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ABSTRACT

The heat shock protein 70 (Hsp70) is upregulated in response to stress and has been
implicated as a stress marker in temporal lobe epilepsy (TLE). However, whether
Hsp70 plays a pathologic or protective role in TLE remains unclear. Here we report
that Hsp70 exerts an unexpected deleterious role in kainic acid (KA)-induced seizures,
and inhibition of Hsp70 suppresses neuronal hyperexcitability and attenuates both
acute and chronic seizures via enhancing A-type potassium currents primarily formed
by Kv4 a-subunits and auxiliary KChIPs. Proteosomal degradation of Kv4-KChiP4a
channel complexes is enhanced by Hsp70, which can be reversed by the Hsp70
inhibitors, 2-phenylethynesulfonamide (PES) and VER-155008 (VER). In cultured
hippocampal neurons, either PES or VER can increase A-type Kv4 current to suppress
neuronal hyperexcitability. Mechanistically, Hsp70-CHIP complexes directly bind to
the N-terminus of auxiliary KChIP4a and target Kv4-KChlIP4a complexes to the
proteasome. Our findings reveal a previously unrecognized role of Hsp70 in
mediating degradation of Kv4-KChIP4a complexes and regulating neuronal
excitability, thus highlighting a therapeutic potential for hyperexcitability-related

neurological disorders through Hsp70 inhibition.
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INTRODUCTION

Epilepsy is a common neurological disorder that afflicts over 65 million people
worldwide and is characterized by spontaneous recurrent seizure activity (Chang &
Lowenstein, 2003). Anti-epileptic drugs available over the past few decades are only
effective in subsets of patients, and developing a better treatment and an eventual cure
of epilepsy requires deeper understanding of pathogenic events and molecular
changes that drive the aberrant neuronal firing (Loscher et al., 2013).

Heat shock proteins (HSP) are ubiquitous molecular chaperones that play
important roles in a variety of biological processes ranging from cellular stress
response to trafficking and quality control of membrane receptors (Hartl et al., 2011).
In the mammalian brain, the predominant HSPs (Hsp70 and Hsp90) facilitate protein
folding and guide proteins for ubiquitin-mediated degradation through interactions
with co-chaperones such as CHIP and BAG-1 (Luders et al., 2000; Meacham et al.,
2001). Chaperone-based therapies have been shown to be effective for nervous system
diseases. Activation/overexpression of Hsp70 serves a protective role in various
neurodegenerative diseases such as the polyQ diseases (Adachi et al., 2003;
Kazemi-Esfarjani & Benzer, 2000; Wang et al., 2013), amyotrophic lateral sclerosis
(ALS) (Bruening et al., 1999; Kieran et al., 2004) and Parkinson disease (PD)
(Auluck et al., 2002; Klucken et al., 2004). Hsp70 upregulation, however, is not
always beneficial. It is reported that inhibition of Hsp70 reduces tau levels in models
of tauopathy and attenuates synaptic plasticity deficits, whereas activating Hsp70
stabilizes tau proteins both in cells and brain tissues (Abisambra et al., 2013; Jinwal et
al., 2009). In various autoimmune diseases such as multiple sclerosis (MS) and
experimental autoimmune encephalomyelitis (EAE), upregulation of Hsp70 can
exacerbate the chronic inflammatory environment and promote myelin autoantigen
recognition (Asea et al., 2000; Asea et al., 2002; Mycko et al., 2008), suggesting a
complex role of Hsp70 in neurological diseases. Hsp70 has been suggested to be a
stress marker and its expression is upregulated during status epilepticus (Yang et al.,

2008). Although previous studies have shown that exogenous Hsp70 is able to
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attenuate seizure severity and improve neuronal survival (EKkimova et al., 2010; Yenari
et al., 1998), the role of endogenous Hsp70 in the pathogenesis of epilepsy remains
unclear.

Kv4 a-subunits co-assemble with the cytosolic Kv channel-interacting proteins
(KChIPs) and the dipeptidyl peptidase-like proteins (DPLPsS) to encode A-type
potassium currents that play a critical role in regulating somatodendritic excitability
(An et al., 2000; Jerng & Pfaffinger, 2014; Nadal et al., 2003; Soh & Goldstein, 2008;
Zagha et al., 2005). A number of studies indicate that neuronal hyperexcitability in
epilepsy is associated with changes in Kv4 channels (Bernard et al., 2004; Gross et al.,
2016; Lugo et al., 2008; Monaghan et al., 2008; Singh et al., 2006; Tsaur et al., 1992).
Auxiliary KChIP1-4 consist of a conserved C-terminal core domain with four
EF-hand-like calcium binding motifs, and an alternatively spliced variable N-terminal
domain that mediates diverse modulation on Kv4 function (Burgoyne, 2007). We
recently reported that a specific splicing variant KChlP4a, distinct from other KChIPs,
suppresses Kv4 surface expression via its unique N-terminal Kv4 channel inhibitory
domain (KID) (Tang et al., 2013; Tang et al., 2014). Despite the unique modulation of
Kv4 by KChIP4a, the pathophysiological significance of KChiP4a in central nervous
system and neurological disorders is still unknown.

In the present study, we show an unexpected deleterious role of Hsp70 in kainic
acid (KA) model of temporal lobe epilepsy (TLE) in rats. Pharmacological inhibition
of Hsp70 reduces neuronal firing in primary cultured hippocampal neurons and
suppresses KA induced acute and chronic seizures by enhancing A-type Kv4 currents.
Furthermore, Hsp70 induced by epileptic stress reduces Kv4 expression through
binding to the N-terminal KID of auxiliary KChIP4a subunits and facilitating
proteasomal degradation of Kv4-KChlIP4a complexes. Our findings highlight an
important role of Hsp70 in regulating neuronal excitability, and inhibition of Hsp70
may lead to a therapeutic strategy for epilepsy or other hyperexcitability-related

neurological disorders.
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RESULTS

Hsp70 inhibition attenuates KA-induced acute seizures

To investigate the role of Hsp70 in epilepsy, we started examining the time course of
Hsp70 expression in rat hippocampus of KA kindled epilepsy. Status epilepticus (SE)
occurred several minutes after intracerebroventricular (ICV) injection of 1 ug KA,
displaying electrographic seizures of high-frequency, high-voltage, rhythmic activity
with clear onset and termination, and prominent voltage spikes preceding ictal events
as seen in the hippocampal electroencephalogram (EEG) (Fig. 1A). SE lasted for at
least 24-48 h after KA injection, and disappeared completely at 72 h (Fig. S1A).
Western blot analysis showed that Hsp70 protein expression was significantly
increased at 12 h, 24 h and 48 h after KA injection and returned to normal at 72 h (Fig.
1B), which was coincident with induction of SE in the rat KA model (Fig. S1A). In
contrast, Hsp70 protein expression is not altered in the saline-injected control
hippocampus (Fig. S1B). The Hsp70 mRNA was also dramatically increased in
hippocampus 24 h after KA injection (Fig. S1C). These results indicate a long-lasting
activation of Hsp70 during the development of epilepsy.

Overexpression of Hsp70 during the development of SE suggests its involvement
in the pathogenesis of SE. To test this hypothesis, we assessed the effect of Hsp70
inhibitors on epileptic behaviors quantified in Racine’s scale (Racine, 1972), and
seizure activities recorded by EEG in KA induced models of epilepsy.
2-phenylethynesulfonamide (PES) and VER-155008 (VER) are two recently
identified small molecule inhibitors of Hsp70, targeting different sites in Hsp70 (Leu
et al., 2009; Williamson et al., 2009). Rats were pre-treated with different doses of
PES/VER (10 uM, 30 uM and 100 puM) once a day for 7 days before ICV
administration of 1 ug KA (Fig. 1C). Both PES and VER showed a dose-dependent
anticonvulsant effect (Fig. 1D). We also analyzed the total EEG power as a surrogate
marker to assess the anti-seizure effect of Hsp70 inhibitors. There was no difference
in EEG between vehicle control and Hsp70 inhibitor-treated groups before KA

injection, indicating that repeated injections do not disrupt the circuits (Fig. S1D).
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Quantitative analysis of the EEG power revealed that rats injected with KA displayed
larger total power (50.3 + 14.3 x 10® mV%/Hz) than before KA injection (2.5 + 0.4 x
10® mV¥/Hz) (Fig. 1E-G). In contrast, pre-administration of either PES (100 uM, 17.8
+ 5.3 x 10® mV%Hz) or VER (100 uM, 12.5 + 6.2 x 10® mV?Hz) significantly
reduced the total EEG power (Fig. 1E-G), indicating the anti-seizure effect of Hsp70
inhibition. Coastline parameter as an index for the cumulative difference in EEG
(White et al., 2006) was significantly increased after KA administration in vehicle
(\Veh) group, but not in PES or VER treated group (Fig. 1H). As a control, treatment
of animals with PES or VER produced no significant differences in spontaneous
locomotor activity (Fig. S1E). These in vivo results demonstrate the anticonvulsant

effects of Hsp70 inhibitors on KA-induced acute seizures in rats.

Hsp70 inhibition attenuates KA-induced chronic seizures

To further investigate the anticonvulsant effects of Hsp70 on chronic seizures we
generated a rat model of epilepsy that features spontaneous recurrent seizures (SRSs).
2-3 weeks after KA administration, SRSs developed and rats were injected with PES
(100 uM) once a day for 7 days. In the vehicle control group rats received 1 pl ACSF
(containing 2% DMSO) (Fig. 2A). We found that the administration of PES
dramatically reduced the occurrence of epileptic seizures from a baseline of 7.4 £ 1.3
per day to 2.3 £ 0.62 per day, a mean decrease of 69% (Fig. 2B-C). In contrast, the
seizure frequency in the vehicle group slightly increased after DMSO injection (Fig.
2B-C). We also examined electroencephalographic seizure activities before and after
PES treatment. There were no obvious epileptiform discharges, such as spikes or
sharp waves before the development of SRSs (Fig. 2D and S1A). After development
of SRSs, the epileptiform discharges appeared almost every day (Fig. 2D). In contrast,
PES treatment significantly decreased the total time of epileptiform discharges per
day in each rat recorded (Fig. 2E), indicating that Hsp70 inhibitor exhibits an
anticonvulsant effect on behavioral seizures and epileptiform activities in rat chronic

spontancous epilepsy. Collectively, our data strongly show that the stress protein
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Hsp70 is involved in epilepsy and inhibition of Hsp70 attenuates chronic seizures

induced by KA in rats.

Suppression of neuronal excitability and enhancement of A-type current by
inhibition of Hsp70

Since both Hsp70 inhibitors PES and VER suppressed KA-induced seizures, we
tested whether inhibition of Hsp70 could regulate neuronal excitability. Neuronal
firing was recorded by injecting 1000-ms depolarizing currents with different
intensity into primary cultured hippocampal neurons pre-incubated with either PES
(100 uM) or VER (100 puM) for 4 h. PES and VER-treated neurons produced
significantly fewer action potentials, as compared with control neurons (Fig. 3A-B).
The average time to first spike onset in response to 30 pA current injection was
increased from 37.3 + 3.5 ms in control neurons (n = 40) to 63.4 + 11.8 ms (n = 19) in
PES- or 65.3 £ 9.7 ms (n = 25) in VER-treated neurons (Fig. 3C). Action potential
threshold and resting membrane potential were not affected by the treatment of PES
or VER (Fig. 3D-E). We also recorded the neuronal firing of hippocampal neurons
after incubation with KA. The results showed that pre-incubation of KA for 24 h or
0.5 h (data not shown) had no obvious effect in hippocampal neuronal excitability
(Fig. S2A-B), likely due to the lack of enough synaptic connections and synchronized
neuronal network activity in primary cultured hippocampal neurons.

It was previously reported that increased excitability of CA1 pyramidal neuron
dendrites in TLE is resulted from an activity-dependent reduction of A-type potassium
current (1n) (Bernard et al., 2004) and the first spike latency is increased in
hippocampal neurons when |4 is increased (Kim et al., 2005). Thus, we hypothesized
that Hsp70 inhibitors PES or VER might affect the 1 To test this hypothesis, we
recorded I using the prepulse protocol (Shibata et al., 2000) by subtracting the
current evoked by test pulse after a 1000 ms voltage step at -30 mV (prepulse) at
which I is completely inactivated, from the current evoked from -100 mV (prepulse)

(Fig. S2C). The subtracted current could be completely blocked by 4-aminopyridine
7
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(4-AP, 5 mM), indicating that the isolated current was I (Fig. S2D). Incubation with
PES (100 uM) or VER (100 uM) for 4 h dramatically increased the isolated Ia
currents (Fig. 3F-G), but had no significant effects on gating properties of 1. Neither
activation and inactivation kinetics, nor the voltage dependence of activation and
steady-state inactivation of I, was altered by PES and VER (Fig. 3H-J). These data

demonstrate that inhibition of Hsp70 enhances I and reduces neuronal excitability.

Hsp70 inhibition reduces Kv4 degradation caused by KA-induced seizures

Ia in hippocampal and cortical neurons is encoded by Kv4.2 or Kv4.3 a-subunits
(Norris & Nerbonne, 2010). To determine if KA-induced epilepsy or Hsp70 inhibition
affected Kv4.2 or Kv4.3 currents, we measured the expression level of Kv4.2 and
Kv4.3 a-subunits in rat hippocampus of KA-induced seizure models. The results
showed that expression levels of both Kv4.2 and Kv4.3 a-subunits were significantly
decreased in the hippocampi of KA-kindled rats and remained low up to 72 h after
KA injection (Fig. 4A). Kv4.2 and Kv4.3 protein levels remained unchanged in the
saline injected control group (Fig. S3). In contrast, inhibition of Hsp70 by PES (100
uM) or VER (100 uM) dramatically increased the expression of Kv4.2 and Kv4.3
a-subunits in rat hippocampi from both KA-induced acute and chronic seizure models
(Fig. 4B-C). These results show that downregulation of Kv4.2 and Kv4.3 proteins
during seizures is mediated by Hsp70 induction, which can be reversed by Hsp70
inhibition.

Hsp70 and its co-chaperones have been shown to recognize and degrade
wild-type and misfolded CFTR (cystic fibrosis transmembrane conductance regulator)
(Meacham et al., 2001; Zhang et al., 2001) and hERG (human ether-a-go-go-related
gene) channels (Li et al., 2011; Walker et al., 2010). Thus, we hypothesized that
inhibition of Hsp70 increases Kv4 channel expression by preventing Kv4 from
degradation. To test this hypothesis, we cultured primary rat hippocampal neurons
with protein synthesis inhibitor cycloheximide (CHX, 75 ug/ml) for 4 hours in the
presence or absence of PES (100 uM) or VER (100 uM), and then harvested proteins


https://doi.org/10.1101/256602
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/256602; this version posted January 30, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

for Western blot analysis. Our results showed that both PES and VER reduced the
degradation rate of either Kv4.2 or Kv4.3 a-subunits, indicating that Hsp70 facilitates
the degradation of Kv4 channels in neurons (Fig. 4D).

All together, these results indicate that the degradation of Kv4 o-subunits is
facilitated by upregulated Hsp70 in seizures and inhibition of Hsp70 suppresses

neuronal firing by blocking Kv4 degradation caused by KA-induced seizures.

Direct binding of Hsp70 to Kv4 auxiliary subunit KChiIP4a promotes the
degradation of the channel complexes
The native Kv4 channel complex is composed of Kv4 pore-forming o-subunits and
auxiliary subunits including KChiPs and DPPs (Jerng & Pfaffinger, 2014). To
investigate the mechanism underlying the degradation of Kv4 caused by KA-induced
seizure, we performed co-immunoprecipitation (co-IP) of lysates from rat
hippocampus or HEK293 cells transfected with Kv4.3-EGFP. To our surprise, Kv4
proteins were co-precipitated with Hsp70 by anti-Hsp70 antibodies from the
hippocampal lysates (Fig. 5A), but not the lysates from HEK293 cells expressing
Kv4.3-EGFP alone (Fig. 5B). We thus hypothesized that Hsp70 might interact with
Kv4 channel complexes through its binding to auxiliary subunits, leading to the
degradation of the channel complex. To test this hypothesis, we examined the
interaction of Hsp70 with different KChIP members that contain a variable
N-terminus and a conserved C-terminal core domain. Western blot analysis revealed
that Hsp70 only interacted with KChIP4a but not KChIP1 or KChIP3 (Fig. 5C).
Hsp70 was also identified to specifically interact with KChIP4a in an unbiased
screening approach of co-IP combined with mass spectrometry analyses (Fig. S4A).
These results suggest that the degradation of Kv4 channel complex is likely mediated
by the specific binding of Hsp70 to KChlP4a containing a distinct N-terminal Kv4
inhibitory domain (KID) that causes ER retention of Kv4-KChIP4a complexes.

The majority of KChIP isoforms binding to Kv4 increases surface expression of

Kv4 and stabilizes channel complexes (Jerng & Pfaffinger, 2014). However, the ER
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retention motif (N-terminal residues 12-17, LIVIVL) of KChIP4a overrides its core
domain-mediated enhancement of Kv4 surface expression (Tang et al., 2013). Our
results showed that the expression level of Kv4.3 co-expressed with KChIP4a was
significantly lower than Kv4.3 co-expressed with KChIP1/3 (Fig. S4B), and the
expression level of KChIP4a was also lower than KChIP1/3 in transfected HEK293
cells, suggesting that downregulation of Kv4 proteins by KChIP4a might result from
lower stability of KChIP4a itself than KChIP1/3 (Fig. S4C). To further determine the
role of KChlIP4a in Hsp70 mediated degradation of Kv4-KChIP4a complexes, we
evaluated protein stability of KChlP4a and Kv4.3 co-expressed with KChlP4a in the
presence or absence of Hsp70 inhibitors. Both PES and VER suppressed
KChIP4a-mediated degradation of KChIP4a itself and Kv4.3 proteins in a dose
dependent manner (Fig. 5D-E), indicating that Hsp70 directly binds to KChIP4a and
leads to the degradation of Kv4-KChlP4a channel complexes.

Given that auxiliary KChlP4a is essential for the interaction between Hsp70 and
Kv4 as well as Hsp70-mediated degradation of Kv4 channels, we wondered whether
KChIP4a expression was also upregulated in KA-induced seizures. Interestingly, the
expression level of KChlIP4a in the hippocampus was indeed increased by KA,
whereas another splice variant KChIP4bl level was not altered (Fig. S4D), suggesting
that the upregulation of KChlP4a is likely mediated by increased noncoding
38A-dependent alternative splicing of KChIP4, which can be triggered by
inflammatory stimuli in some neuropathological conditions (Massone et al., 2011).
This result also suggests that the decreased expression of Kv4 a-subunits in

KA-induced seizures might result from increased expressions of Hsp70 and KChlP4a.

The co-chaperone CHIP of Hsp70 targets KChlIP4a for proteasomal degradation
Both PES and VER have been shown to suppress the activity of either constitutive
Hsc70 or stress-inducible Hsp70 isoforms (Leu et al., 2009; Williamson et al., 2009).
Therefore, we used the RNA interference (RNAI) assay to investigate whether these

two isoforms have distinct roles in destabilizing KChlP4a. As shown in Figure 6A
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and 6B, both Hsp70 siRNA and Hsc70 siRNA reduced KChlP4a degradation.
Knocking down the E3 ubiquitin ligase CHIP (carboxyl terminus of Hsp70-interacting
protein), a co-chaperone of Hsp70/Hsc70, also inhibited KChlP4a degradation (Fig.
6B). The Hsp70/Hsc70-CHIP chaperone complex initiates the proteasomal and
lysosomal degradation. Treatment with the proteasome inhibitor MG132 (15 ug/ml),
but not the lysosomal inhibitor chloroquine (50 uM), resulted in inhibition of
KChIP4a degradation (Fig. 6C), indicating that the Hsp70-CHIP complex directs

KChlP4a toward the proteasomal degradation pathway.

Identification of an Hsp70 recognition motif within KChlP4a for degradation
Based on the earlier data, we hypothesized that Hsp70 may directly bind to the
previously identified N-terminal KID of KChlP4a and mediate the degradation of
Kv4-KChIP4a complexes. To test this hypothesis, we evaluated protein stability of
Kv4.3 co-expressed with KChIP4a or KChIP4aAKID mutant in which the N-terminal
KID was deleted. After 4 h of CHX (75 pug/ml) treatment, the half-life of Kv4.3
co-expressed with KChIP4a was about 2 h (Fig. 7A), whereas the half-life of Kv4.3
co-expressed with KChlP4aAKID mutant was more than 4 h (Fig. 7A), indicating that
the N-terminal KID is responsible for accelerated degradation of Kv4.3-KChlIP4a
complexes. Similarly, the half-life of KChIP4a was about 2 h (Fig. 7B), whereas the
half-life of KChIP4aAKID was much longer than 4 h (Fig. 7B). Next, we analyzed the
effect of Hsp70 inhibitors on stability of Kv4.3 co-expressed with KChIP4aAKID
mutant in HEK293 cells. As shown in Figure 7C-D, adding PES (100 uM) or VER
(100 uM) had no detectable influence on suppressing the degradation of Kv4.3
co-expressed with KChIP4aAKID or KChIP4aAKID mutant itself (Fig. 7C-D).
Collectively, these data indicate that Hsp70 directly binds to the N-terminal KID of
KChlIP4a, thus leading to degradation of Kv4-KChlP4a channel complexes.

To identify the Hsp70 recognition motif within the KID of KChIP4a, we
constructed various KChIP4a mutants (Fig. 7F). As shown in Figure 7E, the KID

alone was sufficient to accelerate degradation when fused to either N-terminus or
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C-terminus of EGFP (KID-EGFP/EGFP-KID). Similar to the full-length KID,
residues 11-18 (VLIVIVLF) within the KID were not only necessary but also
sufficient to facilitate degradation (Fig. 7F-G), suggesting that Hsp70 targets
KChlP4a for degradation through binding to the VLIVIVLF motif. Treatment with
Hsp70 inhibitor PES (100 uM) or VER (100 uM) and the proteasome inhibitor
MG132, but not the lysosomal inhibitor chloroquine, reduced the VLIVIVLF
motif-mediated degradation (Fig. 7H and S5). These data confirm the residues
VLIVIVLF within KChIP4a functioning as a motif for recognition of Hsp70 and
Hsp70-CHIP assisted degradation of Kv4-KChIP4a complexes.
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DISCUSSION

The goal of this study is to investigate whether Hsp70 is involved in pathogenesis of
epilepsy. Although it is well known that Hsp70 is upregulated as a stress biomarker in
various types of epilepsy (Kandratavicius et al., 2014; Lively & Brown, 2011; Rejdak
etal., 2012; Yang et al., 2008), the role of Hsp70 in epileptogenesis is still unclear and
controversial. This study reveals an unexpected deleterious role of Hsp70 in seizures,
and also provides evidence for pharmacological intervention of seizures through
restoring expression and function of Kv4 channels by inhibiting endogenous Hsp70.
Our findings indicate that KA induced overexpression of Hsp70 exacerbates seizure
pathology and increases neuronal hyperactivity by promoting degradation of Kv4
channel complexes. This Hsp70-facilitated degradation of Kv4 channel complexes is
dependent on the presence of inhibitory auxiliary subunit KChIP4a that directly
interacts with Hsp70 through its unique N-terminal Kv4 channel inhibitory domain
(KID) (Fig. 8).

Kv4 channels underlie the main somatodendritic A-type Kv currents in most
hippocampal pyramidal neurons and play a critical role in regulating suprathreshold
dendritic signals such as dendritic action potential backpropagation, furthering
dendritic Ca®* influx and excitability (Chen et al., 2006). The relevance of Kv4.2 to
epilepsy is supported by the identification of a C-terminal truncation mutation of
Kv4.2 in a patient with TLE (Singh et al., 2006), and the observations from Kv4.2
knockout mice showing increased susceptibility to seizures induced by KA (Barnwell
et al., 2009). Studies in animal epilepsy models also demonstrate a reduction of Kv4.2
MRNA in the dentate granule cells of the hippocampus (Tsaur et al., 1992), and an
activity-dependent reduction of Kv4 A-type currents (Bernard et al., 2004), which
might result from increased Kv4.2 internalization (Kim et al., 2007), and microRNA
miR-324-5p mediated downregulation of Kv4.2 (Gross et al., 2016). Here we present a
novel molecular mechanism by which Hsp70-CHIP regulates Kv4 degradation in
response to acute and chronic seizures.

We previously demonstrated that KChIP4a is capable of retaining not only itself
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but also interacting with Kv4 oa-subunits in the endoplasmic reticulum (ER) through
its N-terminal KID, leading to subsequent clearance of Kv4 channels by the
ER-associated degradation (ERAD) system (Tang et al., 2013). In this study, our
results provide mechanistic insights into the cytosolic chaperone pathways that
regulate the expression of Kv4-KChlIP4a channel complexes. Our data show that
auxiliary KChIP4a subunit controls a sorting step in the endoplasmic reticulum that
diverts channels from anterograde transport to the ERAD complex (Fig. 8). This
likely involves multiple KChlIP4a-dependent steps that include the association of Kv4
o-subunit with the KChIP-conserved C-terminal core domain, the interaction of the
Hsp70-CHIP chaperone complex with the N-terminal KID of KChlP4a, and perhaps
ubiquitination of KChIP4a and/or Kv4 subunits by CHIP. Notably, ubiquitination may
not be necessary for proteasomal degradation of Kv4 o-subunits. In our study, it is
likely that KChIP4a, ubiquitinated by co-chaperone/E3 ubiquitin ligase CHIP, acts as
an adaptor that targets Kv4 a-subunit for degradation. Similar to Hsp70, the expression
of KChIP4a, but not Hsp70-binding-defective KChIP4 splicing variant KChIP4bl, is
also induced in KA-induced seizures, which results in the increase of Kv4-KChlP4a
complex formation, thus leading to higher likelihood of ubiquitination and
degradation of Kv4 channels. The seizure activity dependent upregulation of
KChlP4a is probably driven by RNA polymerase I11-dependent noncoding RNA 38A
that has been reported in Alzheimer’s disease for driving shift of alternative splicing
of KChIP4 mRNAs under inflammation, and promoting the synthesis of KChIP4a
isoform (Massone et al., 2011).

We previously reported that different KChlIPs, including KID-containing KChIPs
and KChIPs without KID, could compete for heteromultimeric assembly with Kv4 a-
subunits, which depends on the relative expression level of each KChIP subunit (Zhou
et al., 2015). Therefore, although the stoichiometry of the KChlP4a-Hsp70 complex is
unclear, a Kv4-KChIPs complex containing even only one KChIP4a molecule may
still be recognized by Hsp70-CHIP for degradation. Moreover, besides KChIP4a, two
previously identified brain KChIP isoforms, KChIP2x and KChIP3x, also contain the
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VLIVIVLF like Hsp70 recognition motif and may promote the degradation of Kv4
channels (Fig. S6), further increasing the likelihood of Kv4-KChlPs degradation.
Given that inhibiting Hsp70 may increase the risk of neuronal death (Chang et al.,
2014), developing small-molecule compounds aimed at specifically disrupting the
interaction between KChlIP4a and Hsp70 may provide a beneficial potential for
epilepsy.

Although neuroprotective roles of Hsp70 have been implicated in various
neurodegenerative diseases such as the polyQ diseases (Adachi et al., 2003;
Kazemi-Esfarjani & Benzer, 2000; Wang et al., 2013), ALS (Bruening et al., 1999;
Kieran et al., 2004) and PD (Auluck et al., 2002; Klucken et al., 2004), activation of
Hsp70 is not beneficial in all instances. For example, pharmacological up-regulation
of Hsp70 by celastrol induces neuronal death in a primary cellular model of
motoneuron neurodegeneration (Kalmar & Greensmith, 2009), and Hsp70 is
associated with neurodegeneration and immunological deregulation in multiple
sclerosis (MS) through promoting or exacerbating an immunological response
mediated by its cytokine-like property as well as its myelin-peptide adjuvant capacity
(Asea et al., 2000; Asea et al., 2002; Mycko et al., 2008). At the present, it is unclear
if roles of Hsp70 in epilepsy are beneficial or harmful. Here we show that
seizure-induced upregulation of Hsp70 is likely to play a pathological role in
enhancement of neuronal hyperexcitability.

Both constitutive (Hsc70) and stress-inducible (Hsp70) isoforms of cytosolic
Hsp70 subfamily members have been proposed to regulate the intracellular trafficking
and quality control of ion channels (Young, 2014). Goldfarb et al show that moderate
overexpression of Hsp70 increases the expression of the epithelial sodium channel
(ENaC) by promoting protein folding, whereas overexpressing large amounts of either
Hsc70 or Hsp70 decreases ENaC by increasing its ubiquitination and degradation
(Goldfarb et al., 2006). In this study, our results also suggest that constitutive Hsc70
or induced Hsp70 can play a similar role in facilitating degradation of Kv4-KChlP4a

complexes in KA-induced seizures, which is dependent on the co-chaperone/E3
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ubiquitin ligase CHIP. Two small molecule inhibitors of Hsp70 used in this study,
PES and VER, have been shown to dually target to both Hsp70 and Hsc70
proteins(Schlecht et al., 2013; Williamson et al., 2009). The PES compound binds to
the substrate binding domain (SBD) of Hsp70/Hsc70 and reversibly disrupts the
association of Hsp70 with Hsp90 and co-chaperones (Kalmar & Greensmith, 2009;
Leu et al., 2009). The ATP analog VER targets to the nucleotide binding domain
(NBD) of Hsp70/Hsc70 and thereby acts as an ATP-competitive inhibitor preventing
allosteric control between NBD and SBD (Schlecht et al., 2013). Recently, another
small molecule inhibitor of ATPase activity of Hsp70/Hsc70, apoptozole (Az), has
been proposed to suppress ubiquitination of AF508-CFTR mutant by disrupting
interaction of the mutant with Hsc70 and CHIP, and, as a consequence, to promote
cell surface trafficking of the mutant (Cho et al., 2011). All of these observations are
consistent with our findings that are indicative of a similar underlying mechanism by
which Hsp70/Hsc70 inhibitors can ameliorate seizure severity.

In summary, we show a previously unrecognized but important role of Hsp70 in
KA-induced seizures. Our findings suggest that an alternative therapeutic strategy
through inhibition of Hsp70/Hsc70 chaperone systems and enhancement of Kv4

function may be beneficial for treatment of epilepsy.
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MATERIALS AND METHODS

Plasmid Construction

For Western blotting analysis, the cDNAs of human Kv4.3 (NG_032011.2), human
KChIP1 (NP_075218), rat KChIP3 (NM_032462.2), mouse KChIP4a (NP_084541)
and KChlIP4a mutants were cloned into a pEGFP-N1 or pEGFP-C2 vector. For
co-immunoprecipitation analysis, the cDNAs of KChIP1, KChIP3 and KChlIP4a were
inserted into the vector pcDNA3.1(+) with three tandem-repeated FLAG epitopes
(DYKDDDDK) at the C-terminus.

Isolation and primary culture of rat hippocampal neurons

Hippocampal explants isolated from embryonic day 18 rats of either sex were
digested with 0.25% trypsin for 30 min at 37 °C, followed by triturating with a pipette
in plating medium (DMEM with 10% FBS). Dissociated neurons were plated onto 35
mm dishes coated with poly-p-lysine (0.5 mg/ml, Sigma Aldrich) at a density of 5 x
10° cells per dish. After 4 h, the medium was changed to Neurobasal medium
supplemented with 2% B27 and 0.5 mM GlutaMAX-1 (Life Technologies).
Hippocampal neurons were cultured for 5-7 days before electrophysiological

recordings or Western blotting assay.

Animals

Adult male Sprague-Dawley rats (190-210 g) used in this study are from the
Department of Experimental Animal Sciences, Peking University Health Science
Center. All animals were allowed free access to food and water. The experimental
protocols were approved by the Animal Use and Care Committee of Qingdao

University.

Surgery and intracerebroventricular (ICV) administration of Hsp70 inhibitors
Rats were anaesthetized with 400 mg/kg of chloral hydrate i.p. and placed on

stereotaxic apparatus. Three cortical skull-mounted electroencephalography (EEG)
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electrodes were attached. For intracerebroventricular (ICV) microinjections, the
stainless-steel guide cannula (RWD Life Science) was implanted into the lateral
ventricle of the brain. The coordinates were as follows: AP = 0.8 mm posterior to
bregma, ML = 1.5 mm lateral to bregma, DV = 3.8 mm below the surface of the skull.
EEG electrodes and guide cannula were then secured with dental cement
(Jimenez-Pacheco et al., 2013). 7 days after surgery, rats were gently restrained and an
infusion cannula (RWD Life Science) was inserted into the lateral ventricle through
the guide cannula to a depth of 3.8 mm below the surface of the skull.
2-phenylethynesulfonamide (PES, Sigma Aldrich, P0122) and VER-155008 (VER,
Sigma Aldrich, SML0271) were dissolved in dimethyl sulfoxide (DMSO, Sigma
Aldrich) at 50 mM and stored at -20 °C until use. PES and VER (10, 30, or 100 uM)
were diluted in 1 ul ACSF (125 mM NacCl, 2.5 mM KCI, 21.4 mM NaHCOs;, 1.25
mM NaH,PO,4, 2.0 mM CaCl,, 1.0 mM MgCl,, and 11.1 mM glucose) and was
infused into the lateral ventricle in 4 min (0.25 pl/min) followed by an additional 1
min to allow diffusion before the injection needle was removed. Rats in vehicle

control were infused with 1 ul ACSF.

Spontaneous locomotor activity test

To evaluate spontaneous locomotor activity, we used an activity monitor
(Experimental Factory of Chinese Academy of Medical Sciences, Beijing, China)
consisting of 4 plexiglass cylinders each equipped with three infrared beams and an
automated counting system. Briefly, animals were individually placed in the cylinder
for 3 min for adaptation to the new environmental. Locomotor activity was then
assessed by counting the number of infrared beam crossings in the photocell apparatus

in 5 min.

Acute model of seizures and EEG recordings
7 days after surgery, PES and VER were administrated ICV for 7 days (once a day)
before KA injection. In the vehicle group, rats injected with DMSO in ACSF under
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the same regimen were used as controls. 24 h after the last administration, 1 pg kainic
acid (KA) (dissolved in 1 ul ACSF) was injected into the lateral ventricle of the brain.
Subsequently, rats were individually housed and recorded for 1 h by
electroencephalogram (EEG) telemetry under video monitoring. EEG telemetry
(BIOPAC Systems) and video monitoring (Hikvision Digital Technology) were
started 15 min before KA injection for baseline EEG recordings and behavioral
activity. 1 h after KA injection, seizures were terminated at 1 h after onset with the use
of sodium pentobarbital (SP; 30 mg/kg, s.c.; Sigma-Aldrich) (Huang et al., 2012) if
necessary. All procedures concerning animals were approved by the Animal Use and
Care Committee of Qingdao University.

For quantitative analysis of EEG recordings, EEG data were uploaded into
AcgKnowledge 4.2.1 software (BIOPAC Systems) for power of whole bandwidth
analysis by using “EEG Frequency Analysis” function. Coastline index was
determined as the cumulative difference between successive points on the EEG
(White et al., 2006). OriginPro version 8.6 (OriginLab) was used for extracted
coastline index.

For seizure behavioral scoring, the epileptic behaviors from video recordings
were scored using the following Racine’s scale (Racine, 1972): stage 1, facial
myoclonus; stage 2, facial and mild forelimb clonus; stage 3, severe forelimb clonus;
stage 4, rearing in addition to severe forelimb clonus; stage 5, rearing and falling in

addition to severe forelimb clonus.

Chronic model of seizures and Video & EEG recordings

After unilateral intracerebroventricular (ICV) injection (AP = 0.8 mm posterior to
bregma, ML = 1.5 mm lateral to bregma, DV = 3.8 mm below the surface of the skull)
of 1 ug KA, rats experienced at least 2 h of convulsive SE, and then chronic seizures
developed within 2-3 weeks. After chronic seizures developed, each rat was
implanted with a guide cannula for ICV administration and a sender (Chengdu

Technology & Market Corp., LTD) for EEG recording. After a 3-4 d recovery period,
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the baseline of spontaneous seizures was recorded for 7-10 consecutive days. The
selected rats were then ICV administrated with PES (100 uM) or DMSO (vehicle
control) once a day and monitored continuously for 7 d for SRSs by video and EEG
recording. For EEG recording, animals were housed individually cages, each fitted
with a receiver and EEG was recorded and analyzed using BW-200 Data acquisition
system for life science by wireless (Chengdu Technology & Market Corp., LTD).
Seizure frequency was measured according to video recording and identified by two

trained experimenters blinded to the experimental conditions.

Co-immunoprecipitation

For Co-immunoprecipitation (Co-IP) assays, transfected HEK 293 cells were washed
three times with ice cold phosphate buffered saline. Rat hippocampus was prepared
by sonicating samples for 10 s. Cells and prepared hippocampus were lysed with lysis
buffer (150 mM NaCl, 20 mM Tris, 1% Triton X-100, 1% sodium deoxycholate, 10
mM EDTA, and proteinase inhibitor mixture (Roche Applied Science), pH 8.0) at
4 °C for 30 min. The lysates were then centrifuged at 13,000 x g for 10 min to yield
the protein extract in the supernatant. One fraction containing 200 mg of protein was
incubated with 1 ~ 2 ml ANTI-FLAG M2 Affinity Gel (Sigma) or 50 ul of Protein
AJ/G PLUS-Agarose (Santa Cruz Biotech) and 1 mg Hsp70 antibody (Abcam ab2787)
for 5 h or overnight at 4 °C to immunoprecipitate proteins, and the other fraction was
prepared as input protein. After incubation, co-IP were extensively washed four times
with Tris buffered saline and eluted with 0.1 M glycine HCI, pH 3.5. The input and IP

proteins were both subjected to Western blotting analysis.

Mass spectrometry analysis for protein interactions

HEK 293 cells were transfected with KChIP4a-FLAG, KChlP4a-core-FLAG,
KChIP3-FLAG or control plasmid. After 24 hours of transfection, cells were lysed
with lysis buffer (150 mM NaCl, 20 mM Tris, 1% Triton X-100, 1% sodium

deoxycholate, 10 mM EDTA, and proteinase inhibitor mixture (Roche Applied
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Science), pH 8.0) at 4 °C for 30 min. The lysates were then centrifuged at 13,000 x g
for 10 min to yield the protein extract in the supernatant. All the supernatants were
incubated with ANTI-FLAG M2 Affinity Gel (Sigma) overnight at 4 °C. After
incubation, the agarose beads were washed for four times with Tris buffered saline
and proteins were eluted with 0.1 M glycine HCI, pH 3.0. The eluted proteins were
loaded on SDS-PAGE before stained with Coomassie blue for 1-2 hours and
de-stained with de-stain buffer for three times. For Mass spectrometry analysis, the
gel was placed on a light box and the protein bands non-existent in KChIP3-FLAG-IP
lane were excised. Mass spectrometry analysis was performed at the Teaching Center
of Biology Experiment, School of Life Sciences, Sun Yat-Sen University (Guangzhou,

China).

RNA interference

All siRNA were synthesized by Guangzhou Ribobio co., LTD. The sequences were as
follows: human Hsp70 sense: CGGACAAGAAGAAGGUGCUITAT,;

antisense:  dTdTGCCUGUUCUUCUUCCACGA. human  Hsc70  sense:
GCAACTGTTGAAGATGAGAAACTAT,;

antisense:  dTACGUUGACAACUUCUACUCUUU.  human  CHIP  sense:
GCAGTCTGTGAAGGCGCACTTTAT;

antisense: dTdACGUCAGACACUUCCGCGUGAA. HEK293 cells were transfected
with siRNA 24 ~ 48 h before transfected with plasmids.

Cycloheximide Treatment

For cycloheximide (CHX) treatment, transfected HEK293 cells were treated with
CHX for various time periods (0 h, 2 h, 4 h) before cells were lysed with lysis buffer
(150 mM NacCl, 20 mM Tris, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS,
10 mM EDTA, and proteinase inhibitor mixture (Roche Applied Science), pH 8.0) at
4 °C for 30 min. The cell lysates were then centrifuged at 13,000 x g for 10 min to

yield protein extracts in the supernatant. The supernatants were then subjected to
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Western blotting analysis.

Western Blotting Assay

For Western blotting assay, protein samples were loaded on SDS-PAGE and
transferred onto PVDF membranes (Millipore). After blocking, membranes were
incubated with rabbit monoclonal anti-Hsp70 (1:2000; Abcam, ab2787), rabbit
monoclonal anti-GFP (1:2000; Abcam, abl1218), mouse monoclonal anti-FLAG
(1:4000; Sigma, F3165), mouse monoclonal anti-Kv4.2 (1:2000; Abcam, ab99040),
mouse monoclonal anti-Kv4.3 (1:2000; Abcam, ab99045) or mouse monoclonal
anti-GAPDH (1:10000; Santa Cruz, sc-32233) at 4 °C overnight. The membranes
were then incubated with their corresponding secondary HRP-conjugated antibodies
and detected using an ECL Western blotting detection system (Millipore). Detection
of signals was calculated using Quantity One software (Bio-Rad). For quantification,
the signals from anti-Hsp70, anti-Kv4.2, anti-Kv4.3 or anti-GFP over anti-GAPDH

were normalized.

Electrophysiological Recordings

For whole-cell patch clamp recordings in neurons, currents were recorded at room
temperature using the EPC 10 USB amplifier with PatchMaster software (HEKA
Electronics). Patch pipettes were pulled from borosilicate glass and fire-polished to a
resistance of 2 ~ 4 megaohms. The bath solution contained 125 mM NacCl, 2.5 mM
KCI, 25 mM NaHCO3;, 2 mM CaCl,, 2 mM MgCl,, at pH 7.4 (for isolating Isa, with 1
uM tetrodotoxin). The pipette solution contained 120 mM K-gluconate, 20 mM KClI,
5 mM NaCl, 10 mM HEPES, 4 mM Mg-ATP, 3 mM Tris-GTP, 14 mM
phosphocreatine, at pH 7.4. Cells were held at -100 mV for Isa recording and voltage
steps (ranging from -70 mV to 50 mV, 10 mV/step) from -100 mV and -30 mV
(prepulse) with duration of 1000 ms were applied to activate whole-cell currents.
Subtraction of the -30 mV traces from the -100 mV traces revealed Isa current. For

current-clamp recordings, cells were held at 0 pA, and the firing rates of neurons were
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measured by a series of 1000-ms depolarizing current injection in 5-pA steps from 0
pA to 45 pA. The first action potential of a train was used to determine the threshold,
defined as the voltage at which the first derivative of the membrane potential
increased by 10 V/s. Data were acquired using PatchMaster software (HEKA

Electronics). OriginPro version 8.6 (OriginLab) was used for data analysis.

Data Analysis and Statistics

All data are presented as mean £ SEM. Comparisons between two groups were
analyzed using unpaired Student’s t-tests, while multi-group comparisons were
analyzed using two-way ANOVA followed by Bonferroni’s multiple comparisons
tests or one-way ANOVA followed by Dunnet’s tests. Data marked with asterisks are
significantly different from the control with p-values as follows: *p< 0.05, **p< 0.01,

***p< 0.001.
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Figure legends

Figure 1. Concentration-dependent suppression of KA-induced acute seizures by

Hsp70 inhibitors in rats.

A Representative EEG traces prior to (baseline) and after intracerebroventricular
injection of 1 ug kainic acid (KA) in rat. Numbers and frames indicate regions of
the seizures shown below at higher resolution.

B Western blot analysis of Hsp70 from hippocampal lysates of KA-treated rats at
indicated times. Data were normalized to 0 h; n = 3 independent experiments.
Experimental protocol for Hsp70 inhibitors test in acute seizure models.
Development of seizure behaviors after ICV administration of 1 ug KA in rats
treated with vehicle, PES or VER at different concentrations (10, 30 or 100 uM,
dissolved in 1 ul ACSF). Seizures were scored on the Racine Scale as described:;
n = 10.

E Representative EEG traces of rats from pre-KA, KA + Veh (vehicle), KA + PES
(100 uM), and KA + VER (100 uM) group.

F The representative plots of power analyses of EEG using a similar timescale in
panel E.

G EEG total power counts of rats from pre-KA, KA + Veh, KA + PES (100 uM),
and KA + VER (100 uM) group. n = 9. Pre-KA in panel E, F and G represented
before KA injection in KA + \Veh group.

H Coastline index counts of rats from Veh, PES (100 uM), and VER (100 uM)
group; n = 3-4.

All data are expressed as the means * s.e.m.; comparisons were analyzed using

one-way ANOVA followed by Dunnet’s tests (compared each group with 0 h or Veh)

for B and G (excluding pre-KA group), unpaired Student’s t test for G (pre-KA and

Veh group), two-way ANOVA (different time points) followed by Bonferroni’s

multiple comparisons tests (compared each group with Veh) for D and paired

Student’s t test in each group (compared post-KA with pre-KA) for H, *p < 0.05; **p

<0.01.
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Figure 2. Inhibition of Hsp70 suppresses KA-induced chronic seizures in rats.

A lllustration of the experimental procedures.

B Statistical analysis for the number of seizures per day. Data were from three
individual experiments with 10 rats in the Veh group and 6 rats in the PES group;
comparisons were analyzed using paired Student’s t test in each group, **p <
0.01.

Number of seizures per day of individual animals in Veh and PES group.
Representative EEG traces during normal station (baseline) and spontaneous
seizures respectively. Frames indicate regions of the EEG traces shown below at
higher resolution.

E Statistical analysis of the total time of epileptiform discharges per day. Data were
from three individual rats in the Veh group and PES group; comparisons were

analyzed using paired Student’s t test in each group, ***p < 0.001.
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Figure 3. Reduction of neuronal excitability and enhancement of A-type current

by Hsp70 inhibition.

A Rat hippocampal neuron spiking activity was evoked by a squared depolarizing
current pulse (30 pA for 1000 ms) in the absence or presence of PES and VER.

B A summary of statistical analysis for firing frequency from panel A; n = 19-40
neurons.

C Asummary of statistical analysis for action potential latency in response to 30 pA
current injection, n = 19-40 neurons.

D Asummary of statistical analysis for action potential threshold; n = 5-8 neurons.
A summary of statistical analysis for resting membrane potential; n = 5-10
neurons.

F 1a recorded from primary cultured hippocampal neurons in the absence or
presence of PES (100 uM) or VER (100 pM).

Current densities were plotted against membrane potentials; n = 10-11 neurons.

H Quantitative analysis of activation time constants for I in primary cultured
hippocampal neurons in the presence or absence of PES or VER (100 pM). n =
10-11 neurons.

I Quantitative analysis of inactivation time constants for Isa in primary cultured
hippocampal neurons in the presence or absence of PES or VER (100 uM). n =
10-11 neurons.

J The voltage dependence of activation and inactivation of 1 in primary cultured
hippocampal neurons in the presence of PES or VER (100 pM). n = 9-11
neurons.

All values are expressed as the means + s.e.m.; Comparisons for difference were

analyzed using two-way ANOVA followed by Bonferroni’s multiple comparisons

tests (compared each group with Control) for B and G, and one-way ANOVA
followed by Dunnet’s tests (each group compared with Veh) for C-E, H and I, *p <

0.05; **p < 0.01; ***p < 0.001.
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Figure 4. Hsp70 inhibition reduces Kv4 channel degradation caused by

KA-induced seizures.

A Western blot analysis of Kv4.2 and Kv4.3 proteins from hippocampal lysates of
KA-treated rats at indicated times. Data were normalized to 0 h; n = 3
independent experiments.

B  Western blot analysis of Kv4.2 and Kv4.3 from hippocampal lysates of Veh, PES,
or VER (100 uM) pre-treated rats 24 h after KA administration. Data were
normalized to Veh; n = 3-10.

C Western blot analysis of Kv4.2 and Kv4.3 from hippocampal lysates of Veh or
PES (100 uM) treated rats once a day for 7 d after KA-induced chronic seizures
developed. Data were normalized to Veh control; n = 5-7.

D CHX chase assay of Kv4.2 and Kv4.3 in primary cultured hippocampal neurons.
Neurons in the absence or presence of PES or VER were treated with CHX (75
ug/ml), and harvested at indicated times to detect the amount of Kv4.2 and Kv4.3
in neurons by Western blotting. Western blotting of GAPDH was used as a
loading control. Data were normalized to control without CHX treatment; n = 3
independent experiments.

All data are expressed as the means + s.e.m.; Comparisons for difference were

analyzed using one-way ANOVA followed by Dunnet’s tests (each group compared

with 0 h, Veh or CHX-4 h) for A, B and D (excluding CHX 0 h group), and unpaired

Student’s t test for C and D (CHX 0 h, CHX 4 h group), *p < 0.05; **p < 0.01;

***p < 0.001.
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Figure 5. Hsp70 targets Kv4-KChlP4a channel complexes for degradation.

A  Extracted proteins from rat hippocampi were immunoprecipitated using
anti-Hsp70 antibodies and analyzed by SDS-PAGE, followed by Western blot
analysis for detection of Kv4.2 and Kv4.3.

B HEK293 cells were transfected with Kv4.3-EGFP. Extracted proteins were
subjected to co-IP assay using anti-Hsp70 antibodies.

C HEK293 cells were transfected with KChIP1-3XxFLAG, KChIP3-3xFLAG or
KChlIP4a-3xFLAG. Extracted proteins were subjected to co-IP assay using
anti-Hsp70 antibodies.

D CHX chase assay in HEK293 cells expressing KChlP4a-EGFP. Cells in the
absence or presence of PES or VER (10 uM, 30 uM, 100 uM) were treated with
CHX (75 pg/ml), and harvested at indicated times to detect the amount of
KChIP4a in cells by western blotting. Data were normalized to control without
CHX treatment; n = 3 independent experiments.

E CHX chase assay in HEK293 cells expressing Kv4.3 alone or Kv4.3 and
KChIP4a-EGFP. Cells were treated with CHX (75 pg/ml) in the absence or
presence of PES (100 uM) or VER (100 uM), and harvested at indicated times
for detection of Kv4.3 by Western blot. Data were normalized to control without
CHX treatment; n = 3 independent experiments.

All values are expressed as the means *s.e.m.; comparisons for difference were

analyzed using one-way ANOVA followed by Dunnet’s tests (each group compared

with 4 h) for D (4 h and PES treated groups, 4 h and VER treated groups), unpaired

Student’s ttest for D (0 h and 4 h group), and two-way ANOVA followed by

Dunnet’s tests (compared each column with CHX-4 h in each group) for E, *p < 0.05;

**p < 0.01.
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Figure 6. Co-chaperone CHIP of Hsp70 targets KChlIP4a for proteasomal

degradation.

A CHX chase assay in HEK293 cells expressing KChlP4a-EGFP with and without
silencing Hsp70. Fractions of remaining KChIP4a protein in cells incubated with
control or Hsp70 siRNA plotted against time after CHX addition; n = 3
independent experiments.

B CHX chase assay in HEK293 cells expressing KChlP4a-EGFP with and without
silencing Hsp70, Hsc70 or CHIP. Fractions of remaining KChlP4a protein in cells
incubated with control, Hsc70 or CHIP siRNA plotted against time after CHX
addition; n = 3 independent experiments.

C CHX chase assay in HEK293 cells expressing KChlP4a-EGFP. Cells were treated
with CHX (75 pg/ml) and chloroquine (CQ, 50M) or MG132 (15 pg/ml), and
harvested at indicated times to detect the amount of KChlP4a in cells by Western
blotting. Fractions of remaining protein plotted against time after CHX addition;
n = 3 independent experiments.

All values are expressed as means * s.e.m; comparisons were analyzed using two-way

ANOVA, **p <0.01; ***p < 0.001.
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Figure 7. Identification of N-terminal residues VLIVIVFL of KChlP4a as a motif

for degradation.

A CHX chase assay in HEK293 cells co-transfected with Kv4.3 and
KChIP4a-EGFP or Kv4.3 and KChIP4aAKID-EGFP; n = 3 independent
experiments.

B CHX chase assay in HEK293 cells transfected with KChIP4a-EGFP or
KChIP4aAKID-EGFP; n = 3 independent experiments.

C, D CHX chase assay in HEK293 cells expressing Kv4.3 and
KChIP4aAKID-EGFP (C) or KChIP4aAKID-EGFP alone (D) in the absence or
presence of PES (100 uM) or VER (100 uM). Data were normalized to control
without CHX treatment; n = 3 independent experiments.

E CHX chase assay in HEK293 cells transfected with KID-EGFP, EGFP-KID or
EGFP; n = 3 independent experiments.

F Schematic representation of KChIP4a mutant constructs.

G CHX chase assay in HEK293 cells transfected with EGFP tagged KChIP4a
mutants. n = 3 independent experiments.

H CHX chase assay using HEK?293 cells expressing
VLIVIVFL-KChIP4aAKID-EGFP in the absence or presence of PES (100 pM)
or VER (100 uM). Data were normalized to control without CHX treatment; n =
3 independent experiments.

For CHX chase assay cells were treated with CHX (75 ug/ml), and harvested at

indicated times to detect the amount of protein in cells by Western blotting, and

fractions of remaining proteins were plotted against time after CHX addition.

All data are expressed as the means + s.e.m.; and comparisons for difference were

analyzed using two-way ANOVA followed by Bonferroni’s multiple comparisons

tests (compared each group with Veh) for A, B, E and G, one-way ANOVA followed

by Dunnet’s tests (compared with CHX-4 h) for C, D and H (excluding CHX-0 h),

and unpaired Student’s t test for H (CHX-0 h and CHX-4 h group), *p < 0.05; **p <

0.01; ***p < 0.001.
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Figure 8. The proposed model for the role of Hsp70 in regulation of neuronal
excitability and epilepsy.

KChIP4a binds to the N-terminus of Kv4 forming the Kv4-KChlIP4a channel complex.
Hsp70/Hsc70 binds to the N terminal KID of KChlP4a, and promotes proteasomal
degradation of Kv4-KChlP4a complexes dependent on the co-chaperone/E3 ubiquitin
ligase CHIP. KA stimulates Hsp70/Hsc70 expression, which promotes the
degradation of Kv4-KChIP4a complexes and leads to reduced surface expression of
Kv4 channels and decreased Isa current, resulting in neuronal hyperexcitability or
epilepsy (pathway shown in green). Hsp70 inhibition suppresses degradation of
Kv4-KChlP4a complexes mediated by upregulated Hsp70, which maintains surface
expression of Kv4 channels for normal neuronal activity (Anti-epilepsy pathway
shown in red). KA: kainic acid; KID: Kv4 channel inhibitory domain; core:
KChIP-conserved C-terminal domain; CHIP: carboxyl terminus of Hsp70-interacting

protein; Ub: ubiquitin; E3: E3 ubiquitin ligase; N: N-terminus; C: C-terminus.
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