways in TCF20
Knockdown Neurons

Since we found that TCF20 knockdown affected dendritic ar-
borization and spine density, we decided to investigate the
consequences of TCF20 silencing to identify differentially
expressed genes (DEGs); we performed RNA-sequencing to
investigate the transcriptome differences between rat corti-
cal neuronal cultures transduced with a lentiviral construct
expressing either shTCF20 or shSCR as a control. Neurons
were transduced with shTCF20 or SCR lentiviruses at DIV4,
and total RNA was extracted at DIV14. Approximately 16000
distinct genes were identified, and 329 significantly changed
after TCF20 knockdown: 116 were downregulated and 213
were upregulated (Figure 4A-D and Figure S2, Tables S1-S3).
Among the downregulated proteins, we found genes involved
in regulating neuronal morphogenesis and synapse such as
BDNF, GRIN2B, Dlg4 (PSD-95), GABAralpl, and GABArap
(Figure 4E).

Gene Ontology (GO) analysis revealed that the downregulated
genes in shTCF20 neuronal cultures compared with SCR neuro-
nal cultures were enriched in cellular components of synapse, in
line with our findings of a lower number of spines in ShTCF20
neurons, and in biological processes of anterograde transsynap-
tic signaling and neuropeptide signaling (Figure S3).

Considering that synaptic pathways are altered in shTCF20 neu-
rons, we decided to conduct a SynGO analysis, an online analy-
sis platform tool based on accumulated available research about

synapse biology using GO annotations to novel ontology terms
(Koopmans et al. 2019), which showed a significant downregu-
lation in pre- and postsynaptic pathways (Figure S4).

3.4 | Molecular Analyses of Silenced TCF20
Cortical Neurons Confirmed Alterations of Specific
Neuronal Proteins

Among the downregulated genes revealed by RNA-sequencing
in rat cortical neuronal cultures transduced with shTCF20 or
SCR lentiviruses, we focused our attention on relevant neuronal
proteins involved in neuronal arborization, spine formation, and
synaptic transmission. We analyzed, by WB, total lysates and
synaptosomal preparations derived from rat cortical neuronal
cultures transduced with shTCF20 or SCR lentiviruses at DIV4
and collected at DIV14.

In total homogenates of sShTCF20 transduced neurons, we found
a significant reduction in the expression levels of BDNF, PSD-95,
c-Fos, and GABRA1 (Figure 5A). BDNF, c-Fos, and GABRAL are
included in the 116 statistically significant downregulated genes
in our RNA-seq results. In synaptosomal preparation, the re-
duced expression of BDNF, PSD-95, and GABRA1 proteins was
confirmed in shTCF20 transduced neurons, where we also found
a significant reduction of GABRAS5 and GluN2B (Figure 5B).
The reduction of GluN2B was also found in the RNA-seq anal-
ysis (Figure 4E). Moreover, in synaptosomal preparations of
shTCF20-transduced neurons, we found significantly increased
expression of GluA2 in comparison with SCR-transduced neurons
(Figure 5B).

3.5 | MEA Analysis Showed an Altered Synchronic
Activity in Neurons in TCF20 Knockdown Rat
Cortical Cultures

Since we observed a significant expression change of both
GABAergic and glutamatergic receptors upon TCF20 knock-
down, we asked whether this might also have an impact on
the firing properties of cortical neurons. To this end, we re-
corded the electrophysiological activity of rat cortical cul-
tures transduced with SCR or shTCF20 using a multielectrode
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FIGURE 3 | TCF20 knockdown reduces neuronal arborization, dendritic spine density, length, and width of cortical mouse neurons. (A)
Representative immunofluorescences images (20x) and relative traces of neuronal arborization in mouse cortical neurons in utero electroporated
with SCR, shTCF20, or shTCF20 + Resistant constructs. Scale bar 100 uM. (B) Results of Sholl analysis and quantification of the number of intersec-
tions, plotted against the distance from the soma. Data are expressed as the mean+SEM (n =30 individual neurons for each condition from three
independent animals; two-way ANOVA test followed by Bonferroni correction; *shTCF20 vs. SCR; #shTCF20 vs. Resistant; $SCR vs. Resistant;
*p<0.05; *¥p<0.01; ***p<0.001; # p<0.05; ## p<0.01; ### p<0.001; $ p<0.05; $$ p<0.01; $$$ p <0.001); degrees of freedom between groups 2,
degrees of freedom within groups 359, F-value 98.51, p-value: 2.24e-42. (C) Representative images (63x) of neuronal spines in mouse cortical neu-
rons in utero electroporated with SCR, shTCF20, and shTCF20 + Resistant constructs. (D-F) Quantification of dendritic spines number per 10 uM of
dendrite (D), spines length (E) and spines width (F) in mouse cortical neurons transfected with SCR, shTCF20, and shTCF20 + Resistant constructs.
Data are expressed as the mean + SEM (n =30 individual neurons for each condition from three independent animals; one-way ANOVA test followed
by Tukey's multiple comparisons test; *p <0.05; ****p <0.0001); spines number, degrees of freedom between groups 2, degrees of freedom within
groups 87, F-value 56.13, p-value: 2.21e-16; spines length, degrees of freedom between groups 2, degrees of freedom within groups: 87, F-value 14.95,
p-value 2.63e-06; spines width, degrees of freedom between groups 2, degrees of freedom within groups 87, F-value 14.44, p-value 3.85e-06.
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Differential gene expression analysis (DESeq2 method) reveals 116 downregulated and 213 upregulated genes in the SCR versus shTCF20 contrast.
(E) Volcano plot evidencing relevant down-expressing genes like Dlg4, BDNF, GABARAP, GRIN2b, and Gabaralpl.

array (MEA) system. We observed a significant reduction
in the burst frequency and percentage of spikes recorded
within bursts in comparison to SCR transduced neurons.
These data indicated that a loss of TCF20 might result in
an increased non-synchronic activity in primary cultures
(Figure 6A,B).

3.6 | Neurons Transfected With TCF20 Mutants
Showed Lower Dendritic Arborization and Spine
Density

Recently, several mutations have been reported in patients
affected by TAND syndrome (Babbs et al. 2014; Schifgen
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et al. 2016; Lelieveld et al. 2016; Torti et al. 2019; Vetrini
et al. 2019; Study 2017). To investigate possible morphological
consequences due to these mutations in neurons, we generated
putative TCF20 mutants, fused to green fluorescent protein
(GFP), that mimic the reported nonsense mutations ¢.955C>T
and ¢.5719C>T (Study 2017; Schifgen et al. 2016). 955C>T mu-
tation leads to a protein of 318 amino acids truncated at the be-
ginning of exon 2 whereas 5719C>T mutation leads to a protein

A Total homogenate

of 1906 amino acids truncated at exon 3. During the subcloning
of 5719C>T mutation, we generated an intermediate construct,
which was used in our experiments, coding for half protein and
composed of 1079 amino acids until nucleotide 3237 (Figure S5).

GFP-TCF20, GFP-318-TCF20, GFP-1079-TCF20, and GFP-1906-
TCF20 constructs were transfected in cortical neurons in order
to study their localization. We found that even if some of them
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FIGURES5 | Legend on next page.
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FIGURES5 | TCF20 knockdown alters neuronal proteins expression in total lysate and in synaptosomal fraction. (A) Representative Western blot
and relative quantification of total lysate from shTCF20 or SCR transduced cortical neurons. Data are expressed as the mean +SEM (2-3 mixed 6-
well plates obtained from n =12 independent cultures; one-sample ¢ test; *p < 0.05; **p < 0.01; ***p < 0.001; ****p <0.0001). Statistical analysis: TCF20
degrees of freedom 26, t value 31.66, p value 2.71e-22; GABRA1 degrees of freedom 16, ¢ value 3.09, p value 0.0070; c-FOS degrees of freedom 34, ¢
value 2.08, p value 0.0454; GluN2B degrees of freedom 50, ¢ value —0.105, p value 0.917; GluA2 degrees of freedom 20, ¢ value —0.64, p value 0.530;
GABRAS degrees of freedom 16, t value —0.46, p value 0.650; GAD65 degrees of freedom 24, ¢ value —0.072, p value 0.943; BDNF degrees of freedom
18, t value 4.72, p value 0.00017; PSD-95° of freedom 44, t value 4.50, p value 4.88e-05. (B) Representative Western blot and relative quantification
of synaptosomal preparation from shTCF20 or SCR transduced cortical neurons. Data are expressed as the mean+SEM (2-3 mixed 6-well plates
obtained from n =9 independent cultures; one-sample ¢ test; **p <0.01; ***p <0.001; ****p <0.0001). Statistical analysis: GluN2B degrees of freedom
40, tvalue 4.72, p value 0.00000168; GluA2 degrees of freedom 14, t value —2.44, p value 0.0284; GAD65 degrees of freedom 10, ¢ value 0.55, p value
0.5945; BDNF degrees of freedom 28, t value 4.41, p value 0.00014; PSD-95° of freedom 14, t value 6.53, p value 0.0000134; GABRA1 degrees of free-
dom 10, t value 5.90, p value 0.00015.
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FIGURE 6 | Neuronal activity registered with MEA is reduced in shTCF20 transduced neurons compared with SCR transduced neurons. (A)
Representative raster plot in SCR (upper panel) and shTCF20 recorded cultures (lower panel). (B) Analysis of firing rate, burst frequency, percentage
of spikes within bursts and duration of inter-burst interval (n =4 independent cultures, sample ¢ test *p <0.01 vs. SCR); firing rate, degrees of freedom
6, tvalue 1.621, p value 0.18; burst frequency, degrees of freedom 6, t value 3.36, p value 0.021; spikes within bursts, degrees of freedom 6, ¢ value 2.63,

p value 0.043; interburst interval, degrees of freedom 6, t value 2.83, p value 0.07.

are localized in the cytoplasm; all of them are also localized to
the nucleus indicating that even if these mutants express only
part of the protein; they might interfere with the transcriptional
activity of TCF20 (Figure S6).

To investigate possible alterations in dendritic arborization and
spine density due to mutants or TCF20 overexpression, rat corti-
cal neuronal cultures were co-transfected with GFP-318-TCF20,
GFP-1079-TCF20, GFP-1906-TCF20, or GFP-TCF20 plus
TdTomato at DIV7 and fixed at DIV14. Dendrite morphology
of transfected neurons was then evaluated by Sholl analysis on
images acquired by confocal microscope. Our analyses showed
a significantly lower dendritic arborization in neurons trans-
fected with the three mutants but also overexpressing TCF20
in comparison with control neurons transfected with TdTomato
(Figure 7A,B).

Finally, we analyzed the number, length, and width of spines
in rat cortical neuronal cultures co-transfected with GFP-318-
TCF20, GFP-1079-TCF20, GFP-1906-TCF20, or GFPTCF20 plus
TdTomato at DIV7 and fixed at DIV14. Neurons transfected
with the three mutants but also overexpressing TCF20 in com-
parison with control neurons transfected with TdTomato dis-
played a significantly lower number of spines. No differences in

the length and width of all described conditions were detected
(Figure 7C-F).

4 | Discussion

In this study, we have demonstrated that TCF20 is a crucial
protein in neuronal development and function, as it regulates
the expression of proteins that are important for synapse for-
mation and neuronal development. Recent data have suggested
that TCF20 plays a significant role in neurogenesis as TCF20
knockout mice exhibit neurogenesis defects and autistic-like be-
havioral patterns. Depletion of TCF20 in neuronal precursors
has been found to decrease neuronal differentiation and in-
crease neuronal precursor proliferation, which could be respon-
sible for abnormal behaviors (Feng et al. 2020). In a more recent
study, TCF20 has been identified as a functional and molecular
partner of MeCP2, indicating that the MeCP2-TCF20 complex
may play a role in regulating neuronal development and brain
function, possibly by controlling the expression of BDNF (Zhou
et al. 2022).

However, it is not yet clear if and how TCF20 modulates neu-
ronal development after birth, and whether altered postnatal
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FIGURE 7 | Neurons transfected with TCF20 mutants or GFP-TCF20 show a reduced neuronal arborization and dendritic spine density with no
significant differences in spine length and width. (A) Representative immunofluorescences images (20x) of neuronal arborization and relative traces
of rat cortical neuronal cultures transfected with TdTomato, TdTomato + GFP-318-TCF20, TdTomato + GFP-1079-TCF20, TdTomato + GFP-1906-
TCF20, or TdTomato + GFP-TCF20. Scale bar 50 uM. (B) Results of Sholl analysis and quantification of the number of intersections, plotted against
the distance from the soma. Data are expressed as the mean +SEM (n =30 individual neurons for each condition from three independent cultures;
two-way ANOVA test followed by Bonferroni correction; *p < 0.01; **p <0.001, ***p <0.0001 vs. TdTomato); TCF20, degrees of freedom 2998, t value
22.26, p value 1.10e-101; 955-TCF20, degrees of freedom 3058, ¢ value 24.19, p value 1.98e-118; 3237-TCF20, degrees of freedom 3058, ¢ value 25.47,
p value 5.60e-130; 5719-TCF20, degrees of freedom 3058, t value 25.47, p value 5.60e-130. (C) Representative images (63%) of neuronal spines in rat
cortical neuron cultures transfected with TdTomato, TdTomato + GFP-318-TCF20, TdTomato + GFP-1079-TCF20, TdTomato + GFP-1906-TCF20, or
TdTomato + GFP-TCF20. (D-F) Quantification of dendritic spines number per 10 uM of dendrite (D), spines length (E), and spines width (F) in rat
cortical neuron cultures co-transfected with TdTomato and mutants or overexpressing TCF20. Data are expressed as the mean + SEM (n =30 individ-
ual neurons for each condition from three independent cultures); one-way ANOVA test followed by Tukey's multiple comparisons test; ***p <0.001;
spines number, degrees of freedom between groups 4, degrees of freedom within groups: 145, F-value: 20.45, p-value: 1.99e-13; spines length, degrees
of freedom between groups 4, degrees of freedom within groups: 145; F-value: 2.60; p-value: 0.0387; spines width, degrees of freedom between groups
4, degrees of freedom within groups: 145; F-value: 1.90; p-value: 0.114.
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neuronal development may also cause TAND syndrome. Given
this background, we conducted an investigation to determine
the role of TCF20 in postnatal neuronal function.

We found that TCF20 is expressed in mature brain, suggesting
that it may also have an important function in mature neu-
rons. Therefore, it is essential to fully understand the role of
TCF20 in synapse and neuronal circuit formation, which are
the main molecular pathogenic causes of ID and ASD (Verpelli
and Sala 2012). Analysis of TCF20 expression in various adult
mouse brain regions confirmed its expression in the hippocam-
pus, striatum, cerebral cortex, and cerebellum, which are areas
mainly involved in neurodevelopmental disorders (Jiang and
Ehlers 2013). We found no differential expression in these areas
between male and female mice (see Figure 1).

After confirming that TCF20 is ubiquitously expressed in the
brain and knowing that TCF20 mutations lead to a developmen-
tal disorder, we evaluated its expression during mouse brain
development at 0, 14, 35, and 70 post-natal days (PND) in total
homogenates. TCF20 expression was significantly increased
from PNDO to PND70, confirming its importance during devel-
opment and after birth (see Figure 1). Since patients with TAND
syndrome present hypotonia, we analyzed TCF20 expression
during mouse gastrocnemius post-natal development at 0, 14,
35, and 70 PND (Schifgen et al. 2016; Torti et al. 2019; Vetrini
et al. 2019). The protein expression decreased from PNDO to
PND70, with a stronger decrease from PNDO to PND14, sug-
gesting a role of TCF20 in the early stage of muscle growth and
development (see Figure 2).

Thus, our data suggest a different role of TCF20 in the brain
compared to its role in muscle. While in the brain TCF20 is re-
quired for postnatal neuronal development, in the muscle it is
probably crucial before birth, as its expression almost disappears
a few days after birth. However, the role of TCF20 in muscle
remains to be determined.

A major focus of our study was to investigate the physiological
function of TCF20 in neurons. Given that alterations in neuro-
nal morphology are often associated with ASDs (Verpelli and
Sala 2012; Dang et al. 2018), we examined the impact of TCF20
silencing on neuronal phenotype in vitro. Our results indicated
that cortical neurons silenced for TCF20 exhibited reduced
dendritic arborization and spine density (Figure 2). To confirm
these findings in vivo, we also conducted morphological stud-
ies in mouse cortical neurons that were electroporated with
shTCF20. Similarly, cortical neurons silenced for TCF20 exhib-
ited a reduction in dendritic branching complexity, spine den-
sity, length, and width (Figure 3).

These observations suggest that TCF20 expression is essen-
tial for proper neuronal maturation and synaptic connectivity.
To further investigate TCF20 function, we performed RNA-
sequencing in cortical cultures that were transduced with
shTCF20 lentivirus and compared them to cortical cultures
transduced with SCR lentivirus. We identified 329 signifi-
cantly changed genes in shTC20 cultures. GO analysis revealed
that in shTCF20 rat cortical neurons, downregulated genes
were enriched in cellular components of synapse and in bio-
logical processes of anterograde trans-synaptic signaling and

neuropeptide signaling (Extended Data Figure 4-2). SynGO
analysis (Koopmans et al. 2019) showed a significant downreg-
ulation in pre- and postsynaptic pathways for cellular compart-
ments and biological processes (Extended Data Figure 4-3).

Based on these results, we analyzed the expression of neuro-
nal proteins in TCF20-deficient neurons and found decreased
levels of GABRA1, BDNF, PSD-95, and c-Fos in total homog-
enates (Figure 5) and in synaptosomal preparations (Figure 5)
of shTCF20 rat cortical cultures. Additionally, GluN2B and
GABRAS5 were significantly downregulated, and GluA2 was
significantly upregulated in synaptosomal preparations of
shTCF20 rat cortical cultures (Figure 5).

PSD-95 is one of the most abundant proteins of the postsynaptic
density (Walikonis et al. 2000) and is well-known to promote
synapse maturation and stability, synaptic strength, and plas-
ticity (El-Husseini et al. 2000; Elias et al. 2006). PSD-95 can di-
rectly interact with GluN2B (Kornau et al. 1995; Kim et al. 1996),
an NMDA receptor that, when phosphorylated, affects the re-
cruitment of other NMDA receptors, regulating their trafficking
and synaptic localization to maintain their activation (Qiu, Li,
and Zhuo 2011). We speculate that the reduction of PSD-95 and
GluN2B in shTCF20 neurons may lead to a reduction in NMDA
receptor function and impaired synaptic plasticity, also con-
firmed by the lower spine number observed in shTCF20 neu-
rons. The reduced number of dendritic spines might be due to
an impairment in formation or in the maintaining of the spines.
Thus, future experiments should better define the specific role
or TCF20 in regulating the number of dendritic spines.

c-Fos is an immediate-early gene (IEG) that encodes a tran-
scription factor induced by neuronal activity, particularly after
calcium influx through NMDA receptors and L-type voltage-
sensitive calcium channels (VSCC) (Chaudhuri et al. 2000).
Because c-Fos protein is a neuronal activity marker induced by
NMDARs (Liste et al. 1995; Parthasarathy and Graybiel 1997),
we could speculate that its lower expression, demonstrated in
shTCF20 neurons, is due to a low level of NMDARSs. Moreover, it
was demonstrated that c-Fos regulates the expression of BDNF,
mediating neuronal excitability and survival (Zhang et al. 2002).
Indeed, BDNF is well-known to promote neuronal differentia-
tion by stimulating neurite outgrowth and synapse (Alsina, Vu,
and Cohen-Cory 2001; Bamji et al. 2006; Verpelli et al. 2010); in
our shTCF20 neurons, BDNF downregulation is in line with the
altered dendritic and spine phenotype.

GluA2 is an AMPA receptor subunit that plays an important
role in excitatory synaptic transmission (Isaac, Ashby, and
McBain 2007; Bassani et al. 2009). On the other hand, gamma-
aminobutyric acid type A (GABAA) receptors, such as GABRA1
and GABRAS, are known to mainly mediate fast inhibitory
neurotransmission in response to gamma-aminobutyric acid
(GABA), the major inhibitory neurotransmitter in the mamma-
lian brain (Johnston 2005). Because GluA?2 is upregulated and
GABRA1 and GABRAS are downregulated, we expected hyper-
excitability in neurons deficient for TCF20.

For this reason, we conducted a MEA assay, which showed a
tendency towards increased firing rates in shTCF20 cultures,
and a reduced percentage of spikes recorded within bursts
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(Figure 6). These results suggest that the loss of TCF20 may re-
sult in increased non-synchronous activity in primary culture,
and a lack of coordination of global activity, which may be due
to lower dendritic arborization and a lower number of spines in
shTCF20 neurons. As a result, the neurons may not be able to
create a proper synaptic network.

To better understand the impact of TCF20 mutations reported
in patients, we overexpressed mutant forms of the protein in rat
neuronal cultures. Like the downregulation of TCF20, mutant
forms lead to a decrease in neuronal dendrite arborization and
dendritic spine density, which is a neuronal phenotype that may
be present in TAND syndrome patients. Interestingly, overex-
pression of the wild-type form of TCF20 also leads to the same
phenotype observed in TCF20-silenced, overexpressing, or mu-
tant neurons. These findings suggest that the appropriate protein
level is crucial to ensure proper neuronal development (Figure 7).

Taken together, our results suggest that TCF20 plays a central
and critical role in the arborization of cortical neurons and the
formation of dendritic spines. These morphological alterations
may be mediated by the impaired expression pattern of synaptic
proteins found in TCF20 knockdown cortical neurons. However,
further analysis is needed to better understand the specific mo-
lecular mechanism underlying these morphological alterations
and to correlate them with the pathogenesis of TAND syndrome
in human patients.
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