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SUMMARY

Objective: Kv7 channels mediate the voltage-gated M-type potassium current. Reduc-

tion of M current due to KCNQ2 mutations causes early onset epileptic encephalopa-

thies (EOEEs). Mutations in STXBP1 encoding the syntaxin binding protein 1 can

produce a phenotype similar to that of KCNQ2 mutations, suggesting a possible link

between STXBP1 and Kv7 channels. These channels are known to be modulated by

syntaxin-1A (Syn-1A) that binds to the C-terminal domain of the Kv7.2 subunit and

strongly inhibits M current. Here, we investigated whether STXBP1could prevent this

inhibitory effect of Syn-1A and analyzed the consequences of twomutations in STXBP1

associated with EOEEs.

Methods: Electrophysiologic analysis of M currents mediated by homomeric Kv7.2 or

heteromeric Kv7.2/Kv7.3 channels in Chinese hamster ovary (CHO) cells coexpressing

Syn-1A and/or STXBP1 or mutants STXBP1 p.W28* and p.P480L. Expression and

interaction of these different proteins have been investigated using biochemical and

co-immunoprecipitation experiments.

Results: Syn-1A decreased M currents mediated by Kv7.2 or Kv7.2/Kv7.3 channels.

STXBP1 had no direct effects on M current but dampened the inhibition produced by

Syn-1A by abrogating Syn-1A binding to Kv7 channels. The mutation p.W28*, but not
p.P480L, failed to rescue M current from Syn-1A inhibition. Biochemical analysis

showed that unlike the mutation p.W28*, the mutation p.P480L did not affect

STXBP1 expression and reduced the interaction of Syn-1Awith Kv7 channels.

Significance: These data indicate that there is a functional link between STXBP1 and

Kv7 channels via Syn-1A, which may be important for regulating M-channel activity

and neuronal excitability. They suggest also that a defect in Kv7 channel activity or reg-

ulation could be one of the consequences of some STXBP1 mutations associated with

EOEEs. Furthermore, our data reveal that STXBP1 mutations associated with the

Ohtahara syndrome do not necessarily result in protein haploinsufficiency.

KEY WORDS: Kv7 channels, M current, Syntaxin 1A, STXBP1, Early onset epileptic

encephalopathies.
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Syntaxin-1A (Syn-1A) is a target plasma membrane
SNARE protein (soluble N-ethylmaleimide-sensitive factor
attachment protein receptor) that associates with other
SNARE proteins (SNAP25, synaptobrevin) and with syn-
taxin binding protein 1 (STXBP1, a.k.a. Munc18.1) to form
a complex that is instrumental for the docking of synaptic
vesicles and their fusion with the plasma membrane for
transmitter release.1 Syn-1A also interacts with several ion
channels and affects their expression and gating proper-
ties.2–4 Notably, Syn-1A modulates the activity of Kv7
channels that mediates the slowly activating and non-inacti-
vating voltage-gated potassium current called M current,
which plays a major role in the control of neuronal excitabil-
ity.3–7 In many cortical neurons, these channels are com-
posed by the homomeric assembly of Kv7.2 subunit and by
the heteromeric assembly of Kv7.2 and Kv7.3 subunits.8–10

Syn-1A binds on the helix A of the C-terminal domain of
Kv7.2 and Kv7.3 subunits and facilitates the interaction
between the N and C termini resulting in a decrease of the
channel open probability.4 However, Syn-1A exerts an inhi-
bitory impact only on Kv7.2 channels, while it fails to inhi-
bit current mediated by Kv7.3 channels due to differences in
the N-terminal sequences of the two subunits.3,4

De novo mutations in the KCNQ2 gene, which encodes
for the Kv7.2 subunit, have been identified in early onset
epileptic encephalopathies (EOEEs), and at least half of
them with a suppression burst on electroencephalography
(EEG) studies.11–13 Functional analysis of mutant channels
suggests that these diseases are caused mainly by a reduc-
tion of M current.14–16 Along with KCNQ2, de novo muta-
tions in the STXBP1 gene have been described in >150
patients.17 Most of these patients show severe encephalopa-
thy with early onset epilepsy, and about 30–50% of them
presented with an initial suppression-burst pattern on
EEG.17–19 The striking similarities in STXBP1- and
KCNQ2-related disorders led us to investigate a possible
biologic link between these conditions. It is of interest,
STXBP1 has been shown to prevent the action of Syn-1A on

epithelial Na+ and Cl� channels and voltage-gated N-type
calcium channels.20–22 We thus hypothesized that STXBP1
may reduce Syn-1A interaction with Kv7 channels, while
mutant STXBP1-related encephalopathies may not. We
tested this hypothesis using both electrophysiologic and bio-
chemical approaches on homomeric Kv7.2 and heteromeric
Kv7.2/Kv7.3 channels. We also analyzed the consequences
of the nonsense mutation p.W28* and of the missense muta-
tion p.P480L in STXBP1 related to EOEEs without and with
an initial suppression burst EEG pattern, respectively.19

Methods
Molecular biology

Human coding DNAs (cDNAs) encoding STXBP1
(#NM_001032221.3) and Syn-1A (#NM_004603.1) were
purchased from GeneCopoeia. Human cDNA encoding
Kv7.2 (# NM_172108.3) and Kv7.3 (# NM_004519.3) were
subcloned into pcDNA3.1 as previously described.16

c.83G>A/p.28Trp>Stop and c.1439C>T/p.480Pro>Leu
mutations (according to NM_001032221.3) were intro-
duced in the STXBP1 plasmids using the QuikChange II
Site-Directed Mutagenesis Kit (Agilent), and mutation
insertion was verified using Sanger sequencing (Table S1).
For immunoprecipitation experiments, a Myc epitope was
inserted at the intracellular N-terminal extremity of
STXBP1.

Cell culture and transfections
Chinese hamster ovary (CHO) cell culture conditions and

transfections have already been described.16 Briefly,
100,000 cells in suspension were transfected with a total
amount of 1 lg of DNA containing a reporter plasmid with
the GFP gene (0.2 lg) and cDNA constructs. Empty
pcDNA3.1 was added if necessary, and concentrations were
adjusted to get a total amount of 1 lg of DNA. Electropora-
tion configuration was the following: 1,400 V, 1 pulse,
20 msec.

Immunoprecipitation andWestern blot
Cells expressing Kv7.2, Kv7.3, Syn-1A, and STXBP1

constructs were lysed for 15 min on ice in 1% Triton X-100,
140 mM NaCl, 20 mM Tris-HCl, and pH 7.4 containing pro-
tease inhibitors, and then centrifuged at 27,000 g for
30 min. The supernatants were saved and the protein
concentrations were determined using the BCA kit (Sigma-
Aldrich). Equal amounts of proteins were incubated over-
night with the following antisera: a mouse antibody against
Myc (Roche) or a rabbit antiserum against Kv7.2. Each
sample was then incubated for 30 min at 4°C with a mixture
of Protein A and G agarose beads (Sigma-Aldrich). After
three washes with phosphate-buffered saline (PBS) plus
0.1% Triton X-100, 1% bovine serum albumin (BSA), and
protease inhibitors, the bound proteins were released by

Key Points
• Syntaxin-1A (Syn-1A) inhibits with same efficiency
M current mediated by homomeric Kv7.2 and hetero-
meric Kv7.2/Kv7.3 channels in CHO cells

• STXBP1 does not affect M current but partially res-
cues M current from Syn-1A inhibition

• The mutant STXBP1 p.W28* but not p.P480L associ-
ated with early onset epileptic encephalopathy (EOEE)
does not restore M current

• The mutation p.W28* but not p.P480L is deleterious
for STXBP1 expression

• STXBP1 and the mutant STXBP1 p.P480L reduce the
interaction of Syn-1A with Kv7 channels

Epilepsia, **(*):1–12, 2017
doi: 10.1111/epi.13927

2

J. Devaux et al.



boiling in 20 ll of sodium dodecyl sulfate (SDS) sample
buffer for 2 min at 90°C. The released proteins were loaded
on 7.5% sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) gels and transferred onto nitrocellu-
lose membranes. The membranes were blocked for 1 h
using 5% powdered skim milk in PBS with 0.5% Tween-20
and incubated with a rabbit antiserum against K7.2 (1/
2,000),16 a rabbit antiserum against Kv7.3 (1/2,000),16 a
mouse antibody against Syn-1A (1/2,000; Sigma-Aldrich),
or a mouse antibody against Myc (1/2,000). After several
washes, the blots were incubated with the appropriate per-
oxidase-coupled secondary antibodies (1/5,000; Jackson
ImmunoResearch, West Grove, PA, U.S.A.) for 1 h and
washed several times. Immunoreactivity was revealed using
the BM chemiluminescence kit (Roche) and visualized on a
G:BOX gel imaging and analysis system (Syngene, Cam-
bridge, United Kingdom). The integrated densities of each
protein band were measured with ImageJ software.

Cell biotinylation assay
The procedure used for cell biotinylation assay has been

described previously.16

Electrophysiology
Cells were perfused at 1–2 ml/min with a solution of

the following composition (in mM): 135 NaCl, 3.5 KCl, 5
NaHCO3, 0.5 NaH2PO4, 1 MgCl2, 1.5 CaCl2, 10 HEPES,
10 glucose, and pH 7.3 adjusted with NaOH. Whole-cell
patch-clamp recordings were performed with microelec-
trodes (borosilicate glass capillaries GC150F-15, Harvard
apparatus) filled with a solution containing (in mM):
135 KCl, 0.1 CaCl2, 1.1 ethylene glycol-bis(2-aminoethy-
lether)-N,N,N’,N’-tetraacetic acid (EGTA), 10 4-(2-Hydro-
xyethyl) piperazine-1-ethanesulfonic acid (HEPES), 3
Mg2+ATP, 0.3Na+GTP, 4 phosphocreatinine, pH 7.3
adjusted with KOH, and a resistance of 4–6 MΩ. Data were
sampled at 10 kHz and filtered with a cut-off frequency of
3 kHz using an EPC-10 amplifier (HEKA Electronik). Volt-
age steps of 10 mV increment during 2 s from holding
potential of �105 mV and up to +45 mV followed by a
pulse to�65 mV for 1 s were applied to the cells to analyze
the conductance/voltage (G/V) relationships and the kinet-
ics of activation and deactivation of the channels. These
series of voltage steps were performed once or twice for
each cell. G values were obtained from peak amplitudes of
the slow outward current divided by the driving force for K+

ions with EK ~�93 mV, a value close to that measured in
our electrophysiologic recordings and normalized to the
maximal conductance.

Plotted points were fitted with a Boltzmann function:
G/Gmax = 1/[1 + exp(V1/2�Vm)/k] to yield the voltage for
half-maximum activation (Vhalf) and the slope factor (k) val-
ues. The procedure used to measure the channel kinetics has
been described previously.16 The current densities mea-
sured in cells coexpressing the channels (homo or

heteromeric), Syn-1A, and/or STXBP1 were compared with
the current densities of cells expressing only the channels.
The values were first expressed in pA/pF and then normal-
ized to the current density evoked at +45 mV by the homo-
meric Kv7.2 or heteromeric Kv7.2/Kv7.3 channels and
recorded the same days as cells coexpressing the channels
and proteins of interest. For each condition, this normaliza-
tion was made to a quasi-equivalent number of cells
expressing only the channels. Currents were analyzed using
Origin 8.0 software. Analyses were performed after offline
leak current subtraction. Membrane potentials were cor-
rected for liquid junction potential (~5 mV).

Statistics
Data are represented as means � standard error of the

mean (SEM). When the data’s distribution was normal, we
used a Student’s t-test to compare means of two groups or
the one-way analysis of variance (ANOVA) followed by
Bonferroni’s test as mentioned. When the normality test
failed, we used the nonparametric Mann-Whitney test for
two independent samples. Statistical analysis was per-
formed using Graphpad Prism software. ns: not significant;
*p < 0.05; **p < 0.01; and ***p < 0.001.

Results
We first investigated whether CHO cells endogenously

expressed genes encoding for Syn-1A or STXBP1 by
reverse transcriptase-polymerase chain reaction (RT-
PCR). The amplified gene fragments were identical in
size in both hamster and human (Table S2). No endoge-
nous expression of these two genes was detected in CHO
cells unless after transfection with cDNA encoding for
the human proteins (Fig. S1). The same result was
obtained for the KCNQ2 gene. CHO cell lines thus
appeared as a good model to test the effects of Syn-1A
and STXBP1 on M currents. We first examined the
effects of Syn-1A on the current mediated by the homo-
meric Kv7.2 channels.

Syntaxin-1A decreasedM current mediated by Kv7.2 in
a “dose-dependent”manner

Depolarizing voltage steps applied from a holding mem-
brane potential of�105 mV to +45 mV (10 mV increment)
evoked a slowly activating outward current with a threshold
potential of around �45 mV. The Vhalf and the K slope val-
ues were of �33 � 0.8 mV and 8.9 � 0.4 mV/e-fold,
respectively (n = 70 cells; Fig. 1A and Table S3). Consis-
tent with other studies, the activation kinetics were voltage
sensitive with time constant decreasing with the depolariza-
tion.14–16 The coexpression of Kv7.2 with increasing
amounts of Syn-1A gradually reduced M current density. At
+45 mV, M currents were reduced by nearly 15% with a
1:0.1 ratio (n = 8 cells), by 70% and 90% when Syn-1A
was transfected in a 1:0.5 ratio (n = 12 cells) and 1:1 ratio,
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respectively (n = 14 cells; Fig. 1A,B and Table S3). This
was not accompanied by a major change in the G/V relation-
ship and activation kinetics (Fig. 1C,D and Table S3).

We next analyzed the impact of STXBP1 on M current in
the absence or presence of Syn-1A. Expression of STXBP1
did not affect current density, G/V relationship, or
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activation and deactivation time constants (n = 41 cells;
Fig. 1F–H and Table S3).

The co-transfection of Kv7.2 and Syn-1A with STXBP1
at a 1:0.5:1 ratio (n = 21 cells) dampened the inhibitory
impact of Syn-1A on current density, leading to a current
reduction of only 30% (meaning a current recovery of 40%;
Fig. 1F). The recovery was also observed when measuring
the tail current density (Fig. 1K). Moreover, STXBP1 abol-
ished the effects of Syn-1A on current deactivation that was
slowed at a 1:0.5 ratio (Fig. 1J). STXBP1 also significantly
reduced the impact of Syn-1A on current density by 25%
when co-transfected with a ratio of 1:1:1 (n = 7 cells; graph
not shown, see also Table S3).

Heteromeric Kv7.2/Kv7.3 channels are modulated by
Syn-1A

Previous observations performed in Xenopus oocytes
have shown that Kv7.2/Kv7.3 channels are less sensitive to
Syn-1A than homomeric Kv7.2 channels, likely because
Kv7.3 subunits are not sensitive to Syn-1A.3,4 We reinvesti-
gated this issue in CHO cells and found that increasing
amounts of Syn-1A reduced current densities by 45%
(1:1:0.25 ratio, n = 13 cells), 62% (1:1:0.5 ratio, n = 28
cells), and 80% (1:1:1 ratio n = 6 cells) at +45 mV
(Fig. 2A,B). The percentage of decrease for the two last
configurations were not significantly different from values
obtained with the homomeric Kv7.2 channels, indicating
that the heteromerization did not alter the sensitivity of the
channels to Syn-1A. Syn-1A also slowed the activation time
constant of M current when expressed at a 1:1:1 ratio but
not at lower ratios (Fig. 2D). Syn-1A did not have major
consequences on the channel deactivation time constant and
G/V relationship, although a slight but significant decrease
of the slope factor was observed (Fig. 2C,F and Table S3).

STXBP1 reduced the inhibitory impact of Syn-1A on
heteromeric Kv7.2/Kv7.3 channels

As for homomeric Kv7.2 channels, STXBP1 did not
affect the characteristics of the heteromeric current but its

expression reduced the inhibitory impact of Syn-1A. The
recovery of current densities measured at +45 mV was of
35% and 25% at 1:1:0.5:1 and 1:1:1:1 ratios (n = 16 and 7
cells, respectively, Fig. 2F,G and Table S3). Moreover,
STXBP1 restored the activation channel kinetics (Fig. 2H).
Together, these data indicated that STXBP1 modulates the
functional effect of Syn-1A on Kv7 channels.

Differential effects of twomutations in STXBP1 related
to early onset epileptic encephalopathy

Because mutations in STXBP1 have been identified in
patients with EOEE, we investigated the effects of two
mutations onM current. The mutation p.W28* is a nonsense
mutation identified in a patient with a nonsyndromic
EOEE19 without an initial suppression burst at the EEG
resulting in premature stop codon at position 28 within the
D1 domain of the protein. The second mutation p.P480L is a
missense mutation localized in the D3 domain of the protein
where the proline in position 480 is replaced by a leucine.
This mutation has been identified in a patient with Ohtahara
syndrome.19

These two mutant proteins did not affect the density of M
current mediated by the heteromeric Kv7.2/Kv7.3 channels
(Fig. 3A,B and Table S3) but differentially modulated the
effects of Syn-1A. Thus STXBP1 p.W28* failed to reduce
the inhibitory impact of Syn-1A on heteromeric channels
(n = 21 cells). In contrast, STXBP1 p.P480L rescued cur-
rent density to a level that was not significantly different
from what was observed with wild-type STXBP1 (n = 17
cells; Fig. 3C,D and Table S3).

We then performed Western blot and co-immunoprecipi-
tation experiments to understand the differential effects of
the two mutants and the mechanisms by which STXBP1
neutralized the action of Syn-1A. Different mechanisms
could account for the action of STXBP1 including an effect
on Kv7 channel expression and trafficking; a reduced
expression of Syn-1A; the formation of a complex
STXBP1/Syn-1A/Kv7 channels; and a reduced interaction
of Syn-1A with the subunits.

Figure 1.

Functional consequences of Syn-1A or/and STXBP1 on current mediated by homomeric Kv7.2 channels. (A) Current responses to

10 mV incremental voltage step-command from �105 mV to +45 mV for 2 s followed by a 1 s hyperpolarizing voltage step to �65 mV

in CHO cells transfected with plasmids expressing Kv7.2 and Kv7.2 plus Syn-1A at ratio indicated in parenthesis. (B) Relative current den-

sity measured at all voltage steps showing the effects of coexpression with Syn-1A at the ratio indicated in parenthesis in (A) with the

associated colored symbols. All values were normalized to the mean current density measured at +45 mV in CHO expressing only the

Kv7.2 subunit (see Methods). (C–D) Conductance–voltage (G/V) relationship and time constant of current activation in cells expressing

Kv7.2 alone or in combination with Kv7.2 and Syn-1A at ratio of 1:0 and 1:0.5. Continuous lines in (C) represent Boltzmann fits to the

experimental data. Measurement of these two parameters was not possible at ratio 1:1 because currents declined during the depolarizing

voltage steps. (E–H) Functional consequences of STXBP1 or STXBP1/Syn-1A coexpression on Kv7.2 current density (F), G/V relation-

ship (G), and channel activation kinetics (H). (I) Tail currents observed after a 1 s hyperpolarizing voltage step command from +15 mV

to membrane potentials ranging from �15 mV to �105 mV. (J) Weight average time constant of current deactivation and (K) relative

tail current density were measured in cells expressing Kv7.2 only (n = 25 cells) or coexpressing Kv7.2/Syn-1A (n = 7 cells), Kv7.2/

STXBP1 (n = 24 cells), Kv7.2/Syn-1A/STXBP1 (n = 7 cells) at ratio indicated in parenthesis in (E).
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Figure 2.

Functional consequences of Syn-1A and STXBP1 on current mediated by heteromeric Kv7.2/Kv7.3 channels. (A) Current responses to

depolarizing voltage steps of Kv7.2/Kv7.3 or Kv7.2/Kv7.3/Syn-1A at ratio indicated in parenthesis. (B–E) Functional consequences of
Syn-1A coexpression on Kv7.2/Kv7.3 current density (B), G/V relationship (C), time constant of current activation (D), and deactivation

(E). (F–H) Functional consequences of STXBP1 or STXBP1/Syn-1A coexpression on Kv7.2/Kv7.3 current density (G) and channel acti-

vation kinetics (H).
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STXBP1 interaction with Syn-1A is impaired by
STXBP1 p.W28* but not by p.P480Lmutation

We first analyzed the consequences of the mutations on
both STXBP1 expression and on Syn-1A levels and then on
STXBP1/Syn-1A interaction. To detect the mutant proteins
and perform pull-down experiments, a Myc epitope was
inserted at the N-terminus of STXBP1. Cells were co-trans-
fected with Syn-1A and wild-type or mutant STXBP1, and
STXBP1 was pulled down with a monoclonal anti-Myc anti-
body (Fig. 4A). As expected, wild-type STXBP1 interacted
with Syn-1A. The mutation p.W28* severely impacted the
expression of the mutant protein and thus lacked interaction
with Syn-1A. By contrast, the expression of STXBP1 was
not affected by the mutation p.P480L (Fig. 4B). Neverthe-
less, its interaction with Syn-1A was significantly decreased
compared to wild-type STXBP1. The expression of Syn-1A
was not changed following co-transfection with wild-type or
mutant STXBP1, indicating that Syn-1A stability is not
dependent on STXBP1.

Syn-1A and STXBP1 did not modulate the membrane
trafficking of Kv7.2/Kv7.3 channels

We examined whether Syn-1A, STXBP1, or both pro-
teins affected the total and surface expression of Kv7.2 and
Kv7.3 subunits. Syn-1A, but not STXBP1, increased the
total expression of Kv7.2/Kv7.3 subunits (Figs. S2 and S3).
The effect of Syn-1A was prevented when co-expressed

with STXBP1 (Fig. S2). However, the surface expression of
both subunits was not significantly different in the presence
of Syn-1A and/or STXBP1, indicating that these proteins do
not regulate membrane channel trafficking. Therefore, the
recovery of M current observed in presence of STXBP1 did
not result from an increase in membrane expression of Kv7
channels.

STXBP1modulates association of Syn-1A with Kv7.2/
Kv7.3 channels

Because Syn-1A is known to interact with Kv7 chan-
nels, we thus hypothesized that STXBP1 may act by
reducing the interaction of Syn-1A with Kv7 channels. For
that purpose, Kv7.2/Kv7.3 subunits were co-transfected
with Syn-1A in the presence or absence of Myc-tagged
STXBP1 constructs, and Kv7.2/Kv7.3 channels were
pulled down with a polyclonal antibody against Kv7.2
(Fig. 5A). In keeping with previous reports,3 Syn-1A was
found to associate with Kv7.2/Kv7.3 channels (Fig. 5A).
This interaction was strongly impaired by the presence of
wild-type STXBP1 or p.P480L mutant, but not by the
p.W28* mutant (Fig. 5B). Of interest, we did not detect
any interaction between Kv7.2/Kv7.3 channels and wild-
type or mutant STXBP1. As controls, we examined the
association of Kv.7.2 subunits with Kv7.3. The channel
heteromerization was not impacted by the presence of
Syn-1A, STXBP1, or both (Fig. 5B).

Figure 3.

Functional consequences of STXBP1 mutations p.W28* and p.P480L on current mediated by Kv7.2/Kv7.3 channels. (A–B) Kv7.2/Kv7.3
currents were evoked by depolarizing voltage steps (A) and relative current density (B) were measured in absence or presence of

STXBP1 p.W28* and p.P480L. (C–D) Cells were co-transfected with Syn-1A, and currents were evoked by depolarizing voltage steps

(C) and the relative current density (D)were measured in absence or presence of STXBP1 p.W28* and p.P480L.
Epilepsia ILAE
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Discussion
STXBP1- and KCNQ2-related encephalopathies share

some common features, including a neonatal-onset epilepsy

with a suppression-burst EEG pattern in 30–50% of
patients, the evolution of epilepsy with an overall reduction
of seizures but with persistence of severe mental

Figure 4.

STXBP1 mutations affect the interaction of STXBP1 with Syn-1A. (A) Syn-1A was expressed in combination with wild-type or mutant

forms of Myc-tagged STXBP1. As a negative control, Syn-1A was expressed with an empty plasmid (mock). Cell lysates were immunopre-

cipitated for Myc and immunoblotted for STXBP1 and Syn-1A. Total cell lysates (input) were immunoblotted for STXBP1 and Syn-1A.

Wild-type STXBP1 co-immunoprecipitated with Syn-1A. Note that p.W28* and p.P480L mutations affected the interaction with Syn-1A.

The immunoglobulin (Ig) bands are indicated with an arrowhead. Molecular weight markers are shown on the right (in kDa). (B) Relative

expressions were quantified by measuring the ratio of total Syn-1A or STXBP1 relative to that of actin. The expression of Syn-1A was

normalized to the mock condition, whereas the expression of mutant STXBP1 was normalized to that of wild-type STXBP1 (n = 4 inde-

pendent experiments). The interaction with Syn-1A was quantified by measuring the ratio of immunoprecipitated Syn-1A/immunoprecipi-

tated STXBP1. Ratios were then normalized to those of wild-type STXBP1 (n = 4 independent experiments). p.W28* and p.P480L

mutations had no significant consequences on protein levels but significantly decreased Syn-1A/STXBP1 interaction.
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retardation.11,12,17–19 We have established here that a link
could exist between STXBP1 and Kv7 channels.

We provide evidence that STXBP1 reduces the interac-
tion of Syn-1A with Kv7 channels and partially counterbal-
ances the inhibitory impact of Syn-1A on M current. This
effect of STXBP1 could theoretically occur in neurons

according to immunohistochemical studies showing that
STXBP1 distribution parallels that of Syn-1A and of Kv7
channels throughout the axon and synaptic terminals.9,23–27

Therefore, although STXBP1 does not bind to Kv7 chan-
nels, its expression may contribute to ensure the proper
function of Kv7 channels. A previous study suggests that

Figure 5.

STXBP1 modulates the association between Syn-1A and heteromeric Kv7.2/Kv7.3 channels. (A) Kv7.2/Kv7.3 subunits were coexpressed

with Syn-1A and an empty plasmid (mock) or in combination with the wild-type or mutant forms of STXBP1. As negative controls, cells

were transfected with Syn-1A alone. Cell lysates were immunoprecipitated for Kv7.2 and immunoblotted for Syn-1A, STXBP1, Kv7.2,

and Kv7.3. Total cell lysates (input) were immunoblotted for Syn-1A and STXBP1. The results show that Kv7.2/Kv7.3 co-immunoprecipi-

tated with Syn-1A. The coexpression of STXBP1 almost abolished the association of Syn-1A with Kv7.2/Kv7.3. The p.W28* mutation,

but not p.P480L mutation, impaired the effect of STXBP1 on Kv7.2/Kv7.3/Syn-1A interaction. Wild-type or mutant STXBP1 forms did

not affect Kv7.2/Kv7.3 association and did not interact with Kv7.2/Kv7.3. The Ig bands are indicated with an arrowhead. Molecular weight

markers are shown on the right (in kDa). (B) Relative interactions with Syn-1A or Kv7.3 were quantified by measuring the ratio of

immunoprecipitated Syn-1A or Kv7.3/immunoprecipitated Kv7.2. Ratios were then normalized to the mock condition (n = 4 indepen-

dent experiments). The wild-type and p.P480L forms, but not p.W28*, significantly decreased the association of Kv7.2/Kv7.3 with

Syn-1A.
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calmodulin could play this role but depending on its concen-
tration and its ability to associate with calcium it can also
exert an inhibitory impact that is additive to the Syn-1A
effect.4

The fact that the mutant p.W28* could not reverse the
effect of Syn-1A raised the possibility that the reduced
expression of STXBP1 encountered in STXBP1-related
epileptic encephalopathies18,28 may lead to an increased
interaction between Syn-1A and Kv7 channels and poten-
tially between syn-1A and its other partners.2 Nonetheless,
the lower impact of the p.P480L mutation indicates that this
hypothesis cannot be generalized to all STXBP1 mutations
and therefore that the relationship between STXBP1 muta-
tions and EOEE is complex and may implicate several dif-
ferent mechanisms.

In keeping with previous works performed in Xenopus
oocytes,3,4 we showed in CHO cells that M currents are
highly sensitive to Syn-1A. However, in contrast with
these studies we found that Syn-1A affected similarly
homomeric Kv7.2 and heteromeric Kv7.2/Kv7.3 channels.
A strong sensitivity of Kv7.2/Kv7.3 channels to Syn-1A
has also been noticed by Soldovieri and colleagues
(2014)29 using CHO cells. This discrepancy could be
inherent to the experimental procedure. Notably, the use
of Kv7.3 bearing the p.A315T mutation may have led to
an underestimation of the effects of Syn-1A on hetero-
meric channels.3 Because Syn-1A appears to affect simi-
larly homomeric and heteromeric channels, this suggests
that Syn-1A could endogenously inhibit M current in cor-
tical cells where heteromeric Kv7.2/Kv7.3 channels pre-
dominate.8,9

The observation that Syn-1A increased total Kv7 chan-
nels expression was unexpected and has not been reported
in Xenopus oocytes.3,4 These data are opposite to the action
of Syn-1A on current density and reveal the powerful inhibi-
tory effect of Syn-1A on channel gating that is not compen-
sated by the overall increased expression of the channels.
This suggests that in mammalian cells, Syn-1A may either
increase channel synthesis or may reduce the degradation/
turnover of the subunits. Our data indicate also that Syn-1A
did not affect Kv7 channel trafficking. This is not the case
for the Kv1.1, Kv2.1, Kv4.2, or ENac, an amiloride
sensitive-epithelial Na+ channels that are modulated by
Syn-1A via a decrease in their expression at plasma
membrane.21,30–32 This denotes the large repertoire of
action of Syn-1A that can regulate ionic channel activity by
a direct effect on the gating properties and/or indirectly by
an effect on channels trafficking.2

The use of mutant forms of STXBP1 showing different
potencies to bind Syn-1A confirmed the effects of wild-type
STXBP1. STXBP1 p.W28* that deleteriously affected
STXBP1 protein expression did not modulate the effects of
Syn-1A, whereas Syn-1A inhibition was similarly reversed
by wild-type STXBP1 or STXBP1 p.P480L which pre-
sented a correct expression and interaction with Syn-1A. It

is notable that STXBP1 effects appeared partial with a
recovery of current density that was around 30–40%. This
differs from the results of other studies in which STXBP1
fully rescued epithelial chloride and sodium currents from
Syn-1A inhibition.20,21 There are at least two possible
explanations for the partial recovery observed in the present
study. First, Syn-1A may associate with the Kv7 subunits
with higher affinity than with other ion channels, thus
requiring higher amounts of free STXBP1. Second, Syn-1A
could interact with Kv7 channels in both open and closed
forms (the N-terminal Habc domain folds back onto the
C-terminal SNAREmotif of the protein). Free Syn-1A exhi-
bits a rapid dynamic equilibrium between the closed and
open forms,33 and both conformations of Syn-1A have been
shown to modulate the Kv2.1 channels, the open form hav-
ing even a more powerful inhibitory impact on current
amplitude.34 However, STXBP1 forms a complex with Syn-
1A when the latter is in closed conformation.27 Thus it is
possible that STXBP1 alleviates the inhibition mediated by
the closed form of Syn-1A, leaving the interaction between
Kv7 channels and the open form of Syn-1A. In keeping with
this, we found that STXBP1 strongly decreased the interac-
tion of Syn-1A with Kv7.2/Kv7.3, but a residual Syn-1A
binding could still be detected.

Our biochemical data suggest that STXBP1 rescues the
current density by preventing the association of Syn-1A
with Kv7 subunit and not by inducing a reduction of Syn-
1A levels, since its relative expression was not affected by
STXBP1 or mutant proteins. The following two potential
mechanisms could explain the inhibition of Syn-1A/Kv7
channel interaction by STXBP1: (1) the configuration
adopted by STXBP1-Syn-1A dimer does not allow Syn-1A
to bind to the C-terminal domain of Kv7.2/Kv7.3 subunits;
or (2) STXBP1 and Kv7 channels share the same site of
interaction on Syn-1A. In the latter case, this would indicate
that the effect of Syn-1A is mediated by the N-terminal
Habc domain of the protein to which STXBP1 binds. How-
ever, this domain does not seem to be the primary site asso-
ciating with ion channels. Several studies indicate that the
H3 domain of Syn-1A is the critical motif mediating the
binding and modulation of epithelial sodium channel, ATP-
dependent potassium channels, Kv2.1, Kv4.2 and N-type
calcium channels.2,34–36 Further studies are needed to clar-
ify the molecular determinant that governs the action of
Syn-1A and STXBP1 on Kv7 channels.

Our data showed that the missense mutation p.P480L
identified in a patient with Ohtahara syndrome did not lead
to a degradation of the protein. Therefore, this syndrome is
not necessarily caused by STBXP1 haploinsufficiency as it
was suggested in other studies.18,28 It is difficult to under-
stand how this mutant can cause epileptic encephalopathy
and induce the same phenotype as other mutations reported
to disrupt the conformation of the protein.37 Moreover, the
mutant p.P480L protein appeared to retain its capacity to
complex with Syn-1A and showed functional effects on M
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current comparable to that of wild-type STXBP1. It is possi-
ble that the decreased Syn-1A/STXBP1 p.P480L interaction
weakens dimer formation and subsequently their associa-
tion with other proteins involved in the formation of the
SNARE complex.

Finally, our data increase the knowledge on the patho-
physiologic consequences of STXBP1 dysregulation. It has
recently been shown that a mutation inducing a reduction of
STXBP1 expression decreases both evoked glutamate
receptor–mediated synaptic transmission and expression of
Syn-1A28,38 (but see Toonen and colleagues39,40). This
induced also the mislocalization of Syn-1A and impaired
neurite outgrowth in patient pluripotent–derived neuronal
cells.28 Our data suggest that STXBP1 mutations can indi-
rectly affect the function of Kv7 channels. This may be true
for other channels containing binding sites for Syn-1A.
Thus channelopathies should also be considered in the
pathogenicity of STXBP1 mutations. Future studies per-
formed in neurons inactivated for Syn-1A, STXBP1, or
expressing STXBP1 mutations are needed to confirm that
Kv7 channels and firing properties are endogenously regu-
lated by these proteins. This is important as it should open
new therapeutic strategies for STXBP1-related conditions.
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Supporting Information
Additional Supporting Information may be found in the

online version of this article:
Figure S1. Expression analysis of Syn-1A, STXBP1, and

Kv7.2 in CHO cells. Expression was tested by RT-PCR (A)
and immunocytochemistry (B). (A) CHO cells were trans-
fected with Syn-1A, STXBP1, or Kv7.2 (KCNQ2) plasmids
independently or altogether (Triplex). Each gene was
specifically amplified and was detectable only in the corre-
sponding transfection or in the Triplex transfection. Ampli-
con length of each gene is indicated in base pair (bp).

Figure S2. Syn-1A and STXBP1 do not affect the surface
expression of Kv7.2/Kv7.3 channels. (A) Kv7.2/Kv7.3 sub-
units were expressed alone or in combination with Syn-1A
and STXBP1. Cells were treated with buffer alone (�) or

supplemented with sulfo-NHS-SS-biotin (+) before lysis;
then membrane proteins and lysates were separated by
SDS-PAGE and revealed for Kv7.2, Kv7.3, Syn-1A,
STXBP1, or actin, as loading control. Molecular weight
markers are shown on the left in kDa. (B) The ratios of sur-
face/total Kv7 subunits were calculated and normalized to
those in absence of Syn-1A and STXBP1. Bars represent
mean� SEM of four independent experiments. Syn-1A and
STXBP1 had no significant consequences on the surface
expression of the Kv7.2/Kv7.3 channels, but Syn-1A signif-
icantly increased the protein expression of Kv7.2/Kv7.3
channels.

Figure S3. STXBP1 does not affect the surface expres-
sion or protein levels of Kv7.2/Kv7.3 channels. (A) Kv7.2/
Kv7.3 subunits were expressed alone or in combination with
STXBP1. Cells were treated with buffer alone (�) or sup-
plemented with sulfo-NHS-SS-biotin (+) before lysis; then
membrane proteins and lysates were separated by SDS-
PAGE and revealed for Kv7.2, Kv7.3, STXBP1, or actin, as
loading control. Molecular weight markers are shown on the
left in kDa. (B) The ratios of surface/total Kv7 subunits
were calculated and normalized to those in absence of
STXBP1. Bars represent mean � SEM of four independent
experiments. STXBP1 had no significant consequences on
the protein expression or surface expression of the Kv7.2/
Kv7.3 channels.

Table S1. Primers used with the QuikChange II site-
directed mutagenesis kit.

Table S2. Primers and PCR conditions for gene expres-
sion analysis.

Table S3. Functional analysis of homomeric Kv7.2 and
heteromeric Kv7.2/Kv7.3 channels expressed in CHO cells.
Effects of Syn-1A and/or STXBP1 on Vhalf, K slope factor,
and current density (in pA/pF) measured in all the CHO
cells expressing the homomeric Kv7.2 and heteromeric
Kv7.2/Kv7.3 channels. All the values are represented as
means � SEM; *comparison with Kv7.2 or Kv7.2/Kv7.3;
§comparison with Kv7.2/Syn-1A (1:0.5) or Kv7.2/Kv7.3/
Syn-1A (1:1:0.5); $comparison with Kv7.2/Syn-1A (1:1) or
Kv7.2/Kv7.3/Syn-1A (1:1:1). */§/$p < 0.05; **/§§/$
$p < 0.01; ***/§§§/$$$p < 0.001; ND, not determined.
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