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1 | INTRODUCTION

Potassium ion channels play critical roles in regulating
fundamental physiological processes, from membrane

Maya M Black® |

GuangJun Zhang'>>*

Abstract

Background: Calcium-activated potassium channels (KCa) are a specific type
of potassium channel activated by intracellular calcium concentration changes.
This group of potassium channels plays fundamental roles ranging from regu-
lating neuronal excitability to immune cell activation. Many human diseases
such as schizophrenia, hypertension, epilepsy, and cancers have been linked to
mutations in this group of potassium channels. Although the KCa channels
have been extensively studied electrophysiologically and pharmacologically,
their spatiotemporal gene expression during embryogenesis remains mostly
unknown.

Results: Using zebrafish as a model, we identified and renamed 14 KCa genes.
We further performed phylogenetic and syntenic analyses on vertebrate KCa
genes. Our data revealed that the number of KCa genes in zebrafish was increased,
most likely due to teleost-specific whole-genome duplication. Moreover, we exam-
ined zebrafish KCa gene expression during early embryogenesis. The duplicated
ohnologous genes show distinct and overlapped gene expression. Furthermore, we
found that zebrafish KCa genes are expressed in various tissues and organs
(somites, fins, olfactory regions, eye, kidney, and so on) and neuronal tissues,
suggesting that they may play important roles during zebrafish embryogenesis.
Conclusions: Our phylogenetic and developmental analyses shed light on the
potential functions of the KCa genes during embryogenesis related to congeni-
tal diseases and human channelopathies.
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potential maintainance, neuronal action potential firing,
to hormone secretion, cellular volume control, cell migra-
tion, cell cycle, cell death, and cancers.’?> There are
78 potassium channel coding genes in the human
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genome. Based on protein sequence similarity, the num-
ber of their transmembrane domains (T), pore-forming
domain/loop (P), and gating mechanism, potassium
channels can be classified into four groups: voltage-gated
potassium channels (Kv, 6T&1P), inwardly-rectifying
potassium channels (Kir, 2T&1P), two-pore domain
potassium channels (K2P, 4T&2P), and calcium-activated
potassium channels (KCa, 6T&1P)."*

Calcium-activated potassium ion channels (KCa) are
a specific type of potassium channel activated by intracel-
lular calcium as a ligand to hyperpolarize cell membrane
potential by changing potassium permeability.*> This
group of potassium channels plays fundamental roles
ranging from regulating neuronal excitability to immune
cell activation.*® They are also known to cause various
diseases when mutated, such as schizophrenia, hyperten-
sion, and epilepsy.” Based on single-channel conduc-
tance, KCa channels are generally further classified into
three subgroups: large (BK, 300-200pS), intermediate (IK,
39-32pS), and small conductance (SK, 14-4pS) chan-
nels.>* All the KCa channels exist as tetramers of
a-subunits in the plasma membrane. In humans, SK «
subunits are encoded by the KCNNI, KCNN2, and
KCNN3 genes, and IK a subunits are encoded by the
KCNN4 gene.”® The SK and IK channels share similar
protein domains and a calmodulin binding-domain
(SO) at their C-terminus.>* In contrast, the BK a subunit
has one additional transmembrane domain at its N-
terminus and a calcium bowl (RCK1-RCK2) at its C-
terminus that directly detects changes to calcium ion
levels.>*

BK channel function can be modulated by auxiliary
proteins referred to as beta and gamma units. These pro-
teins do not actually form ion pores in the cell membrane
for potassium ions but can be either inhibitory or excit-
atory regarding channel conductance regulation.'® In
humans, the BK o subunits are encoded by the KCNMA1
(SLO1, KCal.1) gene, B and y subunits are products of
KCMNBI-KCNNB4 genes and LRRC genes, respectively.'”
In addition to the BK channel, there are three structur-
ally similar potassium channels: KCNTI (SLO2.2/
SLACK), KCNT2 (SLO2.1/SLICK), and KCNU1 (SLO3) in
the human genome. However, the first two can also be
activated by sodium and chloride, and the last one by
protons.’®'! This group of genes plays a diverse and
important role in physiology and human diseases.**'*'?

Although the KCa channels have been extensively
studied for electrophysiological and pharmacological
properties, their gene expression during embryogenesis
remains largely unknown. Here, we systematically cloned
KCa genes from zebrafish, performed phylogenetic analy-
sis, and examined their gene expression during early
embryogenic development. We found that the KCa gene
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family was expanded through teleost whole-genome
duplication (WGD) events. The KCa genes are expressed
in both neuronal and somatic tissues in early fish
embryos, suggesting they play important roles in verte-
brate embryogenesis.

2 | RESULTS
2.1 | The kcnnl gene was duplicated in
zebrafish and teleost

To better understand KCa gene functions during embryo-
genesis, we chose zebrafish due to its prominent advan-
tages such as tractable genetics, rapid, and transparent
external embryonic development. To identify zebrafish
KCa genes, we first searched for all the zebrafish small
and intermediate conductance KCa channels by BLAST
in the current zebrafish reference genome, GRCz11, in
Ensembl, using human KCa genes as baits. Consistent
with the ZFIN collection, we found there is only one
kenn2, kenn3, and kcnn4 genes in the zebrafish genome
(Table 1). However, there are two kcnnl genes (kcnnla
and kcnnlb). To clarify the zebrafish gene identifies, we
built a phylogeny with human, mouse, and zebrafish
gene protein sequences (Figure 1A). Both zebrafish
kennla and kcnnlb genes were grouped with the human
and mouse KCNNI genes (Figure 1A). It is well known
that teleost genomes underwent a WGD event.'**®
Thus, these two kcnnl genes likely resulted from the tel-
eost WGD event. To test this, we performed a phyloge-
netic analysis with a few more teleost species and
tetrapod representatives. Indeed, teleost Kcnnl forms
two clades (Kcnnla and Kennlb, Figure 1B), suggesting
that the two genes likely originated from the WGD
event.'>'® The spotted gar separated from other teleosts
before the WGD and it only has one kcnnl gene. Inter-
estingly, it was grouped with kcnnlb genes with a low
supporting value, suggesting that the teleost kcnnlb
sequences might evolve slower from ancestor sequences
than kcnnla genes.

2.2 | Zebrafish small and intermediate
KCa channel genes are expressed distinctly
during early embryogenesis

As gene spatial expression may provide insights into
where the genes function, we examined gene expression
patterns using whole-mount in situ hybridization. At
12hpf (hours post fertilization), kcnnla is expressed in
the whole body, with higher expression in the posterior
area. It is also expressed at the posterior lateral plate
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TABLE 1 Zebrafish KCa genes and their human orthologues
Subgroup by Zebrafish Previous Human Human gene other
conductance gene name gene name ENSEMBL ID gene name names
BK kenmala slola; si:ch211-9f22.2 ENSDARG00000079840 KCNMA1 Slo, Slol, BK, K¢,1.1
BK kcnmalb slolb ENSDARG00000110727 KCNMAI Slo, Slol1, BK, Kc,1.1
kenmb2a zgc:101842 ENSDARG00000006568 KCNMB2
kcnmb2b si:ch211-247n2.1 ENSDARG00000001712 KCNMB2
Kenmb3 si:ch211-38m6.7 ENSDARGO00000063129 KCNMB3
SK kennla si:rp71-39b20.3 ENSDARG00000091306 KCNN1 SKcql, Kcg2.1
SK kennlb si:ch211- ENSDARG00000023546 KCNN1 SKcol, Kea2.1
200a16.1, sk1
SK kenn2 si:dkey-76p7.5 ENSDARG00000014939 KCNN2 SKcu2, K22
SK kenn3 si:dkey-45h18.1 ENSDARG00000019753 KCNN3 SKca3, Kca2.3
IK kenn4 si:dkeyp-84f3.3 ENSDARG00000086091 KCNN4 IKcal, Keo3.1
kentla kentl ENSDARGO00000079484 KCNTI Slack, Slo2.2, Kcy4.1
kentlb si:dkey-21e5.1 ENSDARGO00000104868 KCNT1 Slack, Slo2.2, Kcq4.1
kent2a Zmp:0000000780 ENSDARG00000075812 KCNT2 Slick, Slo2.1 Kc,4.2
kent2b CR392045.1 ENSDARG00000113064 KCNT2 Slick, Slo2.1 Kcq4.2

mesoderm (Figure 2A, E). At 24hpf, the posterior expres-
sion recesses, and kcnnla is expressed mainly in the brain
and anterior neural tube (Figure 2B, F). Cross-section rev-
ealed that it is expressed in the brain telencephalon and
the neural tube's lateral side (Figure 2B',F’). Once the fish
embryo reaches 48hpf and 72hpf, the kcnnla expression is
limited to the neurons in various parts of the brain
(Figure 2C,D,G,H,C’,C",G").

The kcnnlb gene has some overlap and distinct
expression with the kcnnla gene. At 12hpf, it has a
similar expression pattern with kcnnla, but is not
found expressed in the lateral plate (Figure 2I,M). At
24hpf, it is expressed in the central nervous system and
a new domain, presomitic mesoderm (Figure 2J),
which later differentiates into paraxial mesoderm. It is
also expressed at the neural tube (Figure 2N), but with
a broader domain than kcnnla (Figure 2J',N’). The dif-
ference of kcnnla and kcnnlb is more evident at the
48hpf stage, at which kcnnlb is in the intermediate
hypothalamus, posterior lateral line ganglia, and pecto-
ral fin buds (Figure 2K,K’,K”,0,0"). At 72hpf, kccnlb is
limited to the brain region and pectoral fin buds
(Figure 2L,P).

Next, we examined the kcnn2 gene, which is ubiqui-
tously expressed in the brain and neural tube at 12hpf
stage (Figure 2M,Q). This brain and neural tube expres-
sion remains by 24hpf, at which the posterior expression
starts to recess (Figure 2R,V). Cross-section revealed
that it is expressed at the lateral sides of the neural tube
(Figure 2R’,R”). By the 48hpf stage, its expression is

limited to brain regions such as telencephalon, tegmen-
tum, and hindbrain (Figure 2S,5’,S”",W,W’). A new
expression domain, pectoral fin bud, emerged at 72hpf
(Figure 2T,X).

The kcnn3 gene is mainly expressed in the somites at
12hpf (Figure 2Y,CC). This is different from other kcnn
genes. The somite expression is maintained at 24hpf
(Figure 2Z,7Z',.DD), and it is mainly localized to the der-
momyotome in the posterior somites (Figure 2DD’). By
72hpf, kcnn3 neural expression becomes evident
(Figure 2AA,EE). In the neural tube, it is expressed at
the upper lateral sides. Its somite expression retreats
(Figure 2AA,AA’,EE), but can still be detected at the pos-
terior trunk dermomyotome (Figure 2AA,EE/,EE”). In
contrast, this somite expression is entirely not detectable
by 72hpf. At this stage, it is limited to the brain area
(Figure 2BB,FF).

In contrast to other kcnn genes, the intermediate con-
ductance channel gene, kcnn4, is only detected in the dis-
tal early tubes of the nephric duct at the 24hpf and 48hpf
stage, but not 12hpf (Figure 3A-E,G). This expression
recesses by 72hpf (Figure 3F,H), indicating kcnn4 has a
temporal function in kidney development.

2.3 | Zebrafish has two BK channel

genes

In the current zebrafish genome and NCBI database, we
identified two kcnmal genes: One is listed as kcnmala
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FIGURE 1 The kcnnl gene (SK) was duplicated in zebrafish and teleosts. A, Maximum likelihood phylogeny of zebrafish, human, and

mouse KCNN genes. Two zebrafish kcnnl genes were grouped with human and mouse KCNN1 genes. Branch lengths are proportional to

expected replacements per site. B, Maximum likelihood phylogeny of vertebrate KCNN1 proteins with representative vertebrate species. In

addition to zebrafish, all analyzed teleost species also have two kcnnla genes. Both phylogenetic trees were inferred with JTT model plus

gamma distances using PhyML program. Numbers around each node indicate bootstrap values based on 1000 replicates

ENSDARGO00000079840, and the other as KCNMAI
ENSDARGO00000110727 in Ensembl. The later one has an
identical mRNA, XM_021480452.1, in NCBI (Table 1).
We refer to this gene as kcnmalb. To verify these two
genes' homology with the tetrapod KCNMAI gene, we
performed phylogenetic analysis (Figure 4A). Our result
suggested that these two duplicated paralogous genes
resulted from teleost WGD,'” as they formed distinct
clads with other kcnmal genes from teleost species. This
result is consist with a previous report on the teleost
kecnmal gene evolutionary analysis."® To further demon-
strate these two genes are ohnologs, we conducted syn-
tenic analysis. If they originated from the teleost WGD,
they likely share neighbor genes. Indeed, zebrafish

kcnmala shares a conserved synteny (dlg5-kcnmal-irmd-
znrf503-comtdI) with the human, mouse, and spotted gar
(Figure 4B). While the kenmalb gene shares two neigh-
bor genes (dlg5 and anxall) with kcnmala (Figure 4B),
suggesting that this gene might have evolved faster.

Next, we examined the expression of the BK genes in
zebrafish embryos. The kecnmala gene is expressed in the
somites and hypothalamus at the 12hpf stage. It is also
weakly detected at the midbrain and hindbrain areas
(Figure 5A,E). By 24hpf, its somite expression remains,
and telencephalon and olfactory organ expression
become evident (Figure 5B,F). Its somite expression is
dominantly restricted to the dermomyotome (Figure 5B,
F,insets). This somite expression recesses at 48hpf. At this
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FIGURE 2

Gene expression of small-conductance calcium-activated potassium channel genes in early zebrafish embryos. Whole-mount

in situ hybridization of zebrafish embryos at stages 12hpf (A, E, I, M, Q, U, Y, CC), 24hpf (B, F,J, N, R, V, Z, DD), 48hpf (C, G, K, O, S, W,
AA, EE), and 72hpf (D, H, L, P, T, X, BB, FF). Anterior is to the left in all the whole-mount images, and dorsal is to the top in all transverse
sections. Each embryo was imaged from the lateral and dorsal perspective, respectively. A-D, Lateral view of gene expression of kcnnla. E-H,
Dorsal view of gene expression of kcnnla. I-L, Lateral view of gene expression of kennlb. M-P, Dorsal view of gene expression of kcnnlb.
Q-T, Lateral view of gene expression of kcnn2. U-X, Dorsal view of gene expression of kcnn2. Y-BB, Lateral view of gene expression of kcnn3.
CC-FF, Dorsal view of gene expression of kcnn3. The dashed lines indicate the approximate positions of sections. The letters below or
around the dashed lines correspond to the section panels. Scale bars are added on the top row of images; 250 pm for whole mount images
and 50 pm for tissue sections. e, eye; hb, hind brain; hi, intermediate hypothalamus, hypo, hypothalamus; mb, midbrain; mhb, midbrain-
hindbrain boundary; n, neural tube; nt, notochord; ol, olfactory placodes/organ; op, optic vesicle; ot, optic tectum; ov, otic vesicle; pal,
pallium; pf, pectoral fin; pllg, posterior lateral line ganglia; plpm, posterior lateral plate mesoderm; psm, presomitic mesoderm; so, somite;
sp, spinal cord; subp, subpallium; tb, tailbud,; tel, telencephalon; tgm, tegmentum

stage, the kenmala gene is mainly found in the brain. It
is also detected at the pectoral fin buds (Figure 5C,G).
This expression pattern extends to 72hpf (Figure 5D,H).
In contrast, the kcnmalb gene expression is located at the
anterior somite, hypothalamus, and hindbrain at 12hpf
(Figure 51,M). At 24hpf, it is expressed in all somites and
hypothalamus similar to kcnmala (Figure 5J,N). How-
ever, it is also expressed at the floor plate of the neural
tube, midbrain, and hindbrain (Figure 5J). By 48hpf and
72hpf, the somite expression retreats, while the neural
expression is restricted to the brain region (Figure 5K,0).
Both genes are expressed in the otic vesicle at 72hpf.

These two genes’ expression domains are consistent with
a previous report on their function in the zebrafish sen-
sory organs.'®*

2.4 | Zebrafish beta units of BK channel
genes were duplicated

BK channels are known to function as a complex with
other proteins. The beta unit is one of the channel modi-
fiers. To better understand the BK gene function in early
embryogenesis, we examined the beta unit coding genes.
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FIGURE 3 The kcnn4 gene

(IK) expression during zebrafish early
embryogenesis. Whole-mount in situ
hybridization of zebrafish embryos at
stages 12hpf (A,C), 24hpf (B,B’,D,D’),
48hpf (E,G), and 72hpf (F,H). B’ and D':
sense probe controls. Anterior is to the
left in all the whole-mount images, and
dorsal is to the top in all transverse
sections. A-D, Lateral view of gene
expression of kcnn4. E-H, Dorsal view of
gene expression of kenn4. The dashed
lines indicate the approximate positions

By BLAST search using human genes as bait, we identi-

fied two kcnmb2 genes (kcnmb2a, kcnmb2b/si:
ch211-247n2.1) and one kcnmb3 (si:ch211-38mé6.7;
Table 1). Interestingly, we did not identify any kcnmb1
and kcnmb4 genes in zebrafish and any other teleosts
from current genome databases, suggesting the two genes
were lost after the separation of teleost from the rest of
the vertebrate lineage after WGDs.*"** To resolve homol-
ogous gene relationships, we chose kcnmb genes from
some representative species and conducted a phyloge-
netic analysis using corresponding protein sequences. All
candidate zebrafish kcnmb genes formed four distinct cla-
des with other species (Figure 6A). The two kcnmb2
genes formed sub-groups within the kcnmb2 clade,
suggesting that they are gene duplicates. All analyzed tel-
eost genes were consistent with zebrafish, indicating the
two duplicated resulted from the teleost WGD event. To
further demonstrate the two kcnmb2 genes are ohnologs,
we performed synteny analysis in zebrafish, human,
mouse, and spotted gar. A stable synteny
(kenmb2-zmat3-pik3ca-kcnmb3-mfnl-gnb4-actléa)  was
identified among spotted gar, human, and mouse
(Figure 6B). The zebrafish kcnmb2a is linked with
tbl1xrlb and kcnmb3. In contrast, kenmb2b is linked with
tbllxrla. These results suggest that there was a gene posi-
tional reshuffling after the teleost WGD.

of sections. The section images were
shown in the insert of corresponding
panels. Scale bars: 250 um for whole
mount images. de, distal early tube of
the nephric duct; e, eye; hb, hindbrain;
n, neural tube; nt, notochord; op, optic
vesicle; ov, otic vesicle; tb, tail bud

We then examined these three kcnmb genes’ expres-
sion in zebrafish embryos. The kcnmb2a gene is in the
brain and anterior neural tube at 12hpf (Figure 7A,E). By
24hpf, it is mainly expressed in the anterior somites
(Figure 7B,F). Within each somite, it is expressed
mediolaterally to the dermomyotme (Figure 7B',F’). This
somite expression remains at 48hpf. At this stage, it is
also expressed in the midbrain, tegmentum (Figure 7C,
G). However, it is barely detected once the embryo
reaches 72hpf (Figure 7D,H). In contrast to kenmb2a, the
kenmb2b gene is more ubiquitously expressed in 12hpf
fish embryos (Figure 7L,M). This ubiquitous expression
remains at 24hpf (Figure 7J,J',N,N’). After that, it retracts
from posterior to anterior, and is expressed in the whole
brain and the eye. It is also found at the pectoral fin buds
(Figure 7K,0). At 72hpf, its brain expression recesses,
and it is mainly detected in the gill arches and pectoral
fins (Figure 7L,P). Although the kcnmb3 gene is physi-
cally linked with kcnmb2a on zebrafish chromosome
2 (Figure 6B), it has a similar expression pattern to
kenmb2b instead of kcnmb2a (Figure 6Q-X). From 12hpf
to 24hpf, it is ubiquitously expressed in zebrafish
embryos with relatively low level in the notochord
(Figure 6Q-V,R,V’). At 48hpf, it is mainly expressed in
the brain region in addition to pectoral fin buds
(Figure 6S,W). While, at 72hpf, it is expressed in the gill
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FIGURE 4 The kenmal gene (BK) was duplicated in zebrafish and teleosts. A, Molecular phylogenetic tree generated using ML analysis

on vertebrate KCNMAL1 proteins as obtained with JTT model plus gamma distribution. Numbers at each node denote bootstrap values based

on 1000 replicates. Branch lengths are proportional to expected replacements per site. The tree is rooted with the shark kcnmal sequence. B,

The syntenies of KCNMAI1 in four representative vertebrate species. The illustration of the gene and their sizes are not proportional to the
length of the distances between genes. KCNMALI is highlighted in red. The conserved synteny (DLG5-KCNMA1-IRMDA-ZNF503-COMTD1)

is boxed with dashed lines

arches and pectoral fins (Figure 6T,X). Overall, kcnmb2b
and kcnmb3 have similar expression pattern at these
embryonic stages.

25 |
genes

Zebrafish have duplicated kcnt

The kent gene has a similar structure to the kcnmal gene,
but lack the SO transmembrane domain.!®!! These channels
are more sodium activated instead of calcium-activated.

Here, we also searched for kcnt genes in the zebrafish
genome. We identified 4 kcnt genes (kentla, kentlb, kent2a,
and kcnt2b) by BLAST (Table 1). Phylogenetic analysis
placed these four genes in kcntl and kcnt2 clades, respec-
tively. The teleost species has two copies of kcntl and kcnt2
(Figure 8), indicating they originated from the teleost-
specific WGD event.

To better understand their functions during early
development, we examined their expression in zebrafish
embryos. The kcntla gene is not detectable in 12hpf fish
embryos (Figure 9A,E). By 24hpf, it is found at the
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kcnmata
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FIGURE 5

The kcnmal genes (BK) during zebrafish early embryogenesis. Whole-mount in situ hybridization of zebrafish embryos at
stages 12hpf (A,E,LM), 24hpf (B,F,J,N,B’,F',J',N'), 48hpf (C, G, K, O), and 72hpf (D, H, L, P). Sense riboprobe controls (B',F',J’,N’) do not
show any specific staining at 24hpf. Anterior is to the left in all the whole-mount images, and dorsal is to the top in all transverse sections.
The dashed lines indicate the positions of sections. The section images were shown in the insert of corresponding panels. A-D, Lateral view

of gene expression of kenmala. E-H, Dorsal view of gene expression of kenmala. I-L, Lateral view of gene expression of kecnmalb. M-P,
Dorsal view of gene expression of kecnmalb. Scale bars are added on the bottom row of images; 250 pm for whole-mount images and 50 pm
for tissue sections. e, eye; ep, epiphysis; hb, hindbrain; hypo, hypothalamus; n, neural tube; nt, notochord; ol, olfactory placodes/organ; op,

optic vesicle; ot, optic tectum; ov, otic vesicle; pal, pallium; pf, pectoral fin; ph, pharyngeal arches; so, somite; tb, tailbud; tel, telencephalon;

tgm, tegmentum

olfactory organ (Figure 9B,B’,B”,F). This pattern is
maintained at 48hpf and 72hpf (Figure 9C-D,G-H). It is
also expressed at the tegmentum and the midbrain at
72hpf (Figure 9D,H). The kcntlb gene is found at the
Kupffer's vesicle (Figure 9,M) at 12hpf. It starts to be
expressed at the hypothalamus, midbrain, hindbrain, and
Rohan beard neurons of the neural tube at 24hpf
(Figure 9J,J',N,N',N”). Whereas its expression is limited
to the olfactory organs, subpallium, otic vesicle, and some
neural nuclei at 48hpf and 72hfp (Figure 9,K-L, O-P).

The kcnt2a gene is not detected at 12hpf, but at 24hpf it
is expressed in the tegmentum and Rohon beard neurons
of the neural tube (Figure 9Q-R,R’,U-V,V’). By 48hpf, it is
mainly found in the brain region and otic vesicle
(Figure 9S,W). This expression is maintained at 72hpf
(Figure 9T-X). Similar to kcnt2a, knct2b is also not detected
at 12hpf. By 24hpf, is found at the hypothalamus
(Figure 9Y-Z,7',Z" ,CC-DD). The kcnt2b gene is expressed
at the subpallium, posterior tuberculum, and thalamus at
48hpf (Figure 9AA,EE). This expression pattern remains at
72hpf, but it is also found the hindbrain (Figure 9BB,FF).

3 | DISCUSSION

We have identified 14 KCa channel genes in the zebrafish
genome and found that some of them were duplicated.
Some mammalian orthologues were lost after the split of
the teleosts. Moreover, we examined their gene expres-
sion during zebrafish early embryogenesis. Most of them
showed variable expression patterns through each embry-
onic stage. Some of them are expressed in non-neural tis-
sues, suggesting that they might be needed for normal
embryonic developmental processes, such as differentia-
tion and patterning.

3.1 | Evolution of vertebrate KCa
channel genes

The KCa channel genes have been extensively studied in
model organisms such as fly and human cells. Their func-
tions are generally evolutionarily conserved. As reported
in the literature, there is usually one Kcnn and kcnt gene
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in invertebrates such as fruit fly. However, there are four
KCNN genes (KCNNI-KCNN4) in most mammalian spe-
cies. This is a general phenomenon found with many
other gene families such as BMP (BMP2, BMP4, BMP16),
Hedgehog (SHH, IHH, DHH), and KANK
(KANKI-KANK4) genes.”* > The best representatives are
the HOX gene clusters.”>*” There is only one hox gene
cluster in the fruit fly and other invertebrates, but there
are 4 HOX gene clusters in tetrapods (HOXA, HOXB,
HOXC, and HOXD). These gene number expansions most
likely resulted from the two rounds of WGD around the
vertebrates' dawn.'>?*** The two rounds of WGDs are
critical for the vertebrate morphological novelties since
they led to the expansion of the genetic component for
the developmental tool kit.*>*' In addition to the two
rounds of vertebrate WGD (2R), there was a third round
of WGD (third R) in teleost lineages before the split of
spotted gar that happened about 300 million years
ago.'*1>*%3% This teleost specific WGD further increases
the gene numbers for teleost. For example, there are
seven hox gene clusters in zebrafish. It is worth noting
that not all the duplicated genes remain, some duplicated
ones were lost or became pseudogenes after the WGD
event.*** Thus, there could be an odd number of genes
in certain gene families.

Based on our genomic and phylogenetic analyses, we
propose a model of KCa gene evolution in vertebrates
(Figure 10). All the vertebrate KCa genes resulted from
the vertebrate WGDs (1R and 2R). After the 2R, two of
the slol ohnologs and two of the kcnt ohnologs (kcnt3
and kcnt4) were lost, only kecnmal and kcnul, kentl and
kent2 genes were retained in the early vertebrate lineages
(Figure 10). All the duplicated kcnn and kcnmb
ohnologous genes remains (Figure 10). The teleost-
specific WGD (3R) further reshaped the gene numbers of
this group of genes through gene duplication and gene
loss. A few genes (kcnmala & kenmalb, kent2a & kent2b,
kenmb2a & kenmb2b, and kcnnla & kcnnlb) were dupli-
cated in zebrafish and other teleost species. All the teleost
lost the kcnul (KCa5.1, Kenma3, and Slo3) and kcnmbl.
Zebrafish also lost kcnmb4, but this gene is present in
other teleost species, indicating the KCa gene number
could be further modified through speciation
after WGDs.

3.2 | Overlapping but distinct gene
expression of the duplicated zebrafish
genes

For these retained duplicated genes, they became redun-
dant, and they are expressed in the same type of cell or
tissue immediately after WGD. As the protein coding
region and regulatory region (enhancers and silencers)
evolve at different rates due to the pleiotropic functional
constraints on the protein-coding regions, two scenarios
emerge as proposed by the DDC model.*® (a). Sub-
functionalization: The duplicates split the functions of
their ancestor gene. (b). Neofunctionalization: one of the
copies is expressed at a new cell or tissue type once its
regulatory region changed dramatically. Consistent with
this theory, our results of the zebrafish kcnnla and
kenn1b showed similar expression domains during devel-
opment. For example, both genes are expressed at the
brain and neural tubes, but kcnnla is uniquely expressed
at lateral plate mesoderm, and kcnnlb has a distinct pre-
somitic mesoderm expression at 24hpf, and pectoral fin
bud expression at 48hpf. Similarly, both kcnmala and
kcnmalb are expressed at somite and dermomyotome at
12hpf and 24hpf, respectively. However, only kcnmala is
found at the fin bud at 48hpf and 72hpf. The two pairs of
kentl (kentla and kentlb) and kent2 (kent2a and kent2b)
are mainly expressed in the neural nucleus, but they do
not share many expression domains. Interestingly, kcnt1b
and kcnt2a are expressed in the Rohon beard neurons
suggesting their ancestor gene might play important roles
in this type of neuron. It would be interesting to compare
these gene expression patterns from basal vertebrates
such as hagfish, lamprey, and sharks.

3.3 | KCa channel expression in non-
neuronal tissues during early
embryogenesis

While ion channel function in neuronal tissues is widely
accepted, other cells and tissues are relatively less appre-
ciated. Here, we show that most of the KCa channel
genes are expressed in the developing zebrafish brain and
neural tubes/spine. They are also found in various non-

FIGURE 6

Zebrafish beta unit genes were duplicated. A, Molecular phylogenetic tree generated using ML analysis on vertebrate

KCNMB proteins as obtained with JTT model plus gamma distribution. Numbers at each node denote bootstrap values based on 1000

replicates. Branch lengths are proportional to expected replacements per site. Each protein forms a distinct clade. B, The synteny of

KCNMBI in four representative vertebrate species. The illustration of the genes and their sizes are not proportional to the length of the
distances between genes. KCNMB2 is highlighted in red. The conserved synteny (KCNMB2-ZMAT3-PIK3CA-KCNMB3-MFN1-GNB4-ACTL6A)
is boxed with dashed lines. The zebrafish kcnmb2a is still linked with kcnmb3
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kenmb2a

kenmb2b

kenmb3

Zebrafish beta unit gene expression patterns during early embryogenesis. Whole-mount in situ hybridization of zebrafish

embryos at stages 12hpf (A,E,I,M,Q,U), 24hpf (B,F,J,N,R,V), 48hpf (C,G,K,0,S,W), and 72hpf (D,H,L,P,T,X). Anterior is to the left in all the
whole-mount images, and dorsal is to the top in all transverse sections. Each embryo was imaged laterally and dorsally, respectively. A-D,

Lateral view of gene expression of kecnmb2a. E-H, Dorsal view of gene expression of kcnmb2a. I-L, Lateral view of gene expression of
kenm2b. M-P, Dorsal view of gene expression of kcnm2b. Q-T. Lateral view of gene expression of kenmb3. U-X. Dorsal view of gene
expression of kenmb3. The dashed lines indicate the approximate positions of sections. The letters below or around the dashed lines
correspond to the panels. Scale bars are added on the top row of images; 250 pm for whole mount images and 50 pm for tissue sections. e,

eye; hb, hindbrain; n, neural tube; nt, notochord; op, optic vesicle; ot, optic tectum; ov, otic vesicle; pf, pectoral fin; ph, pharyngeal arch; so,

somite; tb, tailbud

excitatory cells, such as somites, eyes, fins, kidneys, olfac-
tory organs, and other embryonic tissues. Our findings
on KCa genes during embryogenesis is consistent with
previous reports that some voltage-gated ion channels are
also expressed at specific stages during Xenopus and
mammalian embryogenesis.>” Understanding the distinct
expression patterns of these channels during embryonic
development could be essential to reveal new mecha-
nisms for human channelopathies and congenital dis-
eases. Accumulating evidence is revealing that ion
channels are key players for embryogenesis through
bioelectricity,>®*® which is endogenous electrical signal-
ing mediated by the dynamic distribution of charged mol-
ecules via channels, pumps, and gap junctions.
Mutations of these genes were reported to cause abnor-
mal structural development in multiple species. The

kcnk5 and slc12a7a mutant zebrafish develop elongated
fins in zebrafish. The kcnj2 gene was found to regulate
wing disc and human craniofacial development.**** The
CaV1.2 can regulate chondrogenesis during limb devel-
opment.*> We recently demonstrated that the ectopic
expression of the kcnjl3 gene in zebrafish somite could
lead to elongated fins in zebrafish.** This suggests that
the ion channel genes in the non-excitatory cells could be
important for tissue and organ patterning and differentia-
tion during embryogenesis. Along this direction, future
functional studies may be pursued to target expression
domains. For example, kcnn3 and kcnmala are also
expressed explicitly in the dermomyotome around 24hpf.
It will be interesting to know whether they are needed
for zebrafish fin patterning as the kcnj13 gene. To address
this, we could employ the CRISPR approach to make
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Sunfish KCNT1A
Platyfish KCNT1A

Mouse KCNTH1

Zebrafish KCNT1A KCNT1A KCNT1

Maximum likelihood phylogenetic analysis of vertebrate KCNT proteins. Molecular phylogenetic tree generated using ML

analysis on vertebrate KCNT proteins as obtained with JTT model plus gamma distribution. Numbers at each node denote bootstrap values

based on 1000 replicates. Branch lengths are proportional to expected replacements per site. Each protein forms a distinct clade. The dashed

lines indicate a long-branch of the zebrafish Kcnt2a. Teleost species

conventional large knockout* or tissue-specific knock-
out***” to inactivate the two genes and examine fin
developmental abnormalities or defects in the future.

4 | EXPERIMENTAL PROCEDURES

4.1 | Zebrafish strains and husbandry
Zebrafish were raised and maintained following
AAALAC approved standards at the Purdue animal hous-
ing facility. Experiments were performed according to
approved protocols by the Purdue Animal Care and Use
Committee (PACUC). All the zebrafish experiments were
carried out in wildtype TAB background. Zebrafish were
maintained according to the zebrafish book.** Zebrafish
embryo were staged based on Kimmel staging guide.*’

possess both Kentl and Kent2 proteins

4.2 | Bioinformatics and phylogenetic
analysis

Zebrafish KCa channel protein sequences were first identi-
fied through searches of the NCBI database using human
gene symbols. The un-annotated protein sequences were
identified through BLASTp in Ensembl and NCBI using
according human orthologous protein sequences as a
query. Representative protein sequences from the major
metazoan taxa were selected based on their taxonomic
positions. Whenever there were multiple isoforms, the lon-
gest sequence was chosen for analysis. The final protein
accession numbers and species are listed in the Table S1.
Multiple protein sequences were aligned using
MUSLE program.”® To identify the best evolutionary
model for phylogenetic analysis, we carried out a best
model test using maximum likelihood (ML) and default
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FIGURE 9

Gene expression patterns of the zebrafish kcnt genes. Whole-mount in situ hybridization of zebrafish embryos at stages
12hpf (A, E, I, M, Q, U, Y, CC), 24hpf (B, F, ], N, R, V, Z, DD), 48hpf (C, G, K, O, S, W, AA, EE), and 72hpf (D, H, L, P, T, X, BB, FF).
Anterior is to the left in all the whole-mount images, and dorsal is to the top in all transverse sections, except panel B’ and B”. Each embryo

was imaged laterally and dorsally, respectively. A-D, Lateral view of gene expression of kcntla. E-H, Dorsal view of gene expression of

kentla. I-L. Lateral view of gene expression of kcnt1b. M-P, Dorsal view of gene expression of kcnt1b. Q-T, Lateral view of gene expression of

kent2a. U-X, Dorsal view of gene expression of kcnt2a. Y-BB, Lateral view of gene expression of kcnt2b. CC-FF, Dorsal view of gene

expression of kent2b. The dashed lines indicate the approximate positions of sections. The letters below or around the dashed lines

correspond to the panels. Scale bars are added on the top row of images; 250 pm for whole mount images and 50 pm for tissue sections. e,

eye; hb, hindbrain; hypo, hypothalamus; kv, Kupffer's vesicle; n, neural tube; nn, neural nucleus; nt, notochord; ol, olfactory placodes/organ;

op, optic vesicle; ov, otic vesicle; pal, pallium; ptc,, posterior tuberculum; rhb, rohon beard neurons; subp, subpallium,; tb, tailbud; th,

thalamus; tgm, tegmentum

parameters in MEGA6.”' The models with lowest Bayes-
ian Information Criterion (BIC) scores were considered
to describe the substitution pattern the best, and JTT + G
was chosen. Then, we constructed phylogenetic trees
using PhyML3.1.>> ML phylogenetic analysis was per-
formed using JTT 4+ G with 1000 bootstrap replicates.’>>*

The final phylogenetic trees were viewed and generated
with FigTree V1.4.2 (http://tree.bio.ed.ac.uk/software/
figtree). The syntenic analysis was first carried out in
Genomicus browser (version 100.01). Individual gene
position was then verified in Ensembl, UCSC genome
browser, Synteny Database.””
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illustration. The representative KCa genes present in the vertebrates that are listed on the right side of these taxa. The presence of these

genes may be variable in specific species, as exemplified by the loss of kenmb4 in zebrafish, but not in other teleost species

4.3 | Zebrafish gene cloning

A whole open reading frame was amplified with RT-PCR
using gene-specific primers for each identified zebrafish
KCa channel gene. Primers were designed in ApeE pro-
gram using default settings. CACC Kozak sequences were
added at the 5'd end of forward primer to prepare direct
Topo cloning. Total RNAs were exacted from pooled fish
embryos composed of about a hundred 1-3 dpf fish
embryos using TRIzol reagent (Thermo Fisher) according
to manufactory guidance. After quality checking and
quantification by Nanodrop, Reverse transcription was
carried out with the SuperScript III First-Strand Synthesis
System (Thermo Fisher) following manual instructions.
Phusion High-Fidelity DNA Polymerase master mix
(New England Biolabs) or PrimeSTAR GXL DNA Poly-
merase (Takara Bio) were chosen for PCR amplification.
PCR primers utilized are listed in Table S2. PCR products
were then purified with NucleoSpin Gel and PCR Clean-
up Kit (Takara Bio). Purified PCR products of each gene
were cloned into the pENTR-D-TOPO or pDONR221 vec-
tor and transformed into ToplO Escherichia coli cells
using the pENTR Directional TOPO Cloning Kit
(Thermo Scientific) according to its manual instruction.
Correct clones with the right gene orientation and
sequences were verified with Sanger sequencing. All the
zebrafish KCa gene clones are available through Addgene
(Plasmid #164951-164964).

4.4 | Whole-mount in situ hybridization,
cryosection, and imaging

Riboprobe DNA templates were prepared either by PCR
(size <2 kbps) or plasmid linearization (size>2 kbps)
with an endonuclease at the 5’ end of the protein-coding
region in the pENTR vector. DNA templates were puri-
fied with the NucleoSpin Gel and PCR Clean-up Kit
(Takara Bio). Anti-sense riboprobes were synthesized
with T7 RNA polymerase (Thermo Scientific) and DIG
RNA Labeling Mix (Roche, 11277073910) by in vitro tran-
scription. Sense riboprobes were synthesized with Sp6
RNA polymerase (Thermo Scientific) and DNA templates
that were generated by PCRs (Sp6 promoter was added to
the 5 end of gene-specific forward primers). Synthesized
riboprobes were purified with Sigma Spin post-reaction
clean-up columns (Sigma, S5059). About 1-2 pL of these
probes were added per reaction tube for in situ
hybridization.

Whole-mount in situ hybridizations were performed
according to the previous published method with some
modifications.>* Briefly, zebrafish embryos were col-
lected, maintained, and staged according to the zebrafish
development staging guide.** Chorions were removed
using pronase (Sigma) treatment before fixation.
Zebrafish embryos were then fixed with 4% PFA over-
night at 4°C and then dehydrated using serial methanol
(25%, 50%, 75%, and 100%) with PBST (Phosphate-
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buffered saline solution with 0.1% tween-20). Dehydrated
embryos were stored at —20°C until used for experiments.
To perform the WISH, fish embryos were rehydrated
using the reverse gradient methanol in PBST. Embryos
(12-24hpf) were then bleached with 6% H,0, in PBT
until all tissues were clear. 48 to 72hpf embryos were
bleached with 3% H,0, and 0.5% KOH to remove pig-
mentation. Fish embryos were permeabilized with pro-
teinase K (10 pg/mL in PBT): 8 to 18hpf, 3 minutes;
24hpf, 5 minutes; 48 hpf, 20 to 30 minutes; 72hpf, 45 to
60 minutes at room temperature. After permeabilization,
embryos were washed with PBT and fixed in 4% PFA
with 0.2% glutaraldehyde for 3 hours at room tempera-
ture to inactivate proteinase K. Next, fish embryos were
washed with PBT (2 X 10 minutes) to remove fixatives.
Then, fish embryos were incubated in pre-hybridization
solution [50% formamide, 5XSSC (0.75 M NaCl, 75 mM
sodium citrate, pH 7.0.), 2% Roche blocking powder, 0.1%
Triton-X, 50 mg/mL heparin, 1 mg/mL Torula yeast
RNA, 1 mM EDTA, 0.1% CHAPS, DEPC-treated ddH,0]
overnight at 65°C in hybridization oven with gentle shak-
ing (40 rpm). Riboprobes were added on the second day.
Then, embryos were further hybridized for another 48 to
72 hours before washing out unbound riboprobes using
2x SSC and 0.2x SSC (3 x 30 minutes for each solution).
Next, fish embryos were washed with KTBT 2x for
10 minutes each (50 mM Tris-HCIL, pH 7.5, 150 mM NaCl,
10 mM KCl, 1.0% Tween-20) before antigen blocking
using 20% sheep serum in KTBT for 3 hours. Anti-
digoxigenin antibody conjugated to alkaline phosphatase
(Roche) was added into the blocking solution in a ratio of
1:5000, and embryos were incubated overnight at 4°C
with gentle shaking. After 6x 1-hour washing with KTBT
and overnight KTBT incubation at 4°C with gentle shak-
ing, the following day, color reaction was carried out in
NTMT solution (100 mM Tris-HCl, pH 9.5, 50 mM
MgCl,, 100 mM NaCl, 0.5% Tween-20) with 75 mg/mL
NBT (Roche), 50 mg/mL BCIP (Roche), and 10% DMF
(N,N-dimethylformamide). Color development was car-
ried out in the dark with gentle rocking. We monitor the
color density of each reaction closely. Once the embryos
developed suitable color density, the reaction was
stopped with NTMT washing. The finished samples were
imaged immediately or stored in 4% paraformaldehyde
for later imaging.

For histological analysis, posthybridization embryos
were equilibrated in 15% sucrose overnight, then 30%
sucrose in 20% gelatin, after which they were embedded
in 20% gelatin for cryosection (25 pm) on a cryotome.
Images were acquired using Axio CamMRc camera on
Zeiss Stereo Discovery.V12 and Axio Imager 2 compound
microscope. Whole-mount embryos were imaged in 3%
methylcellulose.
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