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Abstract
Accumulating research shows that prenatal exposure to maternal stress increases the risk of behavioral and mental health 
problems for offspring later in life. However, how prenatal stress affects offspring behavior remains unknown. Here, we 
found that prenatal stress (PNS) leads to reduced Ahi1, decreased synaptic plasticity and cognitive impairment in offspring. 
Mechanistically, Ahi1 and GR stabilize each other, inhibit GR nuclear translocation, promote Ahi1 and WDR68 binding, 
and inhibit DYRK1A and WDR68 binding. When Ahi1 deletion or prenatal stress leads to hyperactivity of the HPA axis, it 
promotes the release of GC, leading to GR nuclear translocation and Ahi1 degradation, which further inhibits the binding 
of Ahi1 and WDR68, and promotes the binding of DYRK1A and WDR68, leading to elevated DYRK1A, reduced synaptic 
plasticity, and cognitive impairment. Interestingly, we identified RU486, an antagonist of GR, which increased Ahi1/GR 
levels and improved cognitive impairment and synaptic plasticity in PNS offspring. Our study contributes to understanding 
the signaling mechanisms of prenatal stress-mediated cognitive impairment in offspring.
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Abbreviations
AHI1	� Abelson helper integration site 1
PNS	� Prenatal stress
FOAD	� Fetal Origins Adult Disease
HPA	� Hypothalamic–pituitary–adrenal
WDR68	� WD40 repeat sequence 68
DYRK1A	� Dual-specificity tyrosine phosphorylation 

regulated kinase 1A
KO	� Knockout
MDD	� Major depressive disorder
Hap1	� Huntingtin-associated protein 1
AD	� Alzheimer's disease
MWM	� Morris water maze

NOR	� Novel object recognition
LTP	� Long-term potentiation
PPF	� Paired-pulse facilitation

Introduction

The Fetal Origins Adult Disease (FOAD) hypothesis was 
proposed by Professor David Barker in the late 1980s and 
focuses on the relationship between chronic adult diseases 
and various adverse stimuli during early fetal development 
[1]. Early life represents a window of phenotypic plasticity 
that is critical to later adult health, and multiple prenatal 
stressors (such as hypoxia, maternal smoking, administration 
of excess glucocorticoids) can lead to a series of changes in 
fetal development that ultimately increase the risk of chronic 
disease in offspring, including cardiovascular disease, type 2 
diabetes and many neurological disorders such as cognitive 
impairment, anxiety and depression [2–5]. The most widely 
studied system in early life that is susceptible to environ-
mental programming is the hypothalamic–pituitary–adrenal 
(HPA) axis [6]. Acute or short-term activation of the HPA 
axis facilitates responses to stimuli, while chronic or long-
term activation leads to harmful effects [7, 8]. Prenatal stress 
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induced excess glucocorticoids (GC) cross the placenta into 
the fetus, leading to decreased expression of glucocorticoid 
receptors (GR) in the fetal brain, and decreased expression 
of GR may lead to decreased negative feedback of glucocor-
ticoid control, thereby increasing HPA axis activity in off-
spring [7, 9–11]. The hippocampus plays an important role 
in response inhibition, memory, spatial cognition, and main-
tenance of homeostasis of the HPA axis, and contains high 
levels of GR [12, 13], which makes the hippocampus more 
susceptible to prenatal stress than most other brain regions, 
and makes it a common candidate for investigating brain 
correlates of prenatal stress [14, 15]. Studies have shown 
that prenatal stress alters neuronal and synaptic develop-
ment, affects the density and complexity of dendritic spines 
in the hippocampus or prefrontal cortex of the offspring 
and impairs cognition [16–21]. Although the fetal origins 
of cognitive impairment have been frequently discussed, the 
underlying molecular mechanisms remain uncertain.

The AHI1 gene plays a critical role in brain development, 
and mutations in AHI1 can lead to Joubert syndrome, a rare 
autosomal recessive disorder characterized by abnormal 
brain development and cognitive impairment [22]. Our pre-
vious study found that Ahi1 knockout (KO, Ahi1−/−) mice 
exhibit depressive-like behaviors [23–26], and the expres-
sion of AHI1 in peripheral blood monocytes and mac-
rophages is reduced in patients with major depressive disor-
der (MDD) [27]. Ahi1 and GR are mutually stabilized in the 
cytoplasm, and stress-induced extensive GR nuclear trans-
location reduces GR binding to cytoplasmic Ahi1, leading 
to Ahi1 ubiquitination and degradation. Conversely, reduc-
tion of Ahi1 decreased cytoplasmic GR levels and promoted 
ligand-dependent GR nuclear translocation, thereby altering 
the GR-mediated stress response [27]. It was reported that 
Ahi1 expression was reduced in 3xTg AD mice and Alzhei-
mer's disease (AD) model cells, whereas Ahi1 overexpres-
sion rescued amyloid pathology in AD model cells [28], 
and furthermore, AHI1 expression was significantly reduced 
in serum of AD patients [29]. These studies suggest that 
Ahi1 may be involved in the pathogenesis of AD, which is 
clinically characterized by cognitive impairment. However, 
the mechanism by which prenatal stress leads to cognitive 
impairment in offspring remains to be further elucidated.

Ahi1 and Huntingtin-associated protein 1 (Hap1) are 
able to form a stable complex that is critical in early brain 
development, and the absence of either reduces the expres-
sion of the other [30]. Hap1 can interact with WD40 repeat 
sequence 68 (WDR68)/Dcaf7, a highly conserved protein 
that is involved in multiple cellular processes, and it binds 
to dual-specificity tyrosine phosphorylation regulated kinase 
1A (DYRK1A) [31]. The Dyrk1A gene is located on human 
chromosome 21, and Dyrk1A protein level is increased in 
human AD and Down syndrome (DS) brains [32–34]. Trans-
genic animals overexpressing Dyrk1A exhibit significant 

cognitive deficits in hippocampus-dependent memory 
accompanied by neurogenesis deficits and reduced synaptic 
plasticity, whereas inhibition of DYRK1A attenuates cogni-
tive dysfunction in animal models of DS and AD [35–37]. 
Therefore, we hypothesized that GR/Ahi1 may regulate 
WDR68-DYRK1A binding and mediate cognitive impair-
ment in PNS offspring.

In this study, we found that Ahi1 regulates the level of 
WDR68, and more importantly, Ahi1 and DYRK1A com-
pete for the binding of WDR68. Ahi1 knockout promotes 
binding of WDR68 and DYRK1A, increases DYRK1A 
protein level, and Ahi1−/− mice exhibit cognitive impair-
ment and reduced synaptic plasticity. Prenatal stress leads to 
elevated GC levels and increased GR nuclear translocation 
in offspring, resulting in decreased Ahi1 levels, increased 
binding of WDR68 and DYRK1A, and DYRK1A protein 
levels, with offspring exhibiting reduced synaptic plastic-
ity and cognitive impairment. In addition, RU486 (a GR 
antagonist), increased Ahi1/GR levels and improved mem-
ory impairment and synaptic plasticity in PNS offspring.

Materials and methods

Animals

Ahi1−/− mice were produced according to previously 
described [26, 38]. Ahi1 floxed mice on a 129vEV/
C57BL/6N background (Ahi1loxp/loxp) were crossed with 
mice carrying the EIIa promoter-driven Cre transgene [(The 
Jackson Laboratory, B6.FVB-Tg (EIIa-Cre) C5379Lmgd/J)], 
EIIa adenoviral promoter drives expression of Cre recombi-
nase in early mouse embryos, and Cre-mediated recombina-
tion occurs in a variety of tissues. The resulting heterozy-
gous mice were used to generate homozygous conditional 
KO (EIIa-Cre-Ahi1−/−) mice in which Ahi1 is deleted in a 
wide range of tissues including germ cells. Male homozy-
gous KO (EIIa-Ahi1−/−) mice were crossed with female 
wild-type (WT) mice (C57BL/6J) to produce heterozy-
gous (Ahi1+/−) mice without EIIa-Cre. Ahi1 heterozygous 
(Ahi1+/−) male and female mice were mated for the pro-
duction of Ahi1 KO (Ahi1−/−) mice and Ahi1 WT mice 
(Ahi1+/+), on the mixed 129vEV/C57BL/6N background. 
Since our previous study found that there sex differences 
among Ahi1−/− mice in depression and female Ahi1−/− mice 
exhibit estrogenic protection [24], for this study, we chose 
male Ahi1−/− mice for the study. 3-month-old ICR male and 
female mice were mated and mating pins were used to deter-
mine the first gestation day of pregnancy. Pregnant female 
mice were randomly assigned to either the prenatal stress 
(PNS) group or the control group (CON). The PNS group 
was placed individually in well-ventilated 50 mL test tubes 
without movement to receive restraint pressure from 9:00 to 
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11:00 am on GD5-GD20, whereas the CON group was left 
undisturbed. All mice were housed in cages at the Soochow 
University Experimental Animal Center with a maximum 
of 5 mice at a temperature of 22 ± 2 °C, 12 h light (7 am to 
7 pm)/dark cycle (7 pm to 7 am), and free access to food and 
water. In addition, we examined the behavior of prenatally 
stressed 2–3-month-old male and female offspring, and the 
results showed that the male offspring showed cognitive 
impairment (Fig. 5), whereas the female offspring did not 
(Supplementary Fig. 4I-P). Therefore, prenatally stressed 
male offspring mice were used in this study to investigate the 
molecular mechanisms. All procedures and protocols for this 
study were conducted in accordance with the Regulations 
for the Management of Laboratory Animals and approved 
through the Institutional Animal Care and Use Committee 
of Soochow University.

Animal drug administration

Mifepristone (RU486; Sigma-Aldrich Corp., St Louis, MO, 
USA) was dissolved in normal saline 10% Tween 80 and 
10% DMSO, and freshly prepared before treatment. PNS and 
CON mice were injected intraperitoneally (i.p.) of RU486 
(20 mg/kg) or vehicle for 3 weeks. This dose was selected 
based on previous reports [39, 40].

Morris water maze (MWM) test

The Morris water maze test was conducted as described 
previously [41, 42]. The Morris water maze was a circular 
pool (120 cm in diameter and 50 cm high) filled with black 
opaque water (22 ± 1 °C). The pool was divided into four 
equal imaginary quadrants with a platform (10 cm in diam-
eter) submerged underwater for 1 cm. Mice were trained 
once a day in each of the different quadrants for 5 consec-
utive days. When the mice were placed in the pool, they 
were allowed to find the platform within 60 s. If the mice 
did not find the platform within 60 s, they were guided to 
the platform and allowed to stay on it for 10 s. The escape 
latency, movement speed and movement distance were 
recorded by the ANY-maze Video Tracking System (Stoelt-
ing Co., USA). On the sixth day of this test, the platform 
was removed from the pool; the number of times crossing 
the platform area, and the time spent in the target quadrant 
were recorded to assess spatial memory.

Novel object recognition (NOR) test

The new object recognition test was performed as previ-
ously described [41, 43, 44]. The test was performed in a 
(40 × 40 × 40 cm3) box, and mice were placed in the box 
for 3 consecutive days for 10 min of adaptation. On the 
fourth day, two identical objects (object 1 and object2) were 

placed in the box 5 cm from the side wall and the mice 
were allowed to explore for 10 min. After 90 min, a familiar 
object was replaced by a novel object of a different color and 
shape, and the mice were placed back in the device to freely 
explore the object for 10 min. Before each trial, the device 
was washed with a 75% ethanol solution. The behavior of the 
mice was recorded by the ANY-maze Video Tracking Sys-
tem (Stoelting Co., USA). The preference index is defined 
as the percentage of time spent on one of the two identical 
objects versus the time spent on both objects. The recogni-
tion index is defined as the percentage of time spent on the 
new object versus the time spent on exploration familiar and 
novel objects.

Y maze test

The spontaneous alternating behavior in the Y-maze test 
is based on a behavioral test of the animal's innate natural 
exploratory curiosity and is considered to reflect short-term 
spatial working memory [45, 46]. The Y-maze apparatus was 
composed of three equal-length arms (30 cm × 5 cm × 15 cm) 
made of opaque plastic with an angle of 120° from each 
other (labeled A, B and C). The mice were placed in the 
center of the Y-maze and allowed to freely explore the arms 
for 8 min and monitored by the ANY-maze Video Tracking 
System (Stoelting Co., USA). Arm entry was defined as all 
four arms entering the Y maze in one arm. Spontaneous 
alternations were recorded manually when mice entered all 
three different arms (i.e., ABC, ACB, CAB, BCA, CBA, and 
BAC). The percentage of spontaneous alternations (%) was 
defined as the number of spontaneous alternations in the 
behavior/(total number of arms entered − 2) × 100%. After 
each trial, the Y maze needs to be cleaned with 75% ethanol 
solution to eliminate any odor that might have been left by 
the previous subjects.

Open field test

The open field test was performed as described previ-
ously [47]. The open field apparatus contained a plastic 
box (40 × 40 × 40 cm3) with a central area of (20 × 20 cm2). 
Mice were placed in the center of the apparatus and center 
entries, their total time spent in the inside area and distance 
of movement were recorded by the ANY-maze Video Track-
ing System (Stoelting Co., USA) for 6 min. After each test, 
the device needs to be cleaned with 75% ethanol solution.

Elevated plus maze test

The elevated positive maze (EPM) consisted of two oppos-
ing closed and open arms (30 × 5 cm2), with the closed arm 
being 14 cm high [47]. To begin a trial, the mice were gently 
placed in the center of the maze facing the open arms and the 
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time spent on the open and closed arms and the distance of 
movement on the open arms were recorded by ANY maze 
video tracking system (Stoelting Co., USA) for 10 min. After 
each trial, the maze needed to be cleaned with a 75% ethanol 
solution.

Light–dark box test

The light–dark box experiment is based on the conflict 
between the animal's innate aversion to illuminated areas 
and spontaneous exploratory activity [48, 49]. The appa-
ratus consisted of a polypropylene cage with dimensions 
of 45 × 27 × 30 cm3 with two compartments, which were 
separated by a divider with a 7 × 7 cm2 opening at the floor 
level. The larger compartment (27 × 27  cm2) was open-
topped, transparent and brightly illuminated (900 lx), while 
the smaller compartment (18 × 27 cm2) had black walls cov-
ered with black Plexiglass on top. For each test, mice were 
placed in the center of the dark compartment and the time 
spent in the light compartment and the number of transitions 
between the two compartments were recorded by ANY maze 
video tracking system (Stoelting Co., USA) for 5 min. The 
apparatus was thoroughly cleaned with 75% alcohol after 
each trial.

Rotarod test

Motor coordination of mice was assessed by Rotarod appa-
ratus (Zhenghua, Anhui Province, China). The Rotarod test 
was performed as previously described [47]. Mice were 
trained three times for 5 min at 5 rpm on two consecutive 
days, and on the third day, the rotating rod was set to acceler-
ate from 0 to 40 rpm in 5 min. Each mouse was tested three 
times with a 5-min rest period for each trial. The latency to 
fall from the rotating rod was the average of the three trials.

Recording of long‑term potentiation (LTP)

Mice were anesthetized with isoflurane and rapidly decap-
itated and placed in pre-cooled oxygenated (95% O2, 5% 
CO2) dissection buffer containing 5 mM KCl, 1.25 mM 
NaH2PO4, 26 mM NaHCO3, 212.7 mM Sucrose, 10 mM glu-
cose, 1 mM CaCl2, and 3 mM MgCl2 (pH 7.4). Coronal hip-
pocampal slices (400 μm) were prepared from the resected 
brains of mice using a vibratome (Leica VT1200S). Slices 
were bubbled with oxygenated artificial cerebrospinal fluid 
(ACSF) consisting of 5 mM KCl, 124 mM NaCl, 26 mM 
NaHCO3, 2.4  mM CaCl2, 1.25  mM NaH2PO4, 1.2  mM 
MgCl2 and 10 mM glucose (pH 7.4) for 30 min at both 32 °C 
and room temperature, and then transferred to a submer-
sion recording chamber, which was continuously perfused 
oxygenated ACSF at a rate of 1 mL/min. Field excitatory 
postsynaptic potentials (fEPSP) were recorded from CA1 

neurons by stimulating CA3 neurons. LTP was induced by 
applying high frequency stimulation (HFS) (four 100 Hz and 
1 s trains delivered 20 s apart). LTP amplitude was quanti-
fied as the percentage change in fEPSP slope (40%) during 
the 60-min interval after LTP induction. The electrophysi-
ological data were acquired with an Axon multiclamp 700B 
amplifier, filtered at 10 × 104 kHz, and digitized at 10 kHz, 
and the slope and peak amplitude of fEPSP were measured 
and analyzed offline using pClamp 10.3 software (Molecu-
lar Devices Corp, USA). Paired-pulse facilitation (PPF) is 
a short-term synaptic plasticity assessed at inters-stimulus 
intervals (ISIs) of 25, 50, 75, 100, 125, 150 and 200 ms. The 
paired pulse ratio was determined as the ratio between the 
second pulse and the first pulse of the fEPSP.

Serum corticosterone measurement

Measurement of serum corticosterone was performed 
according to the previous study [50]. Briefly, blood was 
collected through the corneal vessels of mice from 9 to 10 
am and kept at room temperature for 1 h, then centrifuged 
at 3000 rpm for 10 min. The serum (supernatant fraction) 
was transferred to a new tube for subsequent assays. Serum 
corticosterone level was measured with commercially avail-
able ELISA kit (ml037564; mlbio, China) according to the 
manufacturer’s instructions.

Primary hippocampal neuron culture

The day before primary hippocampal neurons were isolated, 
plates were coated with 0.1 mg/mL poly-d-lysine at 37 °C 
overnight. The next day, the poly-d-lysine was removed and 
washed three times with PBS. Female mice at 16.5 days of 
gestation were anesthetized and executed by cervical dis-
location. Hippocampal tissue from fetal mice was isolated 
and the meninges were removed under a microscope. The 
hippocampal tissue was digested with 0.125% trypsin at 
37 °C for 15 min, and then the reaction was terminated with 
DMEM supplemented with 10% FBS. The suspension was 
filtered through a 70 μm filter and centrifuged at 1000 rpm 
for 5 min. Cell precipitates were resuspended in the neu-
robasal medium supplemented with 2% B27 and 0.5 mmol/L 
l-glutamine, and neurons were replaced with half of fresh 
medium every 3 days.

Western blot analysis

Fresh mouse hippocampal tissue and PC12 cells were col-
lected and lysed in RIPA lysis buffer (P0013B, Beyotime, 
Shanghai, China). The solution was centrifuged at 16,000×g 
for 30 min at 4 °C. The supernatant solution was gently col-
lected and the protein concentration was determined by the 
BCA kit. 20–40 μg protein samples were electrophoresed 
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and electro-transferred to nitrocellulose membranes (Milli-
pore, Germany) as we described previously [51]. The mem-
branes were blocked with 5% milk in phosphate-buffered 
saline/0.1% Tween 20 (PBST) for 1 h to remove non-specific 
binding and incubated with primary antibodies overnight 
at 4 °C with shaking. After washing the membrane with 
PBST, the membrane blots were detected using an ECL 
chemiluminescence system (Tanon-5200, Shanghai, China) 
and the density of the bands was analyzed by Alpha Ease 
image analysis software (version 3.1.2). Primary antibodies 
were Ahi1 (sc-515382,1:500), Ubiquitin (sc-166553,1:600), 
His-probe antibody (sc-53073,1:1000) (Santa Cruz Biotech-
nology, Delaware, CA, USA); GR (A5387,1:1000), β-actin 
(A5538, 1:5000), β-tubulin (A5167, 1:5000) (Bimake, Hou-
ston, TX, United States); DYRK1A (8765,1:1000) (Cell 
Signaling Technology Inc., Danvers, MA, USA); WDR68 
(ab138490) and Histone3 (ab1791) (Abcam, Cambridge, 
MA, USA); Myc Tag (Abmart, M20002H, 1:3000); PSD95 
(20665-1-AP, 1:1000), Synaptophysin (17785-1-AP, 1:1000) 
(Proteintech, Wuhan, China).

Immunofluorescence staining

Immunofluorescence staining was performed as described 
previously [27]. Mice were perfused through the heart with 
ice-cold saline and 4% paraformaldehyde through the heart. 
The brains of mice were collected, post-fixed for 24 h and 
dehydrated in a solution of 15% and 30% sucrose (w/v), 
and brain tissue was cut into coronal slices (12 μm) using 
a cryostat. Brain slices were washed with phosphate buff-
ered saline (PBS) and treated with 0.3% Triton X-100/3% 
bovine serum albumin/PBS for 1 h at room temperature. 
Brain slices were incubated with the primary antibody over-
night at 4 °C. The next day, sections were incubated with 
the secondary antibody and the nuclear dye DAPI for 1 h at 
4 °C. All images were captured using a fluorescence micro-
scope (Axio ScopeA1, Carl Zeiss, Oberkochen, Germany).

Quantitative polymerase chain reaction (Q‑PCR)

Fresh hippocampal tissue from mice was collected and total 
RNA was extracted from the mouse brain using the RNeasy 
Plus Mini kit according to the instructions. The cDNA was 
synthesized by reverse transcription using the Transcrip-
tion Factor First Strand cDNA Synthesis Kit as described 
previously [24]. Real-time PCR was performed by a 7500 
real-time PCR machine (Applied Biosystems, USA) in a 
20 μL volume containing 50 ng cDNA, 10 μL 2XSYBR 
Green PCR Master Mix and 1 μL primers (10 μM) and 
water. GAPDH was used as an internal control. The primer 
sequences are listed in Supplementary Table 1.

Co‑immunoprecipitation (Co‑IP)

Fresh hippocampal tissue was homogenized in lysis buffer 
and the homogenate centrifuged at 16,000×g for 30 min at 
4 °C, The supernatant was collected and the concentration 
was determined by the BCA method. The 500 µg protein 
sample was pre-absorbed with 50 µL Protein G agarose 
beads (16–266, Millipore) for 2 h at 4 °C. After centrifuga-
tion at 1000×g for 2 min, the supernatant was incubated 
with 5 µg Ahi1 antibody, WDR68 antibody, DYRK1A 
antibody or IgG (as a negative control) at 4 °C overnight. 
The next day, 50 µL protein G agarose beads were added 
to the homogenate and incubated at room temperature for 
2 h. Beads were collected by centrifugation at 1000×g 
for 2 min. After washing with lysis buffer, the beads were 
eluted with sample buffer containing SDS and the samples 
were heated at 96 °C for 10 min for further Western blot 
analysis.

Golgi staining for dendritic spines

To assess changes in neuronal dendritic spines, we per-
formed Golgi-Cox staining by using the FD Fast Golgi 
Staining Kit (FD Neuro Technologies, Columbia, MD, 
USA) performed according to the manufacturer's instruc-
tions. Images of CA1 and DG hippocampal pyramidal 
neurons were observed using a Pannoramic MIDI scanner 
(3DHistech Ltd., Budapest, Hungary) equipped with a GS3-
U3-51S5M-C camera (FLIR, Canada). The morphology of 
the selected neurons was reconstructed and analyzed using 
ImageJ (National Institutes of Health, Bethesda, USA) and 
NeuronStudio (Version 0.9.92) software as described previ-
ously [52], and the second or third dendritic branch of apical 
spines of hippocampal DG and CA1 neurons were selected 
for Sholl analysis. Images of stained spines were obtained 
from a NIKON Eclipse ci microscope with NIS Elements 
Viewer software. In this study, data from 3 brain slices per 
animal with 5 neurons per slice were averaged and used for 
further statistical analysis. We calculated the spine density 
expressed as the number of spines per 10 μm branch, and the 
number of dendrites was counted by a double-blind method.

Plasmid or siRNA transfection

Ahi1 or DYRK1A cDNAs were inserted into the 
pCDNA3.1-His vector, Hap1 cDNA was inserted into the 
pCDNA3.1-Myc vector. siRNAs against Ahi1 were synthe-
sized by Gene Pharma with the following sequences, respec-
tively: 5′-GCC​ACC​UCA​AUA​UCA​UUU​ATT-3′ and 5′-UAA​
AUG​AUA​UUG​AGG​UGG​CTT-3′. The Plasmids or siRNA 
brought into the PC12 or Hela cells by transient transfection 
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with lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) 
according to the manufacturer’s instructions.

Nuclear and cytoplasmic extraction

Mice were executed by cervical dislocation and hippocam-
pal tissue was collected by dissection on ice. The tissue 
was homogenized using a glass homogenizer to disrupt cell 
membranes and release cytoplasm. Nuclear Protein Extrac-
tion Kit (P0028, Beyotime Biotechnology, Shanghai, China) 
was used for nuclear and cytoplasmic extraction. Cell frac-
tions were extracted according to the manufacturer's kit 
manual.

Statistical analysis

All data are presented as mean ± SEM. GraphPad Prism 8.0 
(GraphPad Software, Inc.) was used for data analysis. Differ-
ences between the two groups were determined by Student's 
t-test. The differences between the two groups conformed 
to a normal distribution before Student's t-test. Differences 
between groups were compared with two-way analysis of 

variance followed by Bonferroni’s multiple comparisons 
post hoc test or one-way analysis of variance followed by 
Tukey’s multiple comparison tests. All differences were con-
sidered statistically significant when P < 0.05. P values are 
indicated with an asterisk as follows: *P < 0.05; **P < 0.01; 
***P < 0.001 and ****P < 0.0001.

Results

Ahi1−/− mice exhibit cognitive impairment 
and reduced synaptic plasticity

To further explore the relationship between Ahi1 and cog-
nitive impairment and the possible mechanisms, we tested 
whether Ahi1−/− mice have cognitive impairment by behav-
ioral experiments. In this study, we found that the level of 
Ahi1 did not differ between Ahi1 WT mice (Ahi1+/+) and 
Ahi1 heterozygous mice (Ahi1+/−), and we chose Ahi1+/+ 
mice as a control to study the phenotype of Ahi1−/− mice 
(Supplementary Fig. 1A-B). In the MWM test, Ahi1−/− mice 
exhibited impairment of learning in locating the invisible 

Fig. 1   Ahi1−/− mice exhibit cognitive impairment. Behavioral tests 
were performed in 2–3 month-old mice. In the MWM test, movement 
distance (A), escape latency (B) representative images of swimming 
paths (C), movement speed (D), time spent in the target quadrant (E) 
and number of times crossing the platform area (F) were recorded. 

N = 10 mice. In the NOR test, preference index (G) and recognition 
index (H) were recorded. N = 10 mice. In the Y-maze test, the per-
centage of spontaneous alternations was recorded. N = 10 mice (I). 
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001
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platform as indicated by increased movement distance and 
escape latency compared to Ahi1+/+ mice (Fig. 1A–C), 
whereas they movement speed was not significantly dif-
ferent (Fig. 1D). In the probe trial, Ahi1−/− mice showed 
impairment in spatial memory retention as indicated by that 
Ahi1−/− mice spent less time in the target quadrant and fewer 
number of times crossing the platform area (Fig. 1E, F). In 
NOR test, there were no significant differences in prefer-
ence index between Ahi1−/− and Ahi1+/+ mice during the 
training phase, indicating that these objects do not affect 
the exploratory behavior of mice (Fig. 1G). In the testing 
phase, Ahi1−/− mice show a decreased recognition index 
than Ahi1+/+ mice (Fig. 1H), indicating cognitive impair-
ment in Ahi1−/− mice. In the Y-maze test of short-term spa-
tial memory, the percentage of spontaneous alternations was 
significantly reduced in Ahi1−/− mice compared to Ahi1+/+ 

mice (Fig. 1I). In conclusion, Ahi1−/− mice exhibited sig-
nificant cognitive impairment.

Accumulating evidence suggests that synaptic plastic-
ity is associated with cognitive function [53–55]. Thus, 
we investigated whether Ahi1 knockout affects hippocam-
pal synaptic plasticity. Synaptic plasticity is measured 
by changes in synaptic strength, and LTP, the sustained 
enhancement of synaptic strength, is strongly associ-
ated with learning and memory [45, 56]. In our study, 
Ahi1−/− mice showed lower LTP compared to Ahi1+/+ 
mice (Fig. 2A–C) indicated by a significant reduction 
in fEPSP slope (Fig.  2B) and fEPSP peak amplitude 
(Fig. 2C). Meanwhile, PPF was immediately measured, 
and there was no significant difference between the two 
groups (Fig. 2D). These results suggest that Ahi1 knockout 
reduces LTP. Loss of hippocampal dendritic spines leads 

Fig. 2   Ahi1−/− mice exhibit 
reduced synaptic plasticity. LTP 
was recorded using acute hip-
pocampal slices from Ahi1−/− 
and Ahi1+/+ mice. The effects 
of HFS on the fEPSP initial 
slope (A), cumulative data for 
the mean slope of fEPSP 60 min 
post-HFS (B), cumulative data 
for the mean peak amplitude 
of fEPSP 60 min post-HFS (C) 
and the PPF ratio of each group 
(D) were recorded. N = 6 mice. 
Representative micrographs of 
DG and CA1 dendritic spines 
in the hippocampus of Ahi1−/− 
and Ahi1+/+ mice (E). Spine 
densities of DG and CA1 in the 
hippocampus of Ahi1−/− and 
Ahi1+/+ mice were analyzed. 
N = 4 mice (F, G). Western blot 
analysis revealed that synapto-
physin and PSD95 were reduced 
in the hippocampus of Ahi1−/− 
mice compared to Ahi1+/+ mice. 
N = 6 mice. Scale bar = 10 μm. 
***P < 0.001; ****P < 0.0001
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to LTP and cognitive impairment [45, 57]. We therefore 
investigated whether Ahi1 knockout affects hippocam-
pal dendritic spines by Golgi staining. Spine density in 
CA1 and DG of Ahi1−/− mice was significantly reduced 
compared to Ahi1+/+ mice (Fig.  2E–G). The results 

suggest that Ahi1 knockout resulted in spine loss in the 
hippocampal region. In addition, the levels of synapto-
physin (a specific marker for presynaptic terminals) and 
PSD95 (a membrane-associated proteins in the postsyn-
aptic density) in the hippocampus of Ahi1−/− mice was 
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decreased in comparison to Ahi1+/+ mice (Fig. 2H, I). All 
these results suggest that Ahi1−/− mice exhibit reduced 
synaptic plasticity.

Ahi1 stabilizes WDR68 protein levels by inhibiting 
its degradation

To investigate the mechanism by which Ahi1 deficiency leads 
to cognitive impairment, we performed Ahi1 immunoprecipi-
tation of brain tissues from Ahi1+/+ and Ahi1−/− mice to reveal 
Ahi1-interacting proteins, which should be more abundant in 
Ahi1+/+ samples than in Ahi1−/− samples. As expected, we 
saw more Hap1 and Ahi1 in Ahi1+/+ immunoprecipitates than 
in Ahi1−/− immunoprecipitates. In addition, WDR68, also 
known as Dcaf7, a highly conserved scaffolding protein con-
taining five WD40 repeats important for craniofacial develop-
ment [58, 59], was only present in Ahi1+/+ immunoprecipitates 
and was not detected in Ahi1−/− immunoprecipitates (Fig. 3A). 
We further confirmed the interaction between WDR68 and 
Ahi1 by coimmunoprecipitation and coimmunostaining 
(Fig. 3B, C). Next, we examined whether Ahi1 regulates 
WDR68 levels. The mRNA level of WDR68 in the hippocam-
pus of Ahi1−/− mice was not altered compared to Ahi1+/+ mice 
(Fig. 3D), while the protein of WDR68 in the hippocampus of 
Ahi1−/− mice was significantly decreased compared to Ahi1+/+ 
mice (Fig. 3E). This suggests that Ahi1 stabilizes WDR68 
at the protein level. Knockdown of Ahi1 in PC12 cells also 
induced a significant decrease in WDR68 protein levels, while 
overexpression of Ahi1 in PC12 cells induced an increase in 
WDR68 protein levels (Fig. 3F, G). We then evaluated the 
WDR68 half-life after knockdown or overexpression of Ahi1 
in PC12 cells. The half-life of endogenous WDR68 was sig-
nificantly shortened by knockdown of Ahi1 (Supplementary 

Fig. 2A). Consistent with this, overexpression of Ahi1 sig-
nificantly prolonged the half-life of endogenous WDR68 
compared to the control vector (Supplementary Fig. 2B). Pre-
vious studies have shown that WDR68 is degraded mainly 
through the ubiquitin–proteasome system (UPS) [31]. To 
further whether Ahi1 inhibits the degradation of WDR68, we 
compared the degradation of WDR68 in the hippocampus of 
Ahi1−/− mice and Ahi1+/+ mice. The results demonstrated 
that ubiquitination degradation of WDR68 was remarkably 
increased in the hippocampal tissues of Ahi1−/− mice com-
pared to Ahi1+/+ mice (Fig. 3H). In addition, we overexpressed 
Ahi1 in PC12 cells and found that polyubiquitinated WDR68 
was significantly reduced (Fig. 3I). Thus, we conclude that 
Ahi1 not only binds WDR68 but also stabilizes its levels by 
inhibiting its degradation.

DYRK1A and Ahi1 compete for WDR68 binding 
and its protein level is elevated in hippocampal 
tissue of Ahi1−/− mice

In this study, we found that the mRNA level of DYRK1A 
in the hippocampus of Ahi1−/− mice was unchanged com-
pared with Ahi1+/+ mice (Fig. 4A), whereas the protein level 
of DYRK1A in the hippocampus of Ahi1−/− mice was sig-
nificantly increased compared to Ahi1+/+ mice (Fig. 4B). 
Similarly, knockdown of Ahi1 in PC12 cells resulted in up-
regulation of DYRK1A protein levels (Fig. 4C), whereas 
overexpression of Ahi1 in PC12 cells resulted in down-
regulation of DYRK1A protein levels (Fig. 4D). Next, we 
further investigated whether Ahi1 and DYRK1A could 
competitively or synergistically interact with WDR68. 
The results showed increased binding between WDR68 
and DYRK1A in the hippocampal tissues of Ahi1−/− mice 
compared to Ahi1+/+ mice (Fig. 4E). These results suggest 
that there may be competition for WDR68 binding between 
Ahi1 and DYRK1A and that WDR68 binding may be 
important for DYRK1A stability. Ahi1 deficiency promotes 
WDR68 binding to DYRK1A and up-regulates DYRK1A 
levels. To further confirm that Ahi1 and DYRK1A com-
pete for WDR68 protein binding, we overexpressed Ahi1 
or DYRK1A in PC12 cells to observe the effect on WDR68 
binding. As expected, overexpression of Ahi1 inhibited the 
binding of DYRK1A and WDR68 (Fig. 4F), while over-
expression of DYRK1A inhibited the binding of Ahi1 and 
WDR68 (Fig. 4G). Thus, our results suggest that Ahi1 and 
DYRK1A compete for WDR68 protein binding and regulate 
DYRK1A levels.

Prenatal stress leads to cognitive impairment 
in male offspring

It is now widely recognized that the developing fetus is 
susceptible to perturbations in the intrauterine environment 

Fig. 3   Ahi1 stabilizes WDR68 protein levels by inhibiting its degra-
dation. Ahi1−/− and Ahi1+/+ mice brain tissue lysates were precipi-
tated with anti-Ahi1 and analyzed for potential Ahi1-binding proteins 
by mass spectrometry (A). In vivo binding of WDR68 to Ahi1 was 
verified by Western blotting with anti-Ahi1 in immunoprecipitates 
from Ahi1+/+ mouse brain tissue (B). Coimmunostaining of Ahi1 
and WDR68 in the brain of Ahi1+/+ mouse (C). Scale bar = 10 μm. 
Q-PCR showed no difference in WDR68 mRNA levels in the hip-
pocampus of Ahi1−/− and Ahi1+/+ mice. N = 4 mice (D). Western 
blotting showed a significant reduction in WDR68 protein levels in 
the hippocampus of Ahi1−/− mice. N = 6 mice (E). After Ahi1-siRNA 
transfection of PC12 cells for 48 h, the level of WDR68 protein dras-
tically decreased. N = 6 cell samples (F). PC12 cells were transfected 
with Ahi1-His plasmid or vector for 48  h, and overexpression of 
Ahi1 significantly increased the level of WDR68 protein. N = 6 cell 
samples (G). Hippocampal tissues from Ahi1−/− and Ahi1+/+ mice 
were collected and immunoprecipitated with WDR68 antibody, and 
Western blotting demonstrated a significant increase in ubiquitinated 
WDR68 protein. N = 3 mice (H). PC12 cells transfected with Ahi1-
His plasmid or vector were collected and immunoprecipitated with 
WDR68 antibody, and Western blotting showed that ubiquitinated 
WDR68 protein was significantly reduced. N = 3 cell samples (I). 
**P < 0.01; ****P < 0.0001

◂
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and that prenatal stress increases the risk of adult diseases 
in offspring, such as high blood pressure, type 2 diabetes, 
anxiety disorders, depression, and cognitive impairment 
[3, 60–64]. Prenatal stress induces excess glucocorticoids 
to pass through the placenta into the fetus, perturbing the 
HPA axis in the offspring, leading to lower birth weight and 

behavioral changes in adulthood [10, 65, 66]. In this study, 
we found that PNS offspring mice had reduced birth weight 
compared to controls (Fig. 5A), but prenatal stress did not 
alter litter size (Fig. 5B). In addition, we found that serum 
corticosterone levels were significantly higher in PNS off-
spring compared to controls (Fig. 5C). Next, we investigated 

Fig. 4   DYRK1A and Ahi1 compete for WDR68 binding and its pro-
tein level is elevated in hippocampal tissue of Ahi1−/− mice. Q-PCR 
showed no difference in DYRK1A mRNA levels in the hippocam-
pus of Ahi1−/− and Ahi1+/+ mice. N = 4 mice (A). Western blotting 
showed that DYRK1A protein was significantly elevated in the hip-
pocampus of Ahi1−/− mice. N = 6 mice (B). Transfection of Ahi1-
siRNA into PC12 cells for 48 h significantly up-regulated DYRK1A 
protein levels. n = 6 cell samples (C). Transfection of Ahi1-His plas-
mid into PC12 cells for 48 h significantly down-regulated the level of 
DYRK1A protein. n = 6 cell samples (D). Hippocampal tissues from 
Ahi1−/− and Ahi1+/+ mice were collected and immunoprecipitated 

with DYRK1A antibody, and Western blotting revealed increased 
binding between DYRK1A and WDR68. N = 4 mice (E). PC12 
cells transfected with Ahi1-His plasmid or vector were collected and 
immunoprecipitated with DYRK1A antibody, and Western blotting 
showed that overexpression of Ahi1 reduced the binding of DYRK1A 
and WDR68. N = 3 cell samples (F). PC12 cells transfected with 
DYRK1A-His plasmid or vector were collected and immunoprecipi-
tated with Ahi1 antibody, and Western blotting showed that overex-
pression of DYRK1A drastically reduced the binding of Ahi1 and 
WDR68. N = 3 cell samples (G). ***P < 0.001; ****P < 0.0001
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whether adult male offspring mice with PNS had abnormal 
behavior. In the MWM test, the PNS group showed increased 
movement distance and escape latency compared to the con-
trol group (Fig. 5D–F), indicating that the PNS mice exhib-
ited learning impairment in locating the invisible platform, 
while there was no significant difference in movement speed 
between the two groups (Fig. 5G). In the probe trial, the 
PNS group showed impairment in spatial memory retention 
as indicated by the PNS group spent less time in the target 
quadrant and fewer number of times crossing the platform 
area (Fig. 5H, I). In the NOR test, there was no significant 
difference in the preference index between PNS and Control 
groups during the training phase (Fig. 5J), indicating that 
these objects did not affect the exploratory behavior of the 

two groups. In the testing phase, the recognition index of the 
PNS group was lower than Control group (Fig. 5K), which 
indicated that the PNS group had cognitive impairment. In 
the Y-maze test, the percentage of spontaneous alternations 
was significantly lower in the PNS group of mice compared 
to the Control group (Fig. 5L). In conclusion, the male off-
spring of PNS mice showed significant cognitive impairment 
in adulthood. In addition, we investigated whether prenatal 
stress-induced male offspring mice exhibit other behaviors. 
In the open field test, there were no differences between 
the PNS and control groups in movement distance, center 
entries and total time spent in the inside area or outside area 
(Supplementary Fig. 3A-C). In the light–dark box test, there 
was no difference in light–dark transitions and the time spent 

Fig. 5   Prenatal stress leads to cognitive impairment in male offspring. 
Body weights of CON mice and PNS were recorded at postnatal 
1 day. N = 15 mice (A). The number of litters in CON mice and PNS 
was recorded. N = 10 mice (B). Serum corticosterone levels were 
measured by an ELISA method in CON mice and PNS mice. N = 6 
mice (C). Behavioral tests were performed in 2–3 month-old mice. In 
the MWM test, movement distance (D), escape latency (E) represent-

ative images of swimming paths (F), movement speed (G), time spent 
in the target quadrant (H) and number of times crossing the platform 
area (I) were recorded. N = 10–12 mice. In the NOR test, preference 
index (J) and recognition index (K) were recorded. N = 10–12 mice. 
In the Y-maze test, the percentage of spontaneous alternations was 
recorded. N = 10–12 mice (L). *P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001
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in the light compartment (Supplementary Fig. 3D, E). In 
the elevated plus maze test, there was no difference in time 
and distance between the PNS and control groups in the 
open arm (Supplementary Fig. 3F, G). In the Rotarod test, 
there was no difference in the latency to fall between the 
PNS and Control groups (Supplementary Fig. 3H). In addi-
tion, we found that there was no difference in body weight 
between the PNS group and the control group at 2 months of 
age (Supplementary Fig. 3I). These results suggest that the 
male offspring of prenatal stress did not exhibit anxiety-like 
behaviors and motor deficits. In addition, we found no differ-
ences in anxiety-like behaviors (Supplementary Fig. 4A-G) 
motor performance (Supplementary Fig. 4H) and cognition 
(Supplementary Fig. 4I-P) in prenatally stressed female off-
spring compared to control female offspring mice.

Prenatal stress alters GR/Ahi1‑WDR68‑DYRK1A 
signaling, resulting in decreased binding of Ahi1 
to WDR68 and increased binding of WDR68 
to DYRK1A

To further investigate the pathogenesis of prenatal stress 
offspring, we detected GR/Ahi1-WDR68-DYRK1 signaling 
changes in the hippocampus of PNS offspring. It was found 
that Ahi1, GR and WDR68 expression were decreased in the 
hippocampus of the PNS group, while DYRK1A level was 
elevated compared with the control group (Fig. 6A). Our 
previous study found that glucocorticoid-like ligand treat-
ment or stress resulting in massive GR nuclear transloca-
tion reduced GR binding to cytoplasmic Ahi1 and facilitated 
nuclear translocation of GR, leading to Ahi1 degradation 
[27]. In this study, we also found an increase in GR nuclear 
translocation in hippocampal tissue of the PNS group (Sup-
plementary Fig. 5A, B), which in turn caused a decrease 
in Ahi1 levels. Next, we further investigated the effects 
of prenatal stress on Ahi1 and WDR68 binding as well as 
DYRK1A and WDR68 binding in hippocampal tissues of 
offspring. Our study found that prenatal stress resulted in 
decreased Ahi1 and WDR68 binding (Fig. 6B) and increased 
DYRK1A and WDR68 binding (Fig. 6C) in the hippocam-
pus of offspring mice. A growing number of studies have 
shown that prenatal stress or glucocorticoid exposure is 
associated with cognitive impairment in offspring [67–69], 
and our study also found elevated glucocorticoids in PNS 
offspring. To further investigate the mechanism by which 
glucocorticoid exposure leads to cognitive impairment, we 
administered the synthetic glucocorticoid dexamethasone 
(Dex) to PC12 cells or primary hippocampal neurons for 
72 h and found that the expression of Ahi1, GR and WDR68 
was decreased, while the expression of DYRK1A was ele-
vated in the Dex-treated PC12 cells or primary hippocam-
pal neurons compared to the control group (Fig. 6D, Sup-
plementary Fig. 6A). In addition, we also found a decrease 

in Ahi1 and WDR68 binding and an increase in DYRK1A 
and WDR68 binding in Dex-treated PC12 cells or primary 
hippocampal neurons (Fig. 6E, F, Supplementary Fig. 6B-
C). These results further confirm that Ahi1 and DYRK1A 
compete for binding to WDR68.

RU486 increases hippocampal GR and Ahi1 levels 
and improves synaptic plasticity and cognitive 
impairment in prenatally stressed offspring

RU486 (mifepristone) is a GR antagonist that blocks deg-
radation of Ahi1 in Dex treatment, and increasing evidence 
suggests that RU486 improves cognition [27, 70, 71]. In this 
study, we investigated the ameliorative effects of RU486 on 
cognitive impairment in prenatally stressed offspring. We 
divided PNS mice and control mice into four groups CON 
(Control) + VEH (vehicle), CON+RU486, PNS+VEH, 
PNS+RU486. In the MWM test, the PNS+RU486 group 
showed decreased movement distance and escape latency 
compared to the PNS+VEH (Fig. 7A–C), whereas there was 
no significant difference in movement speed between the 
four groups (Fig. 7D). In the probe trial, PNS+RU486 group 
showed improved spatial memory retention as indicated by 
the PNS+RU486 group spent more time in the target quad-
rant and crossed the platform area more times (Fig. 7E, F). 
In the NOR test, there was no significant difference in the 
preference index between the four groups during the train-
ing phase (Fig. 7G), indicating that these objects did not 
affect the exploratory behavior of the four groups. In the 
testing phase, the recognition index of the PNS+RU486 
group was higher than PNS+VEH (Fig. 7H). In the Y-maze 
test, the percentage of spontaneous alternations was sig-
nificantly higher in the PNS+RU486 group compared to 
the PNS+VEH group (Fig. 7I). In conclusion, 3 weeks of 
RU486 treatment significantly improved cognitive impair-
ment in PNS mice.

Next, we investigated the effects of RU486 treatment on 
GR/Ahi1-WDR68-DYRK1A signaling and synaptic plas-
ticity. It was found that the expression of Ahi1, GR and 
WDR68 was increased while the expression of DYRK1A 
was decreased in the hippocampus of the PNS+RU486 
group compared to the PNS+VEH group (Fig. 8A). Spine 
density in CA1 and DG was significantly lower in the 
PNS+VEH group compared to the CON+VEH group, and 
after 3 weeks of treatment with RU486, spine density was 
significantly higher in the PNS+RU486 group compared to 
the PNS+VEH group (Fig. 8B–D). The above results indi-
cate that RU486 increases the expression of Ahi1 and GR 
and ameliorates synaptic plasticity and cognitive impair-
ment in prenatally stressed offspring, further confirming that 
GR/Ahi1 regulates WDR68-DYRK1A binding and medi-
ates cognitive impairment in prenatally stressed offspring. 
Based on our findings, we propose that prenatal stress leads 
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to an increase in GR nuclear translocation and degradation 
of Ahi1, and the reduction of Ahi1 leads to a decrease in 
binding of Ahi1 to WDR68, which promotes the binding of 
WDR68 and DYRK1A, and an increase in DYRK1A level, 
which modulates prenatal stress-induced cognitive impair-
ment (Fig. 8E).

Discussion

Accumulating evidence has demonstrated that prenatal 
stress is associated with an increased risk of emotional, 
behavioral, and cognitive problems in offspring, and 
these symptoms include anxiety and depression, ADHD, 

Fig. 6   Prenatal stress alters GR/Ahi1-WDR68-DYRK1A signal-
ing, resulting in decreased binding of Ahi1 to WDR68 and increased 
binding of WDR68 to DYRK1A. Western blotting demonstrated 
decreased expression of Ahi1, GR, and WDR68 and increased 
expression of DYRK1A in the hippocampus of the PNS group. N = 6 
mice (A). Hippocampal tissues from PNS and CON mice were col-
lected and immunoprecipitated with Ahi1 antibody, and Western 
blotting showed decreased binding between Ahi1 and WDR68. N = 3 
mice (B). Hippocampal tissue from PNS and CON mice was col-
lected and immunoprecipitated with DYRK1A antibody, and Western 
blotting revealed increased binding between DYRK1A and WDR68. 

N = 3 mice (C). PC12 cells were treated with Dex (20 μM) for 72 h 
and Western blotting results showed a decrease in the expression of 
Ahi1, GR and WDR68 and an increase in the expression of DYRK1A 
in Dex-treated PC12 cells. N = 6 cell samples (D). PC12 cells from 
DEX and CON groups were collected and immunoprecipitated 
with Ahi1 antibody, and Western blotting showed reduced binding 
between Ahi1 and WDR68. n = 3 cell samples (E). PC12 cells from 
DEX and CON groups were collected and immunoprecipitated with 
DYRK1A antibody and Western blotting showed increased binding 
between DYRK1A and WDR68. n = 3 cell samples (F). **P < 0.01; 
***P < 0.001; ****P < 0.0001
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and cognitive impairment [63]. The prenatal period is 
an extremely important and sensitive phase of life, and 
exposure to stressful events during pregnancy may lead 
to maternal release of stress hormones such as cortisol in 
humans and corticosterone in rodents [72]. Excess gluco-
corticoids induced by prenatal stress cross the placenta, 
impairing fetal HPA development and altering the balance 
of HPA axis activity in offspring [7]. The hippocampus is 
the brain region with the highest expression of GR, and 
activation of hippocampal GR negatively feedback regu-
lates HPA axis activity by inhibiting the expression of 
corticotropin-releasing factor or hormone (CRF or CRH) 
in the paraventricular nucleus (PVN) region [7, 73]. Accu-
mulating evidence suggests that reduced expression and 
impaired function of GR are also associated with elevated 
offspring HPA axis reactivity induced by prenatal stress 
[9, 74]. Our previous studies revealed that Ahi1 interacts 

with GR and regulates nuclear translocation of GR, which 
is involved in GR-mediated stress response [27].

Ahi1 is abundantly expressed in neurons, functions in 
intracellular signaling and trafficking, and plays an impor-
tant role in early brain development [30, 38, 75]. AHI1 
is associated with developmental brain disorders such as 
Joubert syndrome, which is accompanied by abnormali-
ties in brain development as well as cognitive and behav-
ioral impairments [22, 76] and neuropsychiatric disorders 
such as autism, depression and schizophrenia [22, 77–79]. 
Our previous study found that Ahi1−/− mice exhibit typical 
depression-like behaviors and that AHI1 deficiency desta-
bilizes GR, which regulates the expression of depression-
related genes in the brain [23–25, 27, 80]. Studies have 
demonstrated reduced AHI1 expression in serum of patients 
with AD and the brains of 3xTg-AD mice, suggesting that 
AHI1 may be associated with cognition [28, 29]. In this 

Fig. 7   RU486 ameliorates cognitive impairment in prenatally 
stressed offspring. Prenatal stress mice and control mice were 
divided into four groups: CON+VEH, CON+RU486, PNS+VEH, 
and PNS+RU486. After 3 weeks of treatment with RU486 (20 mg/
kg) or vehicle, behavioral tests were performed in four groups. In the 
MWM test, movement distance (A), escape latency (B), a representa-

tive image of the swim path (C), speed of movement (D), time spent 
in the target quadrant (E), and number of times crossing the platform 
area (F) were recorded. n = 10 mice. In the NOR test, preference 
index (G) and recognition index (H) were recorded. N = 10 mice. 
In the Y-maze test, the percentage of spontaneous alternations was 
recorded. N = 10 mice (I). **P < 0.01; ***P < 0.001; ****P < 0.0001
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Fig. 8   RU486 increases hippocampal GR and Ahi1 levels and 
improves synaptic plasticity in prenatally stressed offspring. After 
RU486 or vehicle treatment of PNS and CON mice for 3 weeks, hip-
pocampal tissues of the mice were collected, and Western blotting 
showed that the expression of Ahi1, GR, and WDR68 was increased 
in the hippocampus of the PNS+RU486 group compared to the 
PNS+VEH group, while the expression of DYRK1A was decreased. 
N = 6 mice (A). Representative micrographs of dendritic spines in the 
four groups of mice (B). Spine densities of DG and CA1 in the hip-
pocampus of four groups were analyzed. N = 4 mice (C, D). Proposed 
diagram of Ahi1/GR signaling regulating WDR68-DYRK1A binding 
and mediating cognitive impairment. Under normal conditions, glu-
cocorticoids (GC) bind to the GR and enter the nucleus.Ahi1 and GR 

stabilize each other, inhibit GR nuclear translocation and Ahi1 deg-
radation, promote Ahi1 and WDR68 binding, and inhibit DYRK1A 
and WDR68 binding. When Ahi1 is absent, it promotes GR nuclear 
translocation, facilitates DYRK1A and WDR68 binding, and leads 
to elevated DYRK1A, reduced synaptic plasticity, and demonstrated 
cognitive impairment. Prenatal stress leads to hyperactivity of the 
HPA axis promoting release of GC, leading to GR nuclear translo-
cation and degradation of Ahi1, inhibiting Ahi1 and WDR68 bind-
ing, and promoting DYRK1A and WDR68 binding, leading to 
elevated DYRK1A, reduced synaptic plasticity, and cognitive impair-
ment in offspring (E). Scale bar = 10 μm. **P < 0.01; ***P < 0.001; 
****P < 0.0001
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study, we found that Ahi1−/− mice exhibit typical cogni-
tive impairment (Fig. 1) and reduced synaptic plasticity 
(Fig. 2). Interestingly, we found that prenatal stress resulted 
in reduced expression of Ahi1 and GR in the hippocampus 
of the offspring (Fig. 6A) and showed cognitive impairment 
(Fig. 5D–L). Further studies revealed that elevated serum 
corticosterone levels in PNS mice (Fig. 5C) promoted GR 
nuclear translocation (Supplementary Fig. 5), and nuclear 
translocation of GR reduced the stability and level of Ahi1. 
Conversely, the reduction of Ahi1 promoted nuclear trans-
location of GR.

Ahi1 and Hap1 are able to form a stable complex regulat-
ing early brain development [30], and Hap1 interacts with 
the craniofacial development-associated protein WDR68 
[31]. In this study, we found that Ahi1 also binds WDR68 
(Fig. 3A–C) and regulates WDR68 expression. WDR68 
protein expression was decreased in Ahi1−/− mice and 
PC12 cells with knockdown of Ahi1, while WDR68 protein 
expression was increased in PC12 cells overexpressing Ahi1 
(Fig. 3E–G). In addition, we found that Ahi1 was able to 
stabilize WDR68 and inhibit its degradation as indicated by 
knockdown of Ahi1 in PC12 cells significantly shortened 
the half-life of WDR68, and overexpression of Ahi1 signifi-
cantly lengthened the half-life of WDR68 (Supplementary 
Fig. 2) Consistently, WDR68 ubiquitination degradation 
was increased in Ahi1−/− mice and decreased in PC12 cells 
overexpressing Ahi1 (Fig. 3H, I). Previous report has shown 
that overexpression of Hap1 (but not Ahi1) in HEK239 cells 
increased WDR68 protein levels [31]. However, the study 
selected the HEK293 cell line (a type of cell that does not 
express Hap1 but expresses Ahi1) [31, 81], so the role of 
endogenous Ahi1 was not ruled out. To further investigate 
whether Ahi1 regulates WDR68 expression through Hap1, 
we chose the Hela cell line (a cell line that expresses neither 
Ahi1 nor Hap1), and found that transfecting Ahi1 and Hap1 
together into Hela cells increased WDR68 expression (Sup-
plementary Fig. 7). Therefore, we hypothesized that Ahi1 
and Hap1 form a complex to co-regulate WDR68 expres-
sion, and that the lack of either Ahi1 or Hap1 does not func-
tion to regulate WDR68 expression.

DYRK1A is a highly conserved protein kinase belong-
ing to the dual-specificity tyrosine phosphorylation-reg-
ulated kinase (DYRK) family that interacts with WDR68 
[82, 83]. DYRK1A has multiple functions in central nerv-
ous system (CNS) development, including neurogenesis, 
neuronal differentiation, proliferation, cell death, and syn-
aptic plasticity [84]. DYRK1A is closely related to AD 
and DS, and inhibition of its expression ameliorates cog-
nitive impairment in animal models of AD and DS [36, 
37]. In the present study, we found that Ahi1 deficiency 
elevated DYRK1A level, while increased Ahi1 inhibited 
DYRK1A level (Fig. 4B–D). In addition, DYRK1A and 
Ahi1 may compete for WDR68 binding, and WDR68 

binding may be important for DYRK1A stability as indi-
cated by Ahi1−/− mice exhibited increased DYRK1A and 
WDR68 binding (Fig. 4E), whereas Ahi1 overexpressing 
PC12 cells had decreased DYRK1A and WDR68 binding 
(Fig. 4F), and DYRK1A overexpressing PC12 cells had 
decreased Ahi1 and WDR68 binding (Fig. 4G). Consist-
ently, Ahi1 and WDR68 binding and WDR68 expression 
were also reduced in PNS mice and Dex-treated PC12 
cells, while DYRK1A and WDR68 binding and DYRK1A 
levels were increased (Fig. 6). Thus, GR/Ahi1 may regu-
late WDR68-DYRK1A binding and mediate cognitive 
deficits in prenatally stressed offspring. To further con-
firm the role of GR/Ahi1 in modulating cognitive deficits 
in prenatally stressed offspring, we administered the GR 
antagonist RU486 to PNS and CON mice for 3 weeks, 
and found that RU486 significantly ameliorated cognitive 
impairments in PNS mice (Fig. 7), and further investiga-
tions revealed that RU486 increased the levels of Ahi1, 
GR and WDR68, decreased the level of DYRK1A, and 
improved synaptic plasticity in PNS mice (Fig. 8). Thus, 
this study further confirms that GR/Ahi1 regulation of 
WDR68-DYRK1A binding plays a crucial role in mediat-
ing cognitive deficits in prenatally stressed offspring.

Conclusions

In this study, we demonstrate that Ahi1 and DYRK1A com-
pete for WDR68 binding and Ahi1−/− mice exhibit cognitive 
impairment. GR/Ahi1 regulates WDR68-DYRK1A binding 
and mediates cognitive impairment in prenatally stressed 
offspring. Thus, GR/Ahi1 may be a therapeutic target for 
treating stress-mediated cognitive impairment in offspring.
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