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MicroRNAs (miRNAs) have recently emerged as important regula-
tors of ion channel expression. We show here that select miR-106b
family members repress the expression of the KCNQ2 K+ channel
protein by binding to the 30-untranslated region of KCNQ2 mes-
senger RNA. During the first few weeks after birth, the expression
of miR-106b family members rapidly decreases, whereas KCNQ2
protein level inversely increases. Overexpression of miR-106b
mimics resulted in a reduction in KCNQ2 protein levels. Conversely,
KCNQ2 levels were up-regulated in neurons transfected with anti-
sense miRNA inhibitors. By constructing more specific and stable
forms of miR-106b controlling systems, we further confirmed that
overexpression of precursor-miR-106b-5p led to a decrease in
KCNQ current density and an increase in firing frequency of hippo-
campal neurons, while tough decoy miR-106b-5p dramatically
increased current density and decreased neuronal excitability.
These results unmask a regulatory mechanism of KCNQ2 channel
expression in early postnatal development and hint at a role for
miR-106b up-regulation in the pathophysiology of epilepsy.

KCNQ2/3 K+ channel j miRNA j miR-106b family j developmental
regulation j KCNQ2 protein

M icroRNAs (miRNAs) are single-stranded small noncod-
ing RNA molecules with ∼22 nucleotides, which bind the

30-untranslated region (30-UTR) or coding region (CDS) of
their target messenger RNAs (mRNAs) and regulate protein
synthesis by destabilizing the mRNA or arresting the transla-
tion process (1–3). About 50% of mammalian miRNAs are
expressed in the brain (4, 5) and play important roles in neuro-
genesis and neuronal development (6, 7). Recent studies have
identified miRNAs as potential novel and noninvasive diagnos-
tic biomarkers for epilepsy syndrome (8, 9). The functional role
of miRNAs in epilepsy is mostly related to regulation of ion
channel expression in central and peripheral nervous systems
(10, 11). Several voltage-gated ion channels, such as Kv1.1,
Kv4.2, NaV1.1, GluA2, and GluN2B are known to be regulated
at the translational stage by miRNAs. Recent genome-wide
miRNA expression profiling studies using the serum of epilepsy
patients suggested that miR-106b expression is elevated in pedi-
atric patients with epileptic syndromes (12, 13). Subsequent
evaluation of the association between biomarkers and clinical
parameters of epilepsy established that among the selected
miRNAs whose expression levels were altered in epilepsy
patients, including up-regulated let-7d, miR-106b, miR-130a,
miR-146a, and down-regulated miR-15a and miR-194, miR-
106b possessed the greatest diagnostic capability for epilepsy
(14, 15). However, target molecules for miR-106b that might
illuminate its mechanistic role in epileptogenesis were not
clearly defined.

KCNQ2/KCNQ3 (KCNQ2/3) heterotetrameric voltage-
dependent channels are broadly expressed in the brain and are
known to conduct the muscarine-sensitive M-current, which
contributes to a slowly activating and deactivating potassium
current (16–19). The two KCNQ2 and KCNQ3 subunits are
colocalized at the soma, dendrites, and axon-initial segments

(AIS) of pyramidal neurons in central nervous systems (20, 21).
As its threshold for channel activation is more negative than
that of other potassium channels, the KCNQ2/3 channel plays a
crucial role in regulating resting membrane potential and cell
excitability. Thus, inhibition of this channel usually results in an
increase in action potential (AP) generation with reduced
spike-frequency adaptation (22–25). Previous studies have
reported that a single mutation in the KCNQ2/3 channel
reduces the current by ∼25% compared with wild-type (WT)
channels, leading to an abnormal increase in neuronal excitabil-
ity (26). Similarly, overexpression of a KCNQ2 subunit with a
dominant-negative mutation generated seizures and hyperexcit-
ability in hippocampal neurons (18, 25, 27). Interestingly, most
KCNQ2 knockout mice die within 3 wk, whereas genetic dele-
tion of KCNQ3 gene does not cause any changes in excitability
and permits survival into adulthood (28–30). Therefore, the
KCNQ2/3 channel has been considered as a therapeutic target
in many other brain disorders as well as in general epilepsy
(31–33).

Since the expression of KCNQ2 and KCNQ3 mRNAs
increases rapidly in the brain during the first few weeks of life,
the KCNQ2/3 channel complex plays a crucial role in determin-
ing the excitability of developing neurons during this period
(34, 35). Western blot analysis of various regions of the brain,
such as the hippocampus, temporal cortex, cerebellar cortex,
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and medulla oblongata, showed that the expression level of
KCNQ2 and KCNQ3 proteins from late fetal life to early
infancy is up-regulated, and this increase of KCNQ expression
is essential for normal development and functional maturation
of neurons (36, 37). However, detailed mechanisms for the
early developmental regulation of KCNQ2/3 expression remain
unclear. The ontogenies of KCNQ2 and KCNQ3 mRNAs
in vivo exhibited regional and developmental differences in
brain tissues such that levels of KCNQ2 mRNA transcript are
relatively higher in embryonic and newborn stages, while the
KCNQ3 mRNA level is low in those stages but steadily
increases during early postnatal development (38, 39). Based
on approaches using bioinformatics, RNA sequencing (RNA-
seq), and cell biological analyses, we found here that select
miR-106b family members, including miR-106, miR-17, and
miR-20a, down-regulate KCNQ2 protein expression by binding
to the 30-UTR of KCNQ2 mRNA, leading to increased neuro-
nal excitability in early developing rodent hippocampal and cor-
tical neurons. On the other hand, knockdown of these miRNAs
leads to an increase in KCNQ2 protein expression and a
decrease in neuronal excitability. Our results provide insight
into the regulatory mechanisms of KCNQ2 gene expression
during early development, establishing functional roles of miR-
106b family miRNAs in the stage-specific occurrence of epilep-
tic syndromes.

Results
miR-106b Family miRNAs Repress KCNQ2 Protein Expression by
Binding to the Target Site on the 30-UTR of KCNQ2 mRNA. As miR-
NAs continue to emerge as important regulators of their target
channel proteins (11), we searched for conserved miRNA
candidates on the 30-UTR of the KCNQ2 gene using three dif-
ferent miRNA prediction databases: Targetscan (http://www.
targetscan.org/vert_80/), Miranda (https://cbio.mskcc.org/miRNA
2003/miranda.html), and miRDB (http://mirdb.org/). The con-
sensus for all three databases indicated that five miRNAs,
including miR-17, miR-20a, miR-93, miR-106a, and miR-106b,
could serve as highly conserved regulators of KCNQ2 expres-
sion (Fig. 1A). We considered all five miRNAs as members of
the miR-106b family based on the high similarity of their nucle-
otide sequences, including the conserved seed motif (Fig. 1B)
(40). Indeed, our small RNA-seq analysis indicated that miR-
17, miR-20a, miR-93, and miR-106b were highly expressed at
P0 in mouse hippocampal tissues (Fig. 1C). Since there was no
detectable amount of miR-106a at P0 in the hippocampus, we
focused on the remaining four miRNAs as candidates for
KCNQ2 modulators. Detailed sequence analysis predicted that
they bind to the same sequence (target site) “GCACUUU”
starting 188 nucleotides downstream from the end of the mouse
KCNQ2 coding sequence (Fig. 1D). This putative seven-
nucleotide miRNA-binding target site was also observed in the
KCNQ2 30-UTR of a subset of vertebrate species including rats,
humans, pigs, bats, salmon, cows, dogs, cats, and chickens (SI
Appendix, Fig. S1). Interestingly, the target site was also found
in the CDS of several species, including humans, whales, and
red foxes, but the nucleotide sequences surrounding it were
quite different from those of the 30-UTR (Fig. 1D and SI
Appendix, Fig. S1). Broughton et al. (41) reported that addi-
tional base pairing between the 30-region of miRNA and its tar-
get mRNA is a critical determinant of the specificity of
miRNA–mRNA interactions.

We then tested whether each member of the miR-106b fam-
ily has the potential to repress KCNQ2 expression in living
cells. For this assay, we generated a reporter construct (pLuc-
KCNQ2 WT 30-UTR) in which the WT 30-UTR of the KCNQ2
gene (miRNA-bound region) was fused to the luciferase gene
(LUC). Cotransfection of pLuc-KCNQ2 WT 30-UTR with

either miR-17, miR-20a, or miR-106b mimics reduced luciferase
activity by 30% (P < 0.05), 32% (P < 0.05), and 54% (P <
0.01), respectively, compared with each scrambled control (Fig.
2A). However, cotransfection with a miR-93 mimic, which
exhibits less base pairing around the seed motif, did not cause
any significant changes in luciferase activity (Fig. 2A and SI
Appendix, Fig. S2), suggesting that the nucleotide alignment
near the seed is also important in the interaction of miRNAs
with target KCNQ2 mRNA. To examine the effect of mutation
of miR-106b family binding sites on KCNQ2 repression, we
generated a mutant reporter construct (pLuc-KCNQ2 Mut 30-
UTR) in which four nucleotide mismatch mutations were intro-
duced on the binding sequence in the KCNQ2 30-UTR (Fig. 2A
and SI Appendix, Fig. S2). Cotransfection of pLuc-KCNQ2 Mut
30-UTR with either miR-17, miR-20a, or miR-106b mimics did
not induce any significant changes in luciferase activity com-
pared to scrambled controls (Fig. 2A), indicating that the inter-
action of miR-17, miR-20a, and miR-106b miRNAs with their
binding sequences within the KCNQ2 30-UTRs are site specific.
We did not observe any additive effects between the two miR-
106b and miR-17 mimics or the two inhibitors in a quantitative
luciferase assay in SV40 large T-antigen-transformed human
embryonic kidney 293 (HEK293T) cells.

We then examined whether miR-106b family miRNAs play a
role in regulating KCNQ2 protein synthesis in hippocampal
neurons. Primary hippocampal neurons at 2 d in vitro (DIV2)
were transfected with plasmids expressing miR-106b mimic or
scramble miRNA and harvested at DIV7 for KCNQ2 protein
assessment. As shown in Fig. 2B, transfection with miR-106b
mimic miRNA significantly repressed KCNQ2 expression by
∼40% (P < 0.05) compared to that of cells with transfected
with scramble control sequences. Conversely, transfection of an
miR-106b antisense inhibitor led to a greater than 70% increase
(P < 0.01) in KCNQ2 protein level (Fig. 2B). Expression of miR-
17 or miR-20a mimics also repressed KCNQ2 expression by ∼27
and ∼23% (P < 0.05), respectively (Fig. 2C). However, miR-93
mimic did not cause any significant KCNQ2 repression in neu-
rons. Together, our results demonstrate that although miR-106b,
miR-17, and miR-20a have similar nucleotide sequences (Fig.
1B), miR-106b is more effective in regulating KCNQ2 protein
expression. This is most likely due to its higher potency in paring
with the nucleotides surrounding the seed sequence.

KCNQ2 Expression and miR-106b Family Members Are Inversely
Regulated during Early Developmental Stages in the Mouse
Hippocampus. Since KCNQ2 channel proteins are up-regulated
during early developmental stages (34, 36), we measured the
time-dependent expression of miR-106b family members. Our
small RNA-seq data show that cellular levels of miR-106b fam-
ily members, except miR-106a, which is almost absent at P0,
gradually declined up to P60 (Fig. 3A and SI Appendix, Table
S1). Since miR-106b effectively down-regulated KCNQ2 pro-
tein expression within 1 wk in transfection assays, we measured
changes in miR-106b levels using real-time qPCR analysis of
early developmental mouse hippocampal tissues isolated at
time points ranging from P0 to P28. As shown in Fig. 3B, the
level of miR-106b was highest at P0 and dramatically decreased
up to 20% of the initial level at P21. The expression levels of
miR-17-5p and miR-20a-5p were similarly down-regulated dur-
ing the same period (Fig. 3B).

The developmental regulation of KCNQ2 expression was
evaluated by Western blot analysis of mouse hippocampal tis-
sues obtained at five different stages: P0, P7, P14, P21, and P28
(Fig. 3 C, Top). Expression of KCNQ2 protein was detectable
but very low at P0 and was dramatically up-regulated by a fac-
tor of 3.7 at P21 (Fig. 3 C, Bottom). In the same hippocampal
tissues, KCNQ2 mRNA was minorly changed at P7 (a factor of
1.5 ± 0.4), and the level remained relatively stable until P28
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Fig. 1. miR-106 family miRNAs target a conserved region in the 3'-UTR of KCNQ2 mRNA. (A) Three different miRNA target prediction programs (Targets-
can, Miranda, and miRDB) predicted that KCNQ2 mRNA has a conserved binding site for miR-106b family miRNAs including miR-17-5p, miR-201-5p, miR-
93-5p, miR-106a-5p, and miR-106b-5p, indicating a possible posttranscriptional gene-expression regulatory pathway. (B) Nucleotide sequence of miR-106b
family members. Seed sequence is shown in green. (C) Normalized read count per million (RPM) for miR-17-5p, miR-20a-5p, miR-93-5p, and miR-106b-5p
expression at P0 stage in mice hippocampus. Note that miR-106a-5p was not detectable in P0 hippocampal tissues. (D) KCNQ2 3'-UTR has a target binding
sequence (GCACUUU) for miR-106b family miRNAs. The common target site is highly conserved in the 3'-UTR of KCNQ2 mRNA in many mammalian spe-
cies including mice, rats, and humans. (E) Conservation of miR-106b family–interacting target site in vertebrates. Shown is the summary of the National
Center for Biotechnology Information Basic Local Alignment Search Tool (BLAST) result using the miR-106b–responsive conserved target sequence (GCA-
CUUU). The presence of target site (blue) is indicated in CDS (dark gray) and 3'-UTR (gray). The position of the target site in each region is arbitrarily indi-
cated, and the nucleotide numbers of target sequences are not included.
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(Fig. 3 C, Bottom), implying a strong posttranscriptional regula-
tion of KCNQ2 protein synthesis.

In order to confirm that the developmental elevation of
KCNQ2 protein level in early stages mediates the increase in
M-type KCNQ channel activities, we measured KCNQ currents
in primary cultured hippocampal neurons using voltage clamp
electrophysiology. As shown in Fig. 3 D, Top, the amplitudes of
outward K+ currents gradually increased during early develop-
ment. Tail current analysis of the K+ current in the absence or
presence of 10 μM XE991 at different DIV hippocampal neu-
rons revealed a significant increase in XE991-sensitive KCNQ
current between DIV5 and 15 (Fig. 3 D, Bottom and Fig. 3E).
During the early developmental period, the cell capacitance
also increased steadily due to increase in cell size (Fig. 3F).
The results indicate that not only KCNQ2 protein expression

but also slowly deactivating KCNQ channel activity were devel-
opmentally elevated at early postnatal stages in the rodent
hippocampus.

The miR-106b Family Modulates KCNQ2 Expression in Early Hippo-
campal Development. In order to further investigate whether
miR-106b family members are directly involved in the regula-
tion of KCNQ channel expression in early developmental neu-
rons, we tested the effects of removal of endogenous miRNAs
by constructing a plasmid pU6-TuD-miR-106b-CMV-GFP
(TuD-miR-106b), in which Tough Decoy (TuD) miR-106b-5p is
expressed under a U6 promoter to ensure specific and stable
knockdown of miR-106b-5p and a green fluorescent protein
(GFP) gene is expressed under a human cytomegalovirus
(CMV) promoter to permit visualization in single neurons. The

Fig. 2. KCNQ2 protein expression is modulated by select miR-106 family miRNAs. (A) Normalized luciferase activity in HEK293T cells transfected with
recombinant firefly luciferase-mouse KCNQ2 3'-UTR (Luc-KCNQ2 WT 3'-UTR) reporters and miRNA-expressing plasmids or scrambles. The target sequence
GCACUUU was changed to CCGCGGU in mutant 3'-UTR (Luc-KCNQ2 Mut 3'-UTR) reporters. Data are mean ± SEM; n = 4 for each point. (B) Altered
KCNQ2 protein expression ratio in primary hippocampal neurons transfected with miR-106b-5p mimic or inhibitor. Rat hippocampal neurons at DIV2
were transfected with 50 nM scramble or miR-106b-5p of either mimic or inhibitor and harvested at DIV7 for KCNQ2 protein assessment. The ratio
between KCNQ2 and α-tubulin levels was presented on the bottom. Data are mean ± SEM; n = 3 for each point. (C) Repressive effects of miR-17-5p, miR-
20a-5p, or miR-93-5p mimic on native KCNQ2 protein levels in rat hippocampal neurons. The ratio between KCNQ2 and α-tubulin in cells transfected with
50 nM scramble or miRNA mimics was presented. Data are mean ± SEM; n = 3 to 4. *P < 0.05, **P < 0.01, one-way ANOVA followed by �Sid�ak’s post hoc
test. ns, not significant.
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TuD-miR-106b construct is designed to have two miR-106b
binding sites flanked by a stem and a stem loop bulged struc-
ture, which allows long-term and stable expression of miR-106b
inhibitor by protecting against ribonuclease (RNase) attack in

cells or tissues (Fig. 4A) (42). Conversely, in order to assess the
impact of miR-106b up-regulation in neurons, we also devel-
oped a plasmid, pU6-precursor-miR-106b-CMV-GFP (precursor-
miR-106b), that expresses precursor-miR-106b-5p under a U6

Fig. 3. Developmentally regulated miR-106b family members control the expression of KCNQ2 proteins in the rodent hippocampus. (A) Time-dependent
changes in the levels of miR-106b-5p family miRNAs. Normalized RPM levels for miR-17-5p, miR-20a-5p, miR-93-5p, miR-106a-5p, and miR-106b-5p were
measured in mouse hippocampi harvested at P0, P14, P30, and P60 stages. Note that miR-106a-5p was not detectable throughout these stages. (B) Real-
time PCR analysis of miR-106b-5p expression level in mouse hippocampal tissues isolated from P0, P7, P14, P21 and P28. Each point was obtained from
three mice, and the mean miRNA value at P0 was scaled to 1. Data are mean ± SEM. (C) Differential expression patterns of KCNQ2 mRNA and protein lev-
els during early development (P0 through P28) in mouse hippocampi. Western blot analyses of KCNQ2 and GAPDH at five different stages in three mice
per condition each day. (Bottom) Relative expression levels of KCNQ2 mRNA and protein in the hippocampus were normalized to GAPDH mRNA and pro-
tein, respectively. All data are mean ± SEM; n = 6 mice for each stage. (D) Time-dependent increase in tail current density in cultured dissociated neurons.
(Top) Representative traces of native K± currents measured at three different time points (DIV) with or without XE991 (10 μM) in cultured rat primary hip-
pocampal neurons. DIV1 corresponds to P0, as the neurons were isolated from rat embryos on E18. Arrowhead indicates the tail current. Inset indicates
pulse protocol. (Bottom) Tail current densities in neurons with or without XE991 were obtained by dividing the peak amplitudes of tail currents (pA) by
cell capacitances (pF). All data are mean ± SEM; n = 6 to 8 for each time point. (E) Time-dependent increase in KCNQ-selective current density. KCNQ cur-
rent density was obtained by subtracting XE991-insensitive tail current density from the total tail current density in each neuron. (F) Time-dependent
changes in cell capacitance in cultured dissociated neurons.
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promoter and GFP under a CMV promoter. Precursor-miR-
106b is processed to generate a functionally active and mature
form of miR-106b-5p in cells. As shown in Fig. 4B, transfection
of DIV2 neurons with precursor-miR-106b led to a significant

decrease in KCNQ2 protein level compared to cells expressing
precursor-control, while TuD-miR-106b robustly increased the
KCNQ2 protein level compared to TuD control. These results
demonstrate that miR-106b plays a critical role in the early

Fig. 4. Precursor-miR-106b-5p and TuD-miR-106b-5p lead to significant changes in KCNQ2 protein levels and concomitant M-currents in rat primary hip-
pocampal neurons. (A) Structure of TuD-miR-106b-5p construct allowing efficient inhibition of miR-106b-5p. The plasmids for control and miR-106b-5p of
precursor and TuD were constructed as described in Materials and Methods. (B, Top) KCNQ2 protein levels in cultured neurons transfected with precursor-
miR-106b-5p (Left) or TuD-miR-106b-5p (Right). (Bottom) The ratio between KCNQ2 and α-tubulin in cells transfected with precursor-control or TuD control
was compared with the ratio obtained from cells transfected with precursor-miR-106b-5p or TuD-miR-106b-5p, respectively. Data are mean ± SEM; n = 3 for
each point. (C) sCMOS images of DIV6 and DIV14 primary hippocampal neurons expressing GFP. K+ currents were recorded in hippocampal pyramidal neu-
rons at DIV14 via whole-cell patching around the soma and AIS region. (D, Top) Representative traces of K+ currents in hippocampal pyramidal neurons
transfected with control or miR-106b-5p of precursor before (none, black) and after (green) addition of 10 μM XE991. (Bottom) Summary of tail K+ current
amplitudes before and after XE991 application in cells expressing precursor plasmids. Data are mean ± SEM (n = 4 to 6). **P < 0.01, compare to none.
(E, Top) Representative traces of K+ currents in hippocampal pyramidal neurons transfected with control or miR-106b-5p of TuD before (none, black) and
after (green) addition of 10 μM XE991. (Bottom) Summary of tail K+ current amplitudes before and after XE991 application in cells expressing TuD plasmids.
Data are mean ± SEM (n = 5 to 10). **P < 0.01; ****P < 0.0001, compare to none. (F) XE991-sensitive KCNQ current densities in neurons transfected with
control or miR-106b precursor. KCNQ currents were obtained by subtracting tail current amplitude after XE991 application from amplitudes recorded prior
to XE991 application. Cslow (pF) represents cell capacitance of hippocampal neurons; there was no significant difference in Cslow between neurons express-
ing precursor-control and precursor-miR-106b. Data are mean ± SEM (n = 4 to 6). *P < 0.05, compared to control. (G) XE991-sensitive KCNQ current densities
in neurons transfected with control or miR-106b TuD. KCNQ currents were obtained by subtracting tail current amplitude after XE991 application from
amplitude before XE991 application. There was no significant difference in Cslow between neurons expressing TuD control and TuD-miR-106b. Data are
mean ± SEM (n = 5 to 10). *P < 0.05, compared to control.
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developmental control of KCNQ2 protein expression in hippo-
campal neurons.

To further examine the effects of miR-106b manipulation on
KCNQ channel expression, we measured the KCNQ K+ current
in hippocampal pyramidal neurons transfected with the
plasmids for precursor-miR-106b or TuD-miR-106b. Neurons
typically began to present GFP fluorescence within 2 d after
transfection (Fig. 4C). When we measured K+ currents in
DIV14 hippocampal neurons transfected with plasmid
precursor-control, the outward tail currents were significantly
inhibited by the application of 10 μM XE991, a selective
KCNQ channel inhibitor. The difference in magnitude of tail
currents before and after XE991 application was defined as the
M-current in the hippocampal neuron (Fig. 4 D, Left). In

neurons transfected with plasmid precursor-miR-106b, the total
outward tail currents significantly decreased and were inhibited
by XE991 to a lesser extent (Fig. 4 D, Right). On the other
hand, in cells expressing TuD-miR-106b, the amplitude of out-
ward currents was increased and the tail current suppression by
XE991 was much stronger compared to cells expressing TuD
control (Fig. 4E). When we measured the differences in tail
current amplitude before and after XE991 application, the
KCNQ current density was lower in cells expressing precursor-
miR-106b compared to precursor-control, while it was higher in
cells expressing TuD-miR-106b (Figs. 4 F and G, Left). How-
ever, overexpression or knockdown of miR-106b did not cause
any significant changes in the XE991-insensitive K+ current
densities (SI Appendix, Fig. S3), further suggesting that the

Fig. 5. Precursor-miR-106b-5p enhances membrane excitability in hippocampal pyramidal neurons. Rat hippocampal neurons at DIV2 were transfected
with precursor or TuD plasmids and used at DIV7 for spike-frequency assessment. (A) Representative traces of spike trains in response to 2-s current injec-
tion steps from 0 to 180 pA were measured in neurons transfected with precursor-control (Top) and precursor-miR-106b-5p (Bottom). (B) Spike (AP) fre-
quency induced by current pulses in neurons expressing precursor-control (n = 12) or precursor-miR-106b-5p (n = 11). *P < 0.05, determined by two-way
repeated ANOVA. (C) Summary of resting potential at 0 pA in neurons expressing precursor-control (n = 14) or precursor-miR-106b-5p (n = 14). *P < 0.05,
determined by Student’s t test. (D) Cell capacitance was compared by measuring Cslow in hippocampal neurons expressing precursor plasmids. (E) Repre-
sentative spike trains induced by a 140-pA current injection in neurons expressing precursor-control (Left) or precursor-miR-106b-5p (Right). Boxes show
spike traces during the initial 150-ms current injection. (F) Summary of the onset time for AP generation in neurons expressing precursor-control (n = 11)
or precursor-miR-106b-5p (n = 11). Data are mean ± SEM. *P < 0.05, compared to precursor-control.
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miRNA-induced K+ current changes were due to the manipula-
tion of M-type KCNQ current. Alterations of the miR-106b
level did not affect the membrane capacitance (Cslow) (Figs. 4
F and G, Right). Together, these results indicate that miR-106b
plays an important role in regulating M-type KCNQ channel
expression in early hippocampal neurons.

Manipulation of miR-106b Level Affects Hippocampal Excitability.
We next examined the effects of miR-106b up-regulation on
membrane excitability in hippocampal neurons transfected with
plasmids of precursor-control or precursor-miR-106b. To mea-
sure the excitability of hippocampal neurons, spike trains were
recorded after injection of depolarizing currents ranging from 0
to 180 pA. Spontaneous electrical activity generated by the

dynamic balancing of excitatory and inhibitory synaptic trans-
mission was inhibited by fast synaptic transmission blockers
(see Materials and Methods; ref. 43) (SI Appendix, Fig. S4). The
hippocampal neurons transfected with precursor-control plas-
mid revealed typical patterns of neuronal firing, such as delay,
adaptation, silence, and bursting (Fig. 5 A, Top) (44, 45). In
neurons expressing precursor-miR-106b, however, the delayed
and adapting spikes were weakened and the silences and
bursting disappeared (Fig. 5 A, Bottom). In addition, the num-
ber of events during depolarization was significantly higher in
cells transfected with precursor-miR-106b than those trans-
fected with precursor-control, and the AP frequency differ-
ence was greater at higher current injections (Fig. 5B). The
resting potential (�62.6 ± 1.1 mV) of hippocampal neurons

Fig. 6. TuD-miR-106b-5p suppresses cellular excitability and spike frequency in hippocampal pyramidal neurons. (A) Representative traces of spike trains
in response to 2-s current injection steps from 0 to 180 pA were measured in neurons transfected with TuD control (Top) and TuD-miR-106b-5p (Bottom).
(B) Spike (AP) frequency induced by current pulses in neurons expressing control or miR-106b-5p TuD plasmids. TuD control, n = 13 and TuD-miR-106b,
n = 13. *P < 0.05, determined by two-way repeated ANOVA. (C) Summary of resting potential at 0 pA in neurons expressing TuD control (n = 13) or TuD-
miR-106b-5p (n = 10). *P < 0.05, determined by Student’s t test. (D) Cell capacitance was compared by measuring Cslow in hippocampal neurons express-
ing TuD plasmids. (E) Representative spike trains induced by a 140-pA current injection in neurons expressing TuD control (Left) or TuD-miR-106b-5p
(Right). Boxes show spike traces during the initial 150-ms current injection. (F) Summary of onset time for AP generation in neurons expressing TuD con-
trol (n = 13) or TuD-miR-106b-5p (n = 10). Data are mean ± SEM. *P < 0.05, compared to TuD control.
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transfected with precursor-miR-106b was statistically lower
than that (�58.4 ± 1.4 mV) of neurons transfected with
precursor-control (Fig. 5C). Those differences were not attrib-
utable to alterations in the membrane surface properties of the
hippocampal neurons, as there were no significant changes in
surface area (Fig. 5D). The delayed firing response, which is
measured as the first-spike latency after current injection, is a
defining electrical property of hippocampal neurons. Our data
show that the average delayed response was 44.5 ± 12.3 ms at
140 pA in cells transfected with precursor-control. This
response was significantly reduced to 9.0 ± 1.2 ms in cells trans-
fected with precursor-miR-106b (Fig. 5 E and F). The effects of
precursor-miR-106b on AP firing was further characterized in a
single AP generated by a short current injection. We observed
that the maximum rate obtained from the first derivative of AP
was reduced from 347 ± 23 mV/ms to 282 ± 15 mV/ms by
expressing precursor-miR-106b, but half width and amplitude
were not changed (SI Appendix, Fig. S5 A–E). Together, these
data indicate that elevation of intracellular miR-106b levels
using precursor plasmid increases neuronal excitability, likely
by reducing KCNQ2 protein expression.

On the other hand, transfection of TuD-miR-106b into hip-
pocampal neurons led to significantly reduced neuronal excit-
ability and delayed firing responses compared to TuD control
(Fig. 6A). TuD-miR-106b also significantly reduced AP fre-
quency (Fig. 6B). The resting potential significantly decreased
from �62.8 ± 1.5 mV to �67.6 ± 1.0 mVafter transfection with
TuD-miR-106b (Fig. 6C). However, TuD-miR-106b did not
alter the capacitance of neurons (Fig. 6D). The average onset
time for the first firing response was significantly increased
from 49.6 ± 26.2 ms in TuD control to 302.9 ± 65.6 ms in TuD-
miR-106b (Fig. 6 E and F). However, TuD-miR-106b did not
alter other AP properties including half width, amplitudes, and
phase plot of AP (SI Appendix, Fig. S5 F–J). These data indi-
cate that TuD-miR-106b reduces neuronal excitability by knock-
ing down endogenous miR-106b-5p, which in turn represses
KCNQ2 expression.

miR-17 Mimics miR-106b in Regulating KCNQ Current and Neuronal
Excitability. Although the miR-17 mimic was less efficient in lim-
iting KCNQ2 protein levels compared to miR-106b (Fig. 2 A
and C), it strongly suppressed the XE991-sensitive KCNQ tail
currents in hippocampal neurons (SI Appendix, Fig. S6 A–C)
and enhanced neuronal excitability and firing frequency by ele-
vating the resting membrane potential (SI Appendix, Fig. S6
D–F). In addition, it slowed the initial onset time of AP genera-
tion by a 140-pA current injection (SI Appendix, Fig. S6G).
When we performed similar experiments with more stable
precursor-miR-17 and TuD-miR-17, the spike frequency, resting
membrane potential, and AP onset time were all inversely regu-
lated by the two plasmids in hippocampal neurons (see details in
SI Appendix, Fig. S7). Finally, we confirmed that miR-17 expres-
sion similarly inhibited KCNQ currents in cortical pyramidal
neurons (SI Appendix, Fig. S8), suggesting that the dynamic reg-
ulatory effects of the miR-106b family on KCNQ2 protein
expression may be a general phenomenon across multiple brain
tissue types.

Discussion
In this report, we have shown that select miR-106b family
members are highly expressed in the rodent brain and play a
functional role in regulating the expression of the KCNQ2
potassium channel during early developmental stages in hippo-
campal neurons by interacting with the 30-UTR of KCNQ2
mRNA. Bioinformatic predictions of miRNAs that likely target
KCNQ mRNA revealed a target site for the miR-106b family in
the 30-UTR of the KCNQ2 mRNA. However, the prediction

did not yield any strong candidate binding sites for miRNAs
in the other KCNQ mRNAs, including KCNQ1, KCNQ3,
KCNQ4, and KCNQ5, suggesting that miR-106b expression
may not change other M-currents (e.g., KCNQ3/5) in the
hippocampal pyramidal neurons (46). Our bioinformatic
prediction analyses also indicate that the regulatory effects of
miR-106b on M-currents are conserved for KCNQ2 channel
expression because the miR-106b target site was not found in
other K+ channels influencing the membrane excitability, such
as Kv1.2 (KCNA2), Kv11.1 (erg), KCa1.1 (BK), Kir6.1
(KCNJ8), and Kir6.2 (KCNJ11). Through in vitro luciferase
assays, we confirmed that three members of the miR-106 fam-
ily, including miR-106b, miR-17, and miR-20a, repress KCNQ2
protein expression by binding to the same target site in the 30-
UTR of the KCNQ2 mRNA. In hippocampus, KCNQ2 protein
levels and currents gradually increased during the first 3 wk of
postnatal development, while the miRNA level of miR-106b
family members gradually decreased over the same period.
However, the level of KCNQ2 mRNA increased slightly within
1 wk and then stabilized throughout the following weeks, which
is consistent with the previous reports (38). In our comparative
studies examining hippocampal tissues sampled at time points
ranging from P7 to P28, the expression levels of miR-106 family
members continuously decreased while the KCNQ2 mRNA
level remained steady, suggesting that miRNAs of the miR-106
family repress KCNQ2 protein synthesis by arresting the trans-
lation process rather than destabilizing the mRNA. Therefore,
the high levels of miR-106b family miRNAs that we observed in
the newborn hippocampus may contribute to the low level of
KCNQ2 proteins in newborn neural tissue. Likewise, the grad-
ual decline in expression of KCNQ2 from P0 to P28 may boost
KCNQ2 protein recovery through derepression. This inverse
correlation in expression levels between miR-106b family miR-
NAs and KCNQ2 protein suggests that relief from translational
repression by miRNAs is the primary mechanistic driver of
early developmental elevation of KCNQ channel activity in the
infant brain.

miRNAs belonging to the broad miR-106b family are derived
from the highly conserved miR-106b∼25 and miR-17∼92 miRNA
clusters located on chromosomes 7 and 13, respectively (40, 47).
They show similar patterns of tissue distribution, expression lev-
els, and partially overlapping functions in animal development
(48). Notably, they are abundantly expressed in cancer cells and
promote cell migration and metastasis of carcinoma cells (48,
49). Several recent studies have shown that miR-106b is
up-regulated in the brains of epileptic patients, and thus miR-
106b was indicated as a highly sensitive and specific diagnostic
marker for epilepsy (12–15). Here, we found that miR-106 family
members are highly expressed in early developing hippocampal
neurons and that the expression of these miRNAs dramatically
decreases over several weeks after birth. Ectopic expression of
precursor-miR-106b prevents normal KCNQ2 protein synthesis
and elevates resting membrane potential and neuronal excitabil-
ity, suggesting that up-regulation of miR-106b may precipitate
epileptic phenotypes in patients by reducing KCNQ channel
activity in neurons. Our data demonstrate that the high levels of
miR-106b family members observed during the embryonic stage
may contribute to the early proliferation of hippocampal neurons
during embryonic development and that the gradual decline of
miR-106 family members after birth may foster neuronal differ-
entiation and developmental maturation of hippocampal neurons
by elevating KCNQ channel activity.

Each miR-106b family member has the potential to repress
translational expression by binding to the same target site on the
30-UTR of KCNQ2 mRNA. However, our data suggest that the
conserved seven-nucleotide target sequence is insufficient to fully
drive the translational regulation of KCNQ2 mRNA. Notably, we
did not observe significant effects of miR-93 overexpression on
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luciferase activity in HEK293T cells nor in Western blot experi-
ments in the primary hippocampus. This inconsistent repressive
potential among different members of the miR-106b family might
come from their differential binding affinities for the target site
within the KCNQ2 mRNA. miR-93 has three possible extra inter-
actions beyond the specific conserved interactions between the
miRNA and its target mRNA, whereas other miR-106b family
members have five to six extra possible interactions. This differ-
ence may account for the relative inefficiency of miR-93 in target-
ing the KCNQ2 transcript and regulating its expression. Similar
findings were also reported in previous studies. Wahlquist et al.
(50) reported that miRNA family members miR-25 and miR-92a
share the same seed sequences but that only miR-25 could regu-
late expression of SERCA2 protein in human cardiomyocytes. A
more recent work showed that seed pairing is not always suffi-
cient for functional target interaction and that additional base
pairing to the 30 end of miRNA beyond the seed sequence is
required for specific targeting by miRNA family members (41).
Since additional interactions around the seed sequence are
needed for stable and high-affinity interaction between miRNAs
and mRNA, down-regulation of certain miRNAs is enough for
changing the phenotype despite the presence of other family
members (51).

Depolarization dramatically changes the firing patterns in hip-
pocampal neurons (44, 45, 52). Importantly, the M-type KCNQ2/
3 channel is known to play a key role in controlling firing pat-
terns, such as burst generation, after depolarization in neurons
(24). Malfunction of KCNQ2/3 channels leads to benign familial
neonatal convulsion, a rare autosomal-dominant idiopathic epi-
lepsy in newborns. The epilepsy is characterized by the occur-
rence of focal or generalized tonic-chronic convulsions starting
around day 3 of life and spontaneously disappearing within 1 to 4
mo (53, 54). While both the KCNQ2 and KCNQ3 subunits
comprise the active heteromeric M-channels, previous studies
established that M-channel activity and neuronal excitability are
particularly sensitive to variations in KCNQ2 subunit expression
(30). Moreover, knockout of KCNQ2, but not KCNQ3, in hippo-
campal pyramidal neurons eliminated M-channel function at the
cellular level (24, 25, 27, 55). We found here that reduction of
KCNQ2 levels resulting from the expression of precursor-miR-
106b was sufficient to trigger a decrease in spike adaptation and
silence and to increase neuronal excitability, whereas the eleva-
tion of KCNQ2 levels by TuD-miR-106b increased spike adapta-
tion and silence and decreased membrane excitability (56). Our
data also showed that reduction of KCNQ2 protein by precursor-
miR-106b almost completely eliminated first-spike latency, while
elevation of the KCNQ2 level by Tud-miR-106b significantly
increased latency in hippocampal neurons. We also observed that
the expression of precursor-miR-106b, but not TuD-miR-106b,
decreased AP maximal rise. This selectivity can be attributed to
the differential regulation of sodium channel activity in the
plasma membrane. Previous studies have reported that reduction
of KCNQ2 expression led to the increase of sodium channel inac-
tivation (57, 58). The inhibitory effect of precursor-miR-106b
expression on AP maximal rise could be interpreted as the results
of sodium channel inactivation by resting membrane potential
increase following the reduction of KCNQ2 levels. These data
indicate that physiological changes in the levels of miR-106 family
miRNAs play a key role in modulating the excitability of neurons
through the posttranslational regulation of the KCNQ2 channel
proteins. However, it is unclear yet how manipulation of miR-
106b miRNAs affects the molecular composition of M-channels
in neurons. For example, experimental miR-106b reduction will
increase the expression level of the KCNQ2 subunit and probably
elevate the portion of KCNQ2 homomers or heteromers with 3:1
KCNQ2:KCNQ3 stoichiometry in the plasma membrane. Further
studies will elucidate the modulatory effects of miR-106b on the
molecular stoichiometry of M-channels.

Although we focused here on the functional role of the miR-
106b–responsive target site located in the 30-UTR region of
rodent KCNQ2 genes, the target sequence also exists in either
CDS alone or both 30-UTR and CDS regions of KCNQ2 from
certain vertebrates (Fig. 1E). From an evolutionary standpoint,
the high conservation of the miR-106b target sequence in the
CDS of KCNQ2 may relate to its functional significance, which
could lead to purifying selection. The target sequence in the
CDS could be maintained either for its role in protein function
or its regulatory role in controlling gene expression level by
permitting miRNA interactions. While the target sequence in
the CDS is prevalent and the surrounding sequence is highly
conserved in vertebrates, the target sequence in the 30-UTR
region only occurs in certain vertebrates. This implies that the
finely tuned regulatory actions exerted on KCNQ2 via targeting
of miRNAs to the 30-UTR of KCNQ2 mRNA have arisen inde-
pendently over the long course of vertebrate evolution. Most
CDS regions targeted by miRNA are involved in regulating
gene expression at the translational level (3, 59). This special-
ized kind of gene regulation also operates by a very unusual
mechanism wherein unconventional miRNA recognition ele-
ments are used (60). The targeting of miR-20-5p to the CDS of
DAPK3, in this example, does not involve conventional 50
seed–base pairings but instead relies on extensive base pairings
at the 30 end. Through these unusual interactions at the CDS of
DAPK3, miR-20-5p down-regulates DAPK3 translation without
affecting mRNA stability. Whether miRNA target sites in the
CDS are involved in the regulation of KCNQ2 expression and
whether there are unconventional miRNA recognition ele-
ments in the CDS of KCNQ2 remain to be studied in depth.

Materials and Methods
Animals and Tissue Collection. Male mice (C57BL/6J strain) and Sprague Daw-
ley rats at specific postnatal stages were obtained from the Korea Research
Institute of Bioscience and Biotechnology-Institutional Animal Care and Use
Committee. All animals were maintained under “specific pathogen-free” con-
ditions. Mice and rats without visible signs of disease were killed, and their
hippocampal tissues were immediately dissected and flash-frozen in liquid
nitrogen. Both hippocampi from each rodent were obtained for a single ani-
mal sample. Those tissues were used for Western blot analysis and total
RNA extraction.

Cell Culture and Transfection. HEK-293T (tsA-201) cells were cultured at 37 °C
under 5% (vol/vol) CO2 in Dulbecco’s modified Eagle’s medium (Lonza) supple-
mented with 5% fetal calf serum (Sigma-Aldrich), penicillin (100 U/mL), and
streptomycin (0.1 mg/mL) (Sigma-Aldrich). Dissociated hippocampal neurons
from WT rat pups (E18) were plated on poly-L-lysine–coated glass coverslips
(18 mm; Bellco Glass) in 12-well plates (culture area: 3.38 cm2) in a volume of
1 mL per well and were maintained in neurobasal medium supplemented
with B27 (Invitrogen), glutamine (Sigma-Aldrich), and penicillin/streptomycin.
The cultured neurons were transfected at DIV2 using the CalPhos Mammalian
Transfection Kit (Clontech, Takara Bio).

Plasmid Construction. For construction of TuD-miR-106b-5p plasmid, DNA
sequences (50AAGGATCCGACGGCGCTAGGATCATCAACATCTGCACTGTCAGCA
CTTTACAAGTATTCTGGTCACAGAATACAACATCTGCACTGTCAGCACTTTACAA
GATGATCCTAGCGCCGTCTTTTTTGGAAAAGCTTAA30) containing stem, stem
loop, and two miR-106b-5p binding sites flanked by BamH1/HindIII sites were
synthesized and cloned into BamH1/HindIII sites of pmiENSR (a gift from
Eunmi Hwang, Korea Institute of Science and Technology, Seoul, Korea) plas-
mid, where U6 promoter drives expression of small RNA efficiently. DNA
sequences (50AAGGATCCGACGGCGCTAGGATCATCAACGGTTCGTACGTACA
CTGTTCACAAGTATTCTGGTCACAGAATACAACGGTTCGTACGTACACTGTTCA
CAAGATGATCCTAGCGCCGTCTTTTTTGGAAAAGCTTAA30) containing stem,
stem loop, and two Arabidopsis miR-416 binding sites flanked by BamH1/
HindIII sites were generated for TuD control plasmid construction to serve
as a nonspecific control. The miR-106b-5p expression plasmid, precursor-
miR-106b-5p, was constructed by synthesis of the DNA sequence of stem
and loop sequence (50AAGGATCCCCTGCTGGGACTAAAGTGCTGACAGTG
CAGATAGTGGTCCTCTCTGTGCTACCGCACTGTGGGTACTTGCTGCTCCAGCAGG
AAGCTTAA30) of mmu-miR-106b-5p and subsequent insertion into BamH1
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and HindIII-digested pmiENSR. Stem and loop sequence (50AAGGATCCGCG
AAACTGAACCCGGTTTGTACGTATGGACCGCGTCGTTGGAATCCAAAAGAACC
AGGTTCGTACGTACACTGTTCATCGTTTTTTGGAAAAGCTTAA30) ofArabidopsis
miR-416 was used for the precursor-control plasmid.

RNA Extraction and Real-Time PCR Assays for miRNA and mRNA. Total RNA
was extracted from the mouse hippocampus tissues at ages of 1, 2, 3, 4, 5, and
6 wk with TRIzol Reagent (Invitrogen). Reverse transcription reactions were
performed with the SuperScript First Strand complementary DNA (cDNA) syn-
thesis system (Invitrogen) according to the manufacturer’s instructions. Real-
time PCR was performed with the One Step SYBRVR PrimeScriptTM RT-PCR Kit II
(Takara Bio Inc.). The specific real-time PCR primers for miR-17-5p, miR-20a-5p,
miR-93-5p, miR-106b-5p, U6, KCNQ2, and GAPDH were purchased from Bion-
eer. U6 and GAPDH served as internal controls for miRNA and mRNA assays,
respectively. The cycle threshold (Ct value) was acquired using the Opticon
Monitor Analysis Software (MJ Research). The data were analyzed using the
2-ΔΔCt method, and the values were presented by relative quantity.

miRNA Extraction and cDNA Library Construction. Small RNA was extracted
using the Pure LinkMicroto-Midi total RNA Purification System kit (Invitrogen)
and miRNeasy mini kit (Qiagen). A total of 10 μg small RNA per gel lane was
subjected to electrophoresis through a 15% Tris-Borate-Ethylene-diamine-tet-
raacetic acid (TBE)-urea polyacrylamide gel electrophoresis (PAGE) gel. The
fractions of the lanes containing RNA molecules between 18 and 30 nucleoti-
des in length were excised. The small RNAs isolated from the gel slices were
then attached with 50 and 30 adapters and were reverse transcribed using the
Illumina Truseq kit (Illumina). The resulting cDNAs were amplified by PCR
using Illumina primers and were then subjected to PAGE. The fractions of the
lanes containing cDNA molecules between 60 and 80 nucleotides in length
were excised for RNA extraction.

Small RNA Sequencing. The small RNA sample libraries were subjected to
single-end sequencing with a read length of 50 nucleotides. The resulting raw
sequences were mapped against the reference mouse genome (Mus_muscu-
lus; NCBIM37.55) using the software programs Cufflinks and TopHat (Johns
Hopkins University). The number of sequence reads that corresponded to
known miRNAs was determined by perfect sequence matching to the data-
base of known miRNAs (miR Base release version 16, https://www.mirbase.
org/). Raw data (the reads for eachmiRNA) were normalized to the total reads
from each individual sample (SI Appendix, Table S1).

Dissection and Dissociation of Primary Hippocampal Neurons. Rat hippocam-
pal neurons were isolated from embryonic day 18 (E18) animals and cultured
for in vitro transfection and/or electrophysiological experiments. The hippo-
campi of E18 consist of major pyramidal neurons and a few glial cells. About
20 hippocampi were dissected from the brains under a stereoscopic micro-
scope using two pairs of fine tweezers. The meninges were carefully removed
from the hippocampi. After dissection, the hippocampi were washed gently
with 7 to 8 mL Hanks0 Balanced Salt Solution (HBSS) without Ca2+ and Mg2+

(HBSS, Invitrogen) in a 15-mL conical tube three times. After washing, 5 mL
trypsin solution was added to the hippocampi in the tube, which were then
incubated at 37 °C for 20 min. After incubation and digestion with the
enzymes, hippocampi were slowly pipetted using a glass Pasteur pipette 12
times and then filtered using a wetted cell strainer (40-μmmesh, Falcon, Corn-
ing) into a 50-mL conical tube. Next, the supernatant was aspirated, and the
pellet was resuspended in neurobasal medium supplemented with B27 (Invi-
trogen), glutamine (Sigma-Aldrich), and penicillin/streptomycin at a constant
cell density of 4 × 104 cells/mL.

Luciferase Reporter Assays. Sequences of segments with a WT 30-UTR region
of KCNQ2 mRNA containing the predicted miR-17-5p/miR-20a-5p/miR-93-5p/
miR-106b-5p binding sequences or mutant 30-UTR were PCR amplified and
cloned into the pGL3 luciferase reporter vector. All constructs were verified by
sequencing. First, the HEK293T cells were seeded at 0.5 × 105 cells per well in
24-well plates 24 h prior to transfection. The following day, the pGL3 vector
containing WT 30-UTR of KCNQ2 mRNA or mutant (mut) 30-UTR was cotrans-
fected with either miR-17-5p, miR-20a-5p, miR-93-5p, miR-106b-5p mimics, or
negative control into the cells. After 48 h, all cells were harvested according to
the manufacturer’s protocol (Promega), and the Firefly and Renilla luciferase
activity were determined using the dual-luciferase reporter assay system
(Promega) with a Victor X machine (PerkinElmer). Firefly luciferase activity
was normalized to Renilla luciferase activity. Three independent experiments
were performed in triplicate.

Western Blot Analysis. Rat primary cultured hippocampal neurons were trans-
fected with the plasmids at DIV2 and cultured until DIV7. The neurons were

then placed on ice and rinsed twice with ice-cold phosphate buffered saline
(PBS). The cells were then washed again with PBS and incubated at 4 °C for 10
min with agitation in radio-immunoprecipitation assay (RIPA) buffer contain-
ing protease inhibitors. The cells were lysed by brief sonication and centri-
fuged at 15,900 × g for 15 min at 4 °C. The total protein concentration was
measured in diluted aliquots of the cell lysate (1:9 in fresh RIPA buffer). The
protein concentration was determined by the bicinchoninic acid (BCA)
reagent method. Samples (20 μg protein) were subjected to sodium dodecyl
sulfate PAGE. Separated proteins on the gel were transferred onto polyvinyli-
dene fluoride (PVDF) membranes (Roche Diagnostics). Blots were blocked
with 5% fat-free dry milk for 1 h and then incubated overnight at 4 °C with
indicated primary antibodies including rabbit anti-KCNQ2 and α-tubulin poly-
clonal antibody (Santa Cruz Biotechnology, diluted 1:500). Subsequently, the
blots were incubated with horseradish peroxidase–conjugated secondary
antibodies (Cell Signaling Technology, Inc., diluted 1:6,000) for 1 h. The immu-
noblot on the membrane was visible after developing with an enhanced
chemiluminescence detection system, and results were analyzed with NIH
Image 1.41 software.

Electrophysiological Recordings. M-type KCNQ currents were recorded at the
AIS regions of visually identified rat hippocampal pyramidal neurons showing
GFP fluorescence in whole-cell configurations using a HEKA EPC-10 patch-
clamp amplifier with PatchMaster software (HEKA Elektronik). For analysis, Fit
Master software was also used. Primary cultured neurons transfected with
plasmids at DIV2 were incubated and used at the indicated time. Patch pip-
ettes were pulled from borosilicate glass micropipette capillaries (1.5-mm
outer diameter, 1.10-mm inner diameter, and 10-cm length; Sutter Instrument
Co.) using a Flaming/Brown microscope puller model P-97 (Sutter Instrument
Co.) and had resistances of 2 to 4 MΩ when filled with internal solution.
Series-resistance errors were compensated at >60%, and fast and slow capaci-
tance was compensated for before the applied test pulse sequences. Usually,
we measured the amplitude of M-current from tail current at –50 mV after a
depolarizing voltage step to –20 mV. The changes in tail current were
obtained by taking the difference between the average current of the first 10
to 20 ms and the average current of the last 100 ms during the voltage step.
Spike trains of APs in neurons transfected with precursor or TuD plasmids
were evoked by injecting 2-s depolarizing current pulses of different intensi-
ties (0 to 180 pA) into the cells. Resting potential of the cells was obtained by
measuring the average membrane voltages for 200 ms at 0 pA injection. K+

currents were sampled at 10 kHz and filtered at 3 kHz. All recordings were
leak and capacitance subtracted before analysis by use of a –P/5 protocol. The
pipette solution for whole-cell patch clamp consisted of the following: 175
mM KCl, 5 mM Mgcl2, 0.1 mM BAPTA, 3 mM Na2ATP, and 0.1 mM Na3GTP,
adjusted pH 7.4 with KOH and osmolality of 321 to 350 mOsm. The Ringer’s
solution for extracellular solution consisted of the following: 160 mM NaCl,
2.5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM Hepes, and 8 mM glucose,
adjusted to pH 7.4 with NaOH and osmolality of 321 to 350 mOsm. A total of
4 μM 6-cyano-7-nitroquinoxaline-2,3-dione, 100 μM picrotoxin, and 25 μM
D-2-amino-5-phosphonovaleric acid were added to the extracellular solution
to block α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA)-
mediated, gamma-aminobutyric acid (GABA)-mediated, and N-methyl-D-
aspartate (NMDA)-mediated synaptic transmission, respectively. The reagents
were as follows: BAPTA, Na2ATP, and Na3GTP (Sigma-Aldrich) and other
chemicals (Merck).

Image Acquisition. The optical imaging setup was built from an inverted
microscope (Eclipse Ti, Nikon Instuments). A white light emitting diode (LED)
light (TouchBright X3, Live Cell Instrument) was applied for exciting fluores-
cence. The excitation and emission lights were filtered using a GFP dichroic fil-
ter set (Brightline florescence filter) and collected on a Zyla sCMOS 5.5 camera
(Andor Technologies). The sCMOS exposure time was 34 ms, and frames were
2,560 × 2,160 pixels with 16 bits per pixel. The camera was controlled bymicro-
manager open source software, and images were acquired by ImageJ soft-
ware (NIH).

Statistical Analysis. All data were analyzed using Excel 2016 (Microsoft), IGOR
Pro-6.34, and GraphPad Prism 7 (GraphPad Software). Statistics in text or fig-
ures represent mean ± SEM. Statistical comparisons were made by two-way
ANOVA repeated measures and Student’s t test depending on the number of
experimental groups. Data for time (age)-dependent current density, AP
number–current curve, and AP frequency–current curve were fitted by Boltz-
mann function.
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Data Availability. All study data are included in the article and/or SI Appendix.
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