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Abstract
Background  Kabuki syndrome (KS) is a rare 
developmental disorder characterised by multiple 
congenital anomalies and intellectual disability. UTX 
(ubiquitously transcribed tetratricopeptide repeat, X 
chromosome), which encodes a histone demethylase, 
is one of the two major pathogenic risk genes for KS. 
Although intellectual disability is a key phenotype of KS, 
the role of UTX in cognitive function remains unclear. 
Currently, no targeted therapies are available for KS.
Aims  This study aimed to investigate how UTX regulates 
cognition, to explore the mechanisms underlying UTX 
dysfunction and to identify potential molecular targets for 
treatment.
Methods  We generated UTX conditional knockout mice 
and found that UTX deletion downregulated calmodulin 
transcription by disrupting H3K27me3 (trimethylated 
histone H3 at lysine 27) demethylation.
Results  UTX-knockout mice showed decreased 
phosphorylation of calcium / calmodulin-dependent protein 
kinase II, impaired long-term potentiation and deficit 
in remote contextual fear memory. These effects were 
reversed by an Food and Drug Administration-approved 
drug desipramine.
Conclusions  Our results reveal an epigenetic mechanism 
underlying the important role of UTX in synaptic plasticity 
and cognitive function, and suggest that desipramine could 
be a potential treatment for KS.

Introduction
Kabuki syndrome (KS) is a rare condition 
characterised by congenital developmental 
abnormalities and mental disorders.1 The 
underlying causes of KS are still elusive and 
no effective treatment is available for KS.2 
UTX (ubiquitously transcribed tetratricopep-
tide repeat, X chromosome), also known as 
KMD6A (lysine demethylase 6A), is a patho-
genic risk gene of KS3 and plays an important 
role in the nervous system.4 UTX is a patho-
genic risk gene of KS that plays an important 
role in the nervous system. In 2012, Paděrová 

et al identified heterozygous mutations in the 
UTX gene in 3%–8% of KS cases.5 In these 
cases, researchers found either a total or 
substantial deletion of the UTX gene, with 
affected individuals exhibiting a wide array 
of phenotypic features, including typical 
KS facial features and moderate clinical 
manifestations.

Histone 3 methylation and demethyla-
tion modulate the expression of memory-
related genes and are involved in memory 
consolidation and storage.6 UTX specifically 
removes methyl groups from histone 3 that 
is dimethylated or trimethylated at lysine 
27 (H3K27me2/3 methyl group), which 
promotes gene transcription involved in 
neural regeneration, development, metab-
olism and other important physiological 

WHAT IS ALREADY KNOWN ON THIS TOPIC
⇒⇒ Kabuki syndrome (KS) is a rare disorder charac-
terised by congenital anomalies and intellectual 
disability.

⇒⇒ UTX, a histone demethylase gene on the X chromo-
some, is a major risk factor for KS.

⇒⇒ Currently, no targeted therapies are available for KS.

WHAT THIS STUDY ADDS
⇒⇒ We found that the impairment of long-term po-
tentiation and the deficit in remote contextual fear 
memory are caused by decreased phosphorylation 
of calcium / calmodulin-dependent protein kinase II.

⇒⇒ These deficits could be rescued by an Food and 
Drug Administration-approved drug desipramine.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

⇒⇒ Our results reveal the mechanism underlying the 
important role of UTX in synaptic plasticity and cog-
nitive function and suggest that desipramine could 
be a potential treatment for KS.
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functions in humans and animals.7 Previous studies have 
found that genetic defect in UTX affects the develop-
ment process of neural stem cells and neural crest cells.8 
However, research on the mechanisms through which 
UTX affects cognition remains lacking.

Long-term potentiation (LTP), particularly in the 
hippocampus, is recognised as an underlying phenom-
enon of neural synaptic plasticity and an important mech-
anism of learning and memory. Therefore, this study 
aimed to investigate UTX functions in synaptic plasticity 
and performance in contextual fear conditioning with 
UTX conditional knockout (cKO) mice. Additionally, we 
sought to elucidate the effects of desipramine, a psycho-
tropic medication known to ameliorate cognitive deficits 
in UTX cKO mice.9 We hypothesised that the epigenetic 
mechanism of the UTX regulation of the calmodulin-
CaMKII pathway is essential for the expression of remote 
memory.

Methods and materials
Animal husbandry
Male UTX hemizygous mice aged 8–12 weeks were used in 
the study, and the wild-type (WT) littermates were used as 
the control group for all experiments. Mice were weaned 
at the fourth postnatal week and maintained on a 12/12-
hour light/dark cycle with access to food and water ad 
libitum.

Contextual fear conditioning
During the training stage, mice were placed in the fear 
conditioning chamber (Med Associates) of the training 
context. After exploring the chamber for 2 min, mice 
received three 0.72 mA foot shocks (2 s each, 1 min 
interval between the shocks). The training sessions lasted 
for 5 min. Tests were performed 24 hours and 4 weeks 
after training. During the test, the mice were placed back 
into the chamber for 5 min. The behaviour in mice was 
recorded and analysed using automated motion detec-
tion software Actimetrics (Freezeframe4, ACT-712).

Hippocampal slices preparation
After anaesthesia induction, mice aged 8–10 weeks were 
transcardially perfused with ice-cold oxygenated (95% O2, 
5% CO2) fresh artificial cerebral-spinal fluid (aCSF). After 
decapitation, hippocampal slices (300 µm thick) were 
prepared with a vibrating tissue slicer (Leika, VT1000S, 
Germany) in cold aCSF. The slices were recovered in a 
submerged chamber for 30 min at 32°C and then trans-
ferred to room temperature in carbogen-bubbled aCSF, 
for at least 1 hour.

Multielectrode array recordings in hippocampal slices
The procedures were used to prepare the MED64 probe 
and multichannel field potential recordings. The field 
excitatory postsynaptic potentials (fEPSPs) evoked in 
the CA1 area were amplified by a 64-channel amplifier. 
The test stimulation intensity was adjusted so that an 

average of 30%–60% of the maximal synaptic response, 
according to the input-output curves, was induced. For 
LTP induction, a 1× high-frequency stimulation (HFS) 
(100 Hz, 1 s) protocol was used with the same stimulation 
intensity as the baseline.10 For quantification of LTP data, 
the initial slope of fEPSP was measured, normalised and 
expressed as a percentage change from the baseline level. 
The number of activated channels (ie, with the fEPSP 
amplitude higher than −20 μV) and LTP-showing (fEPSP 
slope increased by at least 20% of baseline) channels were 
counted.11

Extracellular fEPSP recordings
Recordings were made in a standard submerged chamber 
with aCSF perfusion at a speed of 2 mL/min at 25℃. 
Schaffer collaterals were stimulated by a platinum bipolar 
electrode for a duration of 0.1 ms every 60 s. Data were 
acquired through Multiclamp 700B and pClamp V.10 
software (Molecular Devices). Paired-pulse ratio (PPR) 
was examined at interstimulus intervals of 50 ms with a 
stimulation strength that corresponded to 50% of the 
maximal fEPSP.

Whole-cell recordings of spontaneous excitatory postsynaptic 
currents (sEPSCs)
CA1 pyramidal neurons were identified under an 
infrared differential interference contrast microscope in 
the submerged recording chamber (DAGE-MTI IR1000). 
Neurons were recorded for 5 min at a holding voltage of 
−60 mV with 10 µM bicuculline in aCSF perfused at a flow 
rate of 2 mL/min. sEPSCs were detected by the MiniAnal-
ysis program (Synaptosoft, Decatur, Georgia, USA).

Real-time quantitative PCR
The primers used are shown in online supplemental table 
1. Total RNA was isolated following the TRIZOL method 
protocols. In reverse-transcription quantitative PCR, RNA 
was reverse-transcribed into cDNA with the kit (Takara 
RR037A). Real-time quantitative PCR was carried out with 
SYBR Green PCR Master Mix (Roche 4887352001). The 
relative expression values for each mRNA were calculated 
by comparative Ct and were normalised to glyceraldehyde 
3-phosphate dehydrogenase.

Transcriptome sequencing
In the transcriptome sequencing experiment, the hippo-
campus from adult mice (n=3 per group) was dissected 
and collected as samples for sequencing. RNA library 
preparation, clustering, sequencing and data analyses 
were carried out by the Beijing Genomics Institution.

Chromatin immunoprecipitation (ChIP)-quantitative PCR
Samples were prepared from the WT and cKO mice 
hippocampus with an EZ-ChIP kit (17-371, Merck Milli-
pore). Shear DNA using a sonicator to an optimal DNA 
fragment size of 200–400 bp. The ChIP-qPCR experi-
ments with samples from the WT and UTX cKO groups 
were carried out using the H3K27me3 antibody (07-449, 
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Merck Millipore). The primers used are shown in online 
supplemental table 2.

Western blotting
The protein extracted from the hippocampus was quan-
tified using the DC protein assay (Bio-Rad). Equivalent 
protein was subjected to 8% or 12% sodium dodecyl 
sulfate -polyacrylamide gel electrophoresis and trans-
ferred electrophoretically to polyvinylidene fluoride 
membranes. The membranes were incubated with 
primary antibodies after blocking with 5% skimmed milk 
(online supplemental table 3). The membranes were 
then incubated with horseradish peroxidase-conjugated 
secondary antibody. Blots were visualised using a chemi-
luminescence approach (ECL system, Merck Millipore) 
with the Tanon-5200 Chemiluminescent Imaging System 
(Tanon Science & Technology).

Desipramine treatment
Desipramine (30 mg/kg) was administered to mice in 
drinking water for 2 weeks before the sample collec-
tion or experiments (electrophysiological recording 
and behavioural test) were performed, and the drug 
was administered throughout the behavioural test. For 
the multielectrode array recordings, we perfused desip-
ramine (5 µM) to acute hippocampal slices for 40 min 
(from 20 min prior to HFS delivery to 20 min after LTP 
induction). LTP was induced with HFS (1 train of 100 Hz 
stimulation for 1 s). For the patch-clamp experiments, 
desipramine (10 µM) was applied to slices for 30 min 
before the 10 min sEPSC recordings.

Analysis of neuronal morphology with rapid labelling
Sagittal brain slices (350–400 µm thick) were prepared 
from adult mice and slices were labelled with DiI (Invi-
trogen, D282). The rapid labelling procedure was 
performed as previously described.12 CA1 pyramidal 
neurons in the hippocampus were examined using an 
oil-immersion 64° objective lens. Images were captured 
using a TCS SP8 STED 3X multiphoton confocal micro-
scope (Leica) and analysed with Fiji software (ImageJ). 
The number of branches was counted. The total length of 
dendrites and intersections was calculated by using Sholl 
analysis. The average spine density was calculated as the 
number of spines per dendritic length of 10 µm. A total of 
at least 900 µm of dendrites was analysed for each group.

Brain stereotactic virus injection procedure
Using glass electrodes, a depth of 1.4 mm below the brain 
surface was targeted for insertion into the CA1 region, 
with coordinates set at AP=1.9 and ML=±1.5. The injec-
tion of virus was carried out at a controlled rate of 50 nL/
min, with a total volume of 500 nL administered. The 
viruses used in this procedure were AAV-Syn-CRE and 
AAV-CaMKII-CRE.

Statistical analysis
Numerical variables were represented as the mean (stan-
dard error of the mean (SEM)) and analysed using 

GraphPad Prism software (V.8.3.1). Unpaired two-tailed 
t-tests were used to evaluate the significant differences 
between the two groups. The electrophysiology data were 
analysed using OriginPro 2015 (OriginLab Corporation, 
USA), clampfit (V.11.0.3), and t-tests or analysis of vari-
ance (ANOVA). P values <0.05 were considered statisti-
cally significant (*p<0.05, **p<0.01, ***p<0.001).

Results
UTX cKO mice exhibit remote memory impairments
The targeting vector, with exons 11, 12, 13 and 14 encod-
ings the JmjC demethylase domain of UTX, was flanked 
by two loxP sites (figure 1A). Hemizygous male UTX-/Y 
mice were then produced by crossing female UTX f/f 
with male Nestin-cre mice. Genetic deletion of UTX 
was validated at the protein level in the hippocampus 
and prefrontal cortex by western blotting (figure  1B). 
UTX cKO mice have shorter stature and lower body 
weight, similar to those observed in individuals with KS 
(figure 1C,D). In addition, cKO mice exhibited a signif-
icant decrease in the dendritic arborisation complexity, 
total dendritic length and number of branches (online 
supplemental figure 1). Behavioural tests revealed cogni-
tive deficits in spatial learning and memory in UTX cKO 
mice (online supplemental figure 2). To investigate the 
effect of UTX deletion on cognitive function, UTX cKO 
and WT mice were subjected to a contextual fear condi-
tioning test for learning and memory assessment.13 Mice 
received an aversive stimulus in the conditional chamber 
and were subsequently tested 24 hours (recent memory) 
or 4 weeks later (remote memory) for freezing time in 
that chamber. UTX cKO and WT mice displayed no differ-
ence in freezing percentage at 24 hours after training 
(figure 1E). However, the cKO mice showed significantly 
lower freezing compared with WT mice at 4 weeks after 
training (figure 1F), indicating that UTX gene deletion 
leads to remote fear memory deficits.

UTX cKO mice show a deficit in synaptic plasticity
We found that HFS-induced LTP was compromised in 
the UTX cKO mice (WT vs UTX cKO: 161.0 (5.1)% vs 
105.8 (5.7)% of baseline at 120 min after HFS, n=6–7 
slices/6–7 mice; figure  1G). Moreover, significantly 
fewer LTP-showing channels were found in UTX 
cKO hippocampal slices compared with WT hippo-
campal slices (WT vs UTX cKO: 11.7 (2.1) vs 3.7 (1.1); 
figure 1H). To confirm the role of hippocampal UTX in 
LTP, we recorded LTP in UTX f/y mice with the intra-
hippocampal injection of AAV-Syn-Cre virus. The data 
revealed consistent results, showing impaired LTP 
similar to that observed in cKO mice (online supple-
mental figure 4). These data demonstrate that UTX 
gene deletion significantly reduces the probability of 
LTP induction in hippocampal neurons.

Synaptic transmission is the critical cellular basis of 
memory storage in the brain. To verify whether the basal 
synaptic transmission was altered in UTX cKO mice, we 
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Figure 1  UTX cKO mice show impaired cognitive function and LTP and abnormal basal synaptic transmission in hippocampal 
neurons. (A) Schematic diagram of the construction of the UTX cKO mouse model. (B) UTX protein levels in the hippocampus 
and prefrontal cortex of WT and cKO mice were detected by western blotting. (C) From infancy to adulthood, male cKO mice 
were smaller than WT mice. The image shown depicts male mice at 9 weeks of age. (D) UTX cKO mice exhibited decreased 
body weight compared with WT mice throughout adulthood (WT, n=17 at 4, 8 and 12 weeks of age; cKO, n=12, 14, and 10 
at 4, 8 and 12 weeks of age, respectively; ***p<0.001, two-way ANOVA). (E, F) Mouse freezing percentage in contextual fear 
conditioning test at 24 hours and 4 weeks after training (WT, n=15; cKO, n=17; ***p<0.001, unpaired t-tests). (G) LTP recordings 
of fEPSPs induced by a high-frequency stimulation protocol (a train of 100 Hz stimulation for 1 s) recorded in hippocampal slices 
(n=6 slices per 6 mice from each group). Representative traces of the averaged baseline responses (left) and the responses 
during the last 10 min of recordings (right) in WT and cKO mice are shown at the top of the image. (H) The number of activated 
channels showing fEPSP responses to Schaffer collateral pathway stimulation and LTP-showing channels that responded to the 
HFS protocol in CA1 neurons from WT and cKO mice (n=6 slices per 6 mice from each group, ***p<0.001, two-way ANOVA). 
(I) The input-output curve showing the relationship between the slope of fEPSPs and the stimulation intensity at Schaffer 
collateral-CA1 synapses in hippocampal slices (WT, n=19 slices from six mice; cKO, n=15 slices from five mice; ***p<0.001, 
two-way ANOVA). The representative traces in WT and cKO mice are shown at the top of the image. (J) Paired-pulse ratio 
measured at intervals of 50 ms (WT, n=19 slices from six mice; cKO, n=15 slices from five mice; *p<0.05, Student’s t-test). 
Representative traces from WT and cKO mice are shown at the top of the image. (K) Quantitative analyses of sEPSC frequency 
between WT and cKO animals (WT, n=18 slices from seven mice; cKO, n=14 slices from five mice; *p<0.05, Student’s t-test). 
Representative traces of sEPSCs recorded in WT and cKO mice are shown at the top of the image. (L) Quantitative analysis 
of the sEPSC amplitude between WT and cKO animals (WT, n=18 slices from seven mice, cKO, n=14 slices from five mice). 
All data are presented as the mean (SEM). ANOVA, analysis of variance; cKO, conditional knockout; fEPSPs, field excitatory 
postsynaptic potentials; Hippo, hippocampus; LTP, long-term potentiation; sEPSC, spontaneous excitatory postsynaptic 
current; PFC, prefrontal cortex; SEM, standard error of the mean; WT, wild type.

analysed the input/output curves of the fEPSPs. The slope 
of fEPSPs significantly decreased in cKO mice compared 
with WT mice, indicating a decrease in synaptic strength 
(figure 1I). Next, to examine short-term plasticity in the 
cKO mice, the PPR- was analysed. Results showed a signifi-
cantly enhanced PPR in cKO mice compared with WT 
mice (figure 1J), suggesting that the presynaptic release 
of neurotransmitters is decreased in the UTX cKO mice. 
Moreover, whole-cell patch clamp recording of the sEPSC 
showed a significant decrease in sEPSC frequency of 
CA1 pyramidal neurons in cKO mice (figure 1K) with no 

change in sEPSC amplitude (figure 1L), confirming the 
deficit in presynaptic neurotransmitter release in UTX 
cKO mice.

UTX cKO mice show downregulated calmodulin expression 
and CaMKII signalling
To explore the molecular mechanism of impaired 
LTP and memory in UTX cKO mice, we conducted 
transcriptome sequencing and pathway analysis. 
We identified that calmodulin was associated with 
the LTP pathway and was downregulated in UTX 
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Figure 2  Loss of UTX downregulates calmodulin protein expression in the hippocampus by affecting the transcription of 
the calmodulin gene. (A) Top enriched pathways of differentially expressed genes in the hippocampus of UTX cKO mice. Rich 
factor is the ratio of the number of DEGs (Table S4) annotated in these pathways to the number of all genes annotated in these 
pathways. (B) The relative mRNA expression of the CaMKII(α) and calmodulin (CAM) genes in the hippocampus of cKO mice 
normalised to that in the hippocampus of WT mice (n=5 from each group; **p<0.01, two-way ANOVA). (C, D) Western blotting 
showed the downregulation of calmodulin and phosphorylated CaMKII(α) in the hippocampus of cKO mice at the protein level. 
The statistical quantification is shown in (D) (n=3 from each group; *p<0.05, **p<0.01, Student’s t-test). (E) Amplicons (1–3) for 
real-time PCR are illustrated for calmodulin, a gene directly targeted by UTX. The black arrow represents the transcription start 
site for this gene. (F) Chip-qPCR showed that the enrichment of H3K27me3 on the promoter (amplicon 2) of the UTX-targeting 
gene calmodulin was significantly enhanced by the deletion of UTX. The enrichment of H3K27me3 upstream (amplicon 1) and 
downstream (amplicon 3) of the TSS for the target gene showed no change. Real-time PCR was performed on the input and 
immunoprecipitated genomic fragments. The data are presented as the percentage of input (n=3 for each group; **p<0.01, two-
way ANOVA). All data are presented as the mean (SEM). ANOVA, analysis of variance; cAMP, cyclic adenosine monophosphate; 
ChIP, chromatin immunoprecipitation; cKO, conditional knockout; qPCR, quantitative PCR; SEM, standard error of the mean; 
TSS, transcription start site; TRP,transient receptor potential; WT, wild type.

cKO mice (figure  2A; online supplemental table 4). 
Using quantitative real-time PCR and western blot-
ting, we confirmed the downregulation of calmod-
ulin transcripts and protein expression in cKO mice 
(figure 2B–D). Calmodulin mediates important physi-
ological processes, including remote memory.14 After 
binding with calcium ions, calmodulin phosphorylates 
CaMKII subunits and continuously activates CaMKII. 
CaMKII plays a key role in LTP formation and memory 
processes. Thus, we examined the phosphorylation 
level of CaMKII by immunoblotting. Indeed, loss of 
UTX in the brain conspicuously decreased phosphor-
ylated CaMKII without changing transcription or 

protein expression of CaMKII (figure 2B–D). There-
fore, downregulation of calmodulin-CamKII pathway 
activity might be the key molecular mechanism of 
impaired LTP and memory in UTX-deficient mice.

UTX regulates Calmodulin gene transcription through 
H3K27me3 demethylation
Previous studies have suggested that H3K27me3, predom-
inantly located downstream of the transcription start site 
(TSS), may participate in active transcription.15 As an 
H3K27me3 demethylase, UTX binds to target genes at 
the TSS27 loci. To investigate how UTX regulates calm-
odulin gene expression, ChIP-qPCR assay was performed. 

https://dx.doi.org/10.1136/gpsych-2023-101430


6 Chen L, et al. General Psychiatry 2024;37:e101430. doi:10.1136/gpsych-2023-101430

General Psychiatry

Figure 3  Desipramine rescues deficits in remote contextual fear conditioning in UTX cKO mice by reversing the decreased 
activity of CaMKII. (A) Desipramine treatment before the sample collection and the behavioural test. (B–D) Western blotting 
showed that desipramine reversed the decreased activity of CaMKII (n=2 for each group; *p<0.05, two-way ANOVA). (E, F) 
Results of contextual fear conditioning test at 24 hours and 4 weeks after training (24 hours: WT/VEH, n=17; WT/DMI, n=17; 
cKO/VEH, n=11; cKO/DMI, n=15; 4 weeks: WT/VEH, n=16; WT/DMI, n=15; cKO/VEH, n=13; cKO/DMI, n=11; ***p<0.001, 
****p<0.0001, one-way ANOVA). All data are presented as the mean (SEM). ANOVA, analysis of variance; cKO, conditional 
knockout; DMI, desipramine; ns, non-significant; SEM, standard error of the mean; VEH, vehicle; WT, wild type.

We quantitatively analysed the abundance of immunopre-
cipitated DNA fragments at the loci of TSS (amplicon 2), 
upstream (amplicon 1) and downstream (amplicon 3) of 
TSS (figure 2E) and found that the loss of UTX signifi-
cantly increased the enrichment of H3K27me3 at the 
TSS of calmodulin (figure 2F). Thus, these data suggest 
that UTX specifically binds to the TSS of calmodulin and 
enhances calmodulin gene transcription by demethyl-
ating H3K27me3.

Desipramine rescues CaMKII activity, LTP and memory 
impairments
Considering the reduced CaMKII activity in UTX-
deficient mice, we tested whether desipramine admin-
istration could ameliorate the LTP and memory deficits 
in UTX cKO mice. We first identified enhanced CaMKII 
activity following desipramine treatment in UTX cKO 
mice (figure 3B–D). Activated CaMKII can condense at 
the synapse through liquid-liquid phase separation.16 
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Figure 4  Desipramine rescues deficits in LTP and basal synaptic transmission in UTX cKO mice. (A) Desipramine treatment 
for the electrophysiological recording. (B) The slopes of fEPSPs before and after high-frequency stimulation were recorded 
from hippocampal slices. Desipramine did not affect LTP induction or maintenance in WT mice, and the deficiencies in LTP in 
UTX cKO mice were rescued by desipramine treatment (n=6–7 slices/5–7 mice). (C) The number of activated and LTP-showing 
channels, assessed by two-way ANOVA (n=6–7 slices/5–7 mice). (D) Desipramine treatment for the patch-clamp experiments. 
(E) The plot of I-O curves showing the relationship between the fEPSP slope and stimulation intensity at Schaffer collateral-
CA1 synapses in hippocampal slices. There was a significant increase in fEPSP slope in cKO animals treated with desipramine 
compared with those treated with vehicle. The representative traces are shown at the top of the image (WT/VEH, n=19 slices 
from 6 mice; WT/DMI, n=29 slices from 9 mice; cKO/VEH, n=15 slices from 5 mice; cKO/DMI, n=25 slices from 10 mice; 
***p<0.001, two-way ANOVA). (F) Quantitative analysis of sEPSC frequency. The representative sEPSC traces recorded from 
WT and cKO mice are shown at the top of the image (WT/VEH, n=18 slices from seven mice; WT/DMI, n=27 slices from 9 mice; 
cKO/VEH, n=14 slices from five mice; cKO/DMI, n=25 slices from 10 mice; *p<0.05, Student’s t-test). All data are presented as 
the mean (SEM). (G) A schematic diagram describing the mechanisms underlying UTX deletion-induced cognitive impairments. 
ANOVA, analysis of variance; cKO, conditional knockout; DMI, desipramine; fEPSPs, field excitatory postsynaptic potentials; 
HFS, high-frequency stimulation; LTP, long-term potentiation; SEM, standard error of the mean; sEPSC, spontaneous excitatory 
postsynaptic current; VEH, vehicle; WT, wild type.

Activated CaMKII and NMDAR2B facilitate the coales-
cence of AMPARs and the synaptic adhesion molecule 
neuroligin into a phase-in-phase assembly.17 Thus, we 
also investigated the profile of receptors downstream 
of CaMKII. The ratios of pNMDAR2B/NMDAR2B and 
pAMPAR1/AMPAR1 were decreased in UTX cKO mice, 
while the total expression of these receptors remains 
unchanged (online supplemental figure 3). We next 
assessed learning and memory performance in UTX cKO 
mice after desipramine administration. Desipramine 
treatment increased the freezing percentage of cKO mice 
in the 4-week contextual fear conditioning test to levels 
comparable to those of the vehicle-treated WT group 
(figure 3E,F).

Furthermore, we examined the effect of desipramine 
on abnormal hippocampal LTP and synaptic transmis-
sion in UTX cKO mice. The results showed that desipra-
mine treatment significantly reversed LTP impairments 
(figure  4B,C), deficiencies in the input/output curves 
(figure  4E) and abnormalities in spontaneous EPSC 
frequency (figure  4F). We also recorded LTP after 
intra-hippocampal injection of AAV-CaMKII-CRE virus 
in UTX f/y mice. The results demonstrate that LTP is 
impaired in cKO mice, which was rescued by desipramine 

administration (online supplemental figure 4). Further-
more, desipramine treatment rescued the deficits of 
neuronal morphology in UTX cKO mice, including 
decreases in dendritic arborisation complexity, total 
dendritic length and the number of branches (online 
supplemental figure 1). Taken together, these findings 
indicate that desipramine treatment rescues deficits in 
the calmodulin-CaMKII signalling pathway, reverses the 
abnormal synaptic transmission and plasticity, and thereby 
rescues learning and memory deficits in UTX cKO mice.

Discussion
Main findings
Previous studies have shown that histone methylation is 
involved in the regulation of learning and memory signal-
ling pathways.18 Histone demethylase encoding gene 
UTX is a key pathogenic risk gene of KS,19 highlighting 
its important role in the nervous system, especially in 
cognitive function. Here, we found that UTX cKO mice 
displayed remote fear memory deficits, indicating the 
critical role of UTX in the regulation of learning and 
memory.

https://dx.doi.org/10.1136/gpsych-2023-101430
https://dx.doi.org/10.1136/gpsych-2023-101430
https://dx.doi.org/10.1136/gpsych-2023-101430
https://dx.doi.org/10.1136/gpsych-2023-101430
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UTX is a pathogenic risk gene for KS,19 a condition 
characterised by congenital developmental abnormalities 
and mental disorders. UTX specifically removes methyl 
groups from histone 3 dimethylated or trimethylated at 
lysine 27 (H3K27me2/3 methyl group), promoting gene 
transcription. Given the role of histone 3 methylation and 
demethylation in modulating the expression of memory-
related genes,20 we speculate that impaired UTX expres-
sion may result in abnormal histone 3 methylation and 
induce memory deficit. To investigate the role of UTX in 
learning and memory, we generated a UTX cKO mouse 
model. Our data support the hypothesis that UTX regu-
lates methylation-induced memory deficit and indicate 
that UTX deletion downregulates calmodulin transcrip-
tion by disrupting H3K27me3 demethylation.

Interestingly, UTX cKO mice presented a significant 
memory impairment at 4 weeks after aversive stimulus (ie, 
the electric shocks during fear conditioning training), 
while the contextual memory tested at 24 hours after 
training remained unaffected. This may be attributed 
to the dynamic nature of memory storage, where long-
term memories do not form immediately after learning 
but develop with time,21 22 and de novo gene expression 
governed by the epigenome necessary for memory stabi-
lisation requires at least 24 hours.23 Additionally, the 
experience of fear can induce persistent activity-specific 
transcriptional alterations that last for weeks.24

Long-term synaptic plasticity, a synaptic network 
in which the number or type of synaptic connections 
changes in response to learning, is an important mecha-
nism underlying the formation and storage of memory.25 
This process, which involves the expression of plasticity-
related proteins required to construct and sustain long-
lasting synaptic alterations, typically takes time ranging 
from hours to days.26 In our study, UTX cKO mice 
presented a cognitive dysfunction only at 4 weeks but 
not 24 hours after training, possibly due to the disrupted 
synaptic connection and neuron morphology.

Hippocampal activity-dependent LTP is proposed as 
a major cellular mechanism of learning and memory. 
Indeed, it has long been suggested that LTP impairment 
results in memory deficit via calmodulin-CaMKII signal-
ling pathway.27 Specifically, CaMKII phosphorylation 
which occurs at Thr286 is activated by calcium-bound 
calmodulin through a direct binding mechanism that is 
critical for LTP induction and the memory process.28 In 
the current study, we observed that LTP was impaired in 
UTX cKO mice. Furthermore, we found that the expres-
sion level of calmodulin was downregulated through 
disruption of H3K27me3 binding with the promoter 
region of calmodulin, which directly led to decreased 
CaMKII phosphorylation at Thr286 site in UTX cKO 
mouse, suggesting that UTX plays a critical role in main-
taining LTP via calmodulin-CaMKII pathway.

Phosphorylation of glutamate receptors, including 
AMPA and NMDA receptors, is considered to underlie 
the transmission regulation in LTP and is mediated by 
CaMKII.29 Here, we examined the phosphorylation of 

AMPA and NMDA receptors, and found that both were 
decreased in UTX cKO mice. Interestingly, our result 
showed that the sEPSC frequency was also decreased in 
UTX cKO mice, contrary to previous studies reporting 
that decreased phosphorylation of AMPA and NMDA 
receptors led to reduced sEPSC amplitude instead of 
frequency. This highlights the needs for further studies to 
understand the complex role of UTX in synaptic transmis-
sion. Overall, UTX deficit in mouse results in decreased 
expression of calmodulin, leading to impaired CaMKII 
phosphorylation, therefore decreasing the phosphor-
ylation of AMPA and NMDA receptors, and ultimately 
causing LTP abnormality and remote memory deficits. 
Importantly, all these effects could be rescued with desip-
ramine treatment, further supporting our finding that 
UTX deficiency results in LTP impairment via modulating 
the calmodulin-CaMKII pathway.

In summary, KS is a rare developmental disorder and its 
pathogenesis remains elusive. In this study, we explored 
how the deficiency of UTX, a primary pathogenic risk gene 
of KS, leads to plasticity and memory deficits. Through 
RNA-seq analysis, we examined several critical signalling 
pathways in UTX cKO mice, including the calmodulin-
CaMKII pathway. The rescue effect of desipramine treat-
ment on synaptic and cognitive deficits observed in this 
study may provide a potential therapeutic target for KS. 
In addition to the calmodulin-CaMKII pathway, our study 
identified several other pathways known to be involved 
in memory regulation in UTX cKO mice, including the 
dopaminergic pathway, Ras signalling pathway and cAMP 
signalling pathway.30 Whether these pathways are involved 
in the synaptic plasticity and memory deficits observed in 
UTX cKO mice need to be further studied.

Limitations
This study focused on exploring how the deficiency of 
UTX results in memory deficits in a mouse model. There-
fore, the translation of UTX mechanism in cognition into 
clinical practice requires further research in the future.

Implications
We showed that the negative effects of UTX deletion on 
synaptic plasticity and memory could be reversed by an 
Food and Drug Administration (FDA)-approved drug, 
desipramine. The development of specialised drugs for 
rare diseases is a costly and undermotivated endeavour, 
whereas indication expansion of currently available drugs 
can effectively address this issue. Desipramine has under-
gone rigorous approval by the FDA and has been exten-
sively validated through numerous clinical trials, with its 
pathotoxicological mechanisms clearly elucidated. For 
individuals with KS, rapid access to desipramine is avail-
able, eliminating the need for extended mechanistic 
trials traditionally required for the approval of novel 
therapeutic drugs. Although the results of this study 
should be considered preliminary and require further 
clinical validation, the therapeutic effect of desipramine 
on synaptic and cognitive deficits observed in this study 
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supports further exploration of desipramine as a prom-
ising potential target for KS.
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