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Abstract Epilepsy is a common and severe brain disease
affecting >65 million people worldwide. Recent studies
have shown that kinesin superfamily motor protein 17
(KIF17) is expressed in neurons and is involved in
regulating the dendrite-targeted transport of N-methyl-D-
aspartate receptor subtype 2B (NR2B). However, the effect
of KIF17 on epileptic seizures remains to be explored. We
found that KIF17 was mainly expressed in neurons and that
its expression was increased in epileptic brain tissue. In the
kainic acid (KA)-induced epilepsy mouse model, KIF17
overexpression increased the severity of epileptic activity,
whereas KIF17 knockdown had the opposite effect. In
electrophysiological tests, KIF17 regulated excitatory
synaptic transmission, potentially due to KIF17-mediated
NR2B membrane expression. In addition, this report
provides the first demonstration that KIF17 is modified
by SUMOylation (SUMO, small ubiquitin-like modifier),
which plays a vital role in the stabilization and mainte-
nance of KIF17 in epilepsy.
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Introduction

Epilepsy is a common and severe brain disorder character-
ized by recurrent seizures that affects >65 million people
worldwide [1-3]. Structural, genetic, infectious, metabolic,
immune, and unknown etiologies may contribute to epilep-
tic seizures [2], and dozens of antiepileptic drugs have been
used in the clinic. Nevertheless, approximately one-third of
patients with epilepsy develop intractable epilepsy, a new
modality that needs to be explored, but its pathogenesis
remains unclear [3]. However, the synchronous abnormal
discharge of brain neurons caused by an imbalance between
excitatory and inhibitory conductance is certainly a com-
mon mechanism in various types of epileptic seizures [4].
Therefore, an understanding of the mechanism regulating
this balance is needed to explore new antiepileptic targets.

The N-methyl-D-aspartate receptor (NMDAR), an iono-
tropic glutamate receptor, plays a vital role in excitatory
neurotransmission in the central nervous system [5]. Specif-
ically, NMDARs, which are highly permeable to Ca®" and
Ca*" influx, are critical for synaptogenesis, synaptic plas-
ticity, learning, and memory [6]. The abnormal expression,
transport, and synaptic input of NMDAR subunits affect
normal physiological functions and constitute important
pathophysiological mechanisms in Alzheimer’s disease,
epilepsy, and other neurological diseases [7, 8]. The
NMDAR is a heterotetramer consisting of two types of
subunits, either GluN1 and GluN2 or GluN2 and GluN3 [5].
Among these subunits, NR2B (one of the forms of GluN2) is
expressed at high levels in the cortex and hippocampus and is
one of the most important subunits, and newly-synthesized
NR2B must be transported to dendrites and localized to
synapses before playing a physiological role [9]. In addition,
multiple mutations in the GRIN2B (glutamate ionotropic
receptor NMDA type subunit 2B) gene have been linked to
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epilepsy [10, 11]. The kinesin superfamily of proteins (KIFs)
are expressed at high levels in mammalian neurons and
transport organelles, protein complexes, and mRNA to
specific locations along microtubules by hydrolyzing
adenine triphosphate [12]. In the nervous system, KIF17, a
member of the kinesin superfamily, interacts with and
transports dendritic proteins, including the K* channel
Kv4.2, the kainate receptor, and NR2B, along microtubules
to their dendritic destinations [13—15]. In particular, NR2B is
the main neuronal cargo of KIF17, and deletion of the Kifl7
gene in mice inhibits NR2B transport and reduces the
availability of synaptic NR2B [16]. In contrast, transgenic
mice overexpressing Kif17 exhibit up-regulated hippocam-
pal NR2B protein levels and improved spatial learning and
memory [17]. Given this circumstantial evidence, we aimed
to investigate the role of KIF17 in seizures, which has not
been studied to date.

SUMOylation, a post-translational modification, regu-
lates the location, stability, and activity of target proteins
by covalently attaching the small ubiquitin-like modifier
(SUMO) protein SUMO1, SUMO2, or SUMO3 to a lysine
residue of target proteins [18, 19]. In addition, this process
is mediated by an enzymatic cascade consisting of the
activating enzyme El, the conjugating enzyme E2, and the
ligating enzyme E3 [19]. The importance of SUMOylation
for neuronal development, the neuronal stress response,
synaptic transmission, and plasticity has been widely
described [20, 21], and SUMOylation of the neuronal K+t
channel Kv7, synapsin Ia, and other proteins has revealed a
relationship between SUMOylation and epilepsy [22, 23].

In this study, we determined the distribution of KIF17 in
epileptic brain tissue and its subcellular localization. The
expression of KIF17 in the brain tissue of patients with
epilepsy and animal models was assessed. Interfering with the
endogenous expression of KIF17 using a lentivirus clarified
the effect of KIF17 on epileptic behavior and electrophysi-
ology. We also applied dendritic spine detection and
immunoprecipitation to explore the potential mechanisms
through which KIF17 modulates epileptic seizures. And we
further investigated the role of SUMOylation of KIF17 in
epilepsy. In conclusion, our experiments revealed the distri-
bution and subcellular localization of KIF17 and explored its
potential regulatory mechanism in epileptic seizures.

Materials and Methods

Epilepsy Model, Drug Administration, and Local
Field Potential (LFP) Recordings

Eight-week-old male C57BL/6 mice (20 g —30 g) from the

Laboratory Animal Center of Chongqing Medical Univer-
sity were reared in a standard environment with a 12/12-h
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light/dark cycle, a temperature of 22°C, and free access to
water and food.

The chronic spontaneous epilepsy model was induced
through an intrahippocampal injection of kainic acid (KA).
In the viral intervention experiments, epileptic models
were established 1 month after viral injection. Briefly, mice
were anesthetized with 1% pentobarbital and fixed on a
stereotaxic apparatus (RWD Life Science Co., Ltd.,
Shenzhen, China). Then, 1.0 nmol of KA (Sigma—Aldrich,
St. Louis, USA) dissolved in 50 nL of saline was injected
into the unilateral hippocampus (anteroposterior, —1.6
mm; mediolateral, —1.5 mm; dorsoventral, —1.5 mm) at
100 nL/min. Two hours after the injection, non-convulsive
status epilepticus (SE) was terminated with diazepam, and
the mice were then subjected to video surveillance for
behavioral tests for one month. In addition, as previously
described [24], LFPs were recorded one month after SE.

An acute seizure model was induced by intraperitoneal
administration of KA at 25 mg/kg, and the severity of the
seizures was assessed using the modified Racine scale
within 1 h after KA injection [25].

For SUMOylation inhibitor administration, the mice
received bilateral intrahippocampal injections of 2-D08
(Sigma—Aldrich; SML1052) or vehicle (0.5% dimethyl
sulfoxide) at 1 days and 14 days after SE. The doses were
based on a previous study [26].

Lentiviral Vector Construction and Intrahippocam-
pal Virus Injections

A short hairpin RNA (shRNA) with the targeting sequence
5'-CGCAGACAACAATTACGAT-3' directed against
Kifl7 (GeneChem, Shanghai, China) was carried by a
lentiviral vector (GV248: hU6-MCS-Ubiquitin-EGFP-
IRES-puromycin), designated LV-sh-KIF17, and used to
reduce the endogenous hippocampal KIF17 level. The
lentiviral vector (GV358: Ubi-MCS-3FLAG-SV40-EGFP-
IRES-puromycin) containing the whole Kifl17 complemen-
tary DNA (cDNA) sequence is designated LV-KIF17
hereafter. The control vectors Con-LV-KIF17 and Con-
shRNA were constructed with the same promoters used for
LV-KIF17 and LV-sh-KIF17, respectively.

Mice were fixed on a stereotaxic apparatus after
anesthesia. Using a 5-pL microsyringe (Hamilton, Reno,
USA), 2 pL of virus particles was injected into the bilateral
hippocampus (anteroposterior, —1.6 mm; mediolateral,
+1.5 mm; dorsoventral, —1.5 mm) at 200 nL/min, and
the needle was left in place for another 15 min.

Whole-Cell Patch-Clamp Recordings

Whole-cell patch-clamp recordings were made as previ-
ously described [27]. After anesthetization with 1%
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pentobarbital sodium, male C57BL/6 mice were sacrificed
for the preparation of brain slices. Transverse hippocampal
slices (400 um) were cut in a cold sterile slice solution [in
mmol/L: 2 MgCl,, 2 CaCl,, 2.5 KCl, 1.25 KH,POy,, 26
NaHCO3, 220 sucrose, and 10 glucose (pH 7.4) bubbled
with 95% 0,/5% CO,] (Leica VT1200S; Nussloch, Ger-
many). The slices were allowed to recover in a storage
chamber containing Mg*"-free artificial cerebrospinal fluid
[ACSF (in mmol/L); 2.5 KCIl, 125 NaCl, 2 CaCl,, 1.25
KH,PO,, 26 NaHCO3;, and 25 glucose (pH 7.4) bubbled
with 95% 0,/5% CO,] at 34°C for 1 h. The slices were
fully submerged in flowing Mg**-free ACSF (4 mL/min)
at room temperature (RT) for the recordings.

To record spontaneous action potentials (sAPs), glass
pipette electrodes were filled with an internal solution of
the following composition (in mmol/L): 60 K,SO,, 40
HEPES, 4 MgCl,-6H,O, 60 N-methyl-D-glucamine, 0.5
BAPTA, 12 phosphocreatine, 2 Na,ATP, and 0.2 Na3GTP.
Neuronal sAPs were recorded at the resting membrane
potential with a whole-cell patch-clamp in current-clamp
mode.

Excitatory postsynaptic currents (EPSCs) were recorded
as the membrane potential was held at —70 mV in voltage-
clamp mode using glass pipette electrodes filled with an
internal solution of the following composition (in mmol/L):
10 CsCl,, 130 CsMeSOy, 4 NaCl, 1 MgCl,, 10 HEPES, 1
EGTA, 5 MgATP, 0.5 NasGTP, 12 phosphocreatine, and 5
NMG (pH 7.4) at 280-290 mOsm. Miniature EPSCs
(mEPSCs) were recorded with 1 pmol/L tetrodotoxin
(TTX), and 100 pmol/L picrotoxin (PTX) was added to the
internal solution to block the y-aminobutyric acid type A
receptor. In addition, spontaneous EPSCs (sEPSCs) were
measured in the presence of 100 pmol/L PTX.

For micro-inhibitory postsynaptic current (mIPSC)
recordings, glass pipette electrodes were filled with the
following internal solution (in mmol/L): 1 MgCl,, 1
EGTA, 100 CsCl, 10 HEPES, 5 MgATP, 0.5 Na;GTP,
12 phosphocreatine, and 30 N-methyl-D-glucamine (NMG)
(pH 7.4) at 280 mOsm-290 mOsm. The mIPSCs were
recorded in the presence of 20 pmol/L 6,7-dinitroquinox-
aline-2,3(1H,4H)-dione, 50 pumol/L D-2-amino-5-phospho-
novaleric acid, and 1 pmol/L TTX in voltage-clamp mode
at a holding potential of —70 mV.

For recordings of the paired-pulse ratio (PPR), the
membrane potential was held at —70 mV in the presence of
100 pmol/L PTX. The interval between paired stimuli was
50 ms. The PPRs were measured as the ratio of the second
peak amplitude to the first peak amplitude.

Immunofluorescence Staining

Frozen sections were prepared using previously reported
methods [28]. The sections were equilibrated to RT, and

antigens were retrieved with sodium citrate restoration
solution. The samples were then treated with phosphate-
buffered saline (PBS) containing 0.4% Triton X-100 for 10
min and blocked with 10% goat serum in PBS for 30 min.
For cellular immunofluorescence staining, primary neurons
on day 18 in vitro (DIV 18) were fixed in PBS containing
4% paraformaldehyde and 4% sucrose for 30 min at 37°C.
After permeabilization with 0.3% Triton X-100 in PBS for
30 min at 37°C, the coverslips were treated with 10% goat
serum for 1 h. The samples were incubated overnight at
4°C with the following primary antibodies: anti-KIF17
(Proteintech, Wuhan, China; Cat No. 14615-1-AP), anti-
GFAP (Abcam, Cambridge, UK; ab4648), anti-NeuN
(Millipore, Billerica, USA; NBP192693PE), anti-VGLUT1
(Santa Cruz, Texas, USA; sc-377425), anti-GADG67
(Abcam; ab26116), anti-PSD95 (Santa Cruz; sc-32290),
anti-NR2B (Proteintech; Cat No. 21920-1-AP), and anti-
GFP (Proteintech; Cat No. 50430-2-AP). The next day, the
samples were washed three times with PBS and incubated
with fluorophore-labeled secondary antibodies [DyLight
488, goat anti-rabbit IgG (Abbkine, Wuhan, China;
A23220), DyLight 594, goat anti-mouse IgG (Abbkine;
A23410), or DyLight 405, goat anti-rabbit IgG (Abbkine;
A23120)] at RT for 1 h. The images were captured with a
laser-scanning confocal microscope (Zeiss, Oberkochen,
Germany) and analyzed using ZEN (Oberkochen, Ger-
many) or ImageJ software (Rawak Software, Inc., Ger-
many) for the assessment of co-localization. The spines
were analyzed using ImageJ software.

Human Brain Tissue Collection

Briefly, seven cortical specimens from patients with
temporal lobe epilepsy (TLE) and seven cortical specimens
from patients with head trauma were collected from the
First Affiliated Hospital of Chongqing Medical University
and reviewed by two neuropathologists. Specimen collec-
tion was approved by the Ethics Committee of the First
Affiliated Hospital of Chongqing Medical University, and
informed consent forms were signed by the patients or their
immediate family members. All patients with TLE met the
International League Against Epilepsy 2001 seizure clas-
sification and diagnostic criteria [29]. Table S1 summarizes
the clinical characteristics of the patients and controls.

Western Blotting

Mouse hippocampal and cortical tissue, human brain
specimens, or primary neurons were lysed in radioim-
munoprecipitation assay lysis buffer containing a protease
inhibitor cocktail (MCE; New Jersey, USA; Cat. No.: HY-
K0010) and centrifuged at 16,000x g and 4°C for 15 min to
obtain total protein. Following the manufacturer’s
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instructions (SM-005; Invent Biotechnologies, Minnesota,
USA), mouse hippocampi were used for membrane protein
extraction. Proteins were separated on SDS-PAGE gels
(6% or 8%) and transferred to 0.45-pm polyvinylidene
difluoride membranes (Millipore). The membranes were
subsequently blocked with 5% nonfat dry milk at RT for 1
h and then incubated with primary antibodies overnight at
4°C. After three 5-min washes with Tris-buffered saline
containing 0.15% Tween-20 (TBST), the membrane was
incubated with a peroxidase-conjugated secondary anti-
body (Proteintech, Cat No. SA00001-2) at RT for 1 h and
then subjected to three 5-min washes with TBST. The
Fusion Imaging System was used for imaging. The
following primary antibodies were used: rabbit anti-
KIF17 (1:1000; Proteintech; Cat No. 14615-1-AP), anti-
NR2B (Proteintech; Cat No. 21920-1-AP), anti-SUMOI1
(1:1000; Proteintech; Cat No. 10329-1-AP), anti-ATP1A1
(Proteintech; Cat No. 14418-1-AP), and anti-GAPDH
(1:5000; Proteintech; Cat No. 10494-1-AP).

Immunoprecipitation

Bilateral mouse hippocampal tissue were used for immuno-
precipitation. The tissue lysates were first incubated with
30 pL of Protein A/G magnetic beads (MCE; Cat. No.:
HY-K0202) at 4°C for 2 h to reduce nonspecific binding.
Subsequently, 0.5 pg of rabbit IgG, 2 pg of the KIF17
antibody (Proteintech; Cat No. 14615-1-AP), 2 pg of the
NMDAR?2B antibody (Proteintech; Cat No. 21920-1-AP),
or 2 pg of the SUMOI1 antibody (Proteintech; Cat No.
10329-1-AP) were incubated with 40 pL of Protein A/G
magnetic beads at 4°C for 2 h and washed four times with
PBS containing 0.05% Triton X-100 (0.05% PBST). The
pretreated protein sample was then mixed with the
antibody-protein A/G magnetic bead complex, incubated
at 4°C for 2 h, and washed four times with 0.05% PBST.
The sample protein was mixed with 1x loading buffer and
heated at 95°C for 10 min for denaturation and elution;
after magnetic separation, the protein samples were
collected for Western blot analysis.

Primary Neuron Culture

The day before the experiment, the coverslips were coated
with a poly-L-lysine solution, washed with sterilized
deionized water, and dried before use. The brains of
C57BL/6 mice (PO-P1) were dissected, and the tissue was
mechanically minced and treated with 0.25% trypsin
(37°C, 5% CO,) for 10 min. After centrifugation at 1000
r/min for 5 min, the cells were re-suspended in DMEM
(Dulbecco’s Modified Eagle Medium)/F12 containing 10%
fetal bovine serum and 1% penicillin/streptomycin and
counted with a blood cytometer. The cells were plated in
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6-well plates at 50 x 10* cells/well for dendritic spine
counting or 100 x 10* cells/well for Western blotting and
gRT-PCR (quantitative real-time PCR). After incubation
under 5% CO, at 37°C for 4 h, the plating medium was
replaced by Neurobasal maintenance medium supple-
mented with 2% B27, 1% penicillin/streptomycin, and 2
mmol/L glutamine. Half of the medium was replaced with
fresh medium every 2 days after plating.

On day 3, the culture medium was replaced with the
maintenance medium containing LV-sh-KIF17 or the
corresponding vectors. Forty-eight hours after infection,
the medium was replaced with fresh medium. The cells
were prepared for immunofluorescence staining at DIV 18.

On day 6, the neurons were treated with 0.1% dimethyl
sulfoxide or the SUMOylation inhibitor 2-D08 for 24 h
based on previous research [30], and the cells were
collected for Western blotting or qRT-PCR on DIV 7.

Reverse Transcription—quantitative RT-PCR

Total RNA was extracted from 2-DOS8-treated primary
neurons using an RNAsimple Total RNA Kit (Tiangen;
#DP419; Beijing, China), and the RNA was reverse-
transcribed into cDNA according to the manufacturer’s
instructions (Vazyme; R223-01; Nanjing, China). qRT-
PCR was applied with a ChamQ SYBR qPCR Master Mix
(Vazyme; Q341-02) kit for 40 cycles (95°C for 5 s and
55°C for 30 s). The following primers were used:
Gapdh-forward: GGTTGTCTCCTGCGACTTCA
Reverse: TGGTCCAGGGTTTCTTACTCC
Kif17-forward: ATCAAGAACAAGCCACGCATTA
Reverse: TCAGCCACAGCCACATCAG

Statistical Analyses

Student’s r-test was used for comparisons between two
groups, and one-way analysis of variance (ANOVA) was
used for comparisons among four groups. Statistical
analyses were performed using GraphPad Prism software
(version 8.0; GraphPad Software Inc., San Diego, USA).
Differences (mean + SEM) were considered statistically
significant if P < 0.05.

Ethical Approval and Consent to Participate

The study protocol involving human subjects was approved
by the Medical Ethics Committee of the First Affiliated
Hospital of Chongqing Medical University. All animal
procedures were approved by the Medical Ethics Commit-
tee of Chongqing Medical University and were conducted
under the guidelines of Animal Research: Reporting In
Vivo Experiments.
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Results
KIF17 Distribution in the Epileptic Brain

Previous studies have suggested that KIF17 is expressed in
neurons [13—15], but its distribution in the hippocampus,
which is closely associated with epilepsy, has not been
reported. We defined the distribution of KIF17 in a KA-
induced epilepsy model through immunofluorescence
staining. We found that KIF17 was expressed at high
levels in the pyramidal cell layer and the dentate gyrus
(Fig. 1A). Furthermore, KA-treated and control mice were
subjected to immunofluorescence analysis to characterize
the cellular localization of KIF17. Specifically, in both
epileptic and control hippocampi, KIF17 mainly co-local-
ized with neuron-specific nucleoprotein (NeuN; a neuronal
marker) and rarely with glial fibrillary acidic protein
(GFAP; an astrocyte marker) (Figs 1B, C, and S1A, B).
KIF17 co-localized with glutamate decarboxylase 67
(GAD67; a GABAergic neuronal marker) and vesicular
glutamate transporter 1 (VGLUTI; a glutamate neuronal
marker) (Figs 1D, E and S1C, D). The results from the
immunofluorescence analysis of the cortex of the control
and epileptic mice were consistent with those of the
hippocampus (Figs. S2 and S3). We assessed the expres-
sion of KIF17 in cultured primary neurons to explore its
subcellular localization. As shown in Fig. 1F, KIF17 co-
localized with the neuronal marker NeuN. In addition, the
staining results showed that KIF17 mostly co-localized
with postsynaptic density protein 95 (PSD95; a marker of
postsynaptic specialization) and exhibited limited co-
localization with VGLUT1 (Fig. 1G, H). The immunofiu-
orescence results revealed that KIF17 is mainly expressed
in neurons, including excitatory glutamatergic neurons and
GABAergic neurons, particularly in their postsynaptic area.

Increased Expression of KIF17 in the Epileptic
Brain

We investigated the level of the KIF17 protein in
individuals with epilepsy to further confirm the changes
in KIF17 level in epilepsy. We first compared the
expression of KIF17 in temporal lobe tissue from patients
with TLE and controls. Western blot analysis showed
increased expression of KIF17 in patients with TLE
compared with controls (Fig. 2A, B). To further confirm
the trend of KIF17 in epilepsy, we assessed the KIF17
protein level in a mouse model of KA-induced chronic
spontaneous epilepsy. KIF17 expression was increased in
the cortex and particularly the hippocampus of mice with
KA-induced epilepsy (Fig. 2C-F). Considering the signif-
icant change in KIF17 levels in the epileptic hippocampus,

we subsequently examined the dynamic change in KIF17
levels in the hippocampus during epilepsy. Compared with
the control group, the level of the KIF17 protein began to
increase on the first day after SE and reached a peak on day
14 (Fig. 2G, H). However, KIF17 expression showed a
decreasing trend on day 3 after SE (Fig. 2G, H). Taken
together, the results indicated that KIF17 expression is
significantly increased in subjects with chronic sponta-
neous epilepsy and show the importance of KIF17 in the
development of epilepsy.

KIF17 Modulates Epileptic Seizure Activity

Given the changes in KIF17 expression in epilepsy, we
subsequently determined whether a change in KIF17
expression affects spontaneous epilepsy. Behavioral detec-
tion and LFP recordings were made to investigate whether
the up-regulation and down-regulation of KIF17 exerted
specific effects on epileptic activity and seizure-like
discharges in the KA-induced model. We first interfered
with endogenous KIF17 expression by stereotactically
injecting a lentivirus into the hippocampus. Four weeks
after the virus injection, Western blot analysis revealed that
the KIF17 protein levels in the LV-KIF17 group were
higher than those in the Con-LV-KIF17 group. The protein
level in the LV-sh-KIF17 group was significantly lower
than that in the Con-shRNA group (Fig. 3C, D). These
results demonstrated that lentivirus injection effectively
altered endogenous KIF17 expression.

We then injected KA into the hippocampus to investi-
gate the changes in chronic epileptic seizure behavior.
After SE induction, videos of each group were recorded for
one month. We analyzed the number of spontaneous
seizures (SRSs) seven days after SE (days 24-30), as
shown in Fig. 3E and F. The mice in the LV-KIF17 group
had a shorter SRS latency and an increased occurrence of
SRSs than the control group. The LV-sh-KIF17 group
exhibited a longer incubation period and a significantly
reduced frequency of SRSs compared with the correspond-
ing control group. One month after SE, the LFPs of all the
groups were recorded. We analyzed seizure-like events
(SLEs) for 30 min (Fig. 3G), and the LV-KIF17 group
spent a longer total time experiencing SLEs and exhibited
more seizure-like discharges than the control group
(Fig. 3H, I). Moreover, the LV-sh-KIF17 group spent a
clearly shorter total time experiencing SLEs and exhibited
a markedly lower frequency of SLEs than the control group
(Fig. 3H, I). In addition, the duration of SLEs in the LV-
KIF17 group was longer than that in the control group but
did not differ from that in the LV-sh-KIF17 group (Fig. 3J).

In experimental animal models, the irreversible brain
damage and neurological deficits caused by SE are the
pathophysiological basis of chronic spontaneous seizures
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Fig. 1 Localization of KIF17 in
epileptic mouse brain and sub-
cellular localization. A Distribu-
tion of KIF17 in the mouse
hippocampus. B, C KIF17 co-
localizes with NeuN but rarely
with GFAP (*astrocytes). D, E
KIF17 co-localizes with GAD67
and VGLUT1. Scale bars, 50
pm. F—H In neurons at DIV 18,
KIF17 co-localizes with NeuN
(F) and PSD95 (G) but not with
VGLUT1 (H). Scale bars, 20
pm (arrows indicate positive
cells).
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Fig. 2 KIF17 expression in brain tissue from patients and mice with
epilepsy. A, B KIF17 protein is increased in the brain tissue from
patients with TLE (n = 7). C-F Representative Western blot images
and statistics of KIF17 expression in the hippocampus and cortex of

[31, 32]. This means that the frequency of spontaneous
seizures is directly correlated with the severity of SE
[33-35]. Given that intervention with KIF17 affects
spontaneous seizures, we further investigated the changes
in acute seizure behavior. As shown in Fig. S4, we found
that the overexpression of KIF17 shortened the time to
reach SE compared with that of the control group
(Fig. S4A); in addition, the LV-KIF17 group showed
significantly faster seizure progression than the control
group (Fig. S4B, C). Inhibition of KIF17 expression
yielded the opposite result (Fig. S4A-C). However, the
difference did not reach statistical significance. This means
that KIF17 shortened the latency and increased the

L L L T T
Con 24h 72h 1w 2w 4w

epileptic (Epi) and control (Con) mice. G, H Changes in KIF17
expression over time during epilepsy (n = 4; w, week). Data are
presented as the mean + SEM, *P < 0.05, **P < 0.01, ****P <
0.0001, independent Student’s r-test.

susceptibility to acute epileptic seizures. Overall, the
results indicated that KIF17 overexpression aggravates
epileptic seizure activity, whereas the down-regulation of
KIF17 has the opposite effect.

KIF17 Regulates Neuronal Excitability in the Hip-
pocampal CA1 Region and the Growth of Dendritic
Spines

Whole-cell patch-clamp recordings from CAl pyramidal
neurons in mouse hippocampal sections were made four
weeks after lentivirus infection to evaluate the effect of
KIF17 on neuronal electrical activity. First, we recorded
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Fig. 3 KIF17 modulates chronic epileptic seizure activity. A The
timeline of behavioral experiments. KA is injected into the hip-
pocampus one month after lentivirus injection, and local field
potentials are recorded 30 days after video surveillance. B Image of
a viral injection site. C, D The lentivirus successfully reduces
hippocampal KIF17 protein expression (n = 5). E, F In the mouse
model, the numbers of SRSs (n = 6 in the Con-LV-KIF17 group, n =9
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in the other three groups) and the latencies (n = 8 in the Con-LV-
KIF17 group, n = 9 in the other three groups) of the four groups.
G Representative LFPs in the four groups. H-J Numbers of SLEs,
time spent experiencing SLEs, and duration of SLEs over a 30-min
period (n = 5). Data are presented as the mean + SEM, NS means P >
0.05,*P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.0001, one-way
ANOVA followed by LSD-7 test.
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sAPs to measure neuronal excitability. The sAP frequency
in the LV-KIF17-treated group was significantly higher
than that in the Con-LV- KIF17-treated group; moreover, a
markedly lower frequency of SAPs was found in the LV-sh-
KIF17-treated group than in the Con-shRNA group
(Fig. 4A, B). We then recorded mEPSCs and mIPSCs to
explore whether KIF17 is involved in the regulation of
excitatory and inhibitory transmission in neurons. As
shown in Fig. 4C-E, neither the up-regulation nor the
down-regulation of KIF17 expression affected the fre-
quency or amplitude of mIPSCs. However, the hippocam-
pal knockdown of KIF17 decreased the frequency and
amplitude of mEPSCs compared with the control group;
moreover, compared with the control group, KIF17 over-
expression increased the frequency and amplitude of
mEPSCs (Fig. 4F-H). Because intervention with KIF17
affected both the frequency and amplitude of mEPSCs, we
further examined the PPR, a widely-used measure of
presynaptic release probability [36]. As shown in Fig. 41
and J, no significant differences in the PPR were detected
between the groups. In addition, we also recorded the
sEPSCs in each group to further confirm that different
KIF17 levels affect excitatory transmission. The results
showed that the overexpression of KIF17 increased the
amplitude of SEPSCs compared with the control group and
that the inhibition of KIF17 produced the opposite result
(Fig. SSA, B), but the mean differences were not statisti-
cally significant. Moreover, the SEPSC frequency did not
differ between the experimental groups (Fig. S5C). The
results indicated that KIF17 regulates the excitability of
neurons mainly by modulating excitatory synaptic trans-
mission rather than inhibiting inhibitory synaptic transmis-
sion. These findings also indicate the electrophysiological
mechanism of the involvement of KIF17 in epilepsy.

The studies indicated that the change in the frequency of
mEPSCs may be caused by an increase in the presynaptic
release probability [37]; however, an increase in excitatory
synapses could also increase the frequency of mEPSCs
[38]. Due to the difference in the mEPSC frequency and
the lack of changes in the PPR among the groups, we
examined the effect of interfering with KIF17 expression in
cultured primary neurons on the maturation of dendritic
spines that form excitatory synapses with presynaptic
axons and receive input from presynaptic axons [39, 40].
Compared with the control group, the number of dendritic
spines in the LV-KIF17 group was increased (Fig. S6A, B),
and in the LV-sh-KIF17 group was decreased (Fig. S6A,
B). This finding demonstrates that the corresponding
change in mEPSC frequency is due to the variation in the
number of synapses caused by interference with endoge-
nous KIF17 expression.

KIF17 Affects the Membrane Expression
of the NMDA Receptor Subunit NR2B
in the Hippocampus

Previous studies have shown that the transport of NR2B is
regulated by a microtubule-associated trafficking complex
consisting of the KIF17, APBA1 (amyloid-beta A4 pre-
cursor protein-binding family A member 1), CASK (cal-
cium/calmodulin-dependent serine protein kinase), and
mLin7 proteins [41] and that the lack of KIF17 leads to
decreases in synaptic NR2B levels and the amplitude of
NMDAR-mediated EPSCs [16]. Based on these findings,
we evaluated the expression of NR2B in the epileptic
hippocampus after lentivirus intervention to explore the
possible mechanism through which KIF17 affects EPSCs.
First, we assessed the NR2B levels in the postsynaptic
density region of primary cultured neurons after interfering
with endogenous KIF17 expression. As shown in Fig. STA
and B, compared with the control group, the co-localization
of NR2B and PSD95 was increased after KIF17 overex-
pression, whereas inhibition of KIF17 produced the
opposite result. This finding suggested that KIF17 affects
the distribution of NR2B in the excitatory synapses. We
then assessed the total and membrane NR2B levels in
epileptic hippocampal tissue after lentivirus intervention.
The Western blot results showed that neither the up-
regulation nor the down-regulation of KIF17 affected the
total protein level of the NR2B subunit (Fig. 5A, B).
However, the amount of NR2B on the membrane in the
LV-KIF17 group was significantly higher than that in the
Con-LV-KIF17 group (Fig. 5A, C); in addition, the amount
of NR2B in the LV-sh-KIF17 group was lower than that in
the Con-shRNA group (Fig. 5A, C). These findings
suggested that changes in KIF17 expression do not affect
the total amount of NR2B in the epileptic environment but
do affect its membrane transport. Furthermore, we evalu-
ated the number of KIFI17/NR2B complexes in the
epileptic environment by co-immunoprecipitation. The
interaction between KIF17 and NR2B was significantly
higher in the epileptic hippocampus (Fig. 5SD-G), consis-
tent with the expression model of NR2B in the epileptic
hippocampus after intervention in endogenous KIF17
expression. This finding suggests that increased KIF17
increases the membrane transport of NR2B in the epileptic
environment. Therefore, we hypothesized that KIF17
mediates the changes in excitability in epilepsy by
regulating NR2B transport to alter its content on the
membrane of neurons.
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Fig. 4 KIF17 regulates excitatory synaptic transmission. A-H Representative traces and summary of the PPR (n = 5). Data are
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amplitude of mIPSCs (D-E) and mEPSCs (G-H) (n = 8). I, J
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KIF17 is SUMOylated by SUMOL1, and this
SUMOylation is Increased in Response to Epilepsy

KIF17 is rapidly degraded by the ubiquitin—proteasome
system in response to NMDA-mediated activity, and
SUMOylation reportedly plays a role in regulating the
stability of substrate proteins [42, 43]. We sought to
explore whether SUMOylation plays a role in regulating

the stability of KIF17 in epilepsy. First, as shown in
Fig. 6A, an interaction between KIF17 and SUMO1 was
detected in the hippocampus of epileptic mice, and the
SUMOylation level of KIF17, which is mediated by
SUMOI, was higher in the hippocampus of subjects with
chronic epilepsy (Fig. 6B, C), which suggested that the
SUMOylation of KIF17 is increased in epilepsy. In
cultured hippocampal primary neurons, the SUMOylation
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Fig. 5 Total and surface NR2B expression in hippocampal tissue
from KIF17-treated epileptic mice; quantification of the KIF17/NR2B
complex in epileptic mice. A-C Representative immunoblotting
images of the surface and total NR2B expression in the KA model and
statistics of total and surface NR2B expression (B and C) (n = 4). D-

G Quantitative co-immunoprecipitation for detecting the KIF17/
NR2B complex in controls and mice with epilepsy (n = 3). Data are
presented as the mean == SEM, NS means P > 0.05,*P < 0.05, ***P <
0.005, one-way ANOVA followed by LSD-t test (B and C) and
independent Student’s t-test (E and G).
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inhibitor 2-D08 decreased the protein but not the mRNA
level of KIF17 in a dose-dependent manner (Fig. 6D-F).
Moreover, a hippocampal stereotactic injection of 2-D08
significantly reduced KIF17 expression in mice with KA-
induced chronic epilepsy (Fig. 6G and H). In other words,
both in vivo and in vitro experiments showed that the
KIF17 protein level is positively correlated with its
SUMOylation level, which suggested that SUMOylation
of the KIF17 protein increases its stability during epilepsy
to some extent.

Discussion

In this study, we first found that KIF17 was expressed in
neurons and increased in epileptic brain tissue. We then
discovered that KIF17 regulated seizure activity and
excitatory synaptic transmission in an epilepsy model,
possibly due to the regulation of dendritic spine maturation
and NR2B membrane trafficking mediated by KIF17. We
also provided the first demonstration that KIF17 is
modified by SUMO1-mediated SUMOylation and that this
process plays a role in maintaining the stability of the
KIF17 protein in epilepsy.

TLE is the most common type of medically refractory
epilepsy [44], and hippocampal sclerosis is an important
biomarker of TLE [45, 46]. However, for practical and
ethical reasons, KIF17 expression in the hippocampus
cannot be compared between patients with TLE and
controls. As one of the animal models of epilepsy, the
KA-induced model largely reproduces events correspond-
ing to those in humans with TLE, including the behavioral
and molecular events of epilepsy [47], and these findings
provide direct evidence for the study of KIF17 in epilepsy.
In the hippocampus of epileptic mice, KIF17 is expressed
at high levels in the pyramidal cell layer and dentate gyrus
region, which is the most important region involved in
TLE, as manifested in histopathology by neuronal loss and
reactive gliosis [45]. Further immunofluorescence staining
showed that KIF17 was expressed in glutamatergic and
GABAergic neurons but rarely in astrocytes. Moreover,
subcellular localization analysis showed that KIF17 mainly
co-localized with the excitatory postsynaptic marker
PSD95 rather than the presynaptic marker VGLUTI1. The
distribution and subcellular localization revealed a corre-
lation between KIF17 and the development of epilepsy.
Furthermore, the KIF17 protein levels were increased in
brain tissue of patients with TLE and the hippocampus and
cortex of KA-treated mice. In addition, immunoblotting
results suggested dynamic changes in KIF17 levels in the
hippocampus during epilepsy. Specifically, the KIF17
protein level began to increase one day after SE and
reached a peak 14 days later. Interestingly, KIF17
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expression decreased on the third day after SE, possibly
in response to rapid degradation by the ubiquitin—protea-
some system mediated by NMDA activity [42] or some
feedback mechanism to some extent. In addition, sponta-
neous seizures were aggravated by overexpression and
reduced by inhibition of KIF17. This may have some
connection to the effect of KIF17 intervention on the
induction and development of acute epileptic seizures. On
the one hand, this study provides direct evidence for the
involvement of KIF17 in epilepsy, and on the other hand,
hippocampal KIF17 overexpression increases the severity
of seizures rather than causing seizures directly, which
suggests that the increased expression of KIF17 in the
brains of patients and mice with epilepsy might be
secondary to epilepsy, and increases in KIF17 expression
further aggravate epileptic seizures. In conclusion, our
findings indicate that KIF17 is involved in the development
of epilepsy, but a causal relationship between KIF17 and
the occurrence of epilepsy remains difficult to distinguish
based on the behavioral and expression data obtained in our
study.

Various transcriptomic and genome-specific functional
studies, as well as multiple in vivo and in vitro experiments,
have shown the importance of the genes involved in
synaptic transmission and its regulation in the pathogenesis
of epilepsy [48]. Since KIF17 is involved in the regulation
of synaptic function [49, 50], we focused on the effects of
KIF17 on neuronal excitability and synaptic transmission.
The mEPSCs and mIPSCs in isolated hippocampal slices
were recorded in an Mg?*-free model of epilepsy. The
overexpression and inhibition of KIF17 increased and
decreased the frequency and amplitude of mEPSCs,
respectively, but did not affect mIPSCs, which was
consistent with the effect of KIF17 intervention on the
amplitude of sEPSCs. This finding suggests that activated
KIF17 increases neuronal excitability by increasing exci-
tatory synaptic transmission. Although the modulation of
KIF17 resulted in changes in the frequency and amplitude
of mEPSCs, the PPR was not affected. In general, the
amplitude of mEPSCs reflects a postsynaptic receptor
effect, whereas the variation in frequency is related to a
presynaptic effect [37]. The excitatory synapses of hip-
pocampal pyramidal neurons, most of which are located on
dendritic spines, are critical for normal synaptic transmis-
sion and are closely associated with the pathophysiology of
epilepsy [51, 52]. Changes in their number may also lead to
changes in the frequency of mEPSCs. KIF17 altered the
number of dendritic spines, which may partially explain the
trend of changes in mEPSCs.

Although the molecular mechanism by which KIF17
regulates excitatory synaptic transmission in the epileptic
environment remains unclear, numerous studies have
investigated the physiological effects of KIF17 on
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Fig. 6 SUMOylation of KIF17 stabilizes the protein in epilepsy.
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were treated with 2-D08, and immunoblotting (n = 4) or qRT-PCR
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NMDA-dependent excitatory currents and the transport
capacity of the NR2B subunit in neuronal dendrites
[16, 53, 54]. In addition, NMDARSs change dynamically

after treatment with 2-D08 (n = 4). Data are presented as the mean +
SEM, NS means P > 0.05,**P < 0.01, ***P < 0.005, independent
Student’s #-test (C and H), and one-way ANOVA followed by LSD-
t test (E and F).

in response to neuronal activity, and the regulated insertion
and removal of NMDARs are critical for the maintenance
of synaptic transmission in the mammalian central nervous
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system [55, 56]. One of the main subunits of NMDAR, the
NR2B subunit has been shown to be associated with
epilepsy [57]. Here, we focused on the distribution of
NR2B in neurons. We found that in the epileptic hip-
pocampus, KIF17 overexpression increased the surface
NR2B expression but did not change its total expression.
This finding suggested an underlying correlation between
KIF17-mediated NR2B membrane expression and the
regulation of excitatory synaptic transmission in the
epileptic environment. In neurons, secondary to synaptic
stimulation, the NR2B/KIF17 complex is up-regulated on
demand through cAMP response element-binding protein
activity, and this up-regulation leads to increases in NR2B
transport and synaptic accumulation [53]. In our study, co-
immunoprecipitation showed that the NR2B/KIF17 com-
plex was up-regulated in the epileptic environment. This
finding implies that KIF17 leads to increases in NR2B
transport and membrane surface accumulation secondary to
epileptic activity, and this change may be the underlying
mechanism through which KIF17 regulates the epileptic
activity and neural excitability.

The above data suggest that KIF17 expression is up-
regulated in response to epileptic stimulation and may
aggravate epileptic seizures through different mechanisms.
In addition, it has been reported that a few post-transla-
tional modifications by Ca®"/calmodulin-dependent kinase
IT (CaMKII), protein kinase A, and ubiquitin affect the
functions of KIF17 [42, 50]. For instance, the ability of
KIF17 to bind/release NR2B-containing vesicles is affected
by the phosphorylation of KIF17 by CaMKII, a process
triggered by NMDA-mediated activity [58]. This suggests
that the regulation of the function of KIF17 is of great
importance for epileptic seizures. We focused on
SUMOylation, a highly transient post-translational modi-
fication that affects substrate functions including stability,
cellular localization, and interactions with other proteins,
and plays a vital role in neurological disorders such as
epilepsy and Alzheimer’s disease [59]. The SUMOylation
of synapses and synaptic proteins, including glutamate
kainate receptor subunit 2, metabolic glutamate receptor
type 7, and syntaxinl A, is reportedly involved in neuronal
differentiation and synapse formation [20, 60, 61]. Local
ubiquitin—proteasome degradation of KIF17 occurs in
dendrites following NMDAR activation [42], but research-
ers have not clearly determined whether SUMOylation is
involved in this process. The present study provides the
first demonstration that SUMO1 mediates the SUMOyla-
tion of KIF17, which may be a substrate for SUMOylation.
Co-immunoprecipitation revealed increased SUMOylation
of KIF17 in the epileptic environment. Treatment with the
SUMOylation inhibitor 2-DO08 decreased the expression of
KIF17 both in vivo and in vitro, which suggested that
SUMOylation plays an important role in the maintenance
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of KIF17 stability. In conclusion, the SUMOylation of
KIF17 is important for maintaining the stability of KIF17
in the epileptic state, which may exacerbate seizures.

In summary, through pathological, behavioral, and
electrophysiological explorations, we revealed the role
and mechanism of KIF17 in regulating NR2B function and
neuronal excitability and provide a potential target for
epilepsy therapy.
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