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Abstract

Background: TGFB-induced factor homeobox 2 (TGIF2) has been reported to exert
essential functions in brain development. This study aimed to elucidate the correla-
tion of TGIF2 with autism, a neurodevelopmental condition which presents with severe
communication problems.

Methods: An autism-related gene expression dataset GSE36315 was used to ana-
lyze aberrantly expressed genes in autistic brain tissues. Maternal mice were treated
with valproate (VPA), and their offspring were selected as model mice with autism.
The functions of TGIF2 in autism-like symptoms in mice were examined by behavioral
tests and histological examination of their hippocampal tissues. Mouse hippocampal
neurons were extracted for in vitro studies. A gene set enrichment analysis was per-
formed to analyze the signaling pathways involved, and the upstream factors influenc-
ing TGIF2 expression were explored in the ENCODE database and validated by ChIP-
gPCR assays.

Results: TGIF2 was poorly expressed in autistic patients in the GSE36315 dataset as
well as in the temporal cortex tissues of autistic mice. Adenovirus-mediated overex-
pression of TGIF2 suppressed autism-like symptoms and neuronal apoptosis in autis-
tic mice. TGIF2 activated the Wnt/B-catenin signaling pathway. TGIF2 could be regu-
lated by monomethylation of histone H3 Lys4 (H3K4me1). The histone demethylase
LSD1 was highly expressed in the tissues of autistic mice and bound to TGIF2 promoter,
which was possibly responsible for TGIF2 downregulation.

Conclusion: This research suggests that the downregulation of TGIF2, possibly regu-
lated by LSD1/H3K4mel, is correlated with neuronal apoptosis and development of

autism in mice through the inactivation of the Wnt/3-catenin pathway.
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1 | INTRODUCTION

Since the first description of inborn “autistic disturbances of affec-
tive contact” by Leo Kanner, autism has been composed of enigmatic
neurobehavioral disorders that frequently become apparent in child-
hood and then persist as lifelong neuronal impairment (Kanner, 1968;
Skinner et al., 2021). The neurodevelopmental condition, also termed
autism spectrum disorder (ASD), presents with severe social and com-
munication impairment, restricted interests, and stereotypical and
repetitive behaviors (McPartland & Volkmar, 2012; Shuid et al., 2021).
Autism is a complex disorder affected by both genetic and environ-
mental factors (Chaste & Leboyer, 2012). The prevalence of autism has
seen a substantial increase during the last decade, from 4 to 5 cases
per 10,000 children in the 1960s-1970s (Gillberg & Wing, 1999) to
approximately 7.6 per 1000 persons in 2010 (Baxter et al., 2015), which
might be attributed to upgraded diagnostic standards, increased public
awareness, and earlier diagnosis (Shuid et al., 2021).

A recent bio-collections research by J Reilly et al. documented that
hundreds of genes, which are distributed on over 10 chromosomes and
are mainly cell adhesion molecules linked to synaptic formation and
functions, are correlated with the development of autism (Reilly et al.,
2017). In the present study, TGFB-induced factor homeobox 2 (TGIF2)
was identified as one of the downregulated genes in autistic brains
via bioinformatics analysis. The TGIFs belong to TALE superfamily of
homeodomain proteins (Bertolino et al., 1995). TGIFs were then found
to interact with Smads and work as transcriptional co-repressors
that suppress the expression of TGF-B-activated genes (Wotton et al.,
1999). Of note, the TGIF homeodomain proteins TGIF1 and TGIF2
have been demonstrated to exert essential functions in normal brain
development, and their loss was associated with holoprosencephaly
(Wotton & Taniguchi, 2018). In addition, TGIF2 has been reported to be
highly expressed and play a key role in the mouse retina development
(Kuribayashi et al., 2016). Herein, the potential biological involvement
of TGIF2 loss in autism development attracted our interests.

During the last decade, inherited or acquired epigenetic changes,
which modulate gene expression without altering the DNA sequence
itself, have been increasingly recognized to be tightly correlated with
stress, health, and diseases (Zhang et al., 2020). Of note, epigenetic fac-
tors, including histone modifications, DNA methylation, or noncoding
RNA regulations have been documented to play arole in predisposition
to autism (Masini et al., 2020). The bioinformatics analysis in this work
suggested that there was significant monomethylation of histone
H3 Lys4 (H3K4me1) near the TGIF2 promoter. Histone H3K4mel is
one of the enhancer-specific modifications required for enhancers
to activate transcription of target genes (Kang et al., 2021). Impor-
tantly, the H3K4me1 has been reported as a marker of the neuronal
activity-dependent enhancers (Malik et al., 2014). LSD1, also known
as lysine demethylase 1A (KDM1A), is a histone demethylase which
has been reported to suppress H3K4me1 and H3K4me3 modifications
and inhibit neurogenesis and impair hippocampal memory in a mouse
model of Kabuki syndrome (Zhang et al., 2021). Therefore, the authors
surmised that there is an interaction between LSD1, H3K4me1, and
TGIF2 in the neural impairment and development of autism. The
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present study was performed to validate the expression and functions
of TGIF2 in autism and the molecular mechanism.

2 | MATERIALS AND METHODS

2.1 | Animals
Thirty clean-level healthy adult C57BL/6J mice, including 15 males
(26-28 g) and 15 females (25-27 g), were procured from Hunan SJA
Laboratory Animal Co., Ltd (Hunan, China). The animals were housed
in 25°C specific animal rooms with free access to rodent feed and
water and given 12 h of light exposure (7:00-19:00) every day. The
animal procedures were ratified by the Ethical Committee of Hunan
Provincial People’s Hospital and abided by the Guide for the Care and
Use of Laboratory Animals (NIH Publication No. 85-23, revised 1996).
After 2 weeks of acclimation, 15 pairs of male and female mice were
allocated into 15 cages overnight (one male and one female in each
cage). On the second day, the vaginal smears from female mice were
collected for evaluation. The presence of sperms was considered as an
indicator for pregnancy, and the date was recorded as gestational day
0.5. The female mice were then separately housed. The pregnant mice
were randomly allocated into two groups, n = 8 in one group andn=7
in the other. On gestational day 12.5, the female mice (n = 8) were
intraperitoneally injected with valproate (VPA; 600 mg/kg, Sigma-
Aldrich, Merck KGaA, Darmstadt, Germany; diluted to 250 mg/ml
solution with 0.85% normal saline). The newborn mice were allocated
into the VPA group. In the other group, the female mice (n = 7) were
treated with normal saline in a similar manner, and the newborn mice
labored by these female mice were allocated into the negative control
(NC) group. All female mice were successfully fertilized, and each of
them labored 5-12 mice. Mice were raised until young adulthood,
and 40 mice were selected from the VPA (n = 70) and the NC (n = 65)
groups for behavioral tests (Rodier et al., 1997). The first day postbirth
(P1) was recorded as the date of birth. The eye-opening time of each
mouse was recorded. On day 60, the mice were used to test the

development condition and behavioral deficits.

2.2 | Intracerebroventricular injection

Adenovirus 9 (AAV9)-based overexpression vector of TGIF2 (AAV9-
TGIF2) and the empty vector (AAV9-NC) were procured from
Genechem Co., Ltd (Shanghai, China). The AAV9-based vectors were
injected into the newborn mice (P1) in the VPA group intracerebroven-
tricularly according to a previous report (Ho et al., 2020). The injection
was performed using a small animal stereotactic frame, and the virus
was delivered using Hamilton syringes and microinjection adaptors.
To prepare the syringe, the borosilicate glass capillary was pulled into
a tapered glass needle, and a beveled tip was created by breaking the
glass using forceps (~50-80 um in diameter). The needle was backfilled
using a Luer syringe and 30 G needle, fixed in the Hamilton syringe,

and positioned on the frame. AAV9 was loaded into the glass needle
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through the tip to reduce viral waste. A drop of AAV-9-contained
phosphate-buffered saline (PBS) was loaded on the Parafilm beneath
the tip, and the syringe plunger was retracted using the frame to
draw the virus in a required volume. The glass needles were replaced
after every three injections to avoid blunting or clogging. For animal
anesthesia, the newborn mice were placed in a chamber infused with
4% isoflurane at a flow of 2 L/min for 3—4.5 min. After 3 min, the anes-
thesia of mice was examined by a gentle foot pinch at a 30-s interval.
Afterward, the mice were transferred to the anesthetization mould
infused with 4% isoflurane at 2 L/min. As for injection, the pipette was
placed above the injection site, and the depth axis was zeroed at the
height of the skin. The glass needle was rapidly and firmly lowered
down to penetrate the skin and skull. Thereafter, the injection depth
was adjusted to the desired location to dispense the virus slowly. The
injection positions were measured relative to lambda (mm): frontal
cortex (Rostral [+]/caudal [-]: +1.5; Lateral: +1.0, Ventral: 1.0). The
injection dose was 0.5 ul and the virus titer was 1 x 1012 PFU/ml. The
glass pipette was gently retracted from the skull. The tails of injected
mice were marked to distinguish them from the uninjected ones. All
newborns were placed back to the nest for recovery (10-20 min)
as measured by spontaneous limb mobility. Thereafter, the nest was

returned to the parent cage.

2.3 | Behavioral tests

The mice were housed in a constant 24-25°C condition in a 12-h
light/dark cycle (lights on at 7:00-19:00) with ad libitum access to feed
and water. Considering that male autistic children account for most of
the reported cases, and young adult/adult mice may behave differently
due to the matter of oestrous cycle, only young adult male mice were
included for the behavioral tests. At least 3 days before the tests, the
mice were housed in the test rooms. Most of the tests were performed
as previously reported (Kaminski et al.,, 2020). The tests were per-
formed during the light-on hours (2:00-18:00). The interval between
every two tests was at least 3 days. The trails of animal movements
in all tests were trailed and recorded using an EthoVision 8.0 video
tracking system (Noldus Information Technologies, Wageningen, the
Netherlands).

2.4 | Morris water maze tests

The Morris water maze (MWM) tests were performed to examine the
learning and memory abilities of mice. The testing system included a
movable transparent platform, an automatic recording system, and
a round pool. The diameter of the pool was 120 cm, the height was
50 cm, and the depth of water was 30 cm (2 cm over the platform). The
temperature of water was adjusted to room temperature. The pool
was divided into four quadrants, and the hidden platform was placed in
quadrant 1. The mice were acclimated 1 day before the tests, and they
were allowed to practice for 3 days. In short, each mouse was placed

into the water facing the pool wall in three nonplatform quadrants,

respectively. The duration of each test was 60 s. The time for mice
spent to find the hidden platform was recorded as the latency. If the
mice failed to get to the platform within 60 s, the latency was defined
as 60 s. The mean value of the escape latency from three tests was
calculated. After 3 days of practice, the latency of each mouse was
recorded twice a day for continuous 5 days.

2.5 | Three-chamber social test

The three-chamber social test was performed as previously reported
(Silverman et al., 2010) to measure the social behaviors of mice. Each
trail lasted for 9 min. One side of the center chamber was an inani-
mate novel object, and a novel object with a contained mouse was on
the other side. Sociability was defined as the subject mice spending
more time in the chamber containing the novel target mouse than in
the chamber containing the inanimate novel object. Physical contacts
around the novel object with nose, head, and forelimbs were deemed

as exploration behaviors.

2.6 | Open field test

The mice were placed in the center of a bright open field arena (75 cm
in diameter) as previously described (Kerr et al., 2013). The mice were
allowed to explore freely, and the time spent (s) and distance moved
(cm) in the inner zone (50 cm in diameter) of the arena as well as the
count of entries into the inner zone were analyzed.

2.7 | Novel object recognition assay

A 40 cm x 40 cm x 40 cm instrument was used for the novel objective
recognition assay. On the first day, the mice were allowed to explore
freely for 10 min. During the sampling phase on day 2, the male mice
were allowed to explore two identical objects for 10 min. During the
test phase (24 h later), one of the two objects was replaced with a novel
object. The time the mice spent in exploring each of the two objects
within a period of 10 min was examined. The cases of mouse nose
touching the object or they facing the object within 2 cm were regarded
as object recognition. The discrimination index, as a measure of abil-
ity to distinguish unfamiliar and familiar objects, was calculated as (n
— f)/(n + f) where “n” refers to the time spent in the exploration of the
novel object and “f” refers to the time spent in exploring the familiar

object.

2.8 | Contextual fear conditioning

On day 1, the male mice were placed in a fear conditioning chamber
(Med Associates Inc, VT, USA) and allowed free movement during the
first 2 min. Then, a 28-s tone (85 db) and a 2-s foot shock (0.75 mA)

were applied for three times. After the stimulations, the mice were
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maintained in the chamber for 30 min. The rigidly standing time of each
mouse at each stimulus interval was calculated as a percentage of the
freezing response. On day 2, the mice were housed in the same cham-
ber and allowed free movement during the first 2 min to assess envi-
ronmental memory. On day 3, the chamber was remolded to have the
mice placed in a novel condition. The mice were allowed free move-
ment for 2 min and then subjected to 120 s of tone stimulation. The
rigidly standing time in environmental trials and tone stimulation trials
was recorded, respectively.

2.9 | Terminal deoxynucleotidyl
transferase-mediated dUTP nick end labeling

An in situ cell death detection kit (Roche Ltd, Basel, Switzerland) was
used to examine cell apoptosis in hippocampal tissues. The paraffin-
embedded sections were dewaxed, rehydrated, added with 50 ul pro-
teinase K (20 ug/ml; P6556; Sigma-Aldrich) and hydrolyzed at room
temperature for 20 min to remove the tissue protein. After PBS washes
and antigen retrieval using citric acid buffer, the sections were reacted
with 50 ul TUNEL reaction solution in a wet box avoiding light expo-
sure for 50 min and then washed. The sections were dried, incubated
with 50 ul DAPI (Beyotime) at 37°C in the dark for 30 min sealed with
neutral balsam, and observed under the microscope. The apoptotic
neurons were observed under the microscope with five random fields
selected. The apoptosis index was calculated as apoptotic cells/total
cells 100%.

210 |
staining

Hematoxylin and eosin staining and Nissl

The paraffin-embedded hippocampal tissue sections were dewaxed,
rehydrated, and stained with hematoxylin (Sigma-Aldrich) at room
temperature for 5 min. After differentiation in HCl-ethanol for 30 s,
the sections were stained in eosin solution (Sigma-Aldrich) for 2 min.
For Nissl staining, the sections were incubated at 37°C overnight,
rehydrated, and stained with Nissl for 10 min. After staining, the
tissue sections were routinely dehydrated and sealed for microscope
observation.

2.11 | Reverse transcription-quantitative
polymerase chain reaction

Total RNA from temporal cortex tissues or neurons were extracted
using the TRIzol® reagent (Thermo Fisher Scientific Inc., Waltham,
MA, USA) and reverse-transcribed to cDNA using a PrimeScript RT kit
(cat. No. RRO47A; Takara Holdings Inc., Kyoto, Japan). Thereafter, rel-
ative mRNA expression was determined using the 7500 Fast™ System
(Applied Biosystems; Thermo Fisher Scientific) and a Sensi Mix SYBR
kit (QP100005, OriGene Technologies, Rockville, MD, USA) according

LEI ET AL.

TABLE 1 Primer sequences for reverse transcription-quantitative
polymerase chain reaction (RT-gPCR)

Sequences (5'—3’)

F: CCTCAGAGCAGGAGAAGCTAAG
R: GGTCTTTGCCATCCTTCCGAAG

Primers

TGIF2

LSD1 F: CGATACTGTGCTTGTCCACCGA

R: CCAAGCCAGAAACACCTGAACC
F: CATCACTGCCACCCAGAAGACTG
R: ATGCCAGTGAGCTTCCCGTTCAG

GAPDH

Abbreviations: GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
LSD1, LSD1 zinc finger family protein; TGIF2, TGFB-induced factor
homeobox 2.

to the manufacturer’s instruction manual. The primers are presented in
Table 1.

2.12 | Western blot analysis

The tissues and cells were lysed in the radio-immunoprecipitation
assay lysis buffer (Sigma-Aldrich) to collect total protein. The concen-
tration of the isolated protein was examined using the bicinchoninic
acid method. Next, an equal amount of protein sample (40 ug each
lane) was separated by 10% SDS-PAGE and loaded onto polyvinyli-
dene difluoride membranes. The membranes were blocked with 5%
nonfat milk at 4°C overnight, and incubated with the primary anti-
bodies against TGIF2 (1:1,000, 11522-1-AP; Proteintech Group, Inc.,
Wuhan, Hubei, China), 8-catenin (1:1,000, #13-8400; Thermo Fisher
Scientific), Wnt1 (1:1,000, #36-5800; Thermo Fisher Scientific), c-Myc
(1:1,000, ab32072; Abcam Inc., Cambridge, MA, USA), c-FOS (1:1,000,
ab222699, Abcam), Survivin (#PA1-16836, Thermo Fisher Scientific),
and GAPDH (1:10,000; ab8245; Abcam) at 4°C overnight. Thereafter,
the membranes were incubated with HRP-labeled goat anti-rabbit IgG
(1:5,000; ab6721; Abcam) or goat anti-mouse IgG (1:2,000; ab6789;
Abcam) at room temperature for 1.5 h. The blot bands were devel-
oped using the enhanced chemiluminescence system (Thermo Fisher
Scientific) and analyzed using Image J software (Version 1.46; NIH,
Bethesda, MD, USA).

2.13 | Extraction and identification of the
hippocampal neurons

The hippocampal tissues of the mice in the NC and VPA groups were
collected and resuspended in 20% fetal bovine serum at 37°C using a
long glass pipette. The mixture was filtered using a sterile 200-mesh
cytoscreener, centrifuged at 178x g for 5 min, and the cells were
cultured and resuspended. The cell suspension (2 x 106 cells/ml)
was loaded into a sterile culture flask. The medium was replaced by
complete medium after 24 h. After 72 h, the medium was added with
cytarabine solution (TCI-C2035; Spectrum Instruments, Shanghai,

China) till a final concentration of 2.5 mg/L. The culture solution was
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refreshed every 3 days. Hippocampal neurons cultured for 6 d were
transferred to 96-well plates at a 1 x 10* cells per well. Afterward, the
expression of neuronal markers NeuN and MAP-2 was examined by
immunofluorescence to examine the successful extraction of neurons.

2.14 | Cell counting kit-8 (CCK-8) method

Viability of neurons was examined using the CCK-8 method (cat. No.
CKO4; Dojindo Laboratories, Kumamoto, Japan). In short, the cells
were seeded in 96-well plates at 6 x 102 cells per well. Each well was
added with 10 ul CCK-8 solution, followed by 2 h of incubation at 37°C.

The optical density at 490 nm was examined using a microplate reader.

2.15 | Flow cytometry

The hippocampal neurons were cultured in 24-well plates (1 x 10°
cells/well) for 24 h. Annexin V-fluorescein isothiocyanate (FITC) and
propidium iodide (PI; Takara) were added for 10 min of incubation at
room temperature in the dark. Apoptosis rate of cells was then exam-
ined using a FACS Canto flow cytometer (BD Biosciences, Franklin
Lakes, NJ, USA). The Annexin V-FITC*/PI~ cells were regarded as apop-
totic cells.

2.16 | Chromatin immunoprecipitation-qPCR

A Magna ChIP™A/G One-Day ChlIP kit (cat. No. 17-10085; EMD
Millipore Corp., Billerica, MA, USA) was used according to the manu-
facturer’s instructions. In short, fresh frozen cortex tissues were cut
into 1-3 mm3 fragments. The tissue fragments were loaded into 50-ml
tubes, added with 10 ml PBS and then formaldehyde till a final concen-
tration of 1%, rotated at room temperature for 10 min of crosslinking,
and then neutralized with glycine for 5 min. The tissues were destruc-
ted by SDS lysis buffer (1% SDS, 10 mM EDTA and 50 mM Tris-HClI;
pH 8.0) and treated using a high-intensity ultrasonic processor on ice
at 150 Hz. After centrifugation and collection of the supernatant, an
equal amount of chromatin was used for immunoprecipitation at 4°C
overnight. The specific antibodies against LSD1 (ab129195; Abcam) or
H3K4me1 (ab176877; Abcam) were used. Anti-rabbit IgG was used as
control, and total chromatin was used as input. After incubation with
magnetic beads, the immunoprecipitates were collected. The magnetic
beads were washed, and the chromatin was eluted by the proteinase
K mixture in ChIP elusion buffer. The TGIF2 expression in the DNA
fragments immunoprecipitated by LSD1 or H3K4me1 was examined
by gPCR.

2.17 | Immunofluorescence staining

The hippocampal neurons were fixed with 4% PFA for 15 min, pene-
trated with 0.5% Triton X 100 at room temperature for 20 min, and

blocked with 5% normal goat serum for 30 min. For tissue staining,
the paraffin-embedded cortex tissue sections were dewaxed, rehy-
drated, boiled in 3% citrate sodium at 100°C for 20 min, and blocked in
the QuickBlock™ Blocking Buffer (cat. No. P0260; Beyotime Biotech-
nology Co., Ltd., Shanghai, China) at room temperature for 1 h. The
sections were incubated with anti-NeuN (1:500; ab104224; Abcam),
anti-MAP2 (ab183830, Abcam), and anti-B-catenin (#13-8400, Thermo
Fisher Scientific) at 4°C overnight and then with FITC-conjugated goat
anti-rabbit 1gG (1:500; cat. No. A0O562; Beyotime) or goat anti-mouse
1gG (1:500, cat. No. A0568, Beyotime) at room temperature for 1 h.
The nuclei were stained with DAPI (Beyotime) at room temperature for
5 min. The staining was observed under a fluorescence microscope, and
the mean signal intensity was examined using the Image-pro plus 6.0
software (Media Cybernetics Inc., Bethesda MD, USA).

2.18 | Dual-luciferase reporter assay

At 24 h before transfection, the 293T cells (CRL-3216, ATCC, Man-
assas, VA, USA) were cultured in six-well plates for 24 h till a 70%
cell confluence. The cells were transfected with 1.0 ug reporter vector
BAT-LUX TCF/LEF (#20890, Addgene, Cambridge, MA, USA) and 50 ng
pRL-TK vector (E2241, Promega, Madison, WI, USA) using Lipofec-
tamine 3000 (Thermo Fisher Scientific). BAT-LUX induces the expres-
sion of a firefly luciferase gene via the seven TCF/LEF binding sites.
After 24 h, the medium was refreshed, and the cells were treated with
AAV9-NC or AAV9-TGIF2. After 48 h, the intensity of firefly and renilla
fluorescence in cell lysates was examined using the dual-luciferase
reporter assay system (E1910, Promega) according to the manufac-
turer’s instructions.

2.19 | Data analysis

The GraphPad Prism 7 software (GraphPa, La Jolla, CA, USA) was used
for statistical analysis. Measurement data collected from three inde-
pendent experiments were expressed as the mean + SD. Differences
were analyzed by the Student’s t test (two groups) or one- or two-way
analysis of variance (ANOVA) followed by Tukey’s post hoc test. p < .05

was considered to show statistical significance.

3 | RESULTS

3.1 | TGIF2 is poorly expressed in autism

To identify the possible molecules linked to the pathogenesis of
autism, an autism-related gene expression dataset GSE36315 was
downloaded from the GEO database (https://www.ncbi.nlm.nih.gov/
geo/) for analysis. The GSE36315 dataset contained four autistic
tissue samples and four normal brain tissue samples from healthy
individuals. A total of 398 differentially expressed genes (DEGs)
were identified (Figure 1a), and the top 30 DEGs are shown in the
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FIGURE 1 TGFB-induced factor homeobox 2 (TGIF2) is poorly expressed in autism. (a) A volcano map for the differentially expressed genes
(DEGSs) between normal brain tissues and autistic brain tissues in the GSE36315 dataset; (b) top 30 DEGs in the GSE36315 dataset; (c)
eye-opening time of each group of mice; (d) anxiety of mice examined by the open field tests; (e) discrimination index of mice examined by the novel
object recognition assay; (f) rigidly standing time of mice after stimulations detected by the contextual fear conditioning tests; (g) spatial learning
and memory abilities of mice determined by the Morris water maze (MWM) assays; (h) social behavior of mice determined by the three-chamber
social test; (i and j) mRNA (i) and protein (j) levels of TGIF2 in the tissue in temporal cortex of mice detected by reverse transcription-quantitative
polymerase chain reaction (RT-gPCR) and western blot analysis. In each group, n = 6; the behavior tests were observed and recorded by two
testers under double-blind conditions. Data were expressed as the mean + SD. Differences between groups were analyzed by the unpaired t test
or two-way analysis of variance (ANOVA). **p < .01
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heatmap in Figure 1b. TGIF2 was identified to be poorly expressed
in the brain tissues of autistic patients. Interestingly, the TGIF home-
odomain proteins play essential roles in normal brain development
(Wotton & Taniguchi, 2018). Therefore, we postulated that the aber-
rant TGIF2 expression might be correlated with the pathogenesis of
autism.

A mouse model with autism was then established. The behavior
tests showed that the eye-opening time of the mice in the VPA group
(hereafter termed VPA mice) was significantly delayed compared to
the mice in the NC group (hereafter termed NC mice) (Figure 1c).
Moreover, the VPA mice had increased anxiety (distance moved),
reduced discrimination ability, and increased rigidly standing time
after stimulation (Figure 1d-f). Moreover, the MWM tests showed
that the escape latency of mice was significantly shortened as the
practice time increased. However, the reduction in escape latency was
not that significant in VPA mice compared to the NC mice (Figure 1g).
Moreover, the three-chamber social test suggested that the NC mice
spent more time in the chamber containing the novel target mouse.
By comparison, the VPA mice showed social avoidance behaviors as
they spent more time in the chamber containing the inanimate novel
object (Figure 1h). These results indicated that the mouse model
of autism was successfully established. Thereafter, the expression
level of TGIF2 in the brain tissues from temporal cortex of mice
was examined. It was observed that the mRNA and protein levels of
TGIF2 were significantly reduced in the brain tissues of VPA mice

(Figure 1i,)).

3.2 | Adenovirus-mediated overexpression of
TGIF2 alleviates developmental delay and autism-like
symptoms in VPA mice

To examine the function of TGIF2 in autistic mice, AAV9-based
overexpression vector containing the TGIF2 cDNA sequence was
injected into the VPA mice through intracerebroventricular injection
(Figure 2a). After AAV9-TGIF2 injection, the eye-opening time of
VPA mice shifted to an earlier time (Figure 2b). The distance of mice
moved was significantly increased in the open field tests (Figure 2c);
the mice showed a marked increase in receptivity to novel things in
the novel object recognition assay (Figure 2d); the rigidly standing
time of mice after stimulations was significantly reduced in the con-
textual fear conditioning tests (Figure 2e); and the spatial learning
and memory abilities of mice were significantly increased as well, as
manifested by reduced escape latency (Figure 2f). Moreover, the three-
chamber social test showed that after AAV9-TGIF2 treatment, the
VPA mice showed reduced social avoidance, as they spent significantly
increased time in the chamber containing the novel target mouse
(Figure 2g). This body of evidence suggests that TGIF2 overexpression
alleviates developmental delay and autism-like symptoms in VPA

mice.

3.3 | AAV9-TGIF2 reduces tissue injury in mouse
hippocampus

The pathological changes in mouse hippocampal tissues were detected
by the hematoxylin and eosin (HE) staining and Nissl| staining. It was
observed that AAV9-mediated TGIF2 overexpression significantly alle-
viated the neuronal injury in the temporal cortex tissues of VPA mice
(Figure 3a). The number of Nissl bodies, which indicated the active
neurons, was reduced in VPA mice but restored by AAV-9-TGIF2
treatment (Figure 3b). The TUNEL assay suggested that the number
of TUNEL-positive cells (apoptotic cells) was significantly increased
in VPA mice but reduced after AAV9-TGIF2 treatment (Figure 3c).
Moreover, the western blot analysis suggested that the levels of
neuronal activity-related proteins c-Fos and Survivin in hippocampal
tissues of the VPA mice were rescued after TGIF2 overexpression
(Figure 3d).

3.4 | Overexpression of TGIF2 increases activity of
mouse hippocampal neurons in vitro

The hippocampal neurons from NC and VPA mice were extracted and
identified by the positive immunofluorescence staining of neuronal
markers MAP2 and NeuN (Figure 4a). Moreover, AAV9-mediated over-
expression of TGIF2 was administrated into the hippocampal neurons
of VPA mice. Successful upregulation of TGIF2 was detected by reverse
transcription-quantitative polymerase chain reaction (RT-qPCR) and
western blot analysis (Figure 4b,c). Thereafter, the neuronal viability
was examined by the CCK-8 method. It was observed that the viabil-
ity of neurons of VPA mice was significantly weaker than those of NC
mice (Figure 4d). Moreover, the flow cytometry results indicated that
the in vitro apoptosis rate of neurons of VPA mice was greater than
those of NC mice (Figure 4e). Importantly, upregulation of TGIF2 also
increased neuronal viability and reduced neuronal apoptosis in vitro
(Figure 4d,e).

3.5 | TGIF2 regulates the Wnt/g-catenin pathway
in autism

To explore the downstream signaling pathways regulated by TGIF2,
a gene set enrichment analysis (GSEA) was performed to analyze the
signaling pathways enriched by the DEGs in the GSE36315 dataset.
It was observed that the Wnt/B-catenin pathway had the highest
correlation with TGIF2 (Figure 5a). Thereafter, the levels of the related
proteins were examined by western blot analysis. It was observed that
the protein levels of Wnt1, 8-catenin, and c-Myc in the cortex tissues
of VPA mice were significantly reduced but then rescued after TGIF2
overexpression (Figure 5b). In addition, the immunofluorescence
staining results showed that the nuclear translocation of f-catenin
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FIGURE 2 Adenovirus-mediated overexpression of TGFB-induced factor homeobox 2 (TGIF2) alleviates developmental delay and autism-like
symptoms in VPA mice. (a) A diagram for the treatment of VPA and injection of AAV9-TGIF2 or AAV-NC in mice; (b) eye-opening time of each group
of mice; (c) anxiety of mice examined by the open field tests; (d) discrimination index of mice examined by the novel object recognition assay; (e)
rigidly standing time after stimulation of mice detected by the contextual fear conditioning tests; (f) spatial learning and memory abilities of mice
determined by the Morris water maze (MWM) assays; (g) social behavior of mice determined by the three-chamber social test. In each group, n = 6;
the behavior tests were observed and recorded by two testers under double-blind conditions. Data were expressed as the mean + SD. Differences
between groups were analyzed by the unpaired t test of two-way analysis of variance (ANOVA). **p < .01

in cortex tissues was significantly reduced in VPA mice compared to
the NC mice, whereas TGIF2 overexpression promoted the nuclear
translocation of -catenin (Figure 5c). Moreover, the luciferase assay
results indicated that TGIF2 overexpression significantly enhanced
the LEF/TCF activity in 293T cells (Figure 5d), indicating that TGIF2
can enhance the activity of the Wnt/3-catenin signaling pathway.

3.6 | TGIF2is regulated by LSD1 and H3K4me1l

To examine why TGIF2 was poorly expressed in autism, the ChlP-seq
data including the expression of H3K4me1l, H3K4me3, H3K9me3,
H3K27ac, and H3K%ac in mouse forebrain tissues were downloaded
from the ENCODE database (https://www.encodeproject.org/). It
was observed that there was significant H3K4mel modification
near the TGIF2 promoter (Figure 6a). Thereafter, the H3K4mel
level at TGIF2 promoter was examined by the ChIP-gPCR assay. It

was observed that the H3K4mel modification level on the TGIF2
promoter was significantly reduced in the temporal cortex tissues
of VPA mice (Figure 6b). The H3K4mel has been reported as a
marker of the neuronal activity-dependent enhancers (Malik et al.,
2014). Moreover, the histone demethylase LSD1 has been reported
to suppress H3K4me1l modification to suppress neurogenesis and
impair hippocampal memory in mice (Zhang et al., 2021). Therefore,
the expression of LSD1 in the temporal cortex tissues of mice was
examined by RT-qPCR and western blot analysis. It was observed
that the expression of LSD1 in VPA mice was significantly increased
in the tissues of VPA mice compared to the NC mice (Figure 6c,d).
Moreover, LSD1 was able to bind to the TGIF2 promoter through
the ChIP-gPCR assay, and the LSD1 modification level at the TGIF2
promoter was increased in the temporal cortex tissues of VPA mice
(Figure 6e). Therefore, downregulation of TGIF2 might be attributed
to increased LSD1 level and reduced H3K4mel modification at its

promoter.
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FIGURE 3 AAV9-TGFB-induced factor homeobox 2 (TGIF2) reduces tissue injury in mouse hippocampus. (a) Pathological changes in mouse
hippocampal tissues detected by the hematoxylin and eosin (HE) staining; (b) number of active neurons in mouse hippocampal tissues examined by
Nissl staining; (c) neuronal apoptosis in mouse hippocampal tissues examined by TUNEL assays; (d) protein levels of neuronal activity-related c-Fos
and Survivin in mouse hippocampal tissues detected by western blot analysis. In each group, n = 6. Data were expressed as the mean + SD.
Differences between groups were analyzed by the one-way analysis of variance (ANOVA). **p < .01 vs. NC group; #p < .01 vs. the AAV9-NC group

4 | DISCUSSION
Considering the increasing prevalence of autism in children and the
accompanying lifelong neuronal disorders (Christensen et al., 2016)
while limited treating strategies (Baio et al., 2018), the prevention and
treatments of autism are still important health issues. Researchers
in this field have made great efforts to identify novel biomarkers for
the management of autism (Cheng et al., 2020; Uddin et al., 2017).
In this study, the authors report that epigenetic downregulation of
TGIF2 is linked to neuronal apoptosis and the neuronal disorder symp-
toms in mice with autism through the inactivation of the Wnt/g-catenin
pathway.

Integrated bioinformatics analyzing tools including the GEO
database have been largely used for the identification of key molecules

implicated in the development of diseases, including autism (Li et al.,

2014). In this study, TGIF2 was identified as one of the downregulated
genes in autistic brains using a GEO GSE36315 dataset. As the tem-
poral and frontal cortices display pathological overgrowth in autistic
infants, toddlers, and young children (Carper & Courchesne, 2005;
Eyler et al.,, 2012; Hazlett et al., 2011), and the temporal cortex has
been frequently used for the transcriptome analysis in autism (Garbett
et al, 2008; Voineagu et al., 2011), the temporal cortex tissues of
autistic mice (offspring of VPA-treated mice) were collected, in which
downregulation of TGIF2 was detected. As aforementioned, the TGIF
homeodomain proteins have been demonstrated to play essential
roles in normal brain development (Wotton & Taniguchi, 2018) as well
as in mouse retina development (Kuribayashi et al., 2016). When it
comes to the specific role of TGIF2 in autism, the experimental results
suggested that AAV9-mediated TGIF2 significantly alleviated the

autism-like symptoms, such as anxiety, mobility disturbance, impaired
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FIGURE 4 Overexpression of TGFB-induced factor homeobox 2 (TGIF2) increases activity of mouse hippocampal neurons in vitro. (a)
Expression of neuronal markers MAP2 and NeuN in the extracted hippocampal neurons detected by immunofluorescence staining; (b and c),
mRNA (b) and protein (c) levels of TGIF2 in hippocampal tissues determined by reverse transcription-quantitative polymerase chain reaction
(RT-gPCR) and western blot analysis; (d) viability of mouse hippocampal neurons determined by the CCK-8 assay; (e) apoptosis of cells examined
by flow cytometry. Three repetitions were performed. Data were expressed as the mean + SD. Differences between groups were analyzed by the
one-way or two-way analysis of variance (ANOVA). **p < .01 vs NC group; ##p < .01 vs. the AAV9-NC group

learning and memory abilities, and social avoidance. Moreover, the
hippocampal neurons were extracted for in vitro experiments due
to the convenience in cell extraction and culture. Moreover, the
hippocampus is well-known for its key role in learning and memory
formation (Miguez et al., 2015). Loss of hippocampal neurons has
been observed in both autistic patients (Meador et al., 2009) and
VPA-induced animal model of autism (Gao et al., 2016). Of note, we
found that AAV9-mediated TGIF2 also suppressed neuronal apoptosis
in vitro. This body of evidence suggested that TGIF2 plays a protective
role against neuronal apoptosis and neural impairment in autism.
When exploring the downstream signaling pathways using the
GSEA, we found that the Wnt/S-catenin pathway was highly enriched
by the DEGs and it had the highest correlation with TGIF2. The levels
of Wnt/S-catenin-related proteins as well as the nuclear translocation
of B-catenin in the tissues of autistic mice were restored after TGIF2
upregulation. The Wnt/S-catenin signaling has been widely accepted to
be essential for brain development and function and the cascade has a
central role in neurodevelopmental pathology in autism (Medina et al.,
2018). Indeed, this pathway participates in the processes of neurogen-
esis (Lie et al., 2005), patterning and maturation of functional synapses
(Ciani et al., 2011; Takeichi & Abe, 2005), axonal remodeling (Hollis &

Zou, 2012), excitatory neurotransmission (Chen et al., 2006; Sharma

et al,, 2013), and neuronal differentiation in the developing neocortex
(Hirabayashi et al., 2004; Viti et al., 2003). Decreased expression of
Whnt and -catenin proteins has been observed in the frontal cortex of
autistic subjects (Cao et al., 2012). Therefore, TGIF2 possibly activates
the Wnt/g-catenin to restore the neural function in autism.

Like genetic mutations, epigenetic modifications such as histone
modifications, DNA methylation, and RNA interference can affect
gene expression and possibly lead to behavioral and neuronal changes
in mental disorders, including autism (Alam et al., 2017; Masini et al.,
2020). Our subsequent bioinformatics analysis suggested that there
was a significant H3K4me1 modification at the TGIF2 promoter.
H3K4me1 is an active transcription marker and has been suggested as
abiomarker of the neuronal activity-dependent enhancers (Malik et al.,
2014). Increased H3K4me1 modification at a newly found enhancer
region was associated with transcription during regeneration of injured
cortical neurons (Chang et al., 2020). H3K4me1 has been reported to
show close correlation with alternative splicing in brain reward tissues
(Hu et al., 2017). As aforementioned, LSD1 has been reported to sup-
press H3K4me1 modification to suppress neurogenesis and impair hip-
pocampal memory in mice (Zhang et al., 2021). LSD1 inhibition showed
neuroprotective activity, and one of the major pathways was targeting

histone modifications and restoration of the neuroprotective genes
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FIGURE 5 TGFB-induced factor homeobox 2 (TGIF2) regulates the Wnt/p-catenin pathway in autism. (a) Signaling pathways enriched by the
differentially expressed genes (DEGs) in the GSE36315 dataset analyzed by gene set enrichment analysis (GSEA); (b) levels of the Wnt/p-catenin
pathway-related proteins Wnt1, -catenin, and c-Myc in the mouse brain tissues examined by western blot analysis; (c) nuclear translocation of
B-catenin in mouse temporal cortex tissues examined by immunofluorescence staining; (d) luciferase activity in 293T cells after TGIF2
overexpression examined by the dual-luciferase reporter assay. Triplicated wells were set for each experiment. Data were expressed as the mean +
SD. Differences between groups were analyzed by the unpaired t test, one-way analysis of variance (ANOVA), or two-way ANOVA. **p < .01 vs. NC

group; ##p < .01 vs. the AAV9-NC group

and cascades, including the Wnt pathway (Popova et al., 2021). Of note,
in the present study, decreased H3K4me1 levels, along with increased
LSD1 levels, were detected on the TGIF2 promoter in the temporal cor-
tex tissues of autistic mice. Therefore, it can be inferred that the down-
regulation of TGIF2 in autism might be attributed to LSD1-mediated
suppression of the H3K4me1 modification at the promoter of TGIF2.

5 | CONCLUSION

In conclusion, this study demonstrates that TGIF2 is downregulated
in autism, which is possibly regulated by LSD1/H3K4me1. Restoration
of TGIF2 alleviates neuronal apoptosis and autism-like symptoms in
mouse through activating the Wnt/g-catenin pathway. The findings
suggest that TGIF2 may serve as a candidate tool for the management

of autism. We hope more studies will be carried out to validate our

findings and offer more insights in the pathogenesis of autism for the
development of new therapeutic options.
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FIGURE 6 TGFB-induced factor homeobox 2 (TGIF2) is regulated by LSD1 and H3K4me1. (a) Expression of H3K4me1, H3K4me3, H3K9me3,
H3K27ac, and H3K9ac in mouse forebrain tissues in the ChIP-seq data downloaded from the ENCODE database; (b) H3K4me1 modification level
on the TGIF2 promoter in the temporal cortex tissues of VPA mice examined by the ChIP-qPCR assay; (c and d) mRNA (c) and protein (d) levels of
LSD1 in negative control (NC) and VPA mice examined by reverse transcription quantitative polymerase chain reaction (RT-gPCR) and western
blot analysis; (e) binding relationship between LSD1 and the TGIF2 promoter in the mouse temporal cortex tissues examined by the ChIP-gPCR
assay. Three repetitions were performed. Data were expressed as the mean + SD. Differences between groups were analyzed by the unpaired t
test, one-way analysis of variance (ANOVA), or two-way ANOVA. **p <.01

REFERENCES

Alam, R., Abdolmaleky, H. M., & Zhou, J. R. (2017). Microbiome, inflam-
mation, epigenetic alterations, and mental diseases. American Journal
of Medical Genetics. Part B, Neuropsychiatric Genetics, 174(6), 651-660.
https://doi.org/10.1002/ajmg.b.32567

Baio, J., Wiggins, L., Christensen, D. L., Maenner, M. J,, Daniels, J., Warren, Z.,
Kurzius-Spencer, M., Zahorodny, W., Rosenberg, C. R., White, T., Durkin,
M.S., Imm, P, Nikolaou, L., Yeargin-Allsopp, M., Lee, L.-C., Harrington, R.,
Lopez, M., Fitzgerald,R. T.,... Dowling, N. F. (2018). Prevalence of autism
spectrum disorder among children aged 8 years—Autism and develop-
mental disabilities monitoring network, 11 sites, United States, 2014.
MMWR Surveillance Summaries, 67(6), 1-23. https://doi.org/10.15585/
mmwr.ss6706al

Baxter, A. J., Brugha, T. S., Erskine, H. E., Scheurer, R. W.,, Vos, T., & Scott, J.
G. (2015). The epidemiology and global burden of autism spectrum dis-
orders. Psychological Medicine, 45(3), 601-613. https://doi.org/10.1017/
S003329171400172X

Bertolino, E., Reimund, B., Wildt-Perinic, D., & Clerc, R. G. (1995). A novel
homeobox protein which recognizes a TGT core and functionally inter-
feres with a retinoid-responsive motif. Journal of Biological Chemistry,
270(52),31178-31188. https://doi.org/10.1074/jbc.270.52.31178

Cao, F, Yin, A,, Wen, G., Sheikh, A. M., Taugeer, Z., Malik, M., Nagori, A.,
Schirripa, M., Schirripa, F., Merz, G., Ted Brown, W., & Li, X. (2012). Alter-
ation of astrocytes and Wnt/beta-catenin signaling in the frontal cortex
of autistic subjects. Journal of Neuroinflammation, 9, 223. https://doi.org/
10.1186/1742-2094-9-223

Carper, R. A, & Courchesne, E. (2005). Localized enlargement of the frontal
cortex in early autism. Biological Psychiatry, 57(2), 126-133. https://doi.
org/10.1016/j.biopsych.2004.11.005

Chang, C.-Y., Hung, J.-H., Huang, L.-W,, Li, J,, Fung, K. S., Kao, C.-F.,, & Chen,
L. (2020). Epigenetic regulation of WNT3A enhancer during regenera-
tion of injured cortical neurons. International Journal of Molecular Sciences,
21(5), 1891. https://doi.org/10.3390/ijms21051891

Chaste, P, & Leboyer, M. (2012). Autism risk factors: Genes, environment,
and gene-environment interactions. Dialogues in Clinical Neuroscience,
14(3),281-292.

Chen, J,, Park, C. S., & Tang, S. J. (2006). Activity-dependent synaptic Wnt
release regulates hippocampal long term potentiation. Journal of Bio-
logical Chemistry, 281(17), 11910-11916. https://doi.org/10.1074/jbc.
M511920200

Cheng, W., Zhou, S., Zhou, J., & Wang, X. (2020). Identification of a
robust non-coding RNA signature in diagnosing autism spectrum dis-
order by cross-validation of microarray data from peripheral blood
samples. Medicine, 99(11), e19484. https://doi.org/10.1097/MD.
0000000000019484

Christensen, D. L., Baio, J., Braun, K. V. N., Bilder, D., Charles, J., Constantino,
J.N,, Daniels, J., Durkin, M. S, Fitzgerald, R. T., Kurzius-Spencer, M., Lee,
L.-C., Pettygrove, S., Robinson, C., Schulz, E., Wells, C., Wingate, M. S,
Zahorodny, W., & Yeargin-Allsopp, M. (2016). Prevalence and character-
istics of autism spectrum disorder among children aged 8 years-autism
and developmental disabilities monitoring network, 11 sites, United
States, 2012. MMWR Surveillance Summaries, 65(3), 1-23. https://doi.org/
10.15585/mmwr.ss6503a1

Ciani, L., Boyle, K. A, Dickins, E., Sahores, M., Anane, D., Lopes, D. M.,
Gibb, A. J,, & Salinas, P. C. (2011). Wnt7a signaling promotes den-
dritic spine growth and synaptic strength through Ca(2)(+)/Calmodulin-
dependent protein kinase Il. PNAS, 108(26), 10732-10737. https://doi.
org/10.1073/pnas.1018132108

Eyler, L. T, Pierce, K., & Courchesne, E. (2012). A failure of left temporal cor-
tex to specialize for language is an early emerging and fundamental prop-
erty of autism. Brain, 135(Pt 3), 949-960. https://doi.org/10.1093/brain/
awr364

Gao, J.,, Wang, X,,Sun, H.,Cao, Y., Liang,S., Wang, H., Wang, Y., Yang, F., Zhang,
F., & Wu, L. (2016). Neuroprotective effects of docosahexaenoic acid on
hippocampal cell death and learning and memory impairments in a val-
proic acid-induced rat autism model. International Journal of Developmen-


https://doi.org/10.1002/ajmg.b.32567
https://doi.org/10.15585/mmwr.ss6706a1
https://doi.org/10.15585/mmwr.ss6706a1
https://doi.org/10.1017/S003329171400172X
https://doi.org/10.1017/S003329171400172X
https://doi.org/10.1074/jbc.270.52.31178
https://doi.org/10.1186/1742-2094-9-223
https://doi.org/10.1186/1742-2094-9-223
https://doi.org/10.1016/j.biopsych.2004.11.005
https://doi.org/10.1016/j.biopsych.2004.11.005
https://doi.org/10.3390/ijms21051891
https://doi.org/10.1074/jbc.M511920200
https://doi.org/10.1074/jbc.M511920200
https://doi.org/10.1097/MD.0000000000019484
https://doi.org/10.1097/MD.0000000000019484
https://doi.org/10.15585/mmwr.ss6503a1
https://doi.org/10.15585/mmwr.ss6503a1
https://doi.org/10.1073/pnas.1018132108
https://doi.org/10.1073/pnas.1018132108
https://doi.org/10.1093/brain/awr364
https://doi.org/10.1093/brain/awr364

LEIET AL.

Brain and Behavior

tal Neuroscience, 49, 67-78. https://doi.org/10.1016/j.ijdevneu.2015.11.
006

Garbett, K., Ebert, P. J., Mitchell, A., Lintas, C., Manzi, B., Mirnics, K., &
Persico, A. M. (2008). Immune transcriptome alterations in the temporal
cortex of subjects with autism. Neurobiology of Disease, 30(3), 303-311.
https://doi.org/10.1016/j.nbd.2008.01.012

Gillberg, C., & Wing, L. (1999). Autism: Not an extremely rare disorder.
Acta Psychiatrica Scandinavica, 99(6), 399-406. https://doi.org/10.1111/
j.1600-0447.1999.tb00984.x

Hazlett, H. C., Poe, M. D., Gerig, G., Styner, M., Chappell, C., Smith, R. G,,
Vachet, C., & Piven, J. (2011). Early brain overgrowth in autism asso-
ciated with an increase in cortical surface area before age 2 years.
Archives of General Psychiatry, 68(5), 467-476. https://doi.org/10.1001/
archgenpsychiatry.2011.39

Hirabayashi, Y., Itoh, Y., Tabata, H., Nakajima, K., Akiyama, T., Masuyama, N.,
& Gotoh, Y. (2004). The Wnt/beta-catenin pathway directs neuronal dif-
ferentiation of cortical neural precursor cells. Development (Cambridge,
England), 131(12), 2791-2801. https://doi.org/10.1242/dev.01165

Ho, H., Fowle, A, Coetzee, M., Greger, I. H., & Watson, J. F. (2020). An
inhalation anaesthesia approach for neonatal mice allowing streamlined
stereotactic injection in the brain. Journal of Neuroscience Methods, 342,
108824. https://doi.org/10.1016/j.jneumeth.2020.108824

Hollis, E. R. 2nd, & Zou, Y. (2012). Expression of the Wnt signaling system
in central nervous system axon guidance and regeneration. Frontiers in
Molecular Neuroscience, 5, 5. https://doi.org/10.3389/fnmol.2012.00005

Hu, Q. Kim, E. J,, Feng, J., Grant, G. R,, & Heller, E. A. (2017). Histone post-
translational modifications predict specific alternative exon subtypes in
mammalian brain. PLoS Computational Biology, 13(6), e1005602. https://
doi.org/10.1371/journal.pcbi.1005602

Kaminski, K., Socata, K., Zagaja, M., Andres-Mach, M., Abram, M., Jakubiec,
M., Pierdg, M., Nieoczym, D., Rapacz, A., Gawel, K., Esguerra, C. V.,
Latacz, G., Lubelska, A., Szulczyk, B., Szewczyk, A., tuszczki, J. J., &
Wiaz, P. (2020). N-Benzyl-(2,5-dioxopyrrolidin-1-yl)propanamide (AS-1)
with hybrid structure as a candidate for a broad-spectrum antiepilep-
tic drug. Neurotherapeutics, 17(1), 309-328. https://doi.org/10.1007/
s13311-019-00773-w

Kang, Y., Kim, Y. W,, Kang, J., & Kim, A. (2021). Histone H3K4me1 and
H3K27ac play roles in nucleosome eviction and eRNA transcription,
respectively, at enhancers. FASEB Journal, 35(8),e21781. https://doi.org/
10.1096/fj.202100488R

Kanner, L. (1968). Autistic disturbances of affective contact. Acta Paedopsy-
chiatrica, 35(4), 100-136.

Kerr, D. M., Downey, L., Conboy, M., Finn, D. P, & Roche, M. (2013). Alter-
ations in the endocannabinoid system in the rat valproic acid model
of autism. Behavioural Brain Research, 249, 124-132. https://doi.org/10.
1016/j.bbr.2013.04.043

Kuribayashi, H., Tsuhako, A., Kikuchi, M., Yoshida, N., Koso, H., & Watanabe,
S.(2016). Role of transcription factor Tgif2 in photoreceptor differentia-
tion in the mouse retina. Experimental Eye Research, 152, 34-42. https://
doi.org/10.1016/j.exer.2016.09.005

Li, J., Shi, M., Ma, Z., Zhao, S., Euskirchen, G., Ziskin, J., Urban, A., Hallmayer,
J., & Snyder, M. (2014). Integrated systems analysis reveals a molecular
network underlying autism spectrum disorders. Molecular Systems Biol-
ogy, 10, 774. https://doi.org/10.15252/msb.20145487

Lie, D.-C.,Colamarino, S. A, Song, H.-J., Désiré, L., Mira, H., Consiglio, A, Lein,
E.S. Jessberger, S., Lansford, H., Dearie, A. R., & Gage, F. H. (2005). Wnt
signalling regulates adult hippocampal neurogenesis. Nature, 437(7063),
1370-1375. https://doi.org/10.1038/nature04108

Malik, A. N., Vierbuchen, T., Hemberg, M., Rubin, A. A, Ling, E., Couch, C. H.,
Stroud, H., Spiegel, I., Farh, K. K.-H., Harmin, D. A., & Greenberg, M. E.
(2014). Genome-wide identification and characterization of functional
neuronal activity-dependent enhancers. Nature Neuroscience, 17(10),
1330-1339. https://doi.org/10.1038/nn.3808

Masini, E., Loi, E., Vega-Benedetti, A. F., Carta, M., Doneddu, G., Fadda, R,
& Zavattari, P. (2020). An overview of the main genetic, epigenetic and
environmental factors involved in autism spectrum disorder focusing on

WILEY- 2

synaptic activity. International Journal of Molecular Sciences, 21(21), 8290.
https://doi.org/10.3390/ijms21218290

McPartland, J., & Volkmar, F. R. (2012). Autism and related disorders. Hand-
book of Clinical Neurology, 106, 407-418. https://doi.org/10.1016/B978-
0-444-52002-9.00023-1

Meador, K. J., Baker, G. A., Browning, N., Clayton-Smith, J., Combs-Cantrell,
D. T., Cohen, M., Kalayjian, L. A., Kanner, A, Liporace, J. D., Pennell,
P. B., Privitera, M., & Loring, D. W. (2009). Cognitive function at 3
years of age after fetal exposure to antiepileptic drugs. New Eng-
land Journal of Medicine, 360(16), 1597-1605. https://doi.org/10.1056/
NEJMo0a0803531

Medina, M. A, Andrade, V. M., Caracci, M. O., Avila, M. E., Verdugo, D. A,,
Vargas, M. F,, Ugarte, G. D., Reyes, A. E., Opazo, C., & De Ferrari, G. V.
(2018). Wnt/beta-catenin signaling stimulates the expression and synap-
tic clustering of the autism-associated Neuroligin 3 gene. Translational
Psychiatry, 8(1), 45. https://doi.org/10.1038/s41398-018-0093-y

Miguez, A., Garcia-Diaz Barriga, G., Brito, V., Straccia, M., Giralt, A., Ginés,
S., Canals, J. M., & Alberch, J. (2015). Fingolimod (FTY720) enhances hip-
pocampal synaptic plasticity and memory in Huntington’s disease by pre-
venting p75NTR up-regulation and astrocyte-mediated inflammation.
Human Molecular Genetics, 24(17), 4958-4970. https://doi.org/10.1093/
hmg/ddv218

Popova, E. Y., Imamura Kawasawa, Y., Zhang, S. S., & Barnstable, C. J. (2021).
Inhibition of epigenetic modifiers LSD1 and HDAC1 blocks rod pho-
toreceptor death in mouse models of retinitis pigmentosa. Journal of
Neuroscience, 41(31), 6775-6792. https://doi.org/10.1523/JNEUROSCI.
3102-20.2021

Reilly, J., Gallagher, L., Chen, J. L., Leader, G., & Shen, S. (2017). Bio-
collections in autism research. Molecular Autism, 8, 34. https://doi.org/10.
1186/513229-017-0154-8

Rodier, P.M,, Ingram, J. L., Tisdale, B., & Croog, V. J. (1997). Linking etiologies
in humans and animal models: Studies of autism. Reproductive Toxicol-
ogy, 11(2-3), 417-422. https://doi.org/10.1016/s0890-6238(97)8000
1-u

Sharma, K., Choi, S.-Y., Zhang, Y., Nieland, T. J. F, Long, S., Li, M., & Huganir,
R. L. (2013). High-throughput genetic screen for synaptogenic factors:
Identification of LRP6 as critical for excitatory synapse development. Cell
Reports, 5(5), 1330-1341. https://doi.org/10.1016/j.celrep.2013.11.008

Shuid, A. N., Jayusman, P. A,, Shuid, N., Ismail, J., Kamal Nor, N., & Mohamed,
I.N. (2021). Association between viral infections and risk of autistic dis-
order: An overview. International Journal of Environmental Research and
Public Health, 18(6),2817. https://doi.org/10.3390/ijerph18062817

Silverman, J. L., Yang, M., Lord, C., & Crawley, J. N. (2010). Behavioural
phenotyping assays for mouse models of autism. Nature Reviews Neuro-
science, 11(7), 490-502. https://doi.org/10.1038/nrn2851

Skinner, C., Pauly, R., Skinner, S. A,, Schroer, R. J., Simensen, R. J., Taylor, H.
A., Friez, M. J,, Dupont, B. R., & Stevenson, R. E. (2021). Autistic disorder:
A 20 year chronicle. Journal of Autism and Developmental Disorders, 51(2),
677-684. https://doi.org/10.1007/s10803-020-04568-3

Takeichi, M., & Abe, K. (2005). Synaptic contact dynamics controlled by cad-
herin and catenins. Trends in Cell Biology, 15(4), 216-221. https://doi.org/
10.1016/j.tcb.2005.02.002

Uddin, L. Q., Dajani, D. R., Voorhies, W., Bednarz, H., & Kana, R. K. (2017).
Progress and roadblocks in the search for brain-based biomarkers of
autism and attention-deficit/hyperactivity disorder. Translational Psychi-
atry, 7(8),e1218. https://doi.org/10.1038/tp.2017.164

Viti, J,, Gulacsi, A., & Lillien, L. (2003). Wnt regulation of progenitor matura-
tionin the cortex depends on Shh or fibroblast growth factor 2. Journal of
Neuroscience, 23(13),5919-5927.

Voineagu, ., Wang, X., Johnston, P, Lowe, J. K., Tian, Y., Horvath, S., Mill, J.,
Cantor, R. M., Blencowe, B. J., & Geschwind, D. H. (2011). Transcriptomic
analysis of autistic brain reveals convergent molecular pathology. Nature,
474(7351), 380-384. https://doi.org/10.1038/nature10110

Wotton, D., Lo, R. S, Lee, S., & Massague, J. (1999). A Smad transcrip-
tional corepressor. Cell, 97(1), 29-39. https://doi.org/10.1016/s0092-
8674(00)80712-6


https://doi.org/10.1016/j.ijdevneu.2015.11.006
https://doi.org/10.1016/j.ijdevneu.2015.11.006
https://doi.org/10.1016/j.nbd.2008.01.012
https://doi.org/10.1111/j.1600-0447.1999.tb00984.x
https://doi.org/10.1111/j.1600-0447.1999.tb00984.x
https://doi.org/10.1001/archgenpsychiatry.2011.39
https://doi.org/10.1001/archgenpsychiatry.2011.39
https://doi.org/10.1242/dev.01165
https://doi.org/10.1016/j.jneumeth.2020.108824
https://doi.org/10.3389/fnmol.2012.00005
https://doi.org/10.1371/journal.pcbi.1005602
https://doi.org/10.1371/journal.pcbi.1005602
https://doi.org/10.1007/s13311-019-00773-w
https://doi.org/10.1007/s13311-019-00773-w
https://doi.org/10.1096/fj.202100488R
https://doi.org/10.1096/fj.202100488R
https://doi.org/10.1016/j.bbr.2013.04.043
https://doi.org/10.1016/j.bbr.2013.04.043
https://doi.org/10.1016/j.exer.2016.09.005
https://doi.org/10.1016/j.exer.2016.09.005
https://doi.org/10.15252/msb.20145487
https://doi.org/10.1038/nature04108
https://doi.org/10.1038/nn.3808
https://doi.org/10.3390/ijms21218290
https://doi.org/10.1016/B978-0-444-52002-9.00023-1
https://doi.org/10.1016/B978-0-444-52002-9.00023-1
https://doi.org/10.1056/NEJMoa0803531
https://doi.org/10.1056/NEJMoa0803531
https://doi.org/10.1038/s41398-018-0093-y
https://doi.org/10.1093/hmg/ddv218
https://doi.org/10.1093/hmg/ddv218
https://doi.org/10.1523/JNEUROSCI.3102-20.2021
https://doi.org/10.1523/JNEUROSCI.3102-20.2021
https://doi.org/10.1186/s13229-017-0154-8
https://doi.org/10.1186/s13229-017-0154-8
https://doi.org/10.1016/s0890-6238(97)80001-u
https://doi.org/10.1016/s0890-6238(97)80001-u
https://doi.org/10.1016/j.celrep.2013.11.008
https://doi.org/10.3390/ijerph18062817
https://doi.org/10.1038/nrn2851
https://doi.org/10.1007/s10803-020-04568-3
https://doi.org/10.1016/j.tcb.2005.02.002
https://doi.org/10.1016/j.tcb.2005.02.002
https://doi.org/10.1038/tp.2017.164
https://doi.org/10.1038/nature10110
https://doi.org/10.1016/s0092-8674(00)80712-6
https://doi.org/10.1016/s0092-8674(00)80712-6

Brain and Behavior LEl 7L

1o | WILEY

Wotton, D., & Taniguchi, K. (2018). Functions of TGIF homeodomain pro-
teins and their roles in normal brain development and holoprosen-
cephaly. American Journal of Medical Genetics Part C, Seminars in Medical
Genetics, 178(2), 128-139. https://doi.org/10.1002/ajmg.c.31612

Zhang, L., Lu, Q, & Chang, C. (2020). Epigenetics in health and disease.
Advances in Experimental Medicine and Biology, 1253, 3-55. https://doi. How to cite this article: Lei, J., Deng, Y., & Ma, S. (2022).

0rg/10.1007/978-981-15-3449-2_1 Downregulation of TGIF2 is possibly correlated with neuronal
Zhang, L., Pilarowski, G., Pich, E. M., Nakatani, A., Dunlop, J., Baba, R, . . . . . .
apoptosis and autism-like symptoms in mice. Brain and

Matsuda, S., Daini, M., Hattori, Y., Matsumoto, S., Ito, M., Kimura, H., . .
& Bjornsson, H. T. (2021). Inhibition of KDM1A activity restores adult Behavior, 12,€2610. https://doi.org/10.1002/brb3.2610
neurogenesis and improves hippocampal memory in a mouse model of

Kabuki syndrome. Molecular Therapy: Methods & Clinical Development, 20,
779-791. https://doi.org/10.1016/j.omtm.2021.02.011


https://doi.org/10.1002/ajmg.c.31612
https://doi.org/10.1007/978-981-15-3449-2_1
https://doi.org/10.1007/978-981-15-3449-2_1
https://doi.org/10.1016/j.omtm.2021.02.011
https://doi.org/10.1002/brb3.2610

	Downregulation of TGIF2 is possibly correlated with neuronal apoptosis and autism-like symptoms in mice
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Animals
	2.2 | Intracerebroventricular injection
	2.3 | Behavioral tests
	2.4 | Morris water maze tests
	2.5 | Three-chamber social test
	2.6 | Open field test
	2.7 | Novel object recognition assay
	2.8 | Contextual fear conditioning
	2.9 | Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling
	2.10 | Hematoxylin and eosin staining and Nissl staining
	2.11 | Reverse transcription-quantitative polymerase chain reaction
	2.12 | Western blot analysis
	2.13 | Extraction and identification of the hippocampal neurons
	2.14 | Cell counting kit-8 (CCK-8) method
	2.15 | Flow cytometry
	2.16 | Chromatin immunoprecipitation-qPCR
	2.17 | Immunofluorescence staining
	2.18 | Dual-luciferase reporter assay
	2.19 | Data analysis

	3 | RESULTS
	3.1 | TGIF2 is poorly expressed in autism
	3.2 | Adenovirus-mediated overexpression of TGIF2 alleviates developmental delay and autism-like symptoms in VPA mice
	3.3 | AAV9-TGIF2 reduces tissue injury in mouse hippocampus
	3.4 | Overexpression of TGIF2 increases activity of mouse hippocampal neurons in vitro
	3.5 | TGIF2 regulates the Wnt/b-catenin pathway in autism
	3.6 | TGIF2 is regulated by LSD1 and H3K4me1

	4 | DISCUSSION
	5 | CONCLUSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES


