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Temporal lobe epilepsy (TLE) is the most common and severe form of epilepsy in adults; however, its underlying pathomechanisms
remain elusive. Dysregulation of ubiquitination is increasingly recognized to contribute to the development and maintenance of
epilepsy. Herein, we observed for the first time that potassium channel tetramerization domain containing 13 (KCTD13) protein, a
substrate-specific adapter for cullin3-based E3 ubiquitin ligase, was markedly down-regulated in the brain tissue of patients with
TLE. In a TLE mouse model, the protein expression of KCTD13 dynamically changed during epileptogenesis. Knockdown of KCTD13
in the mouse hippocampus significantly enhanced seizure susceptibility and severity, whereas overexpression of KCTD13 showed
the opposite effect. Mechanistically, GIuN1, an obligatory subunit of N-methyl-D-aspartic acid receptors (NMDARs), was identified as
a potential substrate protein of KCTD13. Further investigation revealed that KCTD13 facilitates lysine-48-linked polyubiquitination of
GluN1 and its degradation through the ubiquitin-proteasome pathway. Besides, the lysine residue 860 of GIuN1 is the main
ubiquitin site. Importantly, dysregulation of KCTD13 affected membrane expression of glutamate receptors and impaired glutamate
synaptic transmission. Systemic administration of the NMDAR inhibitor memantine significantly rescued the epileptic phenotype
aggravated by KCTD13 knockdown. In conclusion, our results demonstrated an unrecognized pathway of KCTD13-GIuN1 in
epilepsy, suggesting KCTD13 as a potential neuroprotective therapeutic target for epilepsy.
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INTRODUCTION

Epilepsy is one of the most common and disabling neurological
disorders and is characterized by spontaneous recurrent seizures
(SRSs) [1]. About 70 million people worldwide suffer from epilepsy
[2]. TLE is the most common form of drug-resistant epilepsy (DRE)
in adults and imposes severe physical, psychological, and
economic burdens on patients and their families [3, 4]. Elucidating
the mechanisms underlying TLE is critical to improving current
clinical therapies. TLE is traditionally considered to be the result of
altered neuronal excitability [5]. Studies of TLE in humans and
animal models have shown that protein expression within
affected structures such as the hippocampus display extensive
dysregulation [5-7].

Ubiquitination is one of the most important post-translational
modifications for the maintenance of protein homeostasis [8].
Dysfunctional ubiquitination can result in severe diseases, includ-
ing epilepsy [9-11]. E3 ubiquitin ligase plays a vital role in
determining the specificity of substrates [12-15]. The cullin-RING
ligases constitute the largest family of E3 ligases and mainly
catalyze the ubiquitination of cellular proteins for degradation by
the proteasome [16]. Numerous studies have shown that the

epilepsy-associated E3 ubiquitin ligases most likely affect targets
and/or pathways associated with the regulation of neuronal
excitability [17-20]. Therefore, understanding the role and cellular
mechanisms of E3 ubiquitin ligase and its substrates in TLE
remains necessary to reveal therapeutic targets.

The 25-member potassium channel tetramerization domain
(KCTD) family of proteins shares a conserved bric-a-brac, tramtrak,
and broad complex/poxvirus zinc finger domain (BTB/POZ) at the
N-terminus [21, 22]. Several human KCTD proteins are associated
with neurodevelopmental, neuropsychiatric, and neurodegenera-
tive disorders [23]. For example, mutations in KCTD7 can cause
progressive myoclonic epilepsy [24-26]. KCTD13, also known as
BACURD1 or POLDIP1, interacts with cullin3 (CUL3) through its
N-terminal BTB domain, while the C-terminal binds and recruits
substrate proteins to the E3 ubiquitin ligase complex for
ubiquitination [23, 27]. KCTD13 is involved in the ubiquitination
and degradation of RhoA, a small GTPase protein that plays a key
role in neuronal development and synaptic function [28, 29].
Recently, KCTD13 has been found to be involved in the
pathogenesis of autism by mediating ubiquitination and degrada-
tion of adenosine succinate synthase (ADSS) [30]. Additionally,
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KCTD13 is located in the 16p11.2 locus, and copy-number
variations therein have been implicated in developmental brain
disorders, epilepsy, autism spectrum disorders, and schizophrenia
[31]. KCTD13 is considered one of the strongest candidate genes
for neuropsychiatric disorders in the 16p11.2 locus [32, 33];
however, little is known about its function in epilepsy.

Herein, we provide evidence that KCTD13 plays a critical role in
TLE. We show that KCTD13 is required for the total and membrane
expression of GIuN1, which in turn alters glutamatergic synaptic
transmission in TLE. Through further molecular mechanism
studies, we demonstrate that KCTD13 regulates ubiquitination of
GIuN1 and its degradation via the proteasome pathway. Our
results suggest that KCTD13, which functions as an adapter for
CUL3-based E3 ubiquitin ligase complex, is involved in the
pathogenesis of TLE and highlight another intervention strategy
against epilepsy.

RESULTS

KCTD13 expression and subcellular distribution in brain
tissues of TLE patients and epileptic mice

To investigate the potential role of KCTD13 in TLE, we first
examined the expression of KCTD13 in kainic acid (KA) epilepsy
model mice using western blot (WB) analysis. Compared with the
sham control, the expression of KCTD13 protein increased at 1, 3,
and 7 days after KA-induced status epilepticus (SE) but
significantly decreased at 14, 30, and 60 days (Fig. 1A, B). In the
sham control, we did not observe such dynamic changes in
KCTD13 protein expression (Fig. S1A, B). We further examined
KCTD13 protein in the temporal lobe of human TLE patients and
control non-epileptic traumatic brain injury (TBI) patients. There
were no significant differences in age or sex between the two
groups (Tables S1 and S2). We found that KCTD13 was significantly
reduced in the brain tissues of TLE patients compared with those
in TBI controls (Fig. 1C, D).

KCTD13 expression is abundant in brain tissue, but KCTD13
distribution in the hippocampus remains undetermined. We
detected abundant expression of KCTD13 in the CA1 region,
CA3 region, and dentate gyrus of the mouse hippocampus using
immunofluorescence (Fig. S1C). Since cultured primary neurons
provide a higher resolution visualization of protein localization
than immunofluorescence in vivo, we further investigate the
subcellular distribution of KCTD13 in cultured primary neurons.
Immunocytochemical assays revealed KCTD13-specific immune
signals in both neuron cell bodies and dendrites (Fig. 1E). Next, we
investigated the localization of KCTD13 in epileptic brain tissue.
We found that KCTD13 was primarily co-expressed with neurons
in the brain tissue of TLE patients and a mouse model (Figs. 1F-H
and S1D, E). These results indicate that KCTD13 may play a role in
epilepsy by directly regulating neurons. To determine the synaptic
localization of KCTD13, we performed triple colocalization analysis
of KCTD13, excitatory postsynaptic marker postsynaptic density
protein 95 (PSD95), and inhibitory postsynaptic marker gephyrin
in epileptic brain tissues. We found that KCTD13 colocalized with
both excitatory and inhibitory synapses in the neurons (Fig. S1F,
G). Immunocytochemical assays revealed that both endogenously
expressed and exogenously overexpressed KCTD13 colocalized
with both PSD95 and gephyrin (Figs. 11 and STH), suggesting a
possible role for KCTD13 in synaptic transmission.

KCTD13 negatively modulates seizure susceptibility and
severity

To explore whether the observed dynamic changes of KCTD13
was a concomitant phenomenon or contributed to epileptogen-
esis, we injected adeno-associated virus (AAV) into mice
hippocampal CA1 region to knockdown or overexpression of
KCTD13. The expression efficiency of KCTD13 knockdown or
overexpression was confirmed after 3 weeks using
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immunofluorescence (Fig. 2A) and WB (Fig. 2B, C). We then
determined if mice with KCTD13 knockdown or overexpression
showed any epileptiform responses using intracranial electro-
encephalographic (EEG) recordings to monitor the local field
potential (LFP). Interestingly, epileptiform spikes were recorded in
KCTD13 knockdown mice (Fig. 2D) but not in KCTD13 over-
expression or control groups (data not shown). After 1 month of
behavioral observation, no epileptic seizures were observed in any
of the groups. Our results showed that the knockdown of KCTD13
increases the excitability of neural networks.

Next, we investigated whether altered KCTD13 expression
would affect seizure susceptibility on a pentylenetetrazol (PTZ)
kindling seizure model, and we found that knockdown of KCTD13
significantly reduced the generalized seizure latency compared
with that in the control group (Fig. 2E). However, overexpression
of KCTD13 significantly reduced the fully kindled seizure rate
(Fig. 2F). We further examined the effect of altered KCTD13
expression on epileptic behavior in a KA-induced TLE model. In
this model, SE was induced by intrahippocampal injection of KA,
and SRSs appeared after a period of latency, during which
behavioral observations and LFP recordings were performed
(Fig. 2G). We observed epileptiform discharges (Fig. 2H) in the LFP
recordings synchronized with grade IV/V (as defined by Racine’s
scale) seizures (Fig. S2A). Behavioral observation revealed that
knockdown of KCTD13 significantly reduced the latency (Fig. 2I)
and increased the frequency (Fig. 2J) of SRSs. In contrast,
overexpression of KCTD13 had the opposite effect (Fig. 2I, J).
Together, these results suggested that KCTD13 negatively
modulates seizure susceptibility and severity.

KCTD13 negatively regulates glutamatergic synaptic
transmission

Epileptic response is often due to alterations in excitatory/
inhibitory balance and/or neuronal intrinsic excitability [5]. Thus,
we established an in vitro seizure model by removing Mg*™ from
the extracellular solution and examined the activities of CA1
pyramidal neurons using whole-cell patch-clamp recordings. We
first examined whether KCTD13 had any effect on the intrinsic
excitability of pyramidal neurons. We found that the resting
membrane potential (Fig. 3A), action potential (AP) firing rate
(Figs. 3B-E and S2B), or AP threshold (Figs. 3F and S2C) did not
change in the KCTD13 knockdown or overexpression mice,
suggesting that KCTD13 does not contribute to the epileptic
response by changing intrinsic neuronal excitability. To determine
whether KCTD13 regulates synaptic transmission, we examined
spontaneous postsynaptic currents. We found that knockdown of
KCTD13 increased the frequency and amplitude of spontaneous
excitatory postsynaptic currents (sEPSCs) (Fig. 3G, H), while
overexpression of KCTD13 decreased the frequency and ampli-
tude of sEPSCs (Fig. 3l, J). However, the frequency and amplitude
of spontaneous inhibitory postsynaptic currents (sIPSCs) showed
little change in KCTD13 knockdown (Fig. S2D, E) or overexpression
(Fig. S2F, G) mice. Our results suggested that altered KCTD13
expression leads to impaired glutamatergic but not GABAergic
synaptic transmission.

KCTD13 interacts with GluN1 and negatively regulates GluN1
protein expression in epileptic tissue

To explore the molecular mechanism by which KCTD13 regulates
glutamatergic synaptic transmission, hippocampal lysates from KA
epileptic mice were subjected to immunoprecipitation combined
with electrospray ionization mass spectrometry (ESI-MS). A total of
1535 possible interacting proteins were identified (Table S3).
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analysis showed that the interacting proteins were enriched in the
common pathways, such as oxidative phosphorylation, carbon
metabolism, and glutamatergic synapse (Fig. 4A), among which
the glutamatergic synapse pathway was consistent with our
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electrophysiological results (Figs. 3 and S2). Therefore, proteins
involved in synaptic transmission, i.e., vesicle associated mem-
brane protein 2 (VAMP2), a-amino-3-hydroxy-5-methyl-4-isoxazo-
lepropionic acid receptor (AMPAR) subunits (GluA1 and GIuA2),
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and NMDAR subunits (GIuN1, GIuN2A, and GIuN2B), were selected
for verification. Using co-immunoprecipitation (Co-IP) assays, we
found that KCTD13 interacted with GIuN1, GIuN2A, GIuN2B, and
VAMP2 (Fig. 4B, C). We next investigated whether KCTD13
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Fig. 1 Expression and localization of KCTD13 in the brain tissues of mice and patients with TLE. A, B Representative immunoblots (A) and
quantification (B) of KCTD13 protein expression in mice hippocampal lysates at different time points after KA-induced SE compared to that in
the sham control. n = 6 mice/group/time point, *p < 0.05, **p < 0.01, unpaired two-tailed Student’s t-test. C, D Representative immunoblots (C)
and quantification (D) of KCTD13 protein expression in the temporal lobe of TLE patients compared with that of the control TBI group. n =12/
group, ***p <0.001, unpaired two-tailed Student’s t-test. E Immunofluorescent labeling of KCTD13 and microtubule-associated protein 2
(MAP2) in cultured primary neurons. F Representative confocal images of KCTD13, MAP2, and glial fibrillary acidic protein (GFAP)
immunofluorescence in the brain tissue samples from patients with TLE. G, H Representative confocal images of KCTD13, DAPI, NeuN, and
GFAP immunofluorescence in hippocampus from KA epilepsy model mice. | Representative confocal images of colocalization of endogenously

expressed KCTD13 with PSD95 and gephyrin in primary neurons.
<

regulates the expression of these identified interacting proteins.
WB analysis revealed that knockdown of KCTD13 only significantly
upregulated GIuN1 expression in epileptic brain tissue (Fig. 4D),
while overexpression of KCTD13 had the opposite effect (Fig. 4E).
We also found endogenous KCTD13 and GIuN1 spatially
colocalized in cultured primary neurons and epileptic brain tissue
(Fig. 4F). We further verified whether KCTD13 could regulate the
expression of exogenous GIuN1. WB analysis revealed that KCTD13
inhibited the expression of exogenous GIuN1 (Fig. 4G). Further-
more, we found that KCTD13 reduced GIuN1 in a dose-dependent
manner (Fig. 4H). These results suggest that GIuUN1T may be a
potential downstream protein of KCTD13 that is involved in
regulating the epileptic phenotype.

KCTD13 degrades GluN1 through the ubiquitin-proteasome
pathway

KCTD13 may regulate GIuN1 protein level by affecting GIuN1
transcription or protein stability; therefore, quantitative real-time
PCR (qPCR) was performed to investigate whether KCTD13
regulates GIuNT mRNA expression in epileptic brain tissue.
Compared with the corresponding control group, knockdown or
overexpression of KCTD13 did not significantly affect GluN1T mRNA
levels (Fig. 5A). These results suggest that KCTD13 may regulate
GIuN1 at the post-transcriptional level. To test this hypothesis, we
first infected cultured primary neurons with AAVs to regulate the
expression of KCTD13 and verified the expression efficiency using
WB and immunofluorescence (Fig. S3A-C). In addition, a
cycloheximide (CHX) chase assay was used to investigate the
effect of KCTD13 on GIuN1 stability, and we found that KCTD13
knockdown significantly prolonged the half-life of GIuN1 (Fig. 5B,
Q). Next, we overexpressed KCTD13 in cultured primary neurons
and found that KCTD13 down-regulated GIuN1 protein levels and
that this effect could be rescued by treating neurons with the
specific proteasome inhibitor MG132, but not by the lysosomal
inhibitor chloroquine (Fig. 5D).

To elucidate whether KCTD13 acts as an adapter for CUL3-based
E3 ubiquitin ligase to regulate GIuN1, we first identified an
interaction between endogenous KCTD13 and CUL3 in epileptic
brain tissue using Co-IP assay (Fig. 5E). In addition, we constructed
an E3 ligase-deficient KCTD13 mutant by deleting the BTB domain
of KCTD13 (denoted as Flag-ABTB). We transfected wild-type (WT)
KCTD13 or Flag-ABTB into HEK293T cells. By Co-IP assay, we found
that Flag-ABTB could not co-precipitate CUL3 (Fig. 5F). Further-
more, we found that Flag-KCTD13 reduced Myc-GIuN1 protein
levels, whereas Flag-ABTB did not have the same effect (Fig. 5G).

To demonstrate the effect of KCTD13 on the polyubiquitination
of GIuN1 in vivo, we extracted epileptic hippocampal brain tissue
and measured the ubiquitination level of GIuN1 using Co-IP assay.
We found that knockdown of KCTD13 resulted in a significant
decrease in the polyubiquitination level of GIuN1 (Fig. 5H),
whereas overexpression of KCTD13 had the opposite effect
(Fig. S3D). Next, we co-transfected HA-ubiquitin (HA-Ub), Flag-
KCTD13, and Myc-GIuN1 plasmids into HEK293T cells and found
that the polyubiquitination level of exogenous GIuN1 was
significantly increased after KCTD13 overexpression (Fig. S3E).
Notably, the KCTD13 BTB domain deletion mutant lost the ability
to mediate GIuN1 polyubiquitination (Fig. 5I). Overall, our results
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suggest that KCTD13 regulates the ubiquitination of GIuN1 and
mediates its degradation via the proteasome pathway (Fig. 5J).

KCTD13 mediates K48-linked polyubiquitination of GluN1 at
lysine residue 860

To determine the type of KCTD13-induced GIuN1 polyubiquitin
chain, expression plasmids for Flag-KCTD13 and Myc-GIuN1 were
transfected into HEK293T cells together with plasmids encoding
WT Ub or Ub mutants. Co-IP and immunoblot analysis showed
that KCTD13 promoted the K48-linked polyubiquitination of
GIuNT1 (Fig. 6A, B). Since ubiquitination modification usually occurs
in lysine residues of substrate proteins, we further mapped
ubiquitination sites on GIuN1 that were modified by KCTD13.
HEK293T cells were transfected with Flag-KCTD13, Myc-GluN1, and
HA-Ub-K48 plasmids. Using ESI-MS, we found that KCTD13-
mediated polyubiquitination may occur at lysine (K) residues
K51, K178, K193, K544, K769, K860, and K898 of GIuN1 (Table S4
and Fig. S4A, B). We then constructed GIuN1 mutants in which
each of these seven sites had these residues altered to arginine
(R). The ubiquitination assay revealed that only the K8B60R mutant
failed to be ubiquitinated by KCTD13, indicating that K860 was a
specific modification site of the GIuN1 protein (Fig. 6C, D).
Furthermore, we found that Myc-GIuN1-K860R rescued the
downregulation of Myc-GIuN1 protein level caused by KCTD13
overexpression (Fig. 6E). These data suggest that KCTD13 acts as
an adapter for E3 ubiquitin ligase, binding GIuN1 and triggering
K48-linked polyubiquitination of GIuN1 at K860, which subse-
quently mediates GIuN1 degradation via the proteasome
pathway.

KCTD13 negatively regulates the surface expression and
synaptosomal localization of GIuN1

It remains unclear whether the regulation of GIuN1 by KCTD13 is
accompanied by changes in surface expression of GIuN1. We
observed that knockdown of KCTD13 resulted in a significant
upregulation of the surface expression of GIuN1, as well as
GIuN2A, GIuN2B, and PSD95 in epileptic hippocampal brain
tissue (Fig. 6F, G). In contrast, when KCTD13 was overexpressed,
the surface expression of GIuN1, GIuUN2A, GIuN2B, and GIuA1 were
significantly down-regulated (Fig. S4C). To further determine
the effect of KCTD13 on the expression of NMDARs in synapses,
we extracted synaptosomes from epileptic hippocampal tissue.
We observed changes in synaptosome receptors consistent with
their surface expressions (Figs. 6H, | and S4D). Interestingly, the
surface and synaptosome expressions of GIuA1 were also
significantly changed. We further asked whether the total GIuA1
protein level was changed. Surprisingly, we found that KCTD13
also negatively regulated GIuA1 but not GIuA2 total protein
(Fig. S4E, F). In addition, the colocalization of GIUN1 and the
excitatory presynaptic marker vesicular glutamate transporter 1
(VGLUT1) was detected using immunofluorescence labeling. In
KCTD13 knockdown neurons, the number of GIuN1 positive
puncta were significantly increased, and most of these GIuN1
puncta colocalized with VGLUT1 (Fig. 6J, K), further confirming
that increased GIuN1 was indeed present at synapses. In contrast,
when KCTD13 was overexpressed, we found a significant decrease
in the number of GIuN1 positive puncta (Fig. 6J, K). These results
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kindling seizure model. n = 8/group, ***p < 0.001, unpaired two-tailed Student’s t-test. F Incidence rates of fully kindled seizures observed in
KCTD13 overexpressing mice following the injection of PTZ. n=8/group, **p < 0.01, Pearson chi-square test. G Schematic representation
showing the experimental design using the intra-hippocampal injection of KA to induce the TLE model. H A typical LFP recording of a
spontaneous recurrent seizure in a KA-induced TLE model mouse infected with AAV-siKCTD13. 1, J The latency of spontaneous seizure onset (1)
and the number of spontaneous seizures per day (J) recorded during a 30-day recording period from the time of SE induction. siKCTD13
group, n=7; adKCTD13, adCtrl, and siCtrl groups, n = 8/group. **p < 0.01, two-tailed Student’s t-test for (I) and two-way repeated measures
ANOVA followed by Bonferroni post hoc test for (J).

suggest that KCTD13 negatively regulates the total protein KCTD13 regulates the number of functional synapses and
expression of GIuN1, and this is accompanied by the surface NMDAR-mediated glutamatergic synaptic transmission

and synaptosome expression changes of glutamate receptors in Next, we focused on whether the regulation of excitatory
epileptic brain tissues. receptors by KCTD13 affects synaptic function. We found that
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by Bonferroni post hoc test. F Typical spikes (left) and AP threshold (right) obtained from KCTD13 overexpression or knockdown CA1
pyramidal neurons. n=21 cells, 5 mice, unpaired two-tailed Student’s t-test. G-J Representative traces of SEPSCs (G, I) recorded in siCtrl
(n =15 cells, 4 mice), siKCTD13 (n = 16 cells, 4 mice), adCtrl (n = 15 cells, 4 mice), or adKCTD13 (n = 19 cells, 4 mice) transfected CA1 pyramidal
neurons. Cumulative curves of inter-event interval and amplitude of sEPSCs (H, J) and the insets display mean sEPSC frequency and amplitude.
**p < 0.01, ***p <0.001, unpaired two-tailed Student’s t-test.

KCTD13 regulates the frequency of sEPSCs (Fig. 3G-J), which may
be influenced by changes in the probability of presynaptic
glutamate release or the number of functional synapses. To test
these possibilities, we recorded the EPSC-mediated paired—pulse
ratio (PPR) in CA3-CA1 synapses. Neither overexpression nor
knockdown of KCTD13 resulted in significant changes in PPR
(Fig. 7A, B), suggesting that the probability of presynaptic
glutamate release was not altered. Therefore, we used immuno-
cytochemistry to measure the number of functional synapses. The
overlap between presynaptic VGLUT1 labeling and postsynaptic
PSD95 labeling defines the excitatory synapse [34]. Consistent
with the higher sEPSC frequency, the number of excitatory
synapses was significantly increased in KCTD13 knockdown
neurons, whereas overexpression of KCTD13 showed the opposite
change (Fig. 7C, D). Since functional excitatory synapses are
mainly localized in dendritic spines [35], we used Golgi staining to
investigate the effect of KCTD13 on the morphology of dendritic

spines on the apical dendrites of CA1 pyramidal neurons (Fig. 7E).
We found a significant increase in the proportion of mature
dendritic spines in KCTD13 knockdown brain tissues (Fig. 7F, 1),
despite no significant difference in the density of dendritic spines
(Fig. 7H). In contrast, the density of dendritic spines and the
proportion of mature dendritic spines were significantly decreased
in KCTD13 overexpressing brain tissues as compared with that in
the control group (Fig. 7G, H, J).

To further verify the excitatory synaptic function, we recorded
evoked EPSCs mediated by AMPARs (AMPAR-eEPSCs) and
NMDARs (NMDAR-eEPSCs) at the CA3-CA1 synapse. We found
that knockdown of KCTD13 resulted in a significant increase in the
NMDA/AMPA ratio and NMDAR-eEPSCs (Fig. 8A, B). Conversely,
overexpression of KCTD13 significantly reduced NMDAR-eEPSCs
and AMPAR-eEPSCs, especially NMDAR-eEPSCs (Fig. 8C, D). By
another pharmacological approach to measure NMDAR-eEPSCs,
we found the same changes in NMDAR-eEPSC amplitude (Fig. S5A,
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B, D, E). Interestingly, we also observed that knockdown of H). Next, we determined the functional composition of post-
KCTD13 significantly prolonged the decay time of NMDAR-eEPSCs, synaptic NMDAR subunits by isolating GIuN2B-containing
while the overexpression of KCTD13 shortened it (Fig. S5C, F). To NMDARs blocked by Ro 25-6981. We found that the blocking
further characterize the KCTD13-mediated changes in NMDAR effect of Ro 25-6981 on NMDAR-eEPSCs in KCTD13 knockdown
function, we measured changes in NMDAR-eEPSCs at different neurons was significantly stronger than that in control neurons
presynaptic stimulation intensities. We found hyperexcitability of (Fig. 8E, F), which indicated that knockdown of KCTD13 leads to a
NMDARs in KCTD13 knockdown CA1 pyramidal neurons (Fig. S5G, more significant increase in GIuN2B-containing NMDARs. Our
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findings suggest that KCTD13's regulation of NMDARs may
underpin its effect on the epileptic phenotype. For further
confirmation, we used low doses of memantine, a noncompetitive
inhibitor of the NMDAR that has previously been shown to treat
epilepsy or autism caused by enhanced NMDARs function [36, 37].
Daily intraperitoneal injection of memantine (5 mg/kg, for 5 days
after KA-induced SE) significantly alleviated the epileptic pheno-
type caused by KCTD13 knockdown (Fig. 8G, H). Taken together,
these results suggest that KCTD13-mediated ubiquitination and
degradation of GIuN1 is involved in the pathogenesis of TLE.

SPRINGER NATURE

DISCUSSION

Protein homeostasis and the regulatory mechanisms underlying
protein synthesis and degradation are essential for the normal
functioning of the central nervous system [10, 38]. As an important
pathway of endogenous protein degradation, dysfunction of the
ubiquitin-proteasome pathway may lead to various neurological
diseases, including epilepsy [39-41]. The molecular mechanism of
ubiquitination in epilepsy remains to be further elucidated.
KCTD13, an adapter for cullin3-based E3 ubiquitin ligase, is
abundantly expressed in the brain and is emerging as an
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Fig. 5 KCTD13 regulates the ubiquitination of GIluN1 and mediates its degradation via the proteasome pathway. A Quantification of
GIuN1 expression at the mRNA level detected by gqPCR in the hippocampus of epileptic mice. Data were analyzed and normalized to the
expression of p-actin. n = 6/group, unpaired two-tailed Student’s t-test. B, C Time course depicting GIuN1 degradation with siRNA-mediated
KCTD13 knockdown in cultured primary neurons. WB analyses of GIuN1 following CHX (500 pM) treatment for the time indicated. GIuN1
protein levels were normalized to f-actin and set to 100% at time 0. n =4, **p < 0.01, two-way ANOVA with Bonferroni’s post hoc correction.
D Immunoblot images of GIuN1 and KCTD13 protein expression in cultured primary neurons treated with or without the indicated reagents.
n = 3 independent experiments. E Co-IP analysis of the interactions between endogenous KCTD13, CUL3, and GIuN1 in the hippocampus of
KA-induced epileptic mice. IgG (M), mouse IgG, 1gG (R), rabbit IgG. F Co-IP analysis of interaction between exogenous KCTD13 BTB domain
deletion mutant and endogenous CUL3. G Immunoblot images of exogenously expressed myc-GIuN1 protein levels in HEK293T cells
transfected with the indicated constructs. n =4 independent experiments. H Immunoprecipitation analysis to quantify polyubiquitinated
GIuN1 in KCTD13 knockdown epileptic mice hippocampus. Tissue lysates were immunoprecipitated with anti-GIuN1 and analyzed by WB with
indicated antibodies. n = 4 independent experiments. | Co-IP analysis of the ubiquitination of exogenously expressed GIuN1 in HEK293T cells
transfected with indicated constructs. Before cell harvest, MG132 (50 mM) was added into the medium for 6h. Cell lysates were
immunoprecipitated with anti-Myc. n = 3 independent experiments. J Schematic illustration of CUL3, a scaffold protein, which binds with the
BTB domain of the substrate recognition adapter KCTD13 and ring finger protein (RBX) to form E3 ubiquitin ligase that regulates GIuN1

ubiquitination and proteasomal degradation.

important influencing factor in neurological diseases [30, 42, 43];
however, its role in epilepsy remains unclear. Our data suggest
that ubiquitination represents an important post-translational
mechanism of protein expression regulation during epilepsy in
which KCTD13 plays a key role.

Brain insults, including KA-induced SE, can trigger epileptogen-
esis during which functional and structural reorganization of
neuronal networks occurs, resulting in the onset of SRSs. During
epileptogenesis, gene expression profiles significantly change
[6, 44]. For the first time to date, we investigated the expression of
KCTD13 in epileptic brain tissues. We found that KCTD13 protein
levels increased progressively, reaching a peak at 3 days after KA-
induced SE. Then, the expression of KCTD13 decreased during the
chronic phase of post-SE epileptogenesis (Fig. 1A, B). In the
behavioral study, we found that KCTD13 knockdown in mice
exacerbated the epileptic phenotype, whereas KCTD13 over-
expression had a protective effect (Fig. 2). Our results suggest that
the altered KCTD13 expression may be involved in the develop-
ment of epilepsy rather than a simple concomitant phenomenon.
We speculate that the upregulated KCTD13 protein in the acute
and latent phase of epileptogenesis most likely represents an
endogenous anti-epileptogenic adaptive mechanism for self-
balance and to protect the brain once pathological processes
are initiated. However, in the chronic phase, hyperexcitatory
neural networks are formed and the expression level of KCTD13 is
significantly reduced, which may contribute to the maintenance of
the hyperexcitability of the abnormal neural network and the
recurrence of SRSs. The dynamic changes of KCTD13 protein
expression during epileptogenesis may be precisely regulated by
complex factors, including transcription factors and epigenetic
modification. The specific reasons are warrant further exploration.
In conclusion, our results suggest that KA-induced SE triggers
dynamic changes of KCTD13 protein and is involved in the
pathogenesis of epilepsy.

Accumulating evidence suggests that KCTD13 plays an important
role in the central nervous system by catalyzing ubiquitylation of
various substrate proteins. In neuropsychiatric disorders such as
autism, KCTD13 may play a role by ubiquitinating RhoA [27, 43]. A
recent study using ubiquitination proteomics analysis showed that
ADSS may be a potential substrate of KCTD13 affecting autism [30].
However, it is unclear whether KCTD13 regulates epilepsy through
identified substrate proteins such as RhoA and ADSS. To reduce
bias, we combined immunoprecipitation and ESI-MS to identify
KCTD13-regulated substrate proteins in epilepsy. We found that the
potential substrate protein of KCTD13 in epilepsy is GIuN1, which is
an essential subunit of NMDARs (Fig. 4). The known KCTD13 sub-
strate proteins RhoA and ADSS were not detected in our mass
spectrometry identification. This may be due to the low abundance
of these two substrate proteins or low affinity between KCTD13 and
these two substrates in our animal model.

Cell Death & Differentiation

AMPARs and NMDARs are the two major types of glutamate
receptors that transmit presynaptic signals to postsynaptic
neurons, and the localization, activation, and abundance of these
receptors are highly regulated [45-48]. Their changes in expres-
sion and function are closely related to epilepsy [49-51]. In the
hippocampus, functional NMDARs are hetero-tetrameric assem-
blies of two GIuN1 subunits and two GIuN2A or GIuN2B subunits
[52, 53]. Here, we identified KCTD13 as a novel ubiquitinated E3
ligase substrate adapter that regulates GIuN1 abundance. Our
results suggest that KCTD13 binds CUL3 to catalyze ubiquitination
of GIuN1 and regulate its proteasomal degradation in vitro and
in vivo (Fig. 5). Further investigation showed that KCTD13 mainly
mediated the K48-linked polyubiquitin of GIuN1 (Fig. 6A, B). The
K48-linked polyubiquitin chain is the main type of ubiquitin
modification that mediates degradation of substrate proteins
through the ubiquitin-proteasome pathway [13, 54].

Another important finding was that the surface and synaptoso-
mal expression of GIUN1 were consistent with the changes in the
total GIuN1 protein (Fig. 6F-I). These results suggest that the
regulation of GIuN1 protein level by KCTD13 may affect synaptic
function in epilepsy. We speculate that this is because the
knockdown of KCTD13 significantly increases GIuN1 stability, while
the kinetics of NMDAR endocytosis and exocytosis remain
unchanged, thus recycling it to the membrane surface. However,
overexpression of KCTD13 resulted in the reduction of GIuNT in
synaptosomes, accompanied by the reduction of NMDAR functional
subunits GIUN2A and GIuN2B. We also detected changes in GluAT,
GluA2, and PSD95 in synaptosomal fractions. Numerous studies
have shown that the localization of AMPARs at mature synapses is
primarily associated with NMDAR activation [55-58]. Therefore, we
hypothesized that this change may be due to KCTD13 regulating
the function of NMDARs, which affects the recruitment of GluA1-
containing AMPARs at synapses. In addition, we found that KCTD13
negatively regulated total GIuA1 protein (Fig. S4E, F). Although the
Co-IP assay did not detect any interaction between KCTD13 and
GluAT1, a direct regulatory effect of KCTD13 on GluA1 cannot be
excluded. It is also possible that KCTD13 indirectly regulates the
expression of total GIuA1 protein by regulating KCTD13 substrate
proteins that are yet unidentified. We observed that the knockdown
of KCTD13 increased AMPA- and, to a greater extent, NMDAR-eEPSC
amplitude (Fig. 8A, B). This suggests that knockdown of KCTD13
mainly enhances NMDAR-dependent synaptic function. Unexpect-
edly, we found that knockdown of KCTD13 significantly prolonged
the decay time of NMDAR-eEPSCs (Fig. S5C). Previous studies have
shown that GIuN2B-containing NMDARs have longer decay kinetics
[47, 53, 59], suggesting that knockdown of KCTD13 results in
assembly of NMDARs at synapses dominated by GIuN2B-containing
NMDARs. Our study suggests that enhanced NMDAR signaling may
underlie the exacerbation of epilepsy caused by decreased KCTD13
expression. Therefore, we performed behavioral rescue experiments
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Fig. 7 KCTD13 regulates the number of functional glutamatergic synapses. A, B EPSC-PPR recordings from KCTD13 knockdown (A) or
overexpression (B) brain slices. The PPR responses evoked by pairs of stimuli delivered 50 ms apart. siCtrl group, n = 16 cells, 4 mice; sikCTD13
group, n=17 cells, 5 mice; adCtrl group, n=16 cells, 4 mice; adKCTD13 group, n=17 cells, 5 mice; unpaired two-tailed Student’s t-test.
C Representative confocal images in cultured primary neurons transfected with siCtrl (n = 19 cells), sikCTD13 (n = 20 cells), adCtrl (n = 20 cells), or
adKCTD13 (n = 21 cells) labeled with eGFP, PSD95, and VGLUT1 antibodies. D Analysis of the total number of excitatory synapses identified as
VGLUT1/PSD95-positive puncta. **p < 0.01, unpaired two-tailed Student’s t-test. E-J Golgi staining (E-G) and quantitative analysis (H-J) of
dendritic spine density and dendritic spine maturity of pyramidal neurons in the CA1 region of the epileptic mice model. The blue arrow indicates
apical dendrites of CA1 pyramidal neurons where dendritic spine density was determined. Filopodia dendritic spines (>2 pm) and long thin spines
(length >1 pm, head diameter <0.2 pm) were immature spines, while stubby and mushroom spines were mature spines. n = 24/group, *p < 0.05,
**p < 0.01, ***p < 0.001, unpaired two-tailed Student’s t-test. Adjustments were made for multiple comparisons test (1, J).

and showed that memantine, a noncompetitive NMDA receptor
blocker, significantly reduced the susceptibility and severity of
epilepsy in KCTD13 knockdown mice (Fig. 8G, H).

As an adapter for E3 ubiquitin ligase, the substrate proteins
catalyzed by KCTD13 may be different under different physiolo-
gical and pathological conditions. Hence, it may not be feasible to

Cell Death & Differentiation

discover every single target of KCTD13. However, our data
demonstrated that the potential target substrate protein of
KCTD13 in epilepsy is GIuN1, which is a novel and important
discovery. Our findings may offer the possibility to control seizures
in DRE patients with reduced KCTD13 expression by targeting the
KCTD13-GluN1 pathway, such as by wusing memantine.
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Fig. 8 KCTD13 regulates NMDAR-mediated glutamatergic synaptic transmission. A, B Representative traces (A) and quantification (B) of
NMDAR-eEPSCs (holding at +40 mV) and AMPAR-eEPSCs (holding at —70 mV) recorded at CA1 pyramidal neurons from KCTD13 knockdown
or control brain slices. NMDAR-mediated responses were measured at 50 ms post-stimulus. n =13 cells, 4 mice, ***p < 0.001, unpaired two-
tailed Student'’s t-test. C, D Representative traces (C) and quantification (D) of NMDAR-eEPSCs and AMPAR-eEPSCs recorded in CA1 pyramidal
neurons from KCTD13 overexpression or control brain slices. n = 13 cells, 4 mice. *p < 0.05, ***p < 0.001, unpaired two-tailed Student’s t-test.
E, F Representative traces (E) and quantification (F) of NMDAR-eEPSCs recorded at CA1 pyramidal neurons from KCTD13 knockdown or
control slices before and after (20 min) incubation with Ro 25-6981 (1 pM, dissolved in dimethyl sulfoxide (DMSO)). n = 11 cells, 4 mice/group,
*p < 0.05, unpaired two-tailed Student’s t-test. G, H Effects of KCTD13 knockdown on the latency (G) and frequency of SRSs (H) in KA mice
model treated with or without memantine. n = 6/group, *p > 0.05, *p <0.05, **p < 0.01, unpaired two-tailed Student’s t-test (G), two-way
repeated measures ANOVA (H).

Furthermore, the effect of KCTD13 on synaptic proteins and
synaptic function also provides a basis for further study of KCTD13
in diseases that are characterized by altered synaptic transmission.

Protein Isolation and Cell Fractionation Kit were purchased from Invent
Biotechnologies (Minnesota, USA). Tetrodotoxin was obtained from Tocris
Bioscience (Bristol, UK). Hito Golgi-Cox OptimStain PreKit (Prepare Solution
Kit) was purchased from Hitobiotec Corp (TN, USA). EndoFree Maxi Plasmid
Kit V2 was purchased from TIANGEN (Beijing, China). Other reagents not

MATERIALS AND METHODS

Antibodies and reagents

The antibodies used in this study are described in Table S5. HiScript Il Q RT
SuperMix for qPCR (+gDNA wiper) and ChamQ Universal SYBR gPCR
Master Mix were purchased from Vazyme Biotech Co., Ltd (Nanjing, China).
Protein A/G magnetic beads, chloroquine, and Ro 25-6981 were purchased
from MedChemExpress (State of New Jersey, USA). Coomassie Blue Fast
Staining and No-decoloring Solution was obtained from Epizyme
(Shanghai, China). Synaptosome Isolation Kit and Plasma Membrane
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mentioned were purchased from Sigma-Aldrich (St. Louis, USA).

Plasmids

The Flag-tagged WT KCTD13 and KCTD13 BTB domain truncated mutant
were constructed by cloning the human cDNA of full-length or truncated
KCTD13 into the pcDNA3.1-3xFlag-T2A-eGFP vector. The human cDNAs of
GIuN1 WT and mutants K51R, K178R, K193R, K544R, K769R, K860R, and
K898R were generated by site-directed mutagenesis and cloned in frame
with a Myc tag into pcDNA3.1-T2A-TagRFP vectors. HA-tagged WT
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ubiquitin and HA-tagged ubiquitin mutants KO, K6, K11, K27, K29, K33, K48,
and K63 were cloned into plRES2-TagBFP vectors. All constructs were
confirmed by sequencing.

Adeno-associated virus vectors

The AAV9 vectors carrying mouse full-length KCTD13 (adKCTD13), eGFP
alone (adCtrl), KCTD13-RNAi (siKCTD13), and scramble-RNAi (siCtrl) were
constructed by GeneChem Co., Ltd. (Shanghai, China). For adKCTD13
packaging, a CMV-bGlobin-MCS-eGFP-3Flag-WPRE-hGH polyA vector was
used. Empty AAV vectors coding eGFP were used as control. For sikCTD13
packaging, a U6-MCS-CAG-eGFP vector was used. The KCTD13-RNAi
sequence was 5'-GCACTTCAGATGACAACTTAC-3’. The scramble-RNAi
sequence was 5-CGCTGAGTACTTCGAAATGTC-3/, which has no target in
the mouse.

Human brain tissue

Human brain tissue samples from patients with TLE or TBI who underwent
temporal lobe resection were used in this study and collected from the
First Affiliated Hospital of Chongging Medical University. Written informed
consent was obtained from patients for the use of brain tissue and access
to medical records for research purposes. The collection and use of all
specimens were approved by the Ethics Committee of The First Affiliated
Hospital of Chongqing Medical University and were conducted in
accordance with the Declaration of Helsinki. The brain tissue specimens
obtained from the operation were immediately stored in liquid nitrogen
until use.

Animals

The experimental animals used were male C57BL/6J mice obtained from
the Laboratory Animal Center of Chongging Medical University (Certificate:
SCXK (YU) 2018-0003). Except for neonatal mice used to generate primary
neuron cultures, all mice were 6-7 weeks old at the beginning of the
experiment. The mice were randomly assigned to each experimental
condition. The mice were group-housed in cages and raised on a 12:12-
light-dark cycle with free access to food and water. All animal experiments
were approved by the Ethics Committee of Chongging Medical University.
All efforts were made to minimize animal suffering and numbers.

Stereotaxic AAV injection

Under anesthesia, AAV9 vectors (siCtrl, sikCTD13, adCtrl or adKCTD13)
were injected stereotactically into the mice CA1 hippocampal region
(Paxinos Mouse Brain Atlas; coordinates from bregma; Anteroposterior
(AP): —2.0 mm; mediolateral (ML): +1.5 mm; dorsoventral (DV): —1.7 mm)
via a micro syringe. All AAV deliveries were performed bilaterally with a
volume of 1l each at a flow rate of 0.2 ul/min. The needle was kept in
place for 5 min after each injection.

KA model

Mice were anesthetized and placed in a stereotaxic apparatus (RWD Life
Science Co. Ltd., China). Further, 0.5-pl KA (0.3 pg in 0.5 pl saline) was
injected in the right hippocampal CA1 region for 3 min. The mice were
allowed to recover from anesthesia at 32 °C and then monitored closely
during SE. The behavioral seizure scores were classified according to
Racine’s scale [60]. SE usually began 15 min after complete recovery and
ended 40 min after SE onset with intraperitoneal diazepam (10 mg/kg).
Sham-control mice were treated identically but received the same volume
of saline instead of KA. For behavioral tests, trials started 3 weeks post-AAV
injection. Mice were video monitored to quantify the latency and the
number of SRSs over 30 consecutive days after KA injection. Seizures
(Racine’s stages lll-V) were quantified during off-line video review by two
independent observers, and one was blinded to the treatment.

PTZ-induced seizures

Mice previously transfected with AAVs (siKCTD13, siCtrl, adCtrl, or
adKCTD13) were injected with PTZ. Seizures were induced by repetitive
intraperitoneal administration of PTZ (10 mg/kg; Sigma-Aldrich) every
10 min until generalized seizures occurred or until the total amount
reached 100 mg/kg. Seizures were monitored throughout the experiment
and rated on Racine’s scale. The latency to the first generalized seizure
(stages IV and V) and PTZ-induced generalized seizure incidence was
recorded.
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LFP recording

Surgery was performed 1 week prior to recordings. Briefly, to record
hippocampal LFP, mice were anesthetized and placed in a stereotaxic
apparatus, two stainless steel screws implanted in the anterior cranium
served as the ground electrode. For LFP recording, the recording electrode
was implanted into the right dorsal hippocampus and connected to the
MAP data acquisition system (Plexon; Texas, USA) to collect data. Typical
seizure-like event characterized by the disappearance of normal electro-
physiological rhythm and the occurrence of a cluster of spontaneous
paroxysmal discharges with amplitude greater than 2 times the baseline,
frequency greater than 3 Hz, and duration greater than 5s.

Drug administration

For each behavioral cohort, mice were acclimatized to daily intraperitoneal
injections of either the vehicle (saline) or the drug. Memantine was diluted
in saline at 10yl per gram of mouse body weight for administration.
Notably, the amount of memantine used was comparable to those from
studies in other mouse models of neurodevelopmental disorders, which
was expected to result in a reversible blockade of a relatively small fraction
of synaptic NMDARs [37].

Western blot

The extraction steps of plasma membrane proteins and synaptosomes
were performed according to the manufacturer’s instructions. Total
proteins of cells or tissues were lysed with RIPA lysis buffer (Beyotime;
Shanghai, China). Lysates containing equal proteins were resolved by
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to polyvinylidene difluoride membranes (Millipore, USA).
The membranes were incubated with Tris-buffered saline with 0.1%
Tween-20 (TBST) containing 5% nonfat milk at room temperature for
60 min and then incubated with primary antibodies diluted in primary
antibody dilution buffer (Beyotime) at 4 °C overnight. After 12-16 h, the
membranes were washed with TBST and subsequently incubated with
horseradish peroxidase (HRP)-conjugated secondary antibodies diluted
in TBST at room temperature for 1 h. The signal was detected using an
enhanced chemiluminescence reagent (Biosharp, Guangzhou, China)
and the Fusion FX7 image analysis system (Vilber Lourmat, Marne-la-
Vallée, France).

Immunostaining

For immunofluorescence staining of cryostat sections, mice were
anesthetized and perfused with Phosphate-buffered saline (PBS) followed
by 4% paraformaldehyde (PFA). Brains were post-fixed in 4% PFA
overnight and submerged in 30% sucrose for 3 days. Brain sections
(16 um) were sliced using a Leica frozen microtome. Brain sections were
permeabilized with 0.4% Triton X-100 for 20 min, blocked with goat
serum working liquid (Boster Biological Technology; Wuhan, China) for
60 min at room temperature, and then incubated with mixed primary
antibodies diluted in PBS at 4°C for overnight. Sections were washed
three times with PBS and incubated with appropriate fluorescence-
conjugated secondary antibodies for 60 min at room temperature. 4/,6-
diamidino-2-phenylindole (DAPI) was used for nucleus staining. For
immunocytochemical assays, primary neurons were fixed with PBS
solution containing 4% PFA and 4% sucrose (30 min at room tempera-
ture). Neurons were permeabilized with 0.1% Triton X-100 for 10 min and
blocked with goat serum working liquid for 60 min at room temperature.
Then, neurons were incubated with mixed primary antibodies diluted in
PBS at 4 °C for overnight. Next, neurons were washed three times with PBS
and incubated with fluorescent secondary antibodies at room tempera-
ture for 1 h. All images were acquired under a confocal microscope (Leica;
Wetzlar, Germany).

Immunoprecipitation

Cells or hippocampal tissue samples were lysed with RIPA lysis buffer
(Beyotime), which was supplemented with a protease inhibitor cocktail
(MedChemExpress) at 4 °C for 30 min. Lysates containing equal amounts
of proteins were incubated with protein A/G magnetic beads (MedChem-
Express) bound to anti-Myc, anti-KCTD13, anti-GluN1, anti-GIuN2A, anti-
GIuN2B, anti-VAMP2, anti-Flag, or anti-CUL3 antibodies at 4°C for 2h,
according to the manufacturer’s instructions. After washing, the proteins
were harvested by magnetic separation, and proteins bound on the beads
were analyzed by WB.
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Mass spectrometry analysis

Total protein was extracted from hippocampal tissue samples 3 days after
KA injection. KCTD13-beads were used for immunoprecipitation of
proteins interacting with KCTD13. The collected interacting proteins were
loaded onto SDS-PAGE. After electrophoresis, the gel was stained with
Coomassie blue for 30 min at room temperature. For mass spectrometry
analysis, lanes without protein bands on the gel were excised. Mass
spectrometric analysis was performed by Applied Protein Technology
(Shanghai, China). To identify the ubiquitination modification site of GIuN1,
HEK293T cells were transfected with Flag-KCTD13, HA-Ub-K48, and Myc-
GIuN1 plasmids. After 48 h of transfection, cells were lysed with lysis buffer,
and the next steps were as described previously. KEGG pathway
enrichment analysis was performed using the DAVID bioinformatics web
server (https://david.ncifcrf.gov/) by uploading the gene lists from our
mass spectrometric analysis.

qPCR

Total RNA was extracted from epileptic hippocampal tissue samples using
RNAsimple Total RNA Kit (TIANGEN) according to the manufacturer’s
instructions. qPCR analysis was performed using the ChamQ Universal
SYBR gPCR Master Mix (Vazyme). Gene expression levels were normalized
to the housekeeping gene B-actin. The sequences of qPCR primers are
listed in Supplementary Table 6.

Cell culture and transfection

HEK293T cells were obtained from the American Type Culture Collection.
The cells were authenticated and tested for mycoplasma contamination.
HEK293T cells were maintained at 37 °C with 5% CO, and cultured in
Dulbecco’s Modified Eagle Medium (DMEM; Gibco; New York, USA)
containing 10% fetal bovine serum (FBS; Gibco) and 1% penicillin-
streptomycin (P/S; Gibco). Transient transfection of HEK293T was
performed with Lipofectamine 3000 Reagent (Invitrogen) according to
the manufacturer’s instructions.

Primary neuronal culture

Cortical and hippocampal tissues from C57BL/6) mice pups at postnatal
day 0 were carefully isolated from neonatal mice, transferred to ice-cold D-
Hank’s balanced salt solution (Solarbio; Beijing, China), dissected into small
fragments, and digested with 0.125% trypsin (Gibco) for 10 min at 37 °C.
The cells were seeded on cover slides pretreated with poly-L-lysine (Sigma-
Aldrich), and DMEM containing 10% FBS and 1% P/S was added. After 4 h,
the DMEM was replaced with neurobasal medium containing 2%
B27 supplement, 1% P/S, and 1% L-glutamine (Gibco). Neurons were
cultured at 37 °C with 5% CO,. Half of the fresh neurobasal medium was
replaced every 3 days.

Ubiquitination assays

HEK293T cells transfected with the expression construct for HA-ubiquitin or
its mutant, together with other expression constructs, were treated with
MG132 for 6 h and lysed with RIPA lysis buffer. Lysates were subjected to
immunoprecipitation followed by WB analysis.

Golgi staining

AAV-transfected mice were sacrificed and decapitated 3 days after KA
injection. Brain tissue samples were washed with double-distilled water to
remove blood from the surface. Neurons were stained using the Hito
Golgi-Cox OptimStain Kit according to the manufacturer’s protocol.
Secondary apical dendrites from CA1 pyramidal neurons were imaged
for spine analysis. Sections were imaged using a microscope (Leica) at a
magnification of X100 and analyzed with Image) software (NIH,
Maryland, USA).

Slice preparation

Acute hippocampal slices were prepared from mice that were transfected
with AAV-siCtrl, AAV-siKCTD13, AAV-adCtrl, or AAV-adKCTD13 3 weeks ago.
Animals were anesthetized with pentobarbital and transcardially perfused
with ice-cold oxygenated (95% O,, 5% CO,) slicing solution (2.5 mM KCl,
1.25mM NaH,PO,;, 6 MM MgCl,, 1 mM CaCl,, 220 mM sucrose, 26 mM
NaHCO3;, 10 mM D-glucose). After decapitation, brains were removed for
sectioning in the same ice-cold slice solution using a vibratome (Leica
VT1200S, Germany). For whole-cell patch-clamp recordings, 300-pm
coronal hippocampal sections were prepared. Slices were recovered in
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oxygenated artificial CSF (aCSF; 124mM NaCl, 3mM KdCI, 1.23mM
NaH,PO4, 26 mM NaHCO;, 2mM MgCl,, 2mM CaCl,, and 10 mM D-
glucose, with pH adjusted to 7.4) at 32°C for 30min and at room
temperature (25 °C) for an additional 30 min before recording.

Whole-cell patch-clamp recordings

A coronal slice containing hippocampus was placed in a submersion
chamber maintained at room temperature and perfused at 3 ml/min with
oxygenated Mg>"-free aCSF. All recordings were done with patch pipettes
with a resistance between 3-6 MQ. We performed recordings in the whole-
cell configuration using a Multiclamp 700B amplifier (Axon, USA) with
10 kHz digitization and a 2 kHz low-pass Bessel filter. Data were acquired
and analyzed using pCLAMP 11.1 software (Molecular Devices Co.; San
Jose, CA, USA). Series resistance changes were monitored throughout the
experiment and neurons were discarded if the series resistance surpassed
25 MQ or changed by >20%. Neurons with unstable resting potential or
potential >—50mV were discarded. Transfected hippocampal CA1
pyramidal neurons were identified using eGFP fluorescence and from a
pyramidal somatic shape.

For current-clamp recordings, the internal solution contained 60 mM
K250, 60 mM NMG, 40 mM HEPES, 4 mM MgCl,, 0.5 mM BAPTA, 12mM
phosphocreatine, 2mM Na,ATP, and 0.2mM NasGTP (pH 7.3, 275-
290 mOsm). D-APV (50 uM), DNQX (20 uM), and picrotoxin (100 uM) were
added to block synaptic transmission. A current step protocol was used to
evoke action potentials by injecting 500 ms long depolarizing current steps
of increasing amplitude from -100 pA to 300 pA (/A20 pA).

For voltage-clamp recordings, the internal solution used to record EPSCs
contained 130 mM Cs-methanesulfonate, 10 mM HEPES, 10 mM CsCl, 4 mM
NaCl, 1 mM MgCl,, 1 mM EGTA, 5 mM NMG, 5 mM MgATP, 0.5 mM NasGTP,
and 12 mM phosphocreatine (pH 7.25; 280-300 mOsm). The sIPSCs were
recorded by using internal solution that contained 100 mM CsCl, 10 mM
HEPES, 1 mM MgCl,, 1 mM EGTA, 30 mM NMG, 5 mM MgATP, 0.5 mM
Na3GTP, and 12 mM phosphocreatine (pH 7.25; 280-300 mOsm). Cells were
clamped at —70 mV throughout the experiment unless otherwise stated.
Recordings were performed in the presence of 100 uM picrotoxin for
sEPSCs, 20 uM DNQX and 50 uM D-APV for sIPSCs, 100 uM picrotoxin and
20 pM DNQX for NMDAR-eEPSCs, 100 uM picrotoxin for NMDA/AMPA ratio,
and 100 pM picrotoxin for EPSC-PPR. Measurements of the NMDA/AMPA
ratio were performed at holding potentials of —70 mV (AMPAR-eEPSCs) or
+40mV (NMDAR-eEPSCs, quantified at 50 ms after the stimulus). The
amplitudes and frequencies of sIPSCs and sEPSCs were detected by
continuous recording for 300s by using MiniAnalysis software
(Synaptosoft).

Statistics

GraphPad Prism 8 software (San Diego, CA, USA) and IBM SPSS Statistics
23 (New York, USA) were used for statistical analysis. Experimental data
are presented as either median with interquartile range or mean+
standard deviation (SD). p < 0.05 was considered statistically significant.
The normality of the data was analyzed using Shapiro-Wilk test. When
the variance of the data set was significantly different, we used a
nonparametric statistical analysis. The two-tailed Student's t-test was
used to compare between two independent groups, and one-way or
two-way ANOVA was used for multi-group comparison. Statistical
methods for each experiment are detailed in the corresponding figure
legend.

DATA AVAILABILITY

Data supporting the conclusions in the paper are present in the paper and the
Supplementary Materials. Additional data are available from the corresponding
author.
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