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KEY WORDS Abstract Prednisone is widely used to treat pregnancy-complicated autoimmune diseases, but the
impact of prenatal prednisone exposure (PPE) on offspring neurodevelopment is unclear. Clinical
follow-up using the Ages and Stages Questionnaires (ASQ:SE-2 and ASQ-3) revealed a strong associa-
tion between PPE and neurodevelopmental abnormalities. In a rat model, PPE significantly inhibited the
proliferation and differentiation of cortical radial glial cells (RGCs), impairing cortical neurogenesis and
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Neurogenesis impairment; leading to anxiety- and depression-like behaviors. Mechanistically, PPE upregulated fat mass and obesity-
Neuregulin-1; associated protein (FTO) nuclear recruitment in RGCs, depleting N -methyladenosine (m6A) modifica-
Fat mass and obesity- tions and stabilizing Crebbp/Ep300 mRNA, which activated genes related to cell cycle arrest and
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neuronal differentiation via histone 3 at lysine 27 acetylation (H3K27ac) modifications. The key role of
FTO in PPE-induced neurodevelopmental impairments was confirmed using Ep300 shRNA, Fto overex-
pression lentivirus, and a conditional Fro knockout mouse model (Ffo™"; Nestin-Cre). Notably, early
postnatal neuregulin-1 supplementation promoted RGCs proliferation and alleviated behavioral

© 2026 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

With advances in immunomodulatory therapies, the quality of life
and life expectancy of patients with autoimmune diseases have
significantly improved, enabling more women to fulfill their
reproductive aspirations. However, the number of pregnancies
complicated by autoimmune diseases has risen rapidly. A cross-
sectional analysis of U.S. delivery hospitalizations from 2015 to
2020 showed that among 18,866,050 deliveries, 0.27% were
complicated by autoimmune connective tissue diseases, with
systemic lupus erythematosus at 0.134% and rheumatoid arthritis
at 0.127%". To control disease progression and ensure pregnancy
safety, many of these patients require glucocorticoid therapy, such
as prednisone (PDN), during pregnancy to suppress immune
responses. PDN, one of the most commonly used oral glucocor-
ticoids, is prescribed in 20%—60% of such cases. Fetal growth
restriction is often associated with adverse effects on the nervous
system, such as an increased incidence of neurodevelopmental
disorders—including cognitive impairment, autism spectrum dis-
orders, and depression—in growth-restricted children®°. Howev-
er, research on the impact of PPE on neurodevelopment in
offspring and its long-term neurobehavioral consequences remains
limited, particularly with regard to the underlying molecular and
cellular mechanisms.

The development of the central nervous system (CNS) is
pivotal in establishing its functional maturation and stability’. Any
defects in this process are closely linked to a heightened risk of
severe psychiatric disorders, including depression, autism spec-
trum disorder, and schizophrenia®'°. Increasing epidemiological
and clinical evidence underscores a profound connection between
neurodevelopment and the onset of psychiatric conditions. For
instance, data analyses from 2 major UK cohort studies revealed
significant associations between key neurodevelopmental traits in
childhood and depressive symptoms''. Similarly, a longitudinal
twin study in Sweden highlighted the prevalence of neuro-
developmental impairments among adolescents at high risk for
anxiety and depression'?. A dynamic balance between neural stem
cell proliferation and neurogenesis represents a core mechanism of
neurodevelopment, and disruptions in this equilibrium are
considered fundamental pathological bases for psychiatric disor-
ders'*'. During mammalian cortical development, radial glial
cells (RGCs) function as essential neural stem cells'®. They self-
renew and undergo precise differentiation to sequentially pro-
duce deep- and upper-layer cortical neurons, eventually tran-
sitioning into glial cells'®. This highly orchestrated developmental
process is driven by a complex network of genetic regulatory
mechanisms'’. Recent studies have highlighted the importance of
epigenetic modifications, particularly N°-methyladenosine (m°A)
RNA methylation, in regulating these processes. m°A is the most
abundant RNA methylation modification, accounting for

approximately 80% of RNA base methylation, and is highly
enriched in the mammalian brain'®'?. Evidence suggests that m°A
modifications regulate gene expression by modulating RNA sta-
bility, translation efficiency, and post-transcriptional processing,
thereby influencing neural stem cell differentiation, embryonic
stem cell self-renewal, and the formation of neuronal net-
works®®?!. These findings position m®A modification as a focal
point in studying neurodevelopment and its disorders, highlighting
its significant potential in regulating embryonic neural stem cell
development.

Given the widespread use of PDN during pregnancy and its
potential neurotoxicity, this study aims to investigate the impact of
PPE on offspring neurodevelopment. Through follow-up assess-
ments using the Ages and Stages Questionnaires: Social-
Emotional, Second Edition (ASQ:SE-2) and the Ages and
Stages Questionnaires, Third Edition (ASQ-3) in infants and
toddlers aged 6 to 24 months, we identified a significant associ-
ation between PPE and neurodevelopmental abnormalities. To
further elucidate its molecular mechanisms, we employed meth-
ylated RNA immunoprecipitation sequencing (MeRIP-seq) anal-
ysis of the cortex from PPE offspring rats, in vitro culture of RGC,
and the fat mass and obesity-associated protein conditional
knockout (¢cKO) mouse model (Fto™; Nestin-Cre), revealing that
PPE regulates RGC cell cycle and neuronal differentiation genes
via the Fto-cAMP response element-binding protein binding
protein (Crebbp)/E1A binding protein p300 (Ep300)-histone 3 at
lysine 27 acetylation (H3K27ac) pathway. Specifically, PPE
limited the proliferation and differentiation of RGCs, leading to
cortical neurogenesis disruption, which manifested as anxiety- and
depression-like behaviors in adulthood. Early postnatal supple-
mentation with neuregulin-1 (NRG-1) significantly promoted the
proliferation of RGCs in PPE offspring, partially restored cortical
neurogenesis, and effectively alleviated anxiety- and depression-
like behaviors in adulthood. This study not only provides new
insights into the impact of PPE on offspring neurodevelopment but
also offers a theoretical foundation and experimental evidence for
developing early interventions and therapeutic strategies for anx-
iety and depression.

2. Materials and methods
2.1.  Human subjects and follow-up

This study protocol was approved by the Medical Ethics Com-
mittee of Zhongnan Hospital, Wuhan University (Approval No.
[2023141K]), to investigate the impact of PPE on offspring neu-
rodevelopment. A cross-sectional survey was conducted involving
pregnant women who delivered at Zhongnan Hospital, Wuhan
University, between July 2021 and July 2024, along with their
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infants and toddlers. Inclusion criteria comprised full-term preg-
nant women diagnosed with autoimmune diseases during preg-
nancy and their matched controls without autoimmune diseases.
The autoimmune conditions involved include systemic lupus er-
ythematosus, antiphospholipid syndrome, Sjogren’s syndrome,
and undifferentiated connective tissue disease, as summarized in
Supporting Information Table S1. Exclusion criteria included twin
pregnancies, neonatal asphyxia, birth defects or malformations,
and maternal psychiatric or infectious diseases (e.g., HIV, hepa-
titis, syphilis). By July 2024, a total of 340 infants and toddlers
were enrolled and classified into 3 groups based on maternal
autoimmune disease status and prednisone use: Control, the
autoimmune disease PPE group, and the autoimmune disease
prenatal prednisone non-exposed (PPNE) group. Participants were
further stratified into age groups of 6, 12, 18, and 24 months. At
the start of the study, all parents were thoroughly informed about
the research objectives and provided written informed consent.
Physical assessments, including height and weight measurements,
were conducted by professional pediatricians.

Neurodevelopment was assessed using 2 parent-reported
questionnaires: ASQ:SE-2 and ASQ-3. ASQ:SE-2 measures 7
domains of social-emotional development, including self-
regulation, compliance, communication, adaptive functioning,
autonomy, affect, and interpersonal interaction. ASQ-3 assesses
5 areas of developmental milestones: communication, gross
motor, fine motor, problem-solving, and personal-social skills.
Both questionnaires were completed through telephone in-
terviews or online submissions by parents, with professional
evaluators recording and scoring the results based on the
responses.

ASQ:SE-2 scores were categorized as “below the cutoff” or “at
or above the cutoff” based on questionnaire standards. Scores “at
or above the cutoff” indicated potential social-emotional behavior
abnormalities requiring further intervention and monitoring. ASQ-
3 scores were divided into “normal”, “monitoring required”, and
“abnormal” categories, with “below the cutoff” classified as
developmental delay, recommending clinical follow-up or referral
to early intervention services.

Detailed baseline data were collected from both mothers and
offspring. Maternal data included age, gravidity, mode of delivery,
pregnancy complications (e.g., gestational hypertension, gesta-
tional diabetes, hypothyroidism), and medication use. Offspring
data encompassed gestational age, birth weight, current height and
weight, feeding practices, types of nutritional supplements, ge-
netic screening results, recent medications, and illnesses. Finally,
the ASQ:SE-2 and ASQ-3 scores of infants and toddlers aged 6 to
24 months were systematically analyzed to evaluate the potential
impact of PPE on offspring neurodevelopment.

2.2.  Animal subjects and treatments

All experimental protocols involving rats were approved by the
Institutional Animal Care and Use Committee (IACUC) of Wuhan
University Animal Experimentation Center (IACUC No.
WP20210060). Animal care and use were conducted in strict
accordance with the guidelines established by the Chinese Animal
Welfare Committee.

Specific pathogen-free (SPF) Wistar rats (females: 240 g;
males: 350 g; 9—10 weeks old) were obtained from SPF
Biotechnology Co., Ltd. (Beijing, China). Before the experiments,
they were acclimated for 1 week under standard conditions.
Mating was confirmed by the presence of sperm in vaginal smears

the next morning, marking GDO. Pregnant rats were then
randomly divided into the control and PPE groups. To simulate
clinical practice, low-dose prednisolone (2.5—10 mg/day) is rec-
ommended during pregnancy for autoimmune disease manage-
ment*®. Based on the human-to-rat dose conversion ratio
(1:6.17)*>** pregnant rats in the PPE group were administered
0.25 mg/kg/day prednisolone via oral gavage from GDO to GD20.
Control rats received an equivalent volume of vehicle (0.5%
CMC-Na, 5 mL/kg/day) by gavage. On GD17 and GD20, pregnant
rats were sacrificed after overnight fasting to collect fetal samples
via cesarean section. Fetal cortices were harvested after sex
identification. Remaining pregnant rats were maintained until
delivery, with 10—14 pups per litter considered eligible for study
(n = 12 per group). The day of delivery was designated as PDO.
Offspring were sexed and weighed, with 1 male pup per litter
randomly selected for sacrifice at PD3 and PD10 to collect cortical
tissues. The remaining offspring were reared to adulthood (PW12)
for behavioral testing (n = 8 per group), after which they were
sacrificed, and cortical tissues were collected for morphological
and molecular analyses.

NRG-1 animal interventions. From each litter in the control
and PPE groups (n = 12 per group), 6 male offspring were
randomly assigned to receive a 7-day intervention with NRG-1
(PeproTech, Cranbury, NJ, USA). The study included 4 groups:
Control_S, PPE_S, PPE_N, and Control_N. NRG-1 (10 pg/kg/
day) or an equivalent volume of saline was administered intra-
peritoneally®>. On PD3 and PD10, 1 male pup from each group
was randomly sacrificed to collect cortical tissues. Remaining
offspring were reared to PW12 for behavioral testing (n = 8 per
group), followed by euthanasia and cortical tissue collection for
morphological and molecular analyses.

C57BL/6], Ftoﬂﬂ; Nestin-Cre mice were obtained from
Cyagen Biotechnology Co., Ltd. (Suzhou, China). Ffo cKO mice
were generated using CRISPR-Cas9 gene-editing technology,
employing Cas9 protein and gRNAs (gRNA-Al: ACAG
TTAAGATCACTCCCGC-CGG;  gRNA-Bl:  TCTGGGCTT
CAGTGTCTGGC-TGG) targeting intron 1 and intron 2 of the
mouse Exoc4 gene with donor vectors containing loxP sites.
Fertilized embryos were implanted into surrogate female mice,
and GDO was designated as the first day post-implantation.
Pregnant mice were housed under a 12 h light/dark cycle at
23 4+ 2 °C in the Wuhan University Animal Experimentation
Center, with experimental protocols approved by the TACUC
(Approval No. WP20240139). Pregnant mice were randomly
assigned to the control or PPE group. Based on the human-to-
mouse dose conversion ratio (1:12.3) **?*, pregnant mice in the
PPE group received 0.5 mg/kg/day prednisolone via gavage from
GDO to GD18, while the control group received an equal volume
of solvent (0.5% CMC-Na, 5 mL/kg/day). On GDI18, pregnant
mice were fasted overnight and sacrificed to collect fetal samples
via cesarean section. Fetal cortices were harvested following sex
identification.

2.3.  Behavioral testing

Open field test (OFT). The test rats were placed in an opaque
acrylic box with an open top (100 cm x 100 cm x 20 cm) and
allowed to freely explore the environment. The movement tra-
jectories of each rat were recorded over a 5-min session, with the
apparatus cleaned using 75% ethanol between tests to prevent
olfactory interference. Finally, analysis was performed using the
Smart v3.0 video tracking system (Panlab, Cornella, Spain).
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Novelty suppressed feeding test (NSFT). Before the
experiment, the apparatus was cleaned with 75% ethanol. Each
rat was placed in an open-top opaque acrylic box
(100 ecm x 100 cm x 20 cm), with a novel food container posi-
tioned at the center of the field. Feeding latency was measured
from entry into the new environment to the first feeding event. The
5-min test was recorded and analyzed using the Smart v3.0 video
tracking system.

Elevated plus maze (EPM). The EPM featured 2 open and 2
enclosed arms (50 cm x 10 cm x 40 cm) extending from a central
platform (10 cm x 10 cm). After ethanol (75%) cleaning to
eliminate odor cues, rats were positioned on the platform for a 5-
min exploration. Behavioral parameters, including arm preference
and movement patterns, were quantified using the Smart v3.0
system.

Forced swimming test (FST). The test rats were placed in a
cylindrical acrylic tank with warm water to a depth of 15 cm to
minimize additional stress caused by cold. Each rat swam for
5 min, during which immobility was defined as the absence of
active movements while maintaining the head above the water.
Swimming and immobility times were recorded and analyzed
using the Smart v3.0 tracking system.

Sucrose preference test (SPT). Rats underwent 48-h sucrose
training, beginning with dual 1% sucrose bottles for 24 h, fol-
lowed by 1 sucrose bottle and 1 water bottle with position rotation
every 12 h. After 24-h food and water restriction, sucrose pref-
erence was assessed by measuring 24-h consumption from 2
bottles (1% sucrose vs. water), with positions alternated at 12-h
intervals to control for side preference.

Novel object recognition test (NORT). In the experiment, rats
were introduced to a known setting featuring 2 unfamiliar items
and given 5 min to investigate. Following a 24-h interval, one of
the original items was substituted with a new object during the test
phase, and the rats were reintroduced to the setting for another 5-
min exploration period. The Smart v3.0 video tracking system was
utilized to document movement paths and behavioral metrics. The
cognitive index was calculated as Eq. (1):

Cognitive index = (Time exploring the new object
—Time with the familiar object) (1)

/Total exploration time

2.4.  Isolation and culture of primary RGCs

RGCs were extracted from GD14 Wistar rat embryos. After
euthanizing the pregnant rat, embryos (7—8 per extraction) were
collected under sterile conditions, and cortical tissues were
excised and finely minced. The tissue fragments were digested
with collagenase IV (Gibco, Carlsbad, CA, USA) at 37 °C for
30 min. Digestion was terminated using fetal bovine serum, fol-
lowed by filtration through a sterile 200-mesh nylon sieve to
obtain a single-cell suspension. The suspension was centrifuged,
the supernatant discarded, and the cells resuspended in neural
stem cell culture medium (composition: 97 mL DMEM/F12 basal
medium, 20 ng/mL EGF, 20 ng/mL bFGF, 2 mL B-27, and 1 mL
100 x PS). The RGCs were seeded into cell culture flasks and
incubated at 37 °C in a 5% CO, atmosphere. After approximately
5 days, neurospheres were observed. These were dissociated into
single cells using Accutase cell dissociation enzyme (Gibco) and
subjected to 3 rounds of purification by passaging. The purified
cells were resuspended in the neural stem cell culture medium,

counted, and assessed for viability. Subsequently, cells were
seeded at a density of 1.5 x 10* cells/mL into poly-L-lysine-pre-
coated plates to allow adhesion. The culture was maintained in
neural stem cell culture medium for subsequent experimental
assays.

Induction of differentiation of primary RGCs. Following
dissociation into single cells using Accutase, RGCs were resus-
pended in differentiation medium (composition: 97 mL DMEM/
F12 basal medium, 2 mL FBS, and 1 mL 100 x PS) and seeded
into six-well plates. The cultures were prepared for subsequent
experimental analysis.

Lentiviral intervention. Lentiviral constructs for Fro over-
expression (Fr0”’) and Ep300 knockdown (shRNA sequence:
ATGACTTACCAGATGAATTAA) were obtained from General
Biol (Chuzhou, China). RGCs were prepared as a single-cell
suspension at a density of 1.5 x 10* cells/mL and seeded into
plates. The lentiviral constructs were diluted in neural stem cell
culture medium to various multiplicity of infection (MOI = 10,
20, 50, 80, 100) and incubated with RGCs in the presence of
puromycin (8 pg/mL) at 37 °C for 24 h. The medium was then
replaced with fresh neural stem cell culture medium, and fluo-
rescence intensity was observed at 48- and 72-h post-transfection
to determine optimal infection conditions. Both Fro”® and Ep300
shRNA knockdown were achieved under conditions of MOI = 20
for 72 h. The resultant Fro® and Ep300 knockdown cell lines were
used for subsequent experimental assays.

2.5.  MeRIP-seq analysis

Total RNA was isolated using Trizol reagent, with quality assessed
by Nanodrop ND-1000 and Bioanalyzer 2100 (concentration
>50 ng/uL, RIN >7.0, ODxgg/250 >1.8). Poly(A)™ RNA was pu-
rified using Dynabeads Oligo(dT), fragmented, and subjected to
m®A immunoprecipitation with specific antibody (Synaptic Sys-
tems, Gottingen, Germany, 202003). Library preparation included
cDNA conversion, end repair, A-tailing, adapter ligation, size
selection (180—220 bp), and UDG treatment, followed by PE150
sequencing on Illumina Novaseq 6000. Bioinformatics analysis
involved HISAT2 alignment to reference genome V104,
exomePeak-based peak calling, ANNOVAR annotation, and
HOMER motif analysis. Transcript quantification (FPKM) and
assembly were performed using StringTie, with differential
expression analysis (edgeR) applying thresholds of [FC|>2 and
P < 0.05.

2.6. RT-gPCR analysis

Total RNA extraction from rat cortical tissues and primary RGCs
was performed using Trizol reagent according to the manufac-
turer’s instructions. Subsequent cDNA synthesis was carried out
with Hiscript III RT SuperMix for qPCR (+gDNA wiper)
(Vazyme, Nanjing, China), followed by quantitative PCR analysis
using Taq Pro Universal SYBR qPCR Master Mix on a
QuantStudio 5 platform. Gene expression quantification was
normalized to Gapdh and calculated via the pTAACt method, with
corresponding primer sequences detailed in Supporting Informa-
tion Table S2.

2.7.  ChIP-qPCR assay

ChIP-gPCR assays were conducted as previously described?®.
Cortical tissues were cross-linked with 1% formaldehyde at room
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Figure 1  Ages and Stages Questionnaires: Social-Emotional, Second Edition (ASQ:SE-2) and Ages & Stages Questionnaire, Third Edition
(ASQ-3) assessments and abnormality rates in infants aged 6 to 24 months from control, prenatal prednisone-exposed (PPE), and prenatal
prednisone non-exposed (PPNE) groups. (A) Study design for ASQ:SE-2 and ASQ-3 assessments. (B), (F) Total raw ASQ:SE-2 scores at 6, 12,
and 18/24 months in male and female infants. (C), (G) Percentages of abnormal ASQ:SE-2 scores at 12 and 18/24 months in male and female
infants. (D), (H) Raw scores across 5 ASQ-3 subdomains—communication, gross motor, fine motor, problem-solving, and personal-social male
and female infants aged 6 to 24 months. (E), (I) Percentages of abnormal ASQ-3 scores in male and female infants aged 6 to 24 months. Data are
presented as mean = SEM; *P < 0.05, **P < 0.01 vs. respective Control or PPNE.
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Figure 2  PPE induced anxiety- and depression-like behaviors in postnatal week 12 (PW12) adult offspring rats, accompanied by cortical nerve
cells reduction and structural abnormalities. (A) Representative track plots from the open field test (OFT) and quantification of distance traveled in
the center zone, time spent in the center zone, and total distance traveled, n = 8. (B) Representative track plots from the elevated plus maze
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temperature, centrifuged, and homogenized in PBS containing 1%
protease inhibitor cocktail. Chromatin was fragmented by soni-
cation. Pre-treated Protein G agarose beads were incubated
overnight with antibodies targeting H3K9ac (ABclonal, Wuhan,
China, A7255), H3Kl14ac (ABclonal, A7254), and H3K27ac
(ABclonal, A7253), along with chromatin. After washing the
immunoprecipitated complexes, DNA-chromatin cross-links were
reversed. DNA was purified using a DNA purification kit (Tian-
gen, Beijing, China, Cat. #DP204-03) and analyzed by RT-qPCR
with gene-specific primers.

2.8.  Hematoxylin—eosin (HE) staining and analysis

Cortical tissues from offspring rats were fixed overnight in 4%
paraformaldehyde. Following fixation, the tissues underwent
dehydration, clearing, and paraffin embedding to prepare coronal
brain sections, which were cut to a thickness of 3—5 pum. Sections
were stained using an HE staining kit as per the manufacturer’s
protocol and mounted with neutral balsam. Histological analysis
and imaging were performed using a conventional optical mi-
croscope (Nikon, Tokyo, Japan). Cortical thickness was measured
by analyzing the stained images with ImageJ software (version
6.0, Media Cybernetics Inc., Rockville, MD, USA).

2.9.  Immunofluorescence staining and analysis

Immunofluorescence staining was performed on deparaffinized
and cryosections after antigen retrieval in citrate buffer (pH 6.0).
Sections were permeabilized (0.25% Triton X-100 in PBS,
30 min), blocked (10% goat serum in PBST), and incubated with
primary antibodies (1:200 unless specified): Rabbit anti-SATB2
(1:200, Abcam, ab92446), Rabbit anti-TBR1 (1:200, Abcam,
ab183032), Rabbit anti-CTIP2 (1:200, ABclonal, A21767), Rabbit
anti-CUX1 (1:200, ABclonal, A2213), Rabbit anti-PAX6 (1:200,
Abcam, ab195045), Rabbit anti-BrdU(1:200, ABclonal, A1482),
Rabbit anti-NeuN (1:200, ABclonal, A19086), Rabbit anti-
GFAP(1:400, Abcam, Cambridge, UK, ab68428), Rabbit anti-
MAP2 (1:1000, NBP3-05552, Novus Biologicals, Centennial, CO,
USA). For BrdU detection, sections underwent HCI treatment
(1 mol/L, 37 °C, 30 min) followed by borate buffer neutralization.
Secondary staining used ABflo 594/488-conjugated Goat Anti-
Rabbit IgG (1:200, ABclonal, AS039/AS073), with DAPI coun-
terstaining. Imaging was performed using a Leica SP8 confocal
microscope and analyzed with Imagel.

2.10. TEM analysis

Cortical tissues were dissected into 1 mm® cubes and sequentially
fixed in 2.5% glutaraldehyde followed by 1% osmium tetroxide.
Following phosphate buffer (0.1 mol/L) rinses, samples underwent

ethanol gradient dehydration, embedding, and sectioning. Ultra-
thin sections were double-stained with uranyl acetate (3%) and
lead citrate, then examined using a Hitachi transmission electron
microscope (Hitachi, Tokyo, Japan). Morphological analysis was
performed using Imagel software.

2.11.  Protein extraction and Western blot analysis

Total protein was isolated from fetal cortical tissues using radio-
immunoprecipitation assay lysis buffer, with concentrations
determined by bicinchoninic acid assay. Nuclear and cytoplasmic
fractions were separated using a commercial extraction kit
(Applygen, Beijing, China, P1200). Equal amounts of protein
(adjusted to uniform concentration) were denatured in loading
buffer at 100 °C for 10 min. Following SDS—PAGE separation,
proteins were transferred to PVDF membranes and probed with
specific primary antibodies: H3 (1:2000, ABclonal, A2348),
H3K14ac (1:1000, ABclonal, A7254), H3K9ac (1:1000, ABclo-
nal, A7255), H3K27ac (1:1000, ABclonal, A7253), FTO (1:2000,
Proteintech, Rosemont, IL, USA, 27226-1-AP), EP300 (1:500,
Abcam, ab14984), and CREBBP (1:1000, Santa Cruz, Dallas, TX,
USA, SC-365387). Membranes were then incubated with HRP-
conjugated secondary antibodies (1:10,000, ABclonal, AS003/
AC206) and visualized using chemiluminescence (Bridgen, Bei-
jing, China, BR10273). Band intensities were quantified by
grayscale analysis.

2.12. Dot blot assay

RNA was extracted from primary RGC or GD17 fetal cortical
tissues using the Dynabeads mRNA Purification Kit (Ambion,
Austin, TX, USA, 61011). Each sample was analyzed in triplicate
at three different concentrations, with 2 pl. spotted per replicate.
The purified RNA was pipetted onto a nylon membrane and
allowed to dry completely. RNA was UV-crosslinked (Stratalinker
2400, 2 x auto program) and membranes were blocked (5% non-
fat milk in PBST, 2 h). After overnight incubation with anti-m°A
antibody (1:2000, Abcam, A19841) at 4 °C, membranes were
probed with HRP-conjugated secondary antibody (1:10,000, 2 h).
Chemiluminescent detection was performed, with images ac-
quired using Image-Pro Plus 6.0. RNA loading was verified by
methylene blue staining (0.02% in 0.3 mol/L sodium acetate, pH
5.2), and m°A levels were normalized accordingly.

2.13.  Cell cycle analysis

Primary RGC cell cycle progression was assessed as previously
outlined”’, adhering to the manufacturer’s guidelines. Briefly,
primary rat RGCs were treated with 10 pmol/L EAU (ABclonal,
RMO02832) for 2 h and rinsed with RGC culture medium. At

(EPM) and quantification of time spent in the open arms and number of entries into the open arms, n = 8. (C) Representative track plots from the
novelty-suppressed feeding test (NSFT) and quantification of latency to feed, n = 8. (D) Immobility time in the forced swim test (FST), n = 8.

(E) Sucrose consumption in the sucrose preference test (SPT), n =

8. (F) Discrimination index in the novel object recognition test (NORT),

n = 8. (G) Representative images and quantification of neuronal nuclei (NeuN)-positive mature neurons in the cortex. Scale bar = 100 pm; white
boxed regions are magnified. Scale bar = 25 pm, n = 5. (H) Representative immunofluorescence images and quantification of SNAP25, PSD-95,
and SHANK3. Scale bar = 50 um, n = 3. mRNA expression levels of Snap25, Dig4 and Shank3, n = 8. (I) Electron micrographs of neuronal
synapses and quantification of postsynaptic density (PSD) thickness, synaptic cleft (SC) width, active zone (AZ) length, and synapse vesicle (SV)
density per field of view. Scale bar = 200 nm, n = 5. (J) Representative images of glial fibrillary acidic protein (GFAP)-positive astrocytes and
Sholl analysis, along with quantification of astrocyte count, branch length, volume, and branch number. Scale bar = 25 pm, n = 5. Data are
presented as mean + SEM; ns, no significance; *P < 0.05, **P < 0.01 vs. respective Control.
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Figure 3  PPE induced cortical neurogenesis deficits in neonatal offspring at postnatal day 3 (PD3) and PD10. (A) Whole-brain images and
quantification of cortical area. White dashed lines indicate the cortical area of one hemisphere. Scale bar = 500 pm, n = 5. (B) Hematoxylin-
eosin (HE) stained images and quantification of cortical thickness. Scale bar = 500 um, n = 5. (C) mRNA expression levels of paired box gene 6
(Pax6), n = 8. (D) Representative images of 5-bromodeoxyuridine (BrdU)/PAX6 double-positive cells and quantification. Scale bar = 25 pum,
n = 5. mRNA expression levels of Rbfox3 (E) and Gfap (F), n = 8. Representative images and quantification of NeuN-positive (G), (H) and
GFAP-positive (I), (J) cells. Scale bar = 100 pm/50 pm; white boxes denote magnified regions. Scale bar = 25 um, n = 5. Data are presented as
mean £+ SEM; *P < 0.05, **P < 0.01 vs. respective Control.
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Figure 4  PPE inhibited the proliferation and differentiation of radial glial cells (RGCs) in the cortex of gestational day 17 (GD17) and GD20
fetal rats. (A) Whole-brain images and quantitative analysis of cortical area, with white dashed lines outlining the cortical area of a hemisphere.
Scale bar = 500 um, n = 5. (B) HE-stained images and quantification of cortical thickness. Scale bar = 500 um, n = 5. (C) mRNA expression
levels of Pax6, n = 8. (D) Immunofluorescence staining for PAX6 and quantitative analysis (E). Scale bar = 500 pm; white dashed rectangles
indicate magnified regions. Scale bar = 50 pm, n = 5. (F) mRNA expression levels of Eomes, n = 8. (G) Immunofluorescence images for
CUTL I-interacting protein 2 (CTIP2, red, deep-layer neuronal marker) and Cut-like homeobox 1 (CUX1, green, upper-layer neuronal marker),
and quantitative analysis (H). Scale bar = 500 pm; white dashed rectangles indicate magnified regions. Scale bar = 50 um, n = 5. (I), (J)
Immunofluorescence images for special AT-rich sequence binding protein 2 (SATB2, red, upper-layer neuronal marker) and T-box brain protein 1
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specified intervals, cells were dissociated using Accutase, fixed
with 4% paraformaldehyde in PBS for 20 min at room tempera-
ture, and stained using the Click-iT Plus EdU Alexa Fluor 647
Flow Cytometry Assay Kit (ThermoFisher, Waltham, MA, USA,
C10634). DNA was counterstained with DAPI, and flow cytometry
was conducted on a BD LSRFortessa X-20 flow cytometer (BD
Bioscience, San Jose, CA, USA). EdU-positive or GFP-EdU-
positive cells were gated, and their DNA content was compared
to the total cell population. The proportion of dividing cells within
these gated populations was quantified at designated time points.

2.14.  Data analysis

Data analysis was performed using GraphPad Prism 9.0
(GraphPad, La Jolla, CA, USA) or IBM SPSS Statistics 20 (SPSS
Science Inc., Chicago, IL, USA). Quantitative data are expressed
as mean =+ standard error of mean (SEM). For two-group com-
parisons, Student’s 7-test was used for normally distributed data
with equal variance. For multiple independent groups, one-way
ANOVA was applied. If normality or homogeneity assumptions
were not met, data were log-transformed. If the transformation
failed to satisfy these assumptions, the Mann—Whitney U test or
Kruskal—Wallis H test was used for 2 or more groups, respec-
tively. Categorical variables were summarized as frequencies and
percentages, analyzed using the chi-square or Fisher’s exact test,
as appropriate. A two-tailed P < 0.05 was considered statistically
significant. Multivariable analysis was conducted to calculate ORs
and 95% confidence intervals.

3. Results

3.1.  PPE was associated with abnormal neurodevelopment in
infants, particularly communication skills

We conducted a cross-sectional study to evaluate neuro-
development in infants aged 6 to 24 months with PPE, using the
ASQ:SE-2 and ASQ-3 questionnaires (Fig. 1A). Baseline char-
acteristics (Supporting Information Tables S3 and S4) revealed no
significant differences among the normal control group (Control),
the autoimmune disease PPE group (median dose: 10 mg/day),
and the autoimmune disease prenatal prednisone non-exposed
(PPNE) group in maternal gestational age, pregnancy-related
conditions, delivery timing, or infant anthropometrics. For male
infants, ASQ:SE-2 scores were significantly higher in 12 to 24-
month PPE group compared to the other groups, with no differ-
ences at 6 months (Fig. 1B). Chi-square analysis confirmed a
higher proportion of abnormal ASQ:SE-2 scores in this subgroup
(Fig. 1C). ASQ-3 analysis showed that male infants in the PPE
group scored significantly lower in communication and fine motor
skills compared to other groups, with gross motor, problem-
solving, and personal-social domains also being significantly
reduced relative to the control group (Fig. 1D). A higher pro-
portion of infants in the PPE group scored “below the cutoff” in
communication and fine motor domains, with communication
most severely affected (Fig. 1E).

Among female infants, ASQ:SE-2 scores were significantly
elevated in the 18- and 24-month-old PPE group, although no
differences were observed at 6 to 12 months (Fig. 1F). Chi-square
analysis found no significant differences in the proportion of
scores “at or above the cutoff” for the 18- and 24-month PPE
groups (Fig. 1G). ASQ-3 analysis revealed significantly lower
communication domain scores in PPE female infants compared to
the other groups (Fig. 1H), with increased proportions of “below
the cutoft” scores in communication and gross motor domains,
particularly affecting communication (Fig. 11).

Univariate and multivariate logistic regression analyses
explored potential causes of these impairments. Univariate anal-
ysis associated abnormal ASQ:SE-2 scores with PDN exposure
and maternal immune diseases, while ASQ-3 communication
deficits were linked to PDN exposure, maternal immune diseases,
age, and gestational diabetes. Multivariate analysis identified PPE
as an independent risk factor for abnormal scores in both ASQ:SE-
2 (odds ratio (OR) = 5.02, P = 0.013) and ASQ-3 communi-
cation domains (OR = 5.27, P = 0.012) (Supporting Information
Table S5). In conclusion, PPE adversely impacts infant brain
development, with communication deficits being particularly
pronounced in both sexes. These findings highlight potential dis-
ruptions in specific brain regions associated with communication
skills.

3.2.  PPE induced anxiety- and depression-like behaviors in
adult offspring rats, accompanied by cortical nerve cells reduction
and structural abnormalities

Fluctuations in reproductive hormone levels profoundly influence
women’s mental health, regulating numerous neurotransmitters in
the brain. These hormonal changes, combined with individual
sensitivity to environmental factors, contribute to the onset and
progression of affective disorders®®*>°. To more accurately assess
the long-term impact of PPE on offspring neurodevelopment,
offspring rats (postnatal week 12, PW12) underwent a series of
behavioral tests designed to evaluate motor function, anxiety,
depression, and cognitive abilities. In the open field test (OFT),
PPE male offspring spent significantly less time in the center area,
while overall locomotor activity remained unchanged compared to
controls (Fig. 2A). This suggests that PPE reduced exploratory
behavior, indicating potential anxiety-like tendencies. In the
elevated plus maze (EPM), PPE male offspring preferred the
closed arms, spending significantly less time in the open arms
(Fig. 2B), further supporting anxiety-like behavior. Additionally,
in the novelty suppressed feeding test (NSFT), PPE male offspring
exhibited a prolonged latency to feed, consistent with anxiety-
related traits (Fig. 2C). Depression-like behaviors were assessed
using the forced swimming test (FST) and sucrose preference test
(SPT). FST results showed increased immobility time in PPE male
offspring, reflecting despair-like behavior (Fig. 2D). In the SPT,
PPE male offspring consumed less sucrose, indicative of anhe-
donia, a core symptom of depression (Fig. 2E). It is noteworthy
that female offspring subjected to PPE did not show significant
anxiety- or depression-like phenotypes (Supporting Information
Fig. SIA—S1C). This observation aligns with clinical evidence

(TBRI1, green, deep-layer neuronal marker), and quantitative analysis. Scale bar = 500 pm; white dashed rectangles indicate magnified regions.
Scale bar = 50 pm, n = 5. (K) mRNA expression levels of microtubule-associated protein 2 (Map2), n = 8. (L) mRNA expression levels of Gfap
and immunofluorescence images for GFAP (astrocytic marker). Scale bar = 100 um. Data are presented as mean 4+ SEM; *P < 0.05, **P < 0.01

vs. respective Control.
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Figure 5  N°-Methyladenosine (m®A) regulated cell cycle and neuronal differentiation gene expression in PPE offspring rat RGCs histone 3
lysine 27 acetylation (H3K27ac) modification. (A) Dot blot analysis of m®A modification in total RNA from GD17 fetal rat cortices. (B) Volcano
plot showing significantly altered mRNA expression. (C) Heatmap displaying the top 50 genes with significantly altered mRNA expression. (D)
Gene ontology (GO) enrichment analysis of changed mRNAs. (E) Chord diagram illustrating the enrichment of differentially altered genes in the
top 10 GO pathways. (F), (G) Real-time quantitative PCR (RT-qPCR) analysis of differential genes related to cell cycle and neuronal
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indicating that the adverse neurobehavioral effects of PPE are
more prominent in males. Accordingly, our subsequent in-
vestigations concentrated on male offspring. In addition, no sig-
nificant differences between PPE and control offspring were
observed in spatial learning and memory, as assessed by the novel
object recognition test (NORT), suggesting that PPE primarily
affects emotional rather than cognitive functions (Fig. 2F).

Neurons and non-neuronal cells, such as glial cells, play crit-
ical roles in regulating neural system function and the pathogen-
esis of psychiatric disorders®'. To investigate the underlying
neurobiological mechanisms, we analyzed cortical development in
PPE offspring. NeuN immunostaining revealed a significant
reduction in mature neurons in the cortex (Fig. 2G). Additionally,
synaptic markers—SNAP25, PSD-95, and SHANK3—were
significantly lower in the PPE group (Fig. 2H), indicating syn-
aptic structural deficits. Transmission electron microscopy (TEM)
further revealed significant synaptic alterations, including reduced
postsynaptic density (PSD) thickness, widened synaptic clefts,
shortened active zone lengths, and a lower number of synapses
(Fig. 2I), confirming synaptic structural impairments. Further-
more, a significant reduction in astrocytes was observed in the
PPE offspring cortex (Fig. 2J). Structural analysis revealed sig-
nificant astrocytic abnormalities, including decreased branch
length, volume, and number (Fig. 2J), suggesting compromised
astrocyte function.

In summary, PPE led to a reduction in cortical neurons and
synaptic impairments, as well as abnormalities in astrocyte
numbers and morphology. These cellular and structural alterations
align with the anxiety- and depression-like behaviors observed in
the behavioral tests, providing histological evidence of neuro-
developmental impairments induced by PPE.

3.3.  PPE impaired cortical neurogenesis in offspring by
suppressing RGCs proliferation and differentiation

Cortical development in mammals relies heavily on the active
proliferation and differentiation of RGCs. As pivotal neural stem
cells, RGCs generate intermediate progenitor cells (IPCs) and
neurons, contributing to the laminar structure of the cortex>2.
During the perinatal period, RGCs’ activity declines, leading to
reduced neurogenesis and a shift toward gliogenesis™. Therefore,
we hypothesize that the reduced cortical nerve cells in adult PPE
offspring are linked to abnormal RGCs proliferation and
differentiation.

RGCs are progressively depleted in the mouse cortex during
early postnatal development. In line with the developmental
timelines of rats and mice, postnatal day 3/10 (PD3/PD10) were
chosen as critical time points for analysis. PD3 marks the transi-
tion of RGCs into astrocytes’®, while PD10 represents near-
complete depletion of RGCs*. Our results showed significant
reductions in both cortical area and thickness in PPE offspring at
PD3 and PD10 compared to controls (Fig. 3A and B).

Further analysis revealed that the mRNA levels of Pax6, a
marker of RGC, were significantly reduced in the cortices of PPE
offspring, along with a marked decrease in PAX6-positive cells
(Fig. 3C and D). BrdU/PAX6 dual-labeling experiments showed
that RGCs proliferation was accelerated in the PPE group,
shortening their proliferative cycle and leading to an earlier
depletion of the RGCs pool (Fig. 3D). This suggests that PPE
exposure accelerates RGCs depletion, thereby impairing cortical
neurogenesis during the neonatal period.

To validate this hypothesis, we assessed markers for mature
neurons and astrocytes in neonatal cortices. The mRNA expres-
sion of Rbfox3 and Gfap was significantly reduced in PPE
offspring (Fig. 3E and F). Immunofluorescence staining revealed a
substantial decrease in the density of mature neurons and astro-
cytes in the PPE group (Fig. 3G—1J).

In summary, PPE significantly impairs the proliferation and
differentiation of RGCs in offspring, leading to defects in neonatal
cortical neurogenesis. These early disruptions likely contribute to
the reduced nerve cell populations and structural abnormalities
observed in adulthood, which may underlie the anxiety- and
depression-like behaviors observed.

To investigate the origins of the cortical nerve cells deficits and
cortical reduction induced by PPE, we examined changes in em-
bryonic RGCs. Based on the developmental timeline of RGC in
mice and rats, we selected gestational day 17 (GD17, a stage
where RGCs predominantly differentiate into neurons) and GD20
(a stage where RGCs begin differentiating into astrocytes) as
critical observation points®®. At both GD17 and GD20, cortical
area and thickness were significantly reduced in PPE offspring
compared to controls (Fig. 4A and B). Real-time quantitative PCR
(RT-qPCR) and immunofluorescence analyses revealed a marked
decrease in Pax6 mRNA expression (Fig. 4C) and a significant
reduction in the thickness of PAX6-positive cells along the ven-
tricular zone (Fig. 4D and E). Concurrently, the mRNA levels of
Eomes (encoding TBR2) were also significantly reduced (Fig. 4F),
further indicating impaired RGCs proliferation and differentiation.

The reduction in cortical area suggested abnormalities in
neurogenesis. To explore this, we performed fluorescence staining
for CTIP2 (a marker of deep-layer neurons in layers V—VI) and
CUX1 (a marker of upper-layer neurons in layers II—IV) in brain
sections from GD17 and GD20. At GD17, the thickness of upper-
layer neurons was significantly increased, while deep-layer neuron
thickness was markedly reduced in the PPE group (Fig. 4G and
H). By GD20, both upper- and deep-layer neuron thicknesses were
significantly thinner in PPE offspring (Fig. 4G and H). These
findings suggest that PPE may prematurely induce RGCs differ-
entiation, resulting in a shortened proliferative cycle and impaired
later-stage neurogenesis.

To further confirm this, brain sections from GD20 with TBR1
(a marker of deep-layer neurons) and SATB2 (a marker of upper-
layer neurons) staining confirmed significant reductions in both
deep- and upper-layer neurons in the PPE group (Fig. 41 and J).
The expression of the mature neuronal marker Map2 was also

differentiation, n = 8. (H) Volcano plot showing differential methylation peaks. (I) GO enrichment analysis of histone modification-associated
differential methylation peaks. (J) Representative Western blot images and quantification of H3K27ac, histone 3 lysine 14 acetylation (H3K14ac),
and histone 3 lysine 9 acetylation (H3K9ac) levels in nuclear proteins, n = 3. (K), (L) Chromatin immunoprecipitation (ChIP)-qPCR assay
showing the expression of H3K27ac and H3K14ac at the promoters and enhancers of cell cycle and neuronal differentiation-related differential
genes, n = 6. (M) Representative Western blot images and quantification of nuclear protein levels of cAMP response element-binding protein
CREB binding protein (CREBBP) and E1A binding protein p300 (EP300), n = 3; mRNA expression levels of Crebbp/Ep300, n = 8. (N)
Comparison of m®A-MeRIP-qPCR for Crebbp/Ep300, n = 5. Data are presented as mean + SEM; *P < 0.05, **P < 0.01 vs. respective Control.
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Figure 6  Prednisolone (PDNL) inhibited RGCs’ proliferation and differentiation via m®A-regulated H3K27ac modifications. (A) Suspension
culture of RGCs’ spheres derived from fetal rat cortical tissue after 5—7 days, validated with Nestin (green) and GFAP (red) immunofluorescence
staining. (B), (C) Time- and dose-dependent effects of prednisone (PDN) and PDNL treatments on primary RGCs, n = 6. (D) Flow cytometry
analysis of apoptosis in RGCs. (E) Gene expression levels of cell cycle- and neuronal differentiation-related genes, n = 6. (F) Dot blot analysis of
total RNA m°A levels, n = 3. (G) Comparison of m®A-MeRIP-qPCR for Crebbp/Ep300, n = 3. Representative images and quantification of
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significantly downregulated in PPE offspring at GD17 and GD20
(Fig. 4K). Additionally, the density of astrocytes and Gfap mRNA
expression were markedly reduced in the PPE group (Fig. 4L).

In conclusion, PPE disrupts cortical neurogenesis by impairing
the proliferation and differentiation of embryonic RGCs. These
abnormalities are evident as early as the intrauterine stage, persist
postnatally, and ultimately lead to reduced cortical nerve cells and
functional impairments in adult offspring.

3.4.  m°A modification mediated PPE-induced RGCs
proliferation and differentiation impairments via H3K27ac
regulation

m°A is the most abundant RNA modification and plays a critical
role in regulating neurodevelopment. Using MeRIP-Seq analysis
of cortical tissues from GD17 fetal rats, we identified the ca-
nonical m®A motif sequence GGACA (Supporting Information
Fig. S2A). Dot blot analysis confirmed a significant reduction
in m°A modification levels in the PPE group (Fig. 5A). Distri-
bution analysis revealed that m®A peaks were primarily localized
around stop codons and 3'UTR regions, with a similar distribu-
tion of functional gene elements between groups (Fig. S2B and
S2C). However, changes in mC®A modification levels were not
strongly correlated with mRNA expression levels (Fig. S2D),
suggesting an indirect regulatory mechanism. Transcriptome
analysis revealed significant upregulation of gene expression in
the cortex of PPE offspring (Fig. 5B). Among the top 50 most
altered genes, 8 genes (Thbs4, Col7al, Crifl, Cd248, Pdlim3,
Siml, Agtr2, Igf2) were closely related to nervous system
development (Fig. 5C). Gene ontology (GO) enrichment analysis
showed significant enrichment in cell cycle-related pathways
(Fig. 5D). Further screening identified 13 cell cycle-associated
genes (Cdknlc, Cdknla, Bmp2, Alx4, Tbxl5, Pitx2, Foxa2,
Six1, Tcfl2, Skorl, Dmbx1, Pax2, Wntll) (Fig. SE). RT-qPCR
validation demonstrated that the expression changes of 5
neuronal differentiation-related genes (Thbs4, Col7al, Crlfl,
Cd248, Pdlim3) and 5 cell cycle-associated genes (Cdknlc,
Cdknla, Bmp2, Alx4, Thxl5) were consistent with the tran-
scriptome results (Fig. SF and S2E). Analysis of gene expression
patterns in the PD3 and PD10 offspring cortex showed no sig-
nificant changes in cell cycle-related gene expression during the
neonatal period (Fig. 5G), suggesting that RGCs proliferation
abnormalities primarily occurred prenatally. At PD3, the
expression patterns of neuronal differentiation-related genes
(Thbs4, Crifl, Pdlim3) aligned with those at GD17. However, by
PDI10, these differences were no longer significant (Fig. S2F),
likely due to RGCs differentiation into astrocytes before their
depletion.

Analysis of m®A peak distribution revealed 160 upregulated
and 138 downregulated genes among the top 1000 genes in the
PPE fetal cortex (Fig. SH). Considering the pivotal role of
histone tail modifications in regulating gene expression®’, GO
analysis highlighted significant enrichment in histone acetyla-
tion pathways, particularly those involving H3 acetylation

(Fig. 51). Western blot analysis revealed increased H3K27ac and
H3K14ac levels in the PPE group cortex, while H3K9ac levels
remained unchanged (Fig. 5J). Chromatin immunoprecipitation
(ChIP)-qPCR further demonstrated that prenatal changes in
H3K27ac were positively correlated with the expression of four
cell cycle-associated genes and three neuronal differentiation
genes, while H3K14ac correlated with 3 cell cycle genes and 2
neuronal differentiation genes (Fig. 5K and S2G). Analysis of
PD3 offspring indicated that PPE-induced changes in neuronal
differentiation gene expression were primarily associated with
H3K27ac modifications (Fig. 5L). ChIP-qPCR verification of
H3K9ac revealed no correlation with target gene expression
changes (Fig. S2H). To explore the molecular mechanism un-
derlying H3K27ac modifications, we examined the expression
of H3K27ac transferases Crebbp/Ep300. PPE offspring showed
significantly elevated mRNA and protein levels of CREBBP/
EP300 in the cortex (Fig. 5M). The presence of m°A in
Crebbp/Ep300 mRNA was assessed using MeRIP-qPCR. The
results showed a decreased enrichment of m®A in Crebbp/Ep300
mRNA in the cortex of PPE offspring (Fig. 5N). These findings
suggest that the loss of m®A modification may stabilize Crebbp/
Ep300 mRNA, leading to elevated H3K27ac levels and subse-
quent regulation of cell cycle and neuronal differentiation
genes.

To validate the MeRIP-Seq results in cortical RGC, primary
RGC were isolated from fetal cortical tissue for further analysis
(Fig. 6A). Prednisolone (PDNL), the active metabolite of PDN3%,
was used for in vitro experiments at concentrations of 2, 10, and
50 nmol/L, reflecting fetal blood levels in the PPE model (PDN:
11.6 + 9.9 nmol/L, PDNL: 23.8 + 25.1 nmol/L). Time- and dose-
dependent analyses revealed that 50 nmol/L PDNL treatment for
72 h induced mRNA expression changes in cell cycle-related
genes similar to the findings in animal tissues (Fig. 6B and C).
Flow cytometry confirmed that this concentration did not induce
apoptosis in RGCs (Fig. 6D), excluding apoptosis as a factor in the
reduced RGCs number. Heatmap analysis of gene expression
demonstrated significant alterations in cell cycle- and neuronal
differentiation-related genes in PDNL-treated RGCs (Fig. 6E),
indicating that PDNL is a key factor in cortical neurogenesis
impairment in the PPE model.

Dot blot assays revealed reduced m®A modification levels in
PDNL-treated RGCs (Fig. 6F). Further analysis revealed that
PDNL treatment reduced the m®A modification of Ep300/Crebbp,
leading to increased mRNA and protein levels of CREBBP/
EP300, as well as enhanced H3K27ac modification (Fig. 6G and
H), thereby affecting genes associated with cell cycle regulation
and neuronal differentiation. Moreover, treatment with Actino-
mycin D failed to reverse the PDNL-induced upregulation of
Ep300/Crebbp mRNA, suggesting that transcriptional activation is
unlikely to be involved in this process (Fig. 6H). EdU incorpo-
ration assays showed reduced RGCs proliferation, with delayed
progression through the S—G2/M phase (Fig. 6]1). Differentiation
induction experiments revealed that PDNL treatment biased RGCs
differentiation toward neurons, with increased numbers of DCX-

CREBBP/EP300, and H3K27ac levels in nuclear proteins, n = 3. (H) RT-qPCR analysis of the effects of PDNL and Actinomycin D on Crebbp/
Ep300 mRNA levels, n = 6. (I) Flow cytometry analysis of RGCs cell cycle progression. Top: Dot plots at 0 h and 5 h post-5-ethynyl-
2'-deoxyuridine (EdU) pulse. Specific cell cycle phases are indicated in boxed regions. Bottom: Histograms of DNA content for EdU-positive and
total cell populations. Confocal images and quantification of doublecortin (DCX) (J), MAP2 (L), and GFAP (M) with quantitative analysis (K).
Scale bar = 100 pm, n = 5. Data are presented as mean + SEM; ns, no significance; *P < 0.05, **P < 0.01 vs. respective Control.
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and MAP2-positive neurons and fewer GFAP-positive astrocytes
(Fig. 6J—M), consistent with in vivo observations.

Based on these findings, it is hypothesized that genes such as
Cdknla, Bmp2, Alx4, and Tbx15 may regulate RGCs cell cycle
progression, whereas Thbs4 and Crif] may influence neuronal
differentiation.

To further evaluate the role of H3K27ac modifications in RGCs
cell cycle and differentiation, we used lentiviral ShRNA to knock
down Ep300. After 72 h, successful knockdown of Ep300 was
confirmed by green fluorescent protein (GFP) expression and RT-
qPCR (Supporting Information Fig. S3A). Ep300 depletion
significantly reduced nuclear H3K27ac levels in PDNL-treated
RGCs, confirming that PDNL regulates H3K27ac via Ep300
(Fig. S3B). RT-qPCR revealed partial restoration of target gene
expression following Ep300 knockdown (Fig. S3C). Immunoflu-
orescence analysis showed that following Ep300 knockdown
intervention, the numbers of newborn neurons (Fig. S3D) and
mature neurons (Fig. S3E and S3F) in the PDNL + shRNA group
were significantly reduced compared to the PDNL + NC group,
while the number of astrocytes increased (Fig. S3G and S3H).
These findings indicate that Ep300 knockdown mitigates the
PDNL-induced bias in RGCs’ differentiation toward neuronal
lineage. Proliferation assays revealed that the delay in S—G2/M
phase progression observed in primary RGCs of the
PDNL + shRNA group was notably alleviated (Fig. S3I), and the
EdU-positive cell population was significantly increased
(Fig. S3J), indicating that Ep300 knockdown effectively rescued
the cell cycle abnormalities caused by PDNL.

In summary, PPE-induced m®A depletion modification stabi-
lizes the mRNA expression of Crebbp/Ep300, increases H3K27ac
modification levels, and activates the expression of genes associ-
ated with cell cycle arrest and neuronal differentiation, leading to
abnormal proliferation and differentiation of RGCs, ultimately
causing cortical neurogenesis defects.

3.5, FTO regulated m°A to enhance H3K27ac modifications in
cortical RGCs of PPE offspring

The m®A modification is catalyzed by methyltransferases (e.g.,
METTL3, METTL14, WTAP) and removed by demethylases
(e.g., FTO and ALKBH5)¥. Our results revealed a significant
upregulation of Fto expression in the cortex of PPE offspring
(Supporting Information Fig. S4A), while expression levels of
Merttl3, Mettll4, Wtap, and Alkbh5 remained unchanged. This
suggests that Ffo may contribute to reduced m°A levels in RGCs
of PPE offspring. Additionally, nuclear expression of FTO protein
increased, whereas cytoplasmic expression decreased (Fig. S4B),
indicating PPE-induced translocation of FTO from the cytoplasm
to the nucleus. This was further confirmed in primary RGC treated
with PDNL (Fig. S4C).

To further explore FTO’s role, we overexpressed Fro (Fto”) in
primary RGC using lentiviral transduction. After 72 h, GFP
expression was significantly increased (Supporting Information
Fig. S5A). RT-qPCR and Western blot confirmed successful
overexpression of FTO (Fig. S5B). Dot blot analysis showed that
Fto® significantly decreased m®A levels in primary RGC, con-
firming FTO’s negative regulation of m°A  modification
(Fig. S5C). Moreover, in the Fro°® group, the enrichment of m°A
in Crebbp/Ep300 mRNA in primary RGC decreased (Fig. S5D).
Fto®® promoted nuclear accumulation of CREBBP/EP300 mRNA
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and protein, accompanied by increased H3K27ac modifications
(Fig. SSE).

Further analysis revealed that Fro® significantly upregulated
genes related to the cell cycle and neuronal differentiation in RGC
(Fig. S5F). Flow cytometry revealed that Fro® extended the
S—G2/M phase, inhibiting RGCs proliferation (Fig. S5G).
Immunofluorescence staining demonstrated a significant increase
in newborn and mature neurons, alongside a reduction in astro-
cytes (Fig. SSH—S5K). In summary, FTO regulates m®A modifi-
cations and influences H3K27ac levels, impairing RGCs
proliferation and differentiation. This mechanism is likely a key
factor underlying the suppression of RGCs proliferation and dif-
ferentiation in the cortical development of PPE offspring.

To validate whether PPE inhibits RGCs proliferation and dif-
ferentiation through FTO regulation, we employed CRISPR-Cas9
gene-editing technology to generate Fro™"; Nestin-Cre cKO mice.
Compared to the Control-wild type (C-WT) group, the PPE-wild
type (PPE-WT) group showed significantly reduced cortical area
and thickness. However, both were significantly restored in the
PPE-cKO group, approaching the levels observed in the Contorl-
cKO (C-cKO) group (Fig. 7A and B), indicating that specific
deletion of Fto blocks PPE’s effects.

Pathological analysis confirmed these findings. Immunofluo-
rescence and RT-qPCR showed that, in the C-WT group, RGCs
were aligned along the ventricular wall. In contrast, RGCs
alignment and Pax6 expression were significantly reduced in the
PPE-WT group (Fig. 7C and D). In the PPE-cKO group, RGCs
alignment and Pax6 expression were partially restored, indicating
that Fro deletion alleviated PPE-induced inhibition of RGCs
proliferation. Moreover, the PPE-cKO group exhibited an
increased number of RGCs and IPCs upregulation of Eomes
(Fig. 7E). In the PPE-WT group, both deep- and upper-layer
neuron numbers were significantly reduced, whereas the PPE-
cKO group demonstrated restoration of neuron density across
cortical layers (Fig. 7F and G). Additionally, Map2 mRNA
expression was significantly increased in the PPE-cKO group
(Fig. 7H). The differentiation of astrocytes was also improved,
with the expression level of Gfap mRNA in the PPE-cKO group
restored to levels similar to those in the C-cKO group (Fig. 7).

We further examined m®A modifications in Fro™"; Nestin-Cre
cKO mice. Compared to the C-WT group, the C-cKO group
exhibited significantly elevated m®A levels (Fig. 7J), confirming
successful Fro deletion. In the PPE-WT group, m°A levels were
markedly reduced. Still, they were restored in the PPE-cKO group
to levels similar to the C-cKO group, confirming that PPE pri-
marily exerts its effects by regulating FTO and reducing m®A
levels. The enrichment of m®A in Crebbp/Ep300 mRNA in the
cortex of PPE-ckO offspring was increased (Fig. 7K). Further
analysis showed decreased CREBBP/EP300 mRNA and protein
expression in the PPE-cKO group, accompanied by reductions in
H3K27ac modifications (Fig. 7L and M). Genes associated with
the cell cycle and neuronal differentiation were significantly
upregulated in the PPE-WT group but partially restored in the
PPE-cKO group (Fig. 7N), alleviating PPE-induced suppression of
RGC:s proliferation and differentiation.

In conclusion, FTO plays a pivotal role in PPE’s effects on
cortical RGC. Specific deletion of Fro effectively disrupts PPE-
induced m°A dysregulation, partially restores RGCs prolifera-
tion and differentiation, and ameliorates cortical neurogenesis
deficits.
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Figure 7 Fat mass and obesity associated protein (Fro) knockout restored m®A levels and rescued PPE-induced RGCs proliferation and
differentiation deficits. (A) Images and quantification of cortical area in GD18 wild-type and Fro™"; Nestin-Cre fetuses. Dashed lines represent the
cortical area. Scale bar = 500 um, n = 5. (B) HE staining and quantification of cortical thickness. Scale bar = 500 um, n = 5. (C) Repre-
sentative images of PAX6 immunofluorescence staining and quantification. Scale bar = 500 pm. Enlarged region in dashed boxes. Scale
bar = 50 um, n = 5. (D) mRNA expression levels of Pax6, n = 5. (E) mRNA expression levels of Eomes, n = 5. (F) Coronal sections showing
SATB2 (red) and TBR1 (green) staining and quantification (G). Scale bar = 500 um; Enlarged region in dashed boxes. Scale bar = 100 pum,
n = 5. mRNA expression levels of Map2 (H) and Gfap (I), n = 5. (J) Dot blot analysis of m®A levels, n = 3. (K) Comparison of m°A-MeRIP-
qPCR for Crebbp/Ep300, n = 5. (L) mRNA expression levels of Crebbp/Ep300, n = 5. (M) Representative images and quantification of
CREBBP/EP300, and H3K27ac levels in nuclear proteins, n = 3. (N) RT-qPCR analysis of cell cycle and neuronal differentiation-related genes,
n = 5. Data are presented as mean + SEM; *P < 0.05, **P < 0.01 vs. C-WT or PPE-cKO.
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3.6.  Early postnatal NRG-1 intervention mitigated PPE-induced
neurogenesis deficits and anxiety- and depression-like behaviors
by promoting RGCs proliferation

NRG-1, a critical growth factor, plays a pivotal role in regulating
neuroepithelial cell proliferation during neurodevelopment*’. This
study investigated whether NRG-1 supplementation could pro-
mote RGCs proliferation and mitigate PPE-induced cortical neu-
rogenesis impairments.

In the Control + NRG-1 (Control_N) group, NRG-1 showed
no apparent toxicity. At PD10, the PPE + NRG-1 (PPE_N) group
exhibited significant increases in brain area and cortical thickness
at PD10 (Fig. 8A and B), with no significant changes at PD3,
likely due to treatment frequency and RGCs proliferation cycles.
RT-gPCR and immunofluorescence staining revealed that PAX6
expression and PAX6 domain thickness were significantly
increased in the PPE_N group compared to the PPE + saline
(PPE_S) group (Fig. 8C and D), indicating that NRG-1 stimulated
RGC proliferation. Further analysis showed a substantial increase
in mature neurons and astrocytes in the PPE_N group
(Fig. 8E—H), suggesting partial restoration of neurogenesis.

In adult offspring, the PPE_N group showed a higher number
of cortical neurons and increased mRNA levels of synaptic
markers Snap25, Dig4 (encoding PSD-95), and Shank3 (Fig. 81
and J). TEM revealed significant improvements in synaptic ul-
trastructure along with an increased synapse number (Fig. 8K—N),
and astrocyte structural restoration was confirmed by Sholl anal-
ysis (Fig. 80 and P). Behavioral evaluations indicated that NRG-1
alleviated anxiety- and depression-like behaviors (Supporting In-
formation Fig. SOA—S6E).

In summary, early postnatal NRG-1 intervention promoted
RGCs proliferation, rescued PPE-induced neurogenesis deficits,
and alleviated anxiety- and depression-like behaviors, highlighting
NRG-1’s potential therapeutic value.

4. Discussion

PDN is a commonly used glucocorticoid for pregnant patients
with autoimmune inflammatory diseases like systemic lupus ery-
thematosus and rheumatoid arthritis. In physiological conditions,
PDN is converted into its active form, prednisolone, by 113-
hydroxysteroid dehydrogenase 1 (118-HSD1) in the liver*!. Dur-
ing pregnancy, placental 118-HSD2 can convert prednisolone
back to PDN, but around 10% of prednisolone crosses the
placental barrier*>**. Additionally, during pregnancy, the elevated
levels of corticosteroid-binding globulin further increase its
binding ratio with PDN and PDNL?®, leading to passive fetal
exposure to high concentrations of glucocorticoids, which poses a
potential risk for adverse pregnancy outcomes.

This study integrates clinical cohort data with animal models
to reveal the long-term effects of PPE on offspring neuro-
development. Using ASQ:SE-2 and ASQ-3 questionnaires, we
identified significant neurodevelopmental abnormalities, particu-
larly in communication skills, in PPE infants and toddlers. These
findings are consistent with previous studies linking prenatal
glucocorticoid exposure to cognitive deficits**. Our results further
confirm the detrimental impact of PPE on CNS development,
particularly neurodevelopmental abnormalities, which are hall-
marks of neurological dysfunction and closely linked to psychi-
atric disorders like depression, anxiety, schizophrenia, and
attention-deficit/hyperactivity disorder**®. Animal experiments

corroborated these findings. PPE offspring displayed anxiety- and
depression-like behaviors, reduced exploratory behavior, and
increased despair in adulthood. Moreover, the cortical thickness
was significantly reduced, paralleling neuroimaging findings in
human depression**>°. These results suggest that cortical thinning
may be a central feature of PPE-induced neurodevelopmental
abnormalities, contributing to anxiety- and depression-like be-
haviors in adult offspring. Notably, emotional disorders such as
anxiety and depression are often accompanied by deficits in social
interaction and communication. Therefore, we speculate that the
decline in communication skills observed in PPE infants may
represent a potential risk factor for the development of language
disorders in adulthood, which may exacerbate anxiety and
depressive symptoms.

Cortical neurogenesis deficits arise from impaired proliferation
and differentiation of RGCs, which are the primary source of
cortical neurons and glial cells®’3%. Qur study found that PPE
prolonged the RGCs cell cycle, inhibited their proliferation, and
reduced the densities of both deep- and upper-layer neurons, as
well as astrocytes. PPE also disrupted RGC differentiation,
causing premature neuronal differentiation, depletion of RGC
resources, and a decline in neuronal densities across cortical
layers. The reduction in astrocytes likely resulted from impaired
RGC proliferation. Our research shows that RGC neurogenesis is
regulated by multi-layered epigenetic mechanisms, consistent
with findings on m®A RNA modifications in embryonic neural
stem cells*. Yoon et al.** found that m°A RNA modification
regulates histone modifications, influencing neural stem cell fate
and differentiation, highlighting the critical role of RNA-
chromatin interaction in neurogenesis. Similarly, our work re-
veals that PPE affects cortical neurogenesis through the Fro—-
Crebbp/Ep300—H3K27ac epigenetic pathway, highlighting the
importance of both RNA and histone modifications in regulating
RGC:s proliferation and differentiation. Additionally, research by
Tiberi et al.'® suggests that BCL6, through SirtI-dependent
regulation, also affects RGC fate and neurogenesis. Together,
these findings underscore the pivotal role of epigenetic modifi-
cations in RGC development.

To further validate these mechanisms, we used an Ftoﬂ/ﬂ;
Nestin-Cre cKO mouse model. Under PPE, Fro deletion partially
restored m°A modification levels and significantly improved
RGC:s proliferation and differentiation, mitigating cortical neuro-
genesis deficits. These results highlight FTO’s central role in m°A
regulation and its dysregulation as a key mediator of PPE-induced
neurodevelopmental abnormalities. FTO has been identified as
crucial for brain development, adult neurogenesis, and axonal
regeneration53’54. Moreover, mutations in FTO are linked to severe
neurodevelopmental disorders such as developmental delays,
behavioral abnormalities, microcephaly, and other complex phe-
notypes>>. Our findings suggest that PPE disrupts m°A homeo-
stasis by upregulating FTO expression and nuclear recruitment,
leading to altered H3K27ac modifications and impaired RGCs
function.

m®A modification regulates neurodevelopment through multi-
ple mechanisms, including precise control of mRNA stability,
splicing, and translational efficiency. Mendel et al.’® demonstrated
that methyltransferase-like protein 16 (METTL16) increases m°A
labeling at the 3’ splice site of S-adenosylmethionine synthetase
precursor mRNA, thereby inhibiting its proper splicing and pro-
tein production. YTHDCI recognizes m°A sites and recruits
splicing factors (e.g., SRSF3, SRSF10) to regulate splice site se-
lection, influencing mRNA maturation®”. In this study, we found
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Figure 8 Early postnatal neuregulin-1 (NRG-1) intervention ameliorated cortical neurogenesis deficits in PPE offspring. (A) Images and
quantification of the brain area in PD3 and PD10 offspring. Dashed lines represent the cortical area. Scale bar = 500 pm, n = 5. (B) HE-stained
images and quantification of cortical thickness at PD3 and PD10. Scale bar = 500 um, n = 5. (C) PAX6-positive cells at PD3 and PD10 with
representative images and quantification. Scale bar = 50 pm, n = 5. (D) mRNA expression levels of Pax6 at PD3 and PD10, n = 8. NeuN (E),
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that PPE-induced reductions in m°A on Ep300 and Crebbp
increased their mRNA stability, as confirmed by Actinomycin D
treatment, which ruled out transcriptional activation. While m°A
may also affect splicing or translation, the parallel changes in
mRNA and mP®A levels indicate that enhanced stability is the
primary mechanism. Notably, PPE did not alter m®A modification
of RGC-related genes involved in the cell cycle (Cdknla, Bmp?2,
Alx4, Tbx15) or neuronal differentiation (Thbs4, Crlfl). These
findings highlight a key role for m®A-mediated stabilization of
Ep300 and Crebbp mRNA in driving the PPE-induced offspring
phenotype.

NRG-1 is a key neurotrophic factor that regulates RGCs’
proliferation, differentiation, and function during CNS develop-
ment*’. NRG-1 acts through erythroblastic leukemia viral onco-
gene homolog B (ErbB) receptors (ErbB2, ErbB3, ErbB4) to
mediate neuronal and glial cell development. Previous studies
indicate that NRG-1—ErbB2 interactions support RGCs’ function
and promote their differentiation into astrocytes*. In this study,
we explored whether early postnatal NRG-1 supplementation
could mitigate PPE-induced neurodevelopmental deficits. Our
results demonstrated significant increases in mature neuron and
astrocyte densities in both neonatal and adult PPE_N offspring,
along with partial improvements in neuronal and astrocyte struc-
tural abnormalities. Additionally, anxiety- and depression-like
behaviors were alleviated in PPE_N offspring, suggesting that
NRG-1 exerts its therapeutic effects by restoring RGCs prolifer-
ation and differentiation.

Studies have shown that the AKT—mTOR signaling pathway
regulates the expression of the m®A methyltransferase METTL3,
thereby affecting m®A methylation modification®®. Under physi-
ological conditions, METTL3 primarily forms a complex with
METTL14 to methylate mRNA, regulating gene expression and
promoting neural stem cell proliferation®. It is known that NRG-1
can activate the AKT—mTOR pathway, suggesting that it may
reverse PPE-induced m°A loss by upregulating METTL3-
mediated m®A modification. Additionally, NRG-1 can activate
multiple signaling cascades through the ErbB family, including
PI3K—AKT, RAS—MAPK, PLCy—PKC, and JAK—STAT path-
ways, whose kinases or transcription factors may further influence
gene expression or protein activation related to histone acetylation
or RNA methylation via cross-talk mechanisms®®?, Collectively,
these findings suggest that NRG-1 has the potential to modulate
epigenetic modifications to ameliorate neurocortical develop-
mental deficits and anxiety- and depression-like behaviors in PPE-
exposed offspring.

Notably, the timing of NRG-1 administration is critical. While
early postnatal NRG-1 supplementation markedly improved neu-
rogenesis and behavioral outcomes, administering NRG-1 after
the completion of neurogenesis was less effective. This indicates
that exogenous NRG-1 efficacy depends on active RGCs’ prolif-
eration and differentiation. Future studies should investigate

optimal timing, dosages, and potential synergistic effects with
other therapeutic strategies, such as m®A- or H3K27ac-targeted
interventions. In summary, this study provides the first evidence
of the therapeutic potential of early postnatal NRG-1 supple-
mentation in mitigating PPE-induced neurogenesis deficits. These
findings highlight NRG-1 as a promising therapeutic agent for
neurodevelopmental disorders related to prenatal glucocorticoid
exposure, warranting further exploration in other neuro-
developmental conditions and combination therapies targeting
epigenetic dysregulation.

The present study has certain limitations. It focused only on
male offspring, neglecting potential sex-specific differences in
neurodevelopment and behavior. Fluctuations in reproductive
hormone levels profoundly impact women’s mental health by
modulating various neurotransmitters in the brain. These hor-
monal changes, combined with individual sensitivity to environ-
mental factors, contribute to the onset and progression of mood
disorders, which may underlie the differential vulnerability
observed between female and male offspring?®. Future studies
should explore female offspring’s developmental traits, consid-
ering the role of sex hormones. Additionally, regional differences
in cortical neurogenesis were not addressed. Future research
should examine specific cortical areas to better understand the
contributions to neurobehavioral outcomes and guide targeted
interventions for PPE-induced neurodevelopmental abnormalities.
Moreover, although we demonstrated that PPE induces long-term
anxiety- and depression-like behaviors in offspring by suppressing
RGC function via m°A modification, we cannot exclude the
possibility that PPE also exerts effects through other mechanisms,
such as alterations in growth trajectories. These potential path-
ways will be explored in subsequent studies.

5. Conclusions

This study reveals the long-term effects of PPE on offspring
neurodevelopment, particularly through epigenetic mechanisms
involving FTO and m°A modifications, which inhibit RGCs
proliferation and differentiation, leading to cortical neuro-
developmental disorders and anxiety- and depression-like behav-
iors in adulthood. Specifically, PPE enhances FTO nuclear
recruitment, reduces m°A modifications of Crebbp/Ep300 mRNA,
upregulates H3K27ac modifications, and activates genes related to
cell cycle and neuronal differentiation, disrupting RGCs devel-
opment. Notably, exogenous NRG-1 intervention alleviated PPE-
induced neurodevelopmental abnormalities and behavioral deficits
by promoting RGCs proliferation and improving neuronal and
astrocyte structure. These findings provide new molecular insights
and intervention strategies for glucocorticoid exposure-related
neurodevelopmental disorders during pregnancy, with potential
implications for future clinical treatments.

(G) and GFAP (F), (H) staining at PD3 and PD10 with representative images and quantification. Enlarged regions are boxed. Scale bar = 100 pm;
enlarged view = 25 um, n = 5. (I) NeuN staining in PW12 offspring with representative images and quantification. Scale bar = 100 pum.
(J) mRNA expression levels of Snap25, Dig4, and Shank3 in PW12 offspring, n = 8. (K) Transmission Electron Microscopy images of synaptic
structures in PW12 offspring. Quantification of PSD thickness, SC width, AZ length, and SV density per field of view (L). Scale bar = 200 nm,
n = 5. (M) Transmission electron microscopy images of synapses in PW12 offspring within the same field of view with quantification (N). Scale
bar = 1 um, n = 5. (O) GFAP staining in PW12 offspring with representative images and Sholl analysis. Scale bar = 50 pm. (P) Quantification
of astrocyte percentage, branch length, total branch area, and branch count, n = 5. Data are presented as mean + SEM; ns, no significance;

*P < 0.05, **P < 0.01 vs. Control_S or PPE_N.
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