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Sentrin/small ubiquitin-like modifier (SUMO)-specific pro-
tease 2 (SENP2)-deficient mice develop spontaneous seizures in
early life because of a marked reduction in M currents, which
regulate neuronal membrane excitability. We have previously
shown that hyper-SUMOylation of the Kv7.2 and Kv7.3 chan-
nels is critically involved in the regulation of the M currents
conducted by these potassium voltage-gated channels. Here, we
show that hyper-SUMOylation of the Kv7.2 and Kv7.3 proteins
reduced binding to the lipid secondary messenger PIP2. CaM1
has been shown to be tethered to the Kv7 subunits via hy-
drophobic motifs in its C termini and implicated in the channel
assembly. Mutation of the SUMOylation sites on Kv7.2 and
Kv7.3 specifically resulted in decreased binding to CaM1 and
enhanced CaM1-mediated assembly of Kv7.2 and Kv7.3,
whereas hyper-SUMOylation of Kv7.2 and Kv7.3 inhibited
channel assembly. SENP2-deficient mice exhibited increased
acetylcholine levels in the brain and the heart tissue because of
increases in the vagal tone induced by recurrent seizures. The
SENP2-deficient mice develop seizures followed by a period of
sinus pauses or atrioventricular conduction blocks. Chronic
administration of the parasympathetic blocker atropine or
unilateral vagotomy significantly prolonged the life of the
SENP2-deficient mice. Furthermore, we showed that retiga-
bine, an M-current opener, reduced the transcription of
SUMO-activating enzyme SAE1 and inhibited SUMOylation of
the Kv7.2 and Kv7.3 channels, and also prolonged the life of
SENP2-deficient mice. Taken together, the previously demon-
strated roles of PIP2, CaM1, and retigabine on the regulation of
Kv7.2 and Kv7.3 channel function can be explained by their
roles in regulating SUMOylation of this critical potassium
channel.

Potassium channels located in the heart and brain were the
first to be linked to sudden unexplained death in epilepsy
(SUDEP) (1, 2), the most common cause of epilepsy-related
death (3). SUDEP occurs in many patients at a relatively
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young age and accounts for a disproportionate number of lives
lost (4). Isolating the underlying genes and mechanisms for
this potentially preventable form of epilepsy mortality is
essential to detect and treat those at high risk of SUDEP (5).
Our previous studies showed that hyper-SUMOylation of the
Kv7 potassium channel diminishes the M current and causes
seizures and sudden death (6); however, deciphering the mo-
lecular mechanism has remained elusive.

The Kv7.2 and Kv7.3 subunits assemble to form a hetero-
tetrameric channel that mediates the M current, and the
C terminus is critical for the assembly, gating, and trafficking
of Kv7.2 and Kv7.3 (7, 8). Calmodulin (CaM) is critical
modulator that regulates the activation of Kv7 channels (9). It
was reported that mutations in the CaM-binding domain of
Kv7.2 interfered with phosphatidylinositol 4,5-bisphosphate
(PIP2) activation of the channel (10), indicating that CaM
might be competitive with PIP2. Mutations in the KCNQ2
and KCNQ3 genes account for epileptic encephalopathies
and benign familial neonatal seizures. Some of these muta-
tions have been shown to affect the binding of CaM to spe-
cific C-terminal motifs of KCNQ2 and KCNQ3 subunits,
including the A and B helices (11). CaM has been shown to be
tethered to the Kv7 subunits via hydrophobic motifs in their
C termini and has been implicated in the channel assembly.
The binding of CaM to Kv7.3 subunits is required for their
heteromeric association with Kv7.2 (12). It was reported that
CaM binding is crucial for the assembly and function of po-
tassium channel subunits, which mediate one of the main
components of the M current (13). Both CaM and PIP2
regulate Kv7 channel opening and activation (14, 15); how-
ever, whether SUMOylation is involved in the regulation
process remains unclear.

Retigabine is a potent and selective Kv7 channel modu-
lator that is used in the clinic to treat epilepsy (16). Retiga-
bine was shown to induce the M current and hyperpolarize
CHO cells expressing Kv7.2 and Kv7.3 channels. Retigabine
activates the Kv7.2 and Kv7.3 channels via an increase in the
maximal opening probability of the channels and a hyper-
polarization shift of the voltage dependence of channel
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SUMOylation involved in Kv7 regulation
activation (17). We have recently shown that retigabine
restored the M current, inhibited spontaneous firing, and
prevented seizures and atrioventricular (AV) block in sen-
trin/small ubiquitin-like modifier (SUMO)-specific protease
2 (SENP2)-deficient mice (6); however, whether the treat-
ment of epilepsy with retigabine has any relationship with
Kv7 SUMOylation needs to be determined.

SUMO is a ubiquitin-like protein that can be conjugated to
lysine residues of target proteins by utilizing SUMO-specific
E1, E2, and E3 enzymes for SUMO conjugation (SUMOyla-
tion) and a family of SENPs (SUMO/sentrin-specific pro-
teases) for SUMO removal (deSUMOylation) (18, 19).
SUMOylation and deSUMOylation are versatile regulatory
systems and have been implicated in various biological and
pathological processes, including cancer, heart disease, and
neurodegenerative disorders (20–22). There are six SENPs
with different substrate specificities (19), among which
SENP2 is involved in the binding of the polycomb complex to
H3K27me3, and SENP2 KO mouse embryos exhibit cardiac
development defects and do not survive to birth (23). SENP2
is also involved in regulating myostatin expression and
myogenesis (24).

We have previously shown that mice deficient in SENP2
develop spontaneous seizures and sudden death and that
hyper-SUMOylation of Kv7.2 and Kv7.3 could directly
contribute to the development of seizures in SENP2-deficient
mice (6, 25, 26). However, it is still unknown how SUMOy-
lation modulates Kv7.2 and Kv7.3 activity and whether CaM
and PIP2 are involved in the SUMOylation process. In this
report, we show that mutation of Kv7.2 and Kv7.3 SUMOy-
lation sites decreases the binding of Kv7.2 and Kv7.3 with
CaM1, which affects the assembly of Kv7.2 and Kv7.3. The
SENP2-deficient mice died between 6 and 8 weeks after birth,
whereas the chronic administration of retigabine prolonged
their life by 1 month and significantly promoted the deSU-
MOylation of Kv7.2 and Kv7.3 via decreased SAE1 levels.
Taken together, our findings identified a critical physiological
role of SENP2 in the regulation of Kv7.2 and Kv7.3 function.
Results

SENP2 mediates deSUMOylation of Kv7.2 and Kv7.3

Our previous study showed that SENP2 deficiency leads to
hyper-SUMOylation of Kv7.2 and Kv7.3 in hippocampal
neurons (6). To further define the role of SENP2 in the
regulation of Kv7.2 and Kv7.3 SUMOylation, we determined
whether SENP2 interacted with Kv7.2 and Kv7.3 in the
HEK293T cell overexpression system, and the coimmuno-
precipitation (co-IP) assay showed that SENP2 strongly
interacted with both Kv7.2 and Kv7.3 (Fig. 1A). To explore the
potential role of SENP2 in the deSUMOylation of Kv7.2 and
Kv7.3, Kv7.2 or Kv7.3 plasmids were transfected with WT or
catalytic mutant SENP2 plasmid into HEK293T cells. The
results showed that Kv7.2 and Kv7.3 were modified by
SUMO2, and WT SENP2 deconjugated their SUMOylation,
whereas the SENP2 catalytic mutant did not affect their
2 J. Biol. Chem. (2021) 297(4) 101183
SUMOylation (Fig. 1B). Thus, SENP2 interacts with Kv7.2 and
Kv7.3 and deconjugates their SUMO modifications.

As predicted by SUMOplot (www.abcepta.com.cn/
sumoplot), K21 and K645 are highly scored SUMOylation
sites of Kv7.2, while K298 and K625 are highly scored
SUMOylation sites of Kv7.3 (Fig. 1C). We generated plasmids
bearing WT or predicted SUMOylation site mutants of Kv7.2
or Kv7.3 and transfected them into HEK293T cells. Co-IP
analysis showed that K634 and K624 were the major
SUMOylation sites of Kv7.2 and Kv7.3, respectively (Fig. 1, D
and E), and these two sites were both conserved in various
species (Fig. 1F). Taken together, these results indicate that
both SUMO2 and SENP2 dynamically regulate the balance of
Kv7.2 and Kv7.3 SUMOylation.
Mutation of the SUMOylation site of Kv7.2 and Kv7.3
increased M currents

The subcellular localization and supramembrane assembly
of Kv7.2 and Kv7.3 channels are essential for the regulation of
channel function (27). To determine whether SUMOylation
has any effect on the subcellular localization of Kv7.2 and
Kv7.3, we transfected plasmids bearing WT or SUMO mutant
Kv7.2 or Kv7.3 into HEK293T cells. IF staining showed that
both WT and SUMO mutant Kv7.2 and Kv7.3 were localized
in the cell membrane (Fig. 2A). We further performed the
surface biotinylation assay to confirm the role of SUMOyla-
tion in subcellular localization of Kv7.2 and Kv7.3, and the
results showed that both WT and SUMO mutant Kv7.2 and
Kv7.3 had similar surface expression levels under normal or
hyper-SUMOylation conditions (Fig. 2B). SUMOylation had
no significant effect on the subcellular localization of Kv7.2 or
Kv7.3. These results indicated that SUMOylation has no
significant effect on the subcellular localization of Kv7.2 and
Kv7.3.

Our previous study demonstrated that hyper-
SUMOylation of Kv7 potassium channels diminished M
currents and resulted in seizures and sudden death (6). To
explore the roles of SUMOylation in Kv7.2 and Kv7.3
channel activity in vitro, we examined the M currents with
patch clamp assay in HEK293T cells. WT or SUMO site
mutant Kv7.2 and Kv7.3 plasmids were cotransfected into
HEK293T cells, and the M currents were recorded with
standard deactivation voltage protocol (Fig. 2, C–E). The
results showed that the traces, peak current, and conduc-
tance of M currents in mutant Kv7.2 and Kv7.3 were
significantly enhanced when compared with WT channels
(Fig. 2, F–H). However, there was no significant difference in
the tail currents between two groups, which might be
because the mutant Kv7.2 and Kv7.3 had no functional effect
on the closure of potassium channels, and the different
activation constants could also lead to similar changes in the
tail currents (28). In addition, the negative shift of the tail
traces may be related to the changes of voltage-gated func-
tion in mutant Kv7.2 and Kv7.3. The negative shift of I-V
and G-V curves showed that the potassium channel of the
mutant Kv7.2 and Kv7.3 was more easily activated and the
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Figure 1. SENP2 specifically deconjugates the SUMOylation of Kv7.2 and Kv7.3. A, SENP2 interacts with Kv7.2 and Kv7.3. Indicated plasmids were
transfected into HEK293T cells, and the immunoprecipitates (IP) with Flag from cell lysates were detected by immunoblotting (IB) with the anti-GFP
antibody. The whole-cell lysates (WCLs) were detected by IB with anti-Flag or anti-GFP antibodies (* nonspecific band). B, SENP2 deconjugates SUMO2
from Kv7.2 and Kv7.3. Indicated plasmids were transfected into HEK293T cells, and the IP with Flag from cell lysates were detected by IB with the anti-HA
antibody. The WCLs were detected by IB with anti-HA, anti-Flag, or anti-GFP antibodies (bottom). The results of quantitative analysis of Western blot are
shown in the upper panel (n = 3 repeats/group, one-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001). C, the predicted SUMOylation sites of Kv7.2 and Kv7.3
by online software (www.abgent.com/sumoplot). D, K634 is the major SUMO site of Kv7.2. Indicated plasmids were transfected into HEK293T cells, and the
IP with Flag or HA from cell lysates were detected by IB with anti-HA or anti-Flag antibodies (bottom). The results of quantitative analysis of Western blot are
shown in the upper panel (n = 3 repeats/group, one-way ANOVA, **p < 0.01, ***p < 0.001). E, K624 is the major SUMO site of Kv7.3. Indicated plasmids were
transfected into HEK293T cells, and the IP with Flag or HA from cell lysates was detected by IB with anti-HA or anti-Flag antibodies (bottom). The results of
quantitative analysis of Western blot are shown in the upper panel (n = 3 repeats/group, one-way ANOVA, **p < 0.01). F, the predicted SUMO site K634 of
Kv7.2 and K624 of Kv7.3 were conserved in various species. IP, immunoprecipitates; SENP2, sentrin/SUMO-specific protease 2; SUMO, small ubiquitin-like
modifier.
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Figure 2. SUMOylation site mutant Kv7.2 and Kv7.3 enhanced M currents. A, SUMOylation site mutation has no significant effect on the subcellular
localization of Kv7.2 or Kv7.3. Indicated plasmids were transfected into HEK293T cells and harvested for immunofluorescent staining with anti-Kv7.2 or anti-
Kv7.3 antibodies (green). DAPI (blue) was used to show nuclei. The scale bar is 10 μm. B, SUMOylation has no significant effect on the subcellular localization
of Kv7.2 and Kv7.3. Indicated plasmids were transfected into HEK293T cells, and harvested for surface biotinylation assay, and the surface Kv7.2 and Kv7.3
was detected by IB with indicated antibodies (bottom). The results of quantitative analysis of Western blot are shown in the upper panel (n = 3 repeats/
group, one-way ANOVA, p > 0.05). C, stimulation program of electrophysiological recordings. Cell membrane voltage is clamped at −80 mV with 10 mV
increment from −80 mV to +30 mV, and the duration is 200 ms to induce M currents. D and E, representative traces and time course of M currents in
HEK293T cells transfected with WT (D) and mutant (E) Kv7.2 and Kv7.3. The holding potential is −80 mV, followed by a series of depolarization steps
from −80 mV to +30 mV in 10 mV increment, followed by a 50 ms hyperpolarization step to −120 mV to record the tail current. F, representative traces of
WT or mutant Kv7.2 and Kv7.3 channels in HEK293T cells. The peak current and the current amplitude of mutant Kv7.2 and Kv7.3 were significantly
increased when compared with WT Kv7.2 and Kv7.3. G, the comparison diagram of I-V curve of WT or mutant Kv7.2 and Kv7.3 channels in HEK293T cells.
When the activation voltage is about −80 mV, the average total potassium current of mutant Kv7.2 and Kv7.3 was significantly increased when compared
with WT Kv7.2 and Kv7.3 (n = 5 cells/group, one-way ANOVA, **p < 0.01, ****p < 0.0001). H, the comparison diagram of G-V curve of WT or mutant Kv7.2
and Kv7.3 channels in HEK293T cells. When the activation voltage is about −80 mV, the average total potassium current of mutant Kv7.2 and Kv7.3 was
significantly increased when compared with WT Kv7.2 and Kv7.3 (n = 5 cells/group, one-way ANOVA, *p < 0.05, ****p < 0.0001). IB, immunoblotting; SUMO,
small ubiquitin-like modifier.
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SUMOylation involved in Kv7 regulation
cell membrane was more easily repolarized. Taken together,
these results indicated that SUMOylation of Kv7.2/7.3
negatively regulated M currents without effect on subcellular
localization.
SUMOylation of Kv7.2 and Kv7.3 decreases their interaction
with PIP2

The C termini of Kv7.2 and Kv7.3 play an important role in
mediating their interaction with PIP2 and thus modulate the
pore opening and activation of Kv7 (29, 30). We found that the
major SUMOylation sites of Kv7.2 and Kv7.3 were localized in
the C-terminal domain, and we hypothesized that SUMOyla-
tion might affect the binding of the C termini of Kv7.2 and
Kv7.3 with PIP2. The protein–lipid overlay assay enables the
identification of the lipid ligands that interacts and binds with
lipid, providing qualitative information on the relative affinity
Figure 3. SUMOylation of Kv7.2 affects its binding with PIP2. A, schemat
expression. B, the purification of C-terminal of WT or SUMO2-fusion MBP-Kv7.2
Kv7.2-C-SUMO2, MBP-Kv7.3w, and MBP-Kv7.3-C-SUMO2 (D) fusion protein. C, pr
MBP proteins. PIP strips bound with WT or mutant Kv7.2 or Kv7.3 MBP fusion
terminal MBP proteins bound PIP strips (n = 3 repeats/group, one-way ANOVA
lysophosphatidic acid; LPC, lysophosphatidylcholine; PA, phosphatic acid; PC,
sitol 4,5-bisphosphate; PS, phosphatidylserine; S1P, sphingosine-1-phosphate;
between lipid and other protein ligands. We generated pro-
karyotic expression vectors of the C terminus of WT or
SUMO2-fusion Kv7.2 (pMAL-Kv7.2-C-SUMO2, 313–844)
and Kv7.3 (pMAL-Kv7.3-C-SUMO2, 358–872, Fig. 3A) and
expressed and purified the proteins from Escherichia coli
(Fig. 3B) for the protein–lipid overlay assay with PIP strips
including sphingosine 1-phosphate, PI(3,4)P2, PI(3,5)P2,
PI(4,5)P2, PI(3,4,5)P3, phosphatidic acid (PA), phosphati-
dylserine (PS), lysophosphatidic acid, lysophosphatidylcholine,
PI, PI(3)P, PI(4)P, PI(5)P, phosphatidylethanolamine (PE), and
phosphatidylcholine. The protein–lipid overlay assay showed
that the SUMO2-fusion of the Kv7.2 C terminus decreased its
binding with PI(3,4)P2, PI(3,5)P2, PI(4,5)P2 PI(3,4,5)P3, PI(3)P,
PI(4)P, and PI(5)P but had no significant effect on its binding
with PA, PS, and PE (Fig. 3, C and D). On the other hand, the
SUMO2-fusion of the Kv7.3 C terminus decreased its binding
with PI(3,4)P2, PI(3,5)P2, PI(4,5)P2, PI(3,4,5)P3, PA, PS, PI(3)P,
ic diagram of the prokaryotic expression plasmid for recombinant protein
or MBP-Kv7.3 protein. SDS-PAGE showing purification of MBP-Kv7.2-C, MBP-
otein–lipid overlay assay with WT or SUMO mutant Kv7.2 or Kv7.3 C-terminal
proteins. D, quantitative analysis of WT or SUMO2-fusion Kv7.2 or Kv7.3 C-
, *p < 0.05, **p < 0.01, ***p < 0.001). E, eluted protein; I, induced cells; LPA,
phosphatidylcholine; PE, phosphatidylethanolamine; PIP2, phosphatidylino-
SUMO, small ubiquitin-like modifier; U, uninduced cells.
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PI(4)P, and PI(5)P but had no significant effect on its binding
with PE (Fig. 3, C and D). Taken together, these results showed
that SUMOylation decreased the binding of Kv7.2 and Kv7.3
with PIP2, indicating that SUMOylation of Kv7.2 and Kv7.3
diminished its binding with PIP2 and blocked pore opening,
ultimately affecting the function of Kv7.2 and Kv7.3 channels.
SUMOylation site mutation of Kv7.2 and Kv7.3 decreases their
binding with CaM1

CaM is another critical modulator that binds the C-terminal
motifs of KCNQ subunits and regulates the activation of Kv7
channels (11). Kv7.2 and Kv7.3 are SUMO targets, and we
hypothesized that SUMOylation might affect their binding
with CaM. WT and SUMO mutant Kv7.2 or Kv7.3 were
transfected with CaM1 into HEK293T cells, and the co-IP
assay showed that both Kv7.2 and Kv7.3 interacted with
Figure 4. SUMOylation of Kv7.2 and Kv7.3 affects their interaction with C
CaM1. Indicated plasmids were transfected into HEK293T cells, and the IP with C
were detected by IB with anti-CaM1 or anti-Flag antibodies. B and C, Kv7.2 (B)
with CaM2. Indicated plasmids were transfected into HEK293T cells, and the
antibody. The WCLs were detected by IB with anti-CaM or anti-Flag antibodi
fect on their interaction with CaM3. Indicated plasmids were transfected into H
anti-Flag antibody. The WCLs were detected by IB with anti-CaM or anti-Flag
between Kv7.2/Kv7.3 and CaM1. Indicated plasmids were transfected into HEK2
anti-Flag antibody. The WCLs were detected by IB with anti-HA, anti-CaM, or an
Kv7.3 with CaM1. Indicated plasmids were transfected into HEK293T cells, follow
by IB with the anti-Flag antibody. The WCLs were detected by IB with anti-Ca
Kv7.3 with CaM1. Indicated plasmids were transfected into HEK293T cells, an
antibody. The WCLs were detected by IB with anti-Flag, anti-SENP2, or anti-
tates; SENP2, sentrin/SUMO-specific protease 2; SUMO, small ubiquitin-like mo
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CaM1, whereas the mutant Kv7.2 and Kv7.3 showed dramat-
ically decreased binding with CaM1 (Fig. 4A). Because there
are three CaM proteins in mammalian cells, we further
detected the binding of mutant Kv7.2 and Kv7.3 with CaM2
and CaM3. We found that the SUMOylation site mutations
had no significant effect on the binding of Kv7.2 or Kv7.3 with
CaM2 or CaM3 (Fig. 4, B–E). These results indicated that
SUMOylation of Kv7.2 and Kv7.3 specifically regulates their
binding with CaM1.

To verify the role of SUMOylation of Kv7.2 and Kv7.3 in
their binding with CaM1, these plasmids were transfected with
SUMO2, and the co-IP results showed that SUMO2 signifi-
cantly enhanced the binding of both Kv7.2 and Kv7.3 with
CaM1 (Fig. 4F). To further investigate the role of SUMOyla-
tion in the binding of Kv7.2 and Kv7.3 with CaM1, we detected
whether loss of SUMOylation of Kv7.2 and Kv7.3 affects the
interaction between Kv7.2 or Kv7.3 and CaM1. The
aM1. A, Kv7.2 and Kv7.3 SUMO mutation diminished their interaction with
aM1 from cell lysates were detected by IB with anti-Flag antibody. The WCLs
and Kv7.3 (C) SUMO mutation had no significant effect on their interaction
IP with CaM or Flag from cell lysates were detected by IB with anti-Flag

es. D and E, Kv7.2 (D) and Kv7.3 (E) SUMO mutation had no significant ef-
EK293T cells, and the IP with CaM from cell lysates were detected by IB with
antibodies. F, Kv7.2 and Kv7.3 SUMO mutation decreased the interaction
93T cells, and the IP with CaM from cell lysates were detected by IB with the
ti-Flag antibodies. G, SUMO inhibition weakened the interaction of Kv7.2 and
ed by 2D-08 treatment, and the IP with CaM from cell lysates were detected
M or anti-Flag antibodies. H, SENP2 decreased the interaction of Kv7.2 and
d the IP with CaM from cell lysates were detected by IB with the anti-Flag
CaM antibodies. CaM, calmodulin; IB, immunoblotting; IP, immunoprecipi-
difier; WCLs, whole-cell lysates.
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SUMOylation inhibitor 2D-08 was used to block the
SUMOylation of Kv7.2 and Kv7.3, and the results showed that
there was no significant difference in the interaction of CaM1
with the WT or SUMO mutant Kv7.2 or Kv7.3 after SUMO
inhibition (Fig. 4G). Moreover, we then detected whether
SENP2 has any effect on the interaction of Kv7.2 and Kv7.3
with CaM1. The co-IP results showed that SENP2 significantly
decreased the interaction of Kv7.2 and Kv7.3 with CaM1
(Fig. 4H). Taken together, these results showed that
SUMOylation of Kv7.2 and Kv7.3 significantly enhanced the
interaction of Kv7.2 and Kv7.3 with CaM1.

SUMOylation decreases the assembly of Kv7.2 and Kv7.3

It was reported that the assembly of Kv7.2 and Kv7.3 is
crucial for the function of potassium channel subunits, and we
next detected whether SUMOylation has any effect on the
assembly of Kv7.2 and Kv7.3. Indicated plasmids were trans-
fected into HEK293T cells, and the co-IP results showed that
in the presence of CaM1, mutant Kv7.2 diminished the as-
sembly of Kv7.2 and Kv7.3, whereas mutant Kv7.3 significantly
enhanced the assembly of Kv7.2 and Kv7.3, ultimately both
mutant Kv7.2 and mutant Kv7.3 promoted the assembly of
Kv7.2 and Kv7.3 (Fig. 5A). Moreover, we then detected the
assembly of Kv7.2 and Kv7.3 under hyper-SUMOylation
conditions induced by SUMO2 overexpression or SENP2
knockdown. Plasmids were transfected into HEK293T cells,
and the co-IP results showed that SUMOylation of Kv7.2 and
Kv7.3 induced by SUMO2 overexpression or SENP2 knock-
down dramatically decreased Kv7 channel assembly (Fig. 5B).
As expected, CaM1 promoted channel assembly in normal
condition, whereas the effect of CaM1 was abolished by
SUMOylation of Kv7.2 and Kv7.3 in hyper-SUMOylation
status (Fig. 5B). Taken together, these results showed that
SUMOylation plays a critical role in the interaction of Kv7.2
and Kv7.3 with CaM1 and the assembly of Kv7.2 and Kv7.3.

Parasympathetic nervous system mediates SENP2
deficiency–induced sudden death

Our previous study showed that chronic injection of atropine
decreased the parasympathetic tone and therefore prevented
sinus pauses and AV blocks after seizures in SENP2-deficient
mice (6). To further identify the effect of atropine in SENP2-
deficient mice, we chronically injected SENP2-deficient mice
with atropine daily until sudden death occurred. The results
showed that atropine prolonged the mouse life span from less
than 60 days to more than 70 days; thus, pretreatment with
atropine prolonged the life span of SENP2-deficient mice by
more than 2 weeks (Fig. 6A). Because atropine selectively
blocks the parasympathetic nervous system, we wondered
whether the secretion of neurotransmitters was affected in
SENP2-deficient mice. The ELISA results indicated that the
level of the parasympathetic neurotransmitter acetylcholine
was significantly increased in the brain and heart tissue of
SENP2-deficient mice (Fig. 6, B and C). Epinephrine and
norepinephrine, neurotransmitters of the sympathetic nervous
system, were not significantly different among SENP2-deficient,
heterozygous, and control mice (Fig. 6, D and E). To further
verify the role of the parasympathetic nervous system in SENP2
deficiency–induced sudden death, we performed unilateral
vagotomy to rescue the mice from sudden death. The results
showed that vagotomy significantly prolonged the life span of
SENP2-deficient mice (Fig. 6F). These results indicated that the
parasympathetic nervous system has an important role during
SENP2 deficiency-induced sudden death.

Retigabine-regulated de-SUMOylation of Kv7 contributes to
Kv7 channel opening

We previously showed that seizure-induced AV block could
be prevented by atropine and that both seizures and AV blocks
could be prevented by retigabine (6). However, it is not known
whether sudden death is preventable by pharmacologic inter-
vention with retigabine. We applied chronic administration of
retigabine to determine whether sudden death can be pre-
vented. Retigabine (10 mg/kg) was administrated until the last
day of life, and the results showed that retigabine prolonged
mouse life span from less than 60 days to almost 80 days; thus,
retigabine prolonged the life span by more than 3 weeks
(Fig. 7A).

It is well known that retigabine prevents seizures by opening
Kv7.2 and Kv7.3; however, whether SUMOylation is involved
in this process is unknown. We cultured HEK293T cells and
treated them with 10 μM retigabine for different time periods,
and Western blotting showed that retigabine decreased the
total level of SUMO1- and SUMO2-modified proteins,
whereas the SUMO E2 UBC9 level showed no significant
change (Fig. 7B). To further investigate whether retigabine
regulates the transcription of SUMO or SUMO enzymes,
HT22, PC12, and SH-SY5Y cells were treated with retigabine
for 24 h, and real-time PCR indicated that SAE1, one of two
vital SUMO E1 activating enzymes, was downregulated after
retigabine treatment in all three neural cell lines (Fig. 7C).
These results revealed that SUMOylation might be fine-tuned
and regulated by retigabine through inhibition of the tran-
scriptional level of SAE1.

We next detected the effect of retigabine on the SUMOy-
lation of Kv7.2 and Kv7.3, and the results showed that reti-
gabine significantly decreased the SUMOylation of both Kv7.2
and Kv7.3 (Fig. 7D), whereas retigabine showed no significant
effect on the SUMO mutant Kv7.2 and Kv7.3 (Fig. 7, E and F).
Because SUMOylation regulates the interaction between Kv7.2
or Kv7.3 and CaM1, we asked whether retigabine regulates the
interaction between Kv7.2 or Kv7.3 and CaM1. Co-IP assay
indicated that the interaction of Kv7.2 and Kv7.3 with CaM1
was significantly decreased after retigabine treatment (Fig. 7G).
Taken together, these results showed that retigabine regulates
the function of Kv7.2 and Kv7.3 by deconjugating Kv7.2 and
Kv7.3 SUMOylation.

Discussion

Our previous study showed that SENP2 deficiency leads to
hyper-SUMOylation of Kv7.2/Kv7.3 and diminishes the
hyperpolarizing M current, leading to neuronal
J. Biol. Chem. (2021) 297(4) 101183 7



Figure 5. SUMOylation of Kv7.2 and Kv7.3 interrupted their assembly. A, SUMO mutation of Kv7.2 or Kv7.3 enhanced the assembly of Kv7.2 and Kv7.3
at the presence of CaM1. Indicated plasmids were transfected into HEK293T cells, and the IP with Kv7.2 from cell lysates were detected by IB with anti-Kv7.3
antibody. The WCLs were detected by IB with anti-CaM, anti-Kv7.2, or anti-Kv7.3 antibodies (left). The results of quantitative analysis of Western blot are
shown in the right panel (n = 3 repeats/group, two-way ANOVA, *p < 0.05, ***p < 0.001). B, SUMOylation of Kv7.2 and Kv7.3 diminished the assembly of
Kv7.2 and Kv7.3 at the presence of CaM1. Indicated plasmids were transfected into HEK293T cells, and the IP with Kv7.2 from cell lysates were detected by IB
with the anti-Kv7.3 antibody (left). The results of quantitative analysis of Western blot are shown in the right panel (n = 3 repeats/group, two-way ANOVA,
***p < 0.001). CaM, calmodulin; IB, immunoblotting; IP, immunoprecipitates; SUMO, small ubiquitin-like modifier; WCLs, whole-cell lysates.
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hyperexcitability and seizures (6). In the present study, the
SUMO sites of Kv7.2 and Kv7.3 were determined and mutated,
and mutation of Kv7.2 and Kv7.3 SUMOylation sites increased
the binding of Kv7.2 and Kv7.3 with CaM1 and affected the
assembly of Kv7.2 and Kv7.3. The SENP2-deficient mice died
between 6 and 8 weeks after birth, whereas chronic adminis-
tration of retigabine prolonged their life span by almost
1 month via deSUMOylation of Kv7.2 and Kv7.3 (Fig. 8).
These results indicated that SUMOylation of Kv7.2 and Kv7.3
is a novel mechanism to regulate the channel activity.
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PIP2 interacts with voltage sensor elements and is required
for opening and upregulates both the voltage sensitivity and
current amplitude of the Kv7.2 and Kv7.3 channels (31). The
distal C terminus has been proposed to be critical for the PIP2-
dependent activation of Kv7 channels, and C terminus site
mutation reduced channel activation by markedly decreasing
channel opening (32, 33). Although residues in the trans-
membrane domain of Kv7.2 and Kv7.3 are likely involved in
PIP2 interactions, we investigated the potential roles of
SUMOylation of Kv7.2 and Kv7.3 C terminus in PIP2



Figure 6. Vagus nerve–mediated SENP2 deficiency induced sudden death. A, chronic treatment of atropine prolonged the life span of SENP2-deficient
mice. SENP-deficient and WT mice were chronically injected with atropine, and the life span was analyzed (n = 20 mice/group, Log-rank and Mantel–Cox
test, p < 0.0001). The red dotted line represents the survival index when the survival rate is 50%. B and C, the acetylcholine level was increased in the brain
(B) and heart (C) tissue of SENP2-deficient mice. The brain and heart tissues were isolated from SENP2-deficient, SENP2 heterozygous, and WT mice, and the
acetylcholine level was measured by the ELISA kit (n = 5 mice/group, one-way ANOVA, *p < 0.05). D and E, the epinephrine (D) and norepinephrine (E) levels
have no significant difference between SENP2-deficient and WT mice. The urine was collected from SENP2-deficient, SENP2 heterozygous, and WT mice,
and the epinephrine and norepinephrine levels were measured by the ELISA kit (n = 5 mice/group, one-way ANOVA, p > 0.05). F, vagotomy prolonged the
life span of SENP2-deficient mice. Vagotomy surgery was performed in SENP2-deficient and WT mice, and the life span was analyzed (n = 20 mice/group,
Log-rank and Mantel–Cox test, p < 0.0001). The red dotted line represents the survival index when the survival rate is 50%. SENP2, sentrin/SUMO-specific
protease 2.
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interaction. SUMO2 fusion of the cytoplasmic tail of Kv7.2 and
Kv7.3 decreased its binding with PIP2 (Fig. 3, C and D). These
results indicated that SUMOylation of Kv7.2 and Kv7.3
decreased the binding of Kv7.2 and Kv7.3 with PIP2 and
diminished the M current. These results were consistent with
our previous study, which showed that SENP2 deficiency
induced hyper-SUMOylation of Kv7.2 and Kv7.3 that dimin-
ished the M current (6). Thus, we identified that SUMOylation
modulates Kv7.2 and Kv7.3 channel opening by regulating the
binding of Kv7.2 with PIP2, which is an important mechanism
to regulate the M current.

The distal Kv7 intracellular C-terminal domain endowed
with two coiled coils appears to act as a module for proper
channel heteromeric assembly and trafficking as well as a
platform for interaction with several regulatory molecules
(34, 35). CaM interacts with two noncontinuous ɑ-helical re-
gions to affect the binding and function of Kv7 (7, 13, 36). It is
interesting that the SUMOylation sites of Kv7.2 and Kv7.3
were also located in the C terminus (Fig. 1, D and E). In Kv7
channels, CaM1 binding and CaM1-dependent channel as-
sembly were investigated after mutation of Kv7.2 and Kv7.3
SUMO sites. SUMOylation site mutation of Kv7.2 and Kv7.3
decreased the binding of the cytoplasmic tails of Kv7.2 and
Kv7.3 with CaM1 (Fig. 4A), and Kv7.3 mutation decreased the
heteromeric assembly of Kv7.2 and Kv7.3 (Fig. 5A). These data
indicated that SUMOylation promoted the interaction of
CaM1 with Kv7.2 and Kv7.3 but inhibited the assembly of
Kv7.2 and Kv7.3, ultimately disrupting the normal function of
the Kv7 channel.

Retigabine is a third-generation antiepileptic drug used in
the treatment of partial-onset seizures (37). As a Kv7 channel
opener, retigabine activates the Kv7.2-Kv7.5 channel by
increasing the channel maximal opening probability and a
hyperpolarization shift of the voltage dependence of channel
activation (17). As expected, chronic administration of reti-
gabine prolonged the mouse life span from 8 weeks to almost
12 weeks (Fig. 7A). Retigabine rescued the sudden death
caused by hyper-SUMOylation of Kv7.2 and Kv7.3, and it was
possible to ameliorate the function of the Kv7 channel through
regulation of Kv7.2 and Kv7.3 SUMOylation. Treatment with
retigabine decreased the level of the SUMO E1 SAE1 and
decreased the SUMOylation levels of Kv7.2 and Kv7.3, which
contributed to the opening of Kv7.2 and Kv7.3. Cryo-EM
structural analysis showed that retigabine docked to its
J. Biol. Chem. (2021) 297(4) 101183 9



Figure 7. Retigabine decreased SUMOylation of Kv7.3 to rescue sudden death in SENP2-deficient mice. A, retigabine prolonged the life span of
SENP2-deficient mice. SENP2-deficient, SENP2 heterozygous, and WT mice were chronically injected with retigabine, and the life span was analyzed (n = 20
mice/group, Log-rank and Mantel-Cox test, p < 0.0001). The red dotted line represents the survival index when the survival rate is 50%. B, retigabine
decreased the SUMOylation level of SUMO2 but not SUMO1. COS7 cells were treated with retigabine for indicated times and harvested for IB with anti-
SUMO1, anti-SUMO2, anti-UBC9, and anti-actin antibodies. C, the expression level of SAE1 transcripts was significantly decreased after retigabine treat-
ment in SHSY5Y, PC12, and HT22 cells. The cells were treated with retigabine, and the transcript level of SUMO-related genes was measured by real-time
PCR, normalized to control (n = 3 repeats/group, one-way ANOVA, *p < 0.05, **p < 0.01). D, retigabine diminished the SUMOylation of Kv7.2 and Kv7.3.
Indicated plasmids were transfected into HEK293T cells, followed by retigabine treatment, and the IP with anti-Flag from cell lysates were detected by IB
with the anti-HA antibody. The WCLs were detected by IB with anti-HA or anti-Flag antibodies. E and F, retigabine deconjugated the SUMOylation of WT
Kv7.2 and Kv7.3 to that of SUMO mutant Kv7.2 (E) and Kv7.3 (F). Indicated plasmids were transfected into HEK293T cells, followed by retigabine treatment,
and the IP with anti-Flag from cell lysates were detected by IB with the anti-HA antibody. The WCLs were detected by IB with anti-HA or anti-Flag antibodies.
G, retigabine decreased the interaction of Kv7.2 and Kv7.3 with CaM1. Indicated plasmids were transfected into HEK293T cells, followed by retigabine
treatment, and the IP with anti-CaM from cell lysates were detected by IB with the anti-Flag antibody. The WCLs were detected by IB with anti-Flag, anti-
CaM, or anti-Tubulin antibodies. IB, immunoblotting; IP, immunoprecipitates; SENP2, sentrin/SUMO-specific protease 2; SUMO, small ubiquitin-like modifier;
WCLs, whole-cell lysates.
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Figure 8. Schematic model depicting the role of retigabine in the regulation of M currents via deSUMOylation of Kv7.2 and Kv7.3.
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binding site in the pore of Kv7.2 and Kv7.4 (38). Our results
indicated that the antiepileptic role of retigabine may partially
occur via deconjugation of the SUMOylation of Kv7.2 and
Kv7.3, which sheds light on a new mechanism of retigabine in
the function of Kv7 channels. These results might give rise to
new possibilities for the pharmaceutical and therapeutic
mechanism of retigabine as an anticonvulsant for the treat-
ment of epilepsy and sudden death.

In summary, SENP2 deconjugates the SUMOylation of
Kv7.2 and Kv7.3, and SENP2 deficiency–induced hyper-
SUMOylation of Kv7.2 and Kv7.3 affects their interaction
with PIP2 and CaM1 and the assembly of Kv7.2 and Kv7.3. In
SENP2-deficient mice, Kv7.2 and Kv7.3 are hyper-
SUMOylated, which weakens the heteromeric assembly of
Kv7.2 and Kv7.3 and ultimately causes seizures and sudden
death. The Kv7 channel opener retigabine prolongs mouse life
span by almost 1 month by decreasing the SUMOylation of
Kv7.2 and Kv7.3 due to the decreased transcriptional level of
the SUMO-activating enzyme SAE1. We have identified the
mechanism whereby SUMOylation regulates the function of
the Kv7 channel and retigabine prevents seizures through Kv7
SUMOylation. Balancing the SUMOylation of Kv7.2 and Kv7.3
through SUMO2 or SENP2 will be a novel therapeutic inter-
vention for patients with SUDEP.

Experimental procedures

Mouse strains and animal care

SENP2-deficient mice were described previously (6). All
animals were housed 2 to 5 per cage at room temperature
(RT) (22 �C), with a 12-h light-dark cycle with ad libitum
access to food and water. All animal studies were performed
according to protocols approved by the Institutional Animal
Care and Use Committee of Shaanxi Normal University, and
all manipulations were conducted in consistence with estab-
lished guidelines. For the rescue experiments, WT and
SENP2-deficient mice were rested for 6 h and injected with
either saline or atropine (1 mg/kg, Sigma), or retigabine
(10 mg/kg, Selleck) with 20 mice in each group. The
experiments were performed until all SENP2-deficient mice
were dead.

Unilateral vagotomy

At the age of 5 weeks, WT and SENP2-deficient mice
were randomized into sham and vagotomy groups with 20
mice in each group. Mice in the vagotomy group were
anesthetized to make a 1-cm longitudinal midline cervical
incision in the ventral region of the neck before blunt
dissection. The overlying muscles and fascia were separated
until the right vagus nerve was visible, and then, the right
vagus nerve was isolated from the carotid artery and asso-
ciated connective tissue bundle, ligated, and transected. The
vagus was carefully stripped away from the carotid artery
and lightly cutoff. Mice in the sham procedure group were
anesthetized and had the vagus nerve isolated and left intact,
but not cut, and the wound was closed and sutured. The
experiments were performed until all SENP2-deficient mice
were dead.

Cell culture and treatment

HEK293T, COS7, HT22, PC12, and SH-SY5Y cells were
maintained at 37 �C in a 5% CO2 atmosphere. Cells were
cultured in Dulbecco’s modified Eagle’s medium (Gibco)
containing 10% fetal bovine serum (Gibco), 100 units/ml
penicillin, and 100 μg/ml streptomycin. Cells were transiently
transfected using Lipofectamine 3000 (Invitrogen), according
to the manufacturer’s instructions. Cells were incubated with
10 μM retigabine or dimethyl sulfoxide, and the whole-cell
lysates were analyzed by Western blotting.

Plasmid constructs

Eukaryotic expression plasmids, rat Flag-Kv7.2 and Flag-
Kv7.3, were gifts from Dr K. George Chandy in University of
California, Irvine. CaM1, Flag-CaM2, and CaM3 plasmids
were provided by Dr Jichun Yang at Peking University. RGS-
SENP2, RGS-SENP2 catalytic mutant, and HA-SUMO2 were
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previously described (6, 23, 24). Four SUMO mutant plasmids
Flag-Kv7.2 K21R, Flag-Kv7.2 K634R, Flag-Kv7.3 K298R, and
Flag-Kv7.3 K624R were generated using the QuikChange
site-directed mutagenesis kit (TIANGEN). All plasmids were
verified by DNA sequencing.

In vitro electrophysiological recordings

WT or SUMOylation site mutant Kv7.2 and Kv7.3 were
cotransfected into HEK293T cells, and a single cell was
selected for electrophysiological recording. M currents from
transiently transfected HEK293T cells were recorded at RT
(20–23 �C) 2 day after transfection, using the whole-cell
configuration of the patch-clamp technique, with glass mi-
cropipettes of 4 to 8 MΩ resistance. The extracellular solution
contained (in mM) the following chemicals: 150 NaCl, 2.5
CaCl2, 5 KCl, 1 MgCl2, 10 glucose, and 10 Hepes at pH 7.4.
The intracellular solution contained (in mM) the following
chemicals: 130 KCl, 5 MgCl2, 10 glucose, and 5 Hepes at pH
7.2. The Clampfit 11.0.3 software (Molecular Devices) was used
for data acquisition and analysis. Cells were held at −80 mV
and stepped from −80 to +30 mV for 200 ms in 10 mV in-
crements with a 10-s interval between steps. Activation curves
were constructed from the peak tail current evoked by a
repolarization back to −80 mV after depolarizing voltage steps.

Protein–lipid overlay assay

Lipid–protein overlay assay was performed according to the
protocol (39). Briefly, the plasmids inserted with the C-termi-
nus of the WT or SUMO2-fusion Kv7.2 and Kv7.3 were con-
structed, and E. coli BL21 competent cells containing plasmids
were grown in growth media with IPTG. The proteins con-
taining MBP tag were purified with the chromatography col-
umn packed with amylose resin and concentrated. PIP strips
were 2 × 6 cm hydrophobic membranes that have been spotted
with 100 pM of all eight phosphoinositides and seven other
biological important lipids (Echelon biosciences). PIP strips
were blocked with 3% bovine serum albumin (Sigma) and
gently agitated for 1 h at RT. The blocking buffer was dis-
carded, and the strips were incubated with equal purified
proteins overnight at 4 �C with gentle agitation. The strips
were washed and incubated with anti-MBP antibody (NEB),
followed by a secondary antibody coupled to peroxidase, and
the interacted protein levels were detected with a chemo-
luminescence system (Tanon) after additional washing steps.

Cell surface biotinylation assay

WT or SUMOylation site mutant Kv7.2 and Kv7.3 was
transfected with or without SUMO2 into HEK293T cells.
Forty-eight hours later, cells were washed twice with ice-cold
PBS and treated with 1 mg/ml sulfosuccinimidyl 6-(bio-
tinamido) hexanoate (Sulfo-NHS-Biotin, Thermo) in PBS for
40 min at 4 �C. After that, cells were washed with ice-cold
buffer A (20 mM Tris HCl at pH 8.0 and 150 mM NaCl)
and incubated in buffer A for 15 min at 25 �C. Cells were then
collected by centrifuge and lysed in buffer B (10 mM Tris-HCl
at pH 8.0, 150 mM NaCl, and 1% NP-40). Cell lysates were
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incubated with 100 μl 50% (v/v) NeutrAvidin agarose
(Thermo) and rotated overnight at 4 �C. The agarose beads
were then washed three times with buffer B. Biotinylated
proteins bound to the beads were eluted by incubation with
SDS-PAGE sample buffer at 37 �C for 30 min and analyzed by
SDS-PAGE followed by Western blotting.
RNA isolation and real-time PCR

For quantitative analysis of gene expression, total RNA was
extracted using RNeasy protocol (Qiagen) from cultured or
treated cells. RNA was treated with DNase (Promega), and the
concentration was measured by Nanodrop (Thermo). 1 μg
total RNA was used to generate complementary DNA using
the high-capacity cDNA reverse transcription protocol
(Takara). Quantitative real-time PCR was then performed
using reaction mixtures of cDNA, primers, and SYBR Green
reagent (Takara) with the ABI StepOne system (PerkinElmer).
PCR was done in triplicate, and SDs representing experimental
errors were calculated. All data were analyzed using ABI
PRISM SDS 2.0 software (PerkinElmer). The sequence of
primers are as follows: SAE1-F: 50-CAGTATGACCGACA-
GATCCGC-30, R: 50-GGCAACCTGAGCCTTTGATCT-30;
SAE2-F: 50-CCACATCGACCTGATTGATCTG-30, R: 50-GGC
AACCTGAGCCTTTGATCT-30; UBC9-F: 50-GGAGGAAG-
GACCACCCTTTTG-30, R: 50-GGATAGCGCACTCCCA
GTT-30; SUMO1-F: 50-ATTGGACAGGATAGCAGTGAGA-
30, R: 50-TCCCAGTTCTTTCGGAGTATGA-30; SUMO2-F:
50-AAGGAAGGAGTCAAGACTGAGAA-30, R: 50-CGGAAT
CTGATCTGCCTCATTG-30; SENP2-F: 50-CACCAAATG-
GAGCCTGATCT-30, R: 50-CTTCCGTTCTTCTGTCCTT
CTC-30.
Western blotting and immunoprecipitation

Whole mouse brain or transfected cells were extracted and
subsequently homogenized on ice in RIPA lysis buffer with
protease inhibitors (TargetMol). Total protein levels were
quantified using the BCA assay (Pierce). Equal protein
amounts were separated by electrophoresis and transferred to
PVDF membranes by electroblotting. Membranes were
blocked with 5% nonfat dried milk, incubated overnight with
primary antibodies, including anti-UBC9 and anti-SENP2
(Santa Cruz), anti-SUMO1 (Cell Signaling Technology), anti-
SUMO2 and anti-CaM (Abcam), and anti-Kv7.2 and anti-
Kv7.3 (Alomone Labs) antibodies. The membrane was
washed and incubated with the secondary antibody coupled to
peroxidase, and protein levels were detected with the chemo-
luminescence system (Tanon). For immunoprecipitation ex-
periments, the brain or cell lysate was incubated overnight
with antibodies. All incubations were performed at 4 �C with
constant agitation. Antibody-bound protein complexes were
captured by the addition of protein A/G agarose and incubated
for another 2 h. Protein A/G agarose was pelleted by centri-
fugation, and the immunoprecipitated protein complex was
eluted using SDS-PAGE sample buffer and Western blotting
with antibodies.
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Immunocytochemistry

Cells transfected with indicated plasmids were grown on
cover slips. And 48 h later, cells were washed with PBS, fixed
with 4% PFA (Sigma), and permeabilized with 0.5% Triton X-
100 in PBS and then fixed with antibodies. Nonspecific anti-
body binding was minimized by treatment with 5% donkey
serum in PBS for 30 min at RT. Primary antibodies were
diluted in 0.1% Triton X-100 and incubated with the cells for
1 h at 37 �C. Cells were washed three times in PBS and then
incubated for 1 h at RT with secondary antibodies conjugated
to Cy3 or Cy5 fluorophores (Invitrogen). The cells were then
washed three times in PBS and mounted using the anti-fade
mounting solution (Dako) and then examined by confocal
laser scanning microscopy (Zeiss).

Statistical analysis

All data are presented as the mean ± SD at least three
separate experiments. Differences between groups were eval-
uated by one-way ANOVA followed by Dunnett’s or Tukey’s
test or two-way ANOVA followed by Bonferroni’s test for
multiple comparisons among more than two groups. For life
span analysis, we performed the Log-rank and Mantel–Cox
test by Primer-PriSM software. Statistical significance is
defined as p < 0.05 (*p < 0.05; **p < 0.01, ***p < 0.001, and
****p < 0.0001).

Data availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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