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Abstract

Solute carrier 12 (Slc12) is a family of electroneutral cation-coupled chloride (CI7) cotransporters. Na /K /2Cl~ (Nkcc) and Na ™/
Cl~ cotransporters (Ncc) belong to the Nkcc/Ncc subfamily. Human and mouse possess one gene for the Na ™ /Cl~ cotransporter
(ncc gene: sic12a3), whereas teleost fishes possess multiple ncc genes, slc12a3 (nccl) and sic12al0 (ncc2), in addition to their
species-specific paralogs. Amphibians and squamates have two ncc genes: s/ic12a3 (nccl) and ncc3. However, the evolutionary
relationship between s/c12a710 and ncc3 remains unresolved, and the presence of s/c12a10 (ncc2) in mammals has not been clari-
fied. Synteny and phylogenetic analyses of vertebrate genome databases showed that ncc3 is the ortholog of s/ic12a10, and
slc12al0 is present in most ray-finned fishes, coelacanths, amphibians, reptiles, and a few mammals (e.g., platypus and horse)
but pseudogenized or deleted in birds, most mammals, and some ray-finned fishes (pufferfishes). This shows that s/c12a10 is
widely present among bony vertebrates and pseudogenized or deleted independently in multiple lineages. Notably, as com-
pared with some fish that show varied s/c72a10 tissue expression profile, spotted gar, African clawed frog, red-eared slider turtle,
and horse express s/c12a10 in the ovaries or premature gonads. In horse tissues, an unexpectedly large number of splicing var-
iants for SIc12a10 have been cloned, many of which encode truncated forms of Slc12a10, suggesting that the functional con-
straints of horse s/c12a10 are weakened, which may be in the process of becoming a pseudogene. Our results elaborate on the
evolution of Nkcc/Ncc subfamily of SIc12 in vertebrates.

NEW & NOTEWORTHY s/c72a70 is not a fish-specific gene and is present in a few mammals (e.g., platypus and horse), non-avian
reptiles, amphibians, but was pseudogenized or deleted in most mammals (e.g., human, mouse, cat, cow, and rhinoceros), birds,
and some ray-finned fishes (pufferfishes).

evolution; pseudogenization; Ncc2; Sic12a10; Sic12a3

drugs in humans, such as furosemide and thiazide diuretics,
respectively (1, 2). They are responsible for the Na™ and Cl~
reabsorption required for fluid volume and blood pressure ho-
meostasis (4-6). Nkccl is ubiquitously expressed in various

INTRODUCTION

Solute carrier 12 (Slc12) is a family of electroneutral cation-
coupled CI™ cotransporters (Cccs) (protein names are not itali-

cized, and the first letter is uppercase in this manuscript) con-
sisting of nine members, Slc12a1-9, in human and mouse (1,
2). Slc12al and Slc12a2 are known as Nat/K*/2Cl~ cotrans-
porter 2 (Nkcc2) and Nkccl, respectively, which mediate the
electroneutral cotransport of Na*t, K*, and 2Cl ~. Slc12a3 is
known as the Na™ /Cl~ cotransporter (Ncc), and Slcl12a4-7 as
K*/Cl™ cotransporters (Kccl-4). Nkec2 and Ncc, which are
part of the Nkecc/Nce subfamily (3), are specifically expressed
in the renal tubule of mammals and localized in the apical
membrane of the thick ascending limb of Henle’s loop (TAL)
and distal convoluted tubule (DCT), respectively. Both Nkcc
and Ncc are inhibited by the most commonly used diuretic
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cells and localized in the basolateral membranes of various se-
cretory epithelial cells secreting Cl . In Cl~ secretory cells, C1~
is absorbed by Nkccl in the basolateral membrane and then
secreted by Cl~ channels, such as cystic fibrosis transmem-
brane conductance regulator (Cftr) in the apical membrane (7).

The Nkcc/Ncc subfamily of Slc12 is also important for
osmoregulation in fish acclimated to fresh water and sea-
water. Ncc or Nccl (Slc12a3) was initially identified as a thia-
zide-sensitive Na*/Cl~ cotransporter (Tsc, also named Ncc)
in the urinary bladder of winter flounder (Pseudopleuronectes
americanus) (8). In the kidneys of freshwater teleosts, Nkcc2
and Nccl are expressed in the distal tubules and collecting
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ducts, respectively, and may be responsible for the Na™ and
Cl™ reabsorption required for hypo-osmotic urine production
and net water excretion (9-11). In the gills of seawater fish,
Nkecl is expressed in the basolateral membrane of ionocytes
and supplies Cl~ into the cytoplasm for excretion by the apical
Cftr CI~ channel (12, 13). In contrast to mammals, Nkcc2 is
also expressed in the fish intestine and may be responsible for
intestinal Na™ and Cl~ absorption (14-16).

A novel member of Slc12, Slc12a10 (Nccp, Ncc2, or Ncc-like
protein), was identified as a novel homolog of Ncc in euryha-
line fishes by two individual groups. In 2001, the presence of
two ncc genes (gene names are italicized, all lowercase, in
this study) in the teleost European eel (Anguilla anguilla)
was identified (17). Cutler and Cramb (2008) comprehen-
sively characterized these two genes and named them ncco
and nccB, which were later confirmed to be sici2a3 and
slc12al10, respectively (14). Hiroi et al. (18) also isolated Slc12a10
by immunoscreening a cDNA expression library constructed
from the gills of freshwater-acclimatized Mozambique tilapia
(Oreochromis mossambicus). European eel Nccp (Slc12a10),
expressed in Xenopus oocytes, functions as an Na™/Cl~
cotransporter with some major characteristics, making it dif-
ferent from Nccl (Slc12a3), such as being resistant to thiazide,
not activated by low-chloride hypotonic stress, and exhibiting
chloride currents (19, 20). In the gills of freshwater-acclimated
euryhaline fish (Mozambique tilapia) and freshwater fish
(zebrafish), Ncc2 (Slc12a10) is expressed in the apical mem-
brane of ionocytes (18, 21) and is involved in branchial ion
uptake from environmental water and freshwater acclimation.
Ionocytes are transport epithelial cells scattered over the sur-
face of the gills and skin of fishes and amphibians, and are re-
sponsible for maintaining body fluid ion homeostasis and
osmolarity (13, 22). In freshwater teleosts and amphibians, ion-
ocytes actively absorb salts from environmental water against
the chemical gradients of ions and express ion-absorptive
membrane transport proteins such as Na*/H™ exchanger 3
(Nhe3 or Slc9a3), Slc12a10, and epithelial Ca®>* channel (Ecac
or Trpv6) in the apical membrane and Nka (Na* /K *-ATPase)
in the basolateral membrane. In seawater teleosts, ionocytes
actively secrete salts into the environmental water against the
chemical gradients of ions and express Cftr CI~ channels in
the apical membrane and Nka and Nkccl in the basolateral
membrane. In zebrafish embryos, knockdown of slc12a10.2
decreased both Cl™ influx and CI~ content (21). The transcrip-
tion of slc12a10.2 in the gills of zebrafish is upregulated by pro-
lactin, a well-known regulator of ion and water transport in
freshwater fish (23). Therefore, Slc12al10 is considered to be
involved in Cl~ absorption and freshwater acclimation in fish.

Hartmann et al. (3) analyzed the evolution of the ccc
family and showed that amphibians and squamates have
two ncc genes, nccl and ncc3 . However, the evolutionary
relationship between ncc2 (sici2al0) and ncc3 has not yet
been clarified, and the presence of ncc2/ncc3 in mammals
has not been elucidated. In this study, we analyzed
slc12al0 in various vertebrate species using comparative
genomic analysis of genome databases. sic12al10 has been
identified in fishes, amphibians, reptiles, monotremes,
and horses, but not in birds, marsupials, and most euther-
ians. Tetrapod ncc3 is an ortholog of fish ncc2 (slc12a10),
showing that sici2a10 (ncc2/ncc3) is widely present
among bony vertebrates and pseudogenized or deleted

independently in multiple lineages of fish, avian, and
mammalian species.

MATERIALS AND METHODS

Synteny Analysis and Identification of sic12a10 Genes

Synteny analysis was performed with Ensembl genome
browser (https://www.ensembl.org) (24) or the National
Center for Biotechnology Information (NCBI) genome data
viewer (https://www.ncbi.nlm.nih.gov/genome/gdv/) using
genome databases of various species including human (Homo
sapiens; GCA_000001405.29), mouse (Mus musculus; GCA_
000001635.9), cow (Bos taurus; GCA_002263795.3), megabat
(Pteropus vampyrus; GCA_000151845.2), horse (Equus cabal-
lus; GCA_002863925.1), platypus (Ornithorhynchus anatinus;
GCA_004115215.4), Bengalese finch (Lonchura striata; GCA_
005870125.1), American alligator (Alligator mississippiensis;
GCA_000281125.4), painted turtle (Chrysemys picta; GCA_
000241765.5), green anole (Anolis carolinensis; GCA_000090745.
2), western clawed frog (Xenopus tropicalis; GCA_000004195.4),
coelacanth (Latimeria chalumnae; GCA_000225785.1), spot-
ted gar (Lepisosteus oculatus; GCA_000242695.1), Asian aro-
wana (Scleropages formosus; GCA_900964775.1), zebrafish
(Danio rerio; GCA_000002035.4), northern pike (Esox
lucius; GCA_011004845.1), Japanese pufferfish (Takifugu
rubripes; GCA_901000725.2), whitespotted bamboo shark
(Chiloscyllium plagiosum; GCA_004010195.1), thorny skate
(Amblyraja radiate; GCA_010909765.2), elephant shark
(Callorhinchus milii; GCA_018977255.1), inshore hagfish
(Eptatretus burger; GCA_024346535.1), and sea lamprey
(Petromyzon marinus; GCA_010993605.1).

Phylogenetic Analysis

The amino acid sequences of Slc12a10 were obtained from
genome databases of various species (Tables 1 and 2). The
predicted or determined amino acid sequences of Slc12a10
were aligned using ClustalW software (25) and a phyloge-
netic tree was constructed using the molecular evolutionary
genetics analysis (MEGA) software (26) based on the maxi-
mum-likelihood (ML) method with 100 bootstrap replicates.

Dot Plot Analysis

For comparison among intact sic12al0O genes, the ~10 kb
corresponding genomic regions of horse (Equus caballus), plat-
ypus (Ornithorhynchus anatinus), painted turtle (Chrysemys
picta), and Western clawed frog (Xenopus tropicalis) were
used. To compare the intact slci2al0 gene and pseudogenes,
~10 kb corresponding genomic regions of megabat (Pteropus
vampyrus), white rhino (Ceratotherium simum), cat (Felis
catus), American black bear (Ursus americanus), European
polecat (Mustela putorius), chacoan peccary (Catagonus wag-
neri), cow (Bos taurus), dolphin (Tursiops truncatus), human
(Homo sapiens), tarsier (Carlito syrichta), greater bamboo
lemur (Prolemur simus), squirrel (Ictidomys tridecemlinea-
tus), Alpine marmot (Marmota marmota), and American
beaver (Castor canadensis) were used. To analyze the de-
letion of slci2al0 genes, ~30 kb corresponding to the
genomic region of horse encoding sici2al and the flank-
ing genes (osgep and klhl) and mouse (Mus musculus)
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Table 1. Amino acid sequences of Slc12a10 and Sic12a3 used for the phylogenetic analysis

Gene Species Accession No.
slc12a10 Horse (Equus caballus) XP_023472263.1
slc12a10 Donkey (Equus asinus) XP_014699999
slc12a10 Platypus (Ornithorhynchus anatinus) XP_028933254
slc12al10 Red-eared slider (Trachemys scripta) XP_034642584.1
slc12a10 Painted turtle (Chrysemys picta) XP_023966996.1
slc12a10 American alligator (Alligator mississippiensis) XP_019334996.1
slc12a10 Green anole (Anolis carolinensis) XP_016850886.1
slc12al10 Two-lined caecilian (Rhinatrema bivittatum) XP_029437368.1
slc12a10 African clawed frog (Xenopus laevis) XP_018099460.1
slc12al10 Western clawed frog (Xenopus tropicalis) XP_002934326.2
slc12a10 Coelacanth (Coelacanthiformes) XP_006011463.1
slc12a10.1 Asian arowana (Scleropages formosus) XP_029112028
slc12a10.2 Asian arowana (Scleropages formosus) ENSSFOT00015066387.1
slc12a10.1 Zebrafish (Danio rerio) XP_021333255.1
slc12a10.2 Zebrafish (Danio rerio) NP_001038466.1
slc12a10.3 Zebrafish (Danio rerio) XP_021333240.1
slc12a10 Northern pike (Esox lucius) XP_019898755.1
slc12a10.1 Nile tilapia (Oreochromis niloticus) XP_003454830.1
slc12a10.2 Nile tilapia (Oreochromis niloticus) XP_019209684.1
slc12a10.3 Nile tilapia (Oreochromis niloticus) XP_025761425.1
slc12a10.1 Swamp eel (Monopterus albus) ENSMALTO0000029818.1
slc12a10.2 Swamp eel (Monopterus albus) XP_020443852.1
slc12a10.3 Swamp eel (Monopterus albus) XP_020443847
slc12a10 Turbot (Scophthalmus maximus) XP_035473837.1
slc12al0 Spotted gar (Lepisosteus oculatus) XP_015194990.1
slc12a3 Human (Homo sapiens) NP_000330.3
slc12a3 Mouse (Mus musculus) XP_017168114.1
slc12a3 Cow (Bos taurus) XP_015331192.1
slc12a3 Horse (Equus caballus) XP_014593920.2
slc12a3 Donkey (Equus asinus) XP_014682837.1
slc12a3 Koala (Phascolarctos cinereus) XP_0208214311
slc12a3 Platypus (Ornithorhynchus anatinus) XP_028931599.1
slc12a3 Chicken (Gallus domesticus) XP_414059.4
slc12a3 Great tit (Parus major) XP_015495610.1
slc12a3 Red-eared slider (Trachemys scripta) XP_0346447111
slc12a3 Painted turtle (Chrysemys picta) XP_005306320.2
slc12a3 American alligator (Alligator mississippiensis) XP_014466479.1
slc12a3 Green anole (Anolis carolinensis) ENSACAGO0000007601
slc12a3 Two-lined caecilian (Rhinatrema bivittatum) XP_029464580.1
slc12a3 African clawed frog (Xenopus laevis) XP_018113335.1
slc12a3 Western clawed frog (Xenopus tropicalis) XP_002937217.2
slc12a3 Coelacanth (Coelacanthiformes) XP_014349758.1
slc12a3 Asian arowana (Scleropages formosus) XP_018582182.2
slc12a3 Zebrafish (Danio rerio) NP_001038545.1
slc12a3 Northern pike (Esox lucius) XP_010882277.3
slc12a3 Nile tilapia (Oreochromis niloticus) XP_0034394251
slc12a3 Swamp eel (Monopterus albus) XP_020470348.1
slc12a3 Turbot (Scophthalmus maximus) XP_035497742.1
slc12a3 Spotted gar (Lepisosteus oculatus) XP_015224044.1
slc12a3 Japanese pufferfish (Takifugu rubripes) XP_003967138.2
slc12a3 Elephant shark (Callorhinchus milii) AB769494
slc12a3 Bull shark (Carcharhinus leucas) AB769491
slc12a3 Houndshark (Triakis scyllium) AB769487
slc12a3 Thorny skate (Amblyraja radiata) XP_032892075.1
slc12a3 Great white shark (Carcharodon carcharias) XP_041047225.1
slc12a3 Smaller spotted catshark (Scyliorhinus canicula) XP_038662802.1
slc12a3 Whale shark (Rhincodon typus) XP_048461656.1
slc12a3 Whitespotted bamboo shark (Chiloscyllium plagiosum) XP_043563470.1
slc12a3 Zebra shark (Stegostoma fasciatum) XP_048402468.1
ncc Inshore hadfish (Eptatretus burgeri) ENSEBUGO0000012657
ncca Sea lamprey (Petromyzon marinus) XP_032816158.1, BK014291
ncca Sea lamprey (Petromyzon marinus) XP_032816224.1
nccb Sea lamprey (Petromyzon marinus) XP_032816159.1, BK0O14292
nccb Sea lamprey (Petromyzon marinus) XP_032813619.1

encoding osgep and klhl were used. Dot plot comparisons Pseudogenization of sic12a70 in Mammals

were performed using EMBOSS dotmatcher program with

a window size of 20 and a threshold score of 70 (https:// Sequences of the entire intergenic regions flanked by
www.ebi.ac.uk/Tools/emboss/). klhl and osgep from the horse (chr1:158825604-158840363,
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Gene Species Accession No.
slc12at Human (Homo sapiens) NP_000329
slc12at Mouse (Mus musculus) NP_001073158
sic12at Cow (Bos taurus) XP_005211957
slc12at Horse (Equus caballus) XP_003363557
slc12at Donkey (Equus asinus) XP_014708391
slc12at Koala (Phascolarctos cinereus) XP_020831907
sic12at Platypus (Ornithorhynchus anatinus) XP_028926912
slc12at Chicken (Gallus domesticus) XP_004943856
slc12at Great tit (Parus major) XP_015494209
slc12at Red-eared slider (Trachemys scripta) XP_034640616.1
sic12at Painted turtle (Chrysemys picta) XP_023957006
slc12at American alligator (Alligator mississippiensis) XP_019333208
slc12at Green anole (Anolis carolinensis) XP_003228048
slc12at Two-lined caecilian (Rhinatrema bivittatum) XP_029430922
sic12at African clawed frog (Xenopus laevis) XP_041442720.1
slc12at Western clawed frog (Xenopus tropicalis) XP_012814934
slc12at Coelacanth (Coelacanthiformes) XP_005998362
slc12at Asian arowana (Scleropages formosus) XP_029112010
slc12at Zebrafish (Danio rerio) XP_021323409
slc12at Northern pike (Esox lucius) XP_010889602
slc12at Nile tilapia (Oreochromis niloticus) XP_003456811
slc12at Swamp eel (Monopterus albus) XP_020461370.1
slc12at Turbot (Scophthalmus maximus) XP_035484268.1
slc12at Spotted gar (Lepisosteus oculatus) XP_015198509.1
slc12at Japanese pufferfish (Takifugu rubripes) XP_003969692
slc12ala Elephant shark (Callorhinchus milij) AB769493
slc12alb Elephant shark (Callorhinchus milii) ENSCMIGO0000001429
slc12at Dodfish (Squalus acanthias) AF521915.1
slc12at Houndshark (Triakis scyllium) AB769486
slc12at Thorny skate (Amblyraja radiata) XP_032870760.1
sic12at Great white shark (Carcharodon carcharias) XP_041034348.1
slc12at Smaller spotted catshark (Scyliorhinus canicula) XP_038640287.1
slc12at Whale shark (Rhincodon typus) XP_048473103.1
slc12at Whitespotted bamboo shark (Chiloscyllium plagiosum) XP_043536117.1
sic12at Zebra shark (Stegostoma fasciatum) XP_048376460.1
slc12a2 Human (Homo sapiens) NP_001037
slc12a2 Mouse (Mus musculus) NP_033220
slc12a2 Cow (Bos taurus) XP_005209144
slc12a2 Horse (Equus caballus) XP_014586183
slc12a2 Donkey (Equus asinus) XP_014715001
slc12a2 Koala (Phascolarctos cinereus) XP_020865168
slc12a2 Chicken (Gallus domesticus) XP_003643107
slc12a2 Great tit (Parus major) XP_015509027
slc12a2 Red-eared slider (Trachemys scripta) XP_034630792.1
slc12a2 Painted turtle (Chrysemys picta) XP_00530317
slc12a2 American alligator (Alligator mississippiensis) XP_006271569
slc12a2 African clawed frog (Xenopus laevis) XP_004910530.1
slc12a2 Western clawed frog (Xenopus tropicalis) XP_004910530
slc12a2 Two-lined caecilian (Rhinatrema bivittatum) XP_029474981.1
slc12a2a Coelacanth (Coelacanthiformes) XP_006008712
slc12a2 Asian arowana (Scleropages formosus) XP_018600303
slc12a2a Zebrafish (Danio rerio) NP_001002080
slci2a2a Northern pike (Esox lucius) XP_034152790
slc12a2a Nile tilapia (Oreochromis niloticus) XP_025765026
sic1i2a2a Swamp eel (Monopterus albus) XP_020474487.1
slc12a2a Turbot (Scophthalmus maximus) XP_035481136.1
slc12a2 Spotted gar (Lepisosteus oculatus) XP_006626991.1
slc12a2a Japanese pufferfish (Takifugu rubripes) XP_003965092
slc12a2 Elephant shark (Callorhinchus milii) AB769492
slc12a2 Dodfish (Squalus acanthias) U05958
slc12a2 Houndshark (Triakis scyllium) AB669487
slc12a2 Thorny skate (Amblyraja radiata) XP_032873669.1
slc12a2 Great white shark (Carcharodon carcharias) XP_041041631.1
slc12a2 Smaller spotted catshark (Scyliorhinus canicula) XP_038660632.1
slc12a2 Whale shark (Rhincodon typus) XP_020389481.2
slc12a2 Whitespotted bamboo shark (Chiloscyllium plagiosum) XP_043574016.1
slc12a2 Zebra shark (Stegostoma fasciatum) XP_048382048.1
Nkcca Inshore hadfish (Eptatretus burgeri) ENSEBUGO0000013668
Nkccb Inshore hagfish (Eptatretus burgeri) ENSEBUG00000008526

Continued
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Table 2.— Continued

Gene Species Accession No.
Nkcc Sea lamprey (Petromyzon marinus) MK779970.1
slc12a2b Coelacanth (Coelacanthiformes) XP_014340414.1
slc12a2b Zebrafish (Danio rerio) XP_003201788.4
slc12a2b Northern pike (Esox lucius) XP_010894315.1
slc12a2b Nile tilapia (Oreochromis niloticus) XP_0034444971
slc12a2b Swamp eel (Monopterus albus) XP_020450787.1
slc12a2b Turbot (Scophthalmus maximus) XP_035496633.2
slc12a2b Japanese pufferfish (Takifugu rubripes) XP_003974595.1

equCab3), human (chr14:20436167-20446400, hg38), and
mouse (chr14:50897495-50915384, mmil0) genomes were
obtained. The orthologous sequences found by the NCBI ba-
sic local alignment search tool (BLAST) search were retrieved
from the genome assemblies of Przewalski’s horse (Equus
przewalskii; NW_007674891.1), zebra (Equus quagga burchel-
lii; NC_060268.1), donkey (Equus asinus; PSZQ01003353.1),
Malayan tapir (Tapirus_indicus; PVIE01004190.1), South
American tapir (Tapirus_terrestris; PVID01004278.1), black
rhinoceros (Diceros bicornis minor; JAJIAY010000041.1),
Indian rhinoceros (Rhinoceros unicornis; JAFHKO0100000-
11.1), Sumatran rhinoceros (Dicerorhinus sumatrensis; PEKH-
010004986.1), platypus (Ornithorhynchus anatinus; NC_
041740.1), and echidna (Tachyglossus aculeatus; NW_
024044828.1), and those of the other 45 mammals were
obtained using the Chain/Net track in the University of
California Santa Cruz (UCSC) Genome Browser (27). The sequen-
ces, including horse sic12a1l0 cDNA ENSECAT00000024318.2
retrieved from Ensembl, were aligned using MAFFT ver. 7.495
with the linsi option (28). The introns, UTRs, and regions
unalienable to the horse ORF were removed from the alignment.
The presence or absence of orthologous nucleotides for each
horse ORF site was determined based on the alignment.

Analysis of dN/dS for Each Branch of the Perissodactyl
Tree

The sici2al0 gene or pseudogene sequences from
Przewalski’s horse, zebra, donkey, two tapirs, and four rhi-
noceroses were aligned using MAFFT ver. 7.495 with the
linsi option (28). The sequences were used to estimate o,
the ratio of nonsynonymous to synonymous substitution
rates (AN/dS). o values were calculated using the free-ratio
branch model with the codeml program in PAML ver. 4.9j
(29), based on perissodactyl phylogeny (30, 31).

Animals

Juvenile spotted gar (Lepisosteus oculatus) were raised at
Michigan State University from fertilized eggs as described
previously (32, 33). Three unsexed individuals were eutha-
nized by immersion in 0.4% tricaine methane sulfonate (MS-
222; Syndel, Ferndale, WA), then tissues (gill, liver, head kid-
ney, intestine, and premature gonad) were dissected and
stored in RNA later solution (Thermo Fisher Scientific,
Waltham, MA). Adult and larval African clawed frogs (Xenopus
laevis), purchased from a local dealer, were maintained in an
aquarium with tap water at 23°C with a 12-h:12-h light/dark
cycle and fed commercial Xenopus pellets. Healthy frogs were
anesthetized by immersion in MS-222 in 5 mM HEPES (pH 7.5)
and then decapitated. Tissues for RNA preparation were
removed with ophthalmic scissors, snap-frozen in liquid

nitrogen, or quickly homogenized in Isogen (Nippon Gene,
Tokyo, Japan), and then stored at —80°C.

The red-eared sliders, a kind gift from Akashi City Citizen’s
Life Bureau Environment Room in Japan, were kept in a 150-
L tank supplied with tap water, maintained at 26°C with indi-
rect sunlight from the windows, and fed commercial turtle
pellets. Healthy turtles were anesthetized with 5% isoflurane
(Mylan Seiyaku, Tokyo, Japan) for 30 min using a small-ani-
mal anesthetizer MK-A110 (Muromachi Kikai, Tokyo, Japan)
and then decapitated. Tissues for RNA preparation were
removed with scissors, snap-frozen in liquid nitrogen, and
stored at —80°C. The animal protocols and procedures were
approved by the Institutional Animal Experiment Committee
of Michigan State University (spotted gar; animal use form
PROT0201900309) and the Tokyo Institute of Technology
(African clawed frog and red-eared slider).

Total RNAs of Tissues from Spotted Gar, African Clawed
Frog, Red-Eared Slider, and Horse

Total RNAs were isolated from the liver, gill, intestine, kid-
ney, and premature gonad of sexually immature spotted gar
juveniles; the eye, pituitary, brain, heart, lung, stomach,
intestine, liver, spleen, kidney, ovary, muscle, and skin of
adult female African clawed frogs (120-160 g), testes of
adult males (~70 g), and gill, kidney, skin, and fin of larvae
(1.0-1.3 g); the eyes, lungs, colon, kidneys, skin, and ova-
ries of adult female red-eared sliders (~2 kg). Horse ovaries
were gifted by Senko Farm Co., Ltd. (Kumamoto, Japan)
and ovary tissues from a meat processing center were
quickly sliced and stored in RNA later solution.

Total RNA of the red-eared slider ovary was isolated using
the RNeasy Fibrous Tissue Mini Kit (Qiagen, Valencia, CA) and
from other tissues using the acid guanidinium thiocyanate-
phenol-chloroform extraction method with Isogen. The con-
centration and quality of RNA were measured based on UV ab-
sorbance at 260 and 280 nm and checked using denaturing
agarose gel electrophoresis or Microchip Electrophoresis
System for DNA/RNA Analysis MCE-202 MultiNA (Shimadzu,
Kyoto, Japan) with an RNA reagent kit (Shimadzu). Total
RNAs of the horse eye, lung, colon, kidney, and skin were pur-
chased from Zyagen (San Diego, CA).

Semiquantitative Reverse Transcription-Polymerase
Chain Reaction

First-strand complementary DNA was synthesized from 5
pg of total RNA using the SuperScript IV First-Strand
Synthesis System (Thermo Fisher Scientific) with oligo(dT)
primers and analyzed by RT-PCR as described previously
(34). The cDNA was diluted eightfold with nuclease-free
water and used as a template for PCR with gene-specific
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primers (Table 3). Each reaction mixture (final volume, 12.5
uL) consisted of 0.25 pL. cDNA (template), primers (individ-
ual final concentration, 0.25 puM), and 6.25 uL. GoTaq Green
Master Mix (2x; Promega, Madison, WI). The PCR conditions
were as follows: initial denaturation at 94°C for 2 min, fol-
lowed by 33 cycles of 94°C for 15 s (denaturation), 57°C for 30 s
(annealing), 72°C for 1 min (extension), and a final extension
at 72°C for 7 min. After amplification, 3 pL of the PCR mixture
was diluted and loaded onto a Microchip Electrophoresis sys-
tem for DNA/RNA Analysis MCE-202 MultiNA (Shimadzu,
Kyoto, Japan) using a DNA-12000 reagent kit (Shimadzu)
according to the manufacturer’s instructions. Electrophoresis
results were analyzed using MultiNA Viewer software
(Shimadzu).

Cloning of Slc12a10 from Spotted Gar, African Clawed
Frog, Red-Eared Slider, and Horse

Full-length cDNAs of Slc12a10s were isolated from the pre-
mature gonad of spotted gar, the ovary of African clawed
frog and horse, and the eye of red-eared slider by RT-PCR
using primers designed based on the genomic database
(Table 3) and a high-fidelity DNA polymerase (KOD One PCR
Master Mix, Toyobo, Osaka, Japan). cDNAs were directly
sequenced or subcloned into pGEMHE (35) with In-Fusion
Snap Assembly Master Mix (Takara Bio, Shiga, Japan) using
gene-specific primers with 15-bp sequences that were com-
plementary to the ends of the linearized pGEMHE (Table 3)
and then sequenced. The sequences were deposited under
GenBank/EMBL/DDBJ accession numbers (spotted gar
Slc12a10, LC727724; African clawed frog Slc12a10, LC727723;
red-eared slider Slc12al0, LC727721; and horse Slcl2alo,
LC727702-LC727720). Multiple sequence alignment was per-
formed using Clustal W and ESPript (36) was used to produce
graphical display of the results.

RESULTS

The “Ancient Fishes” Spotted Gar and Coelacanth Have
Both s/c12a3 and sic12a10

We first confirmed the presence of sic12a3 and sic12a10 in
the so-called ancient fishes spotted gar and coelacanth.
Previous studies have also suggested the presence of both
genes in these species (37). Synteny analysis of slc12a3 and
slc12al0 in teleost fishes, such as zebrafish, northern pike,
and Asian arowana, showed that sici2a3 and sic12alO are
located on different chromosomes, and are not present in
the same locus (Fig. 1). Some teleost fishes have tandemly
present paralogs for sic12a10 (Fig. 1A). Furthermore, sic12a3
has well-conserved neighboring genes such as hurpudl, cetp,
and mir-138 and slci2al0 has relatively conserved neighbor-
ing genes such as parp and klhl (Fig. 1A). Phylogenetic analy-
ses showed that the sic12al0 paralogs of the Nile tilapia,
swamp eel, zebrafish, and Asian arowana formed lineage-
specific clades (Fig. 2).

Next, we searched the sic12 family coding sequence around
the neighboring genes in the genome databases of spotted gar
and coelacanth and found a single slc12a10 (spotted gar,
ENSLOCG00000000965; coelacanth, ENSLACG00000000864)
around the parp (Fig. 1A), in addition to a single slc12a3
gene (spotted gar, ENSLOCG00000007841; coelacanth,

ENSLACG00000010242) annotated around hurpud, cetp,
and mir-138 (Fig. 1B). Phylogenetic analyses of the deduced
amino acid sequences of these genes confirmed that the
annotations were correctly named (Fig. 2), confirming that
spotted gar and coelacanth have both a sici2a3 and a
slc12aio.

Pufferfishes and Ocean Sunfish Lost s/ic12a10

Pufferfishes are known to have sic12a3 (3) and the presence
of sic12a3 (Japanese pufferfish) was confirmed by synteny
analysis, BLAST search, and phylogenetic analysis (Figs. 1B
and 2). slci2a3 was also found in other Tetraodontiformes spe-
cies such as spotted green pufferfish (Tetraodon nigroviridis)
and ocean sunfish (Mola mola). However, from those analy-
ses, no slc12al0 was found in the genome databases of these
three Tetraodontiformes species (Fig. 1B) (data not shown).

Ncc Genes in Cartilaginous and Jawless Fishes

Cartilaginous fishes are known to possess slc12a3 (38, 39).
The presence of sic12a3 in elephant shark (Callorhinchus
milii), thorny skate (Amblyraja radiata), whale shark
(Rhincodon typus), whitespotted bamboo shark (Chiloscyllium
plagiosum), and zebra shark (Stegostoma fasciatum) was con-
firmed by synteny analyses, BLAST search, and phylogenetic
analyses (Figs. 1C and 2). However, slc12al0 gene was not
found in the genome databases of these species (data not
shown).

Lampreys have two ncc genes: ncca and nccb (40). Barany
et al. (40) showed, via phylogenetic analyses, that Ncca occu-
pied a basal position among the Slc12a3 and Slc12a10 clades.
Furthermore, Nccb was basally positioned within the clade
of Slc12a3. A BLAST search and phylogenetic analyses of sea
lamprey (Petromyzon marinus) showed that it has two ncca
and nccb genes, each (Fig. 2). A similar analysis of the
inshore hagfish (Eptatretus burgeri) demonstrated that it
possesses a single ncc gene (Fig. 2). Similar to the sea lam-
prey Ncca, the inshore hagfish Ncc occupied a basal position
among the Slc12a3 and Slc12a10 clades.

A synteny analysis of ncc genes in inshore hagfish and sea
lamprey is shown in Fig. 1D. In the inshore hagfish, the
assembled genomic sequence containing ncc was short and
no conserved neighboring genes were observed around ncc.
The genomic data of the sea lamprey showed four ncc genes:
two genes each for ncca and nccb. The two ncca genes were
tandemly located in the region near an nccb gene. The other
nceb gene was located on a different chromosome. On chro-
mosome 25 of the sea lamprey, pnp was located near nccb,
similar to slc12al0 in other species. However, no other con-
served neighboring genes were observed around ncc genes in
chromosomes 25 and 20 of the sea lamprey.

Amphibians and Non-Avian Reptiles Possess sic12a3
and slc12a10

slc12a3 is widely present in vertebrates, including
amphibians and reptiles (3), and its presence in amphib-
ians (Western clawed frog, African clawed frog, and two-
lined caecilian) and non-avian reptiles (green anole,
painted turtle, red-eared slider, and American alligator)
was confirmed by synteny, BLAST, and phylogenetic anal-
yses (Figs. 1B and 2).
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Species Gene Accession Remarks Direction Sequence (5’ to 3')
Horse slc12a10 XM_023616495 RT-PCR Fw ttcaggaaatatgactgacatgggt
Rv agcagaggtaaaagttggagatgat
Full-length cDNA Fw atggcctcccagcagagagactatg (exon?),
atgctccacatgtggagtgtcatcc (exon3)
Rv ttactggcagtacgtggtcagcaag
In-Fusion cloning Fw gcagatcaattccccatggcctcccagcagagag
(exon), gcagatcaattccccatgctcca-
catgtggagtgt (exon3)
Rv agaattcggatccccttactggcagtacgtggtca
African clawed frog slc12a10 XM_018243971 RT-PCR Fw attgttcctgagtggcgagg
Rv agcctggagaattggtgacg
Full-length cDNA Fw atggaatctcttgaatgttcctctg
Rv tcattggcagtatactgtgagggca
Red-eared slider slc12a10 XM_034786693 In-Fusion cloning Fw gcagatcaattccccatggaatctcttgaatgttc
Rv agaattcggatcccctcattggcagtatactgtg
RT-PCR Fw ggccaacaactaccagaccatgagcatgg
Rv gacgccccagceccggacacctgcat
Spotted gar slc12a10 XM_015339504 Full-length cDNA Fw atgagggttgcggaggaggacgagg
ENSLOCTO0000001087 Rv ctactggcagtagaaggtcagggca
In-Fusion cloning Fw gcagatcaattccccatgagggttgcggag-
gagg
Rv agaattcggatcccctcactggcagta-
gaaggtca
RT-PCR Fw gatccgggctttctacaccc
Rv agcatctctttgcggtectc
Horse slc12at XM_014738434 Full-length cDNA Fw atggggcagtgcaccacgaaatcc
Rv tcactggcagtagaaggtgagcaca
Horse slc12a2 XM_014730697 In-Fusion cloning Fw gcagatcaattccccatggggcagtgcaccacga
Rv agaattcggatcccctcactggcagta-
gaaggtga
Horse slc12at XM_014738434 RT-PCR Fw tgggtatgaactagacaaacctcat
Rv agtagaaggccttgatcttcctttt
Horse slc12a2 XM_014730697 RT-PCR Fw ctcgaagacaagccatgaaagaaat
Rv accagatggtatggaagtatctaac
Horse slc12a3 XM_014738434 RT-PCR Fw tgggtatgaactagacaaacctcat
Rv agtagaaggccttgatcttcctttt
Horse actb NM_001081838 RT-PCR Fw atcaaggagaagctctgctatgtc
Rv aaggtggacaatgaggccagaat
African clawed frog slc12at XM_018253092 RT-PCR Fw gtgggctgctctcatcactt
Rv tgggtggaggtgtactgaca
African clawed frog slc12a2 NM_001122599 RT-PCR Fw agtgaggaggcaaaaggacg
Rv aattctggaccgagactgcg
African clawed frog slc12a3 XM_018243971 RT-PCR Fw tgaggccaaatgtcctcgtc
Rv tttgttggttccctcgggte
African clawed frog enac U23535 RT-PCR Fw tggggtgcaaggatggattc
Rv gtcgctgtatttcccaccca
African clawed frog nhe3 XM_018267666 RT-PCR Fw ttttagcagtccgcgaccat
Rv tactcgggcecctttgtgatg
African clawed frog atp5fla NM_001087777 RT-PCR Fw tgttgtcagtccgtgtagec
Rv ggcaatggaggttttgccag
Red-eared slider slc12at XM_034784725 RT-PCR Fw tgacatacaagaagccagaggtaaa
Rv tttgactccatctctaaagctgtca
Red-eared slider slc12a2 XM_034774901 RT-PCR Fw ggtatctctgtagcaggaatggaat
Rv attttaacttgcaagcagcagtagt
Red-eared slider slc12a3 XM_034788820 RT-PCR Fw gtcatctctgtcgtgatcatgtttc
Rv tgcataagtgttttgactccacttc
Red-eared slider actb XM_034783321 RT-PCR Fw ccacaccttctacaatgaactcaga
Rv gattccatacccaagaaagatggct
Spotted gar slc12a3 XM_015368558 RT-PCR Fw tggcgctgtcctattcagtg
Rv aaatggtcgtgggctgaact
Spotted gar actb XM_006637121 RT-PCR Fw tgccgcactggttgttgata
Rv gaagctgtagcctctctcgg
African clawed frog slc4at XM_018234310 RT-PCR Fw tcacggatgccttaaacccc
Rv ctggaaacgctgagaccctt
African clawed frog slc4a2 XM_018268937 RT-PCR Fw tgtcctacctgcagtgcttg
Rv gacagacaagttgcagtgcg
African clawed frog slc4a3 XM_018235676 RT-PCR Fw aagtgtgctgagggctcttc
Rv ggtcagattgacactcgcca
African clawed frog slc26a3 XM_018251417 RT-PCR Fw tgtattccgtgcccagttcc
Continued
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Table 3.— Continued

Species Gene Accession Remarks Direction Sequence (5’ to 3')
Rv tcaaggaaagacaccgctcc
African clawed frog slc26a4 NM_001095539 RT-PCR Fw acagcgaatgttgcctcctt
Rv gtctgctggtccgcecataaa

The presence of slci12al0 in coelacanth suggested that
slc12al0 is not a ray-finned fish-specific gene but widely
present among vertebrate species, because it is a lobe-finned
fish sharing common ancestors with tetrapods. BLAST
search using the predicted amino acid sequence of coela-
canth Slc12a10, followed by phylogenetic and synteny analy-
ses, showed that amphibians (Western clawed frog, African
clawed frog, and two-lined caecilian) and non-avian reptiles
(green anole, painted turtle, red-eared slider, and American
alligator) each have a single ortholog for slc12a10 (Figs. 1A
and 2). Some of these slc12a10 genes are identical to ncc3 pre-
viously reported (3). Hence, ncc3 is the tetrapod ortholog of
fish ncc2, and both ncc2/ncec3 are denoted as sic12al0 in the
present study.

Birds Have s/c12a3, but Not s/c12a10

Birds are known to have sic12a3 (3) and the presence of
slc12a3 (in chicken and great tit) was confirmed by synteny
analysis, BLAST search, and phylogenetic analysis (Figs. 1B
and 2). However, from those analyses, no slc12a10 was found
in the genome databases of 15 bird species such as owl parrot
(Strigops habroptilus), Eurasian blue tit (Cyanistes caeru-
leus), wild turkey (Meleagris gallopavo), great spotted kiwi
(Apteryx haastii), Indian peafowl (Pavo cristatus), burrowing
owl (Athene cunicularia), zebra finch (Taeniopygia guttata),
duck (Anas platyrhynchos), swan goose (Anser cygnoides), soci-
ety finch (Lonchura striata), budgerigar (Melopsittacus undu-
lates), African ostrich (Struthio camelus), ruff (Philomachus
pugnax), chicken (Gallus gallus), and great tit (Parus major)
(data not shown).

Monotremes Have Both s/c12a3 and sic12a10

The presence of sic12a3 (Figs. 1B and 2) and slc12al0 (Figs.
1A and 2) in the platypus was confirmed by synteny analysis,
BLAST search, and phylogenetic analysis.

Presence of s/c12a3 and Lineage-Specific
Pseudogenization and Deletion of sic12a10 in
Marsupials and Eutherians

The presence of sic12a3 in marsupials (koala) and euther-
ians (human, mouse, cow, megabat, and horse) (3) was con-
firmed by synteny analysis (Fig. 1B) and BLAST search,
which also showed that horses, but not marsupials and other
eutherians, have sic12a10 (Figs. 1A and 2). Many species
(koala, elephant, cow, cat, megabat, and human) have pseu-
dogenes that are homologous to a part of the horse sic12a10
(Figs. 3 and 4). In this study, we use the term “pseudogene”
in a broad sense, including all cases in which the gene is pre-
dicted to not encode a full-length solute carrier protein.
When using “pseudogene” in a strict sense to include only
cases in which it does not have any predicted function, the
nonfunctionality of pseudogenes can be difficult to define
(41). Therefore, in the broad sense here our term includes the
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possibility that pseudogenes have functions other than that
of solute carrier protein-coding genes. Dot plot analysis
showed that the pattern of deletion in slc12a10 differs among
mammalian lineages. In the perissodactylan white rhinoc-
eros, no large regions were deleted in the sic12al0 pseudo-
gene (Figs. 3B and 4), but in mouse the entire region was
deleted at the homologous locus (Fig. 3G).

To understand the history of slc12a10 loss in mammals,
the deletions of exons and the distributions of stop codons
were visualized and compared among intact slc12al0 and
slc12a10 pseudogenes in mammals (Fig. 4). In rhinoceroses,
the sic12a10 pseudogenes have a conserved stop codon in
exon 6. Deletions of exons 4 and 16-22 regions in slc12a10
pseudogenes in carnivores (cat, dog, panda, Hawaiian monk
seal, and southern sea otter), exons 13-15 regions in
Cetartiodactyla (dolphin, sheep, cow, pig, and alpaca), and
exons 10-25 in Afrotheria (elephant, manatee, rock hyrax,
and tenrec) were observed. Deletions of exons 5-9, 16-17,
and 21-25 and a conserved stop codon in exon 14 were
observed in slc12al0 pseudogenes in primates (human,
chimp, bonobo, gorilla, orangutan, gibbon, rhesus, crab-eat-
ing macaque, baboon, green monkey, golden snub-nosed
monkey, marmoset, and squirrel monkey). These results sug-
gest that pseudogenization of slc12a10 occurred in the ances-
tral species of each lineage.

Evolution of sic12a10 in Perissodactyla

The ratio of nonsynonymous to synonymous substitution
rates o (dN/dS) was analyzed in perissodactylan species
using the slc12al0 gene (horse and plain zebra) or pseudo-
gene (Przewalski’s horse, donkey, tapirs, and rhinoceroses)
sequences, as shown in Fig. 5. The relatively low o and dN
values in branches leading to horse and zebra that retained
intact slc12al0 suggested the presence of functional con-
straints in these genes, whereas the relatively high values in
branches leading to other species with the sic12a10 pseudo-
gene suggested the loss of functional constraints.

Tissue Distribution of s/ic12a10 in an “Ancient Fish”
(Spotted Gar), Amphibian (African Clawed Frog),
Reptiles (Red-Eared Slider), and Mammal (Horse)

To confirm that the newly identified slc12al0 genes are
actually expressed in tissues, we conducted RT-PCR analyses
of slc12al10 in horse, red-eared slider, African clawed frog,
and spotted gar (Fig. 6). Expression of slc12al0 in the prema-
ture gonad, but not in the liver, gills, intestine, or head kid-
ney of spotted gar (Fig. 6A) suggests that it is not expressed
in the branchial ionocytes, in contrast to other freshwater
teleosts that express slc12al10 in the gills, which contains ion-
ocytes (18, 21).

In adult African clawed frogs, slc12al0 was specifically
expressed in the ovary but not in the other tissues tested,
including the skin (Fig. 6B), whereas in the larvae, it was
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weakly expressed in the kidney but not in the gills, skin, and
fin. In both adults and larvae, slc12al and slc12a3 were specif-
ically expressed in the Kkidneys, whereas sic12a2 was
expressed in various tissues. In amphibians, the skin and
larval gills are osmoregulatory organs that express epithelial
Na™ channels (enac), likely for Na* absorption (42, 43). The

skin and larval gills of adult and larval African clawed frog
expressed enac, but not slci2al0. This suggested that
slc12al10 is not involved in osmoregulation in African clawed
frog.

In the red-eared slider, sic12a10 was expressed in the ovary
and also weakly in the eye, lung, and colon (Fig. 6C). sic12al
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Figure 2. Phylogenetic analysis of Sic12a1, a2, a3, and a10. The amino acid sequences of Slc12a10, Sic12a1, Sic12a2, and Sic12a3 in bony vertebrates and
cartilaginous fishes were aligned with Nkcc and Ncc in jawless fishes using ClustalW software and a phylogenetic tree was constructed by the maxi-
mume-likelihood method using MEGA software. Numbers indicate bootstrap values, and the scale bar represents the genetic distance of amino acid sub-
stitutions per site. The list of amino acid sequences used for the analysis is shown in Tables 1and 2. Nkcc, Na ™ /K /2CI™ ; Ncc, Na 7 /Cl™ cotransporters.

and sic12a3 were specifically expressed in the kidney, and
slc12a2 in various tissues tested. In horse, sicl2al0 was
expressed in the ovary (Fig. 6D), sic12al and slci2a3 in the

kidneys, and sic12a2 in various tissues tested.

Cloning of cDNAs for Slc12a10 from Spotted Gar,
African Clawed Frog, Red-Eared Slider, and Horse

The full-length protein-coding regions of cDNAs for
Slc12a10s of spotted gar, African clawed frog, red-eared

122

slider, and horse were cloned by RT-PCR from the total
RNA isolated from the ovary or premature gonad. The
multiple sequence alignment of Slc12al0s is shown in
Fig. 7. Slc12a10 contains 12 putative transmembrane (TM)
domains and multiple putative N-glycosylation sites between
TM7 and 8.

The Slc12a10 of spotted gar consists of 1,041 amino acid
residues and the amino acid sequences were 50%, 52%, and
58% for Slc12al, a2, and a3, respectively, and 67%, 59%, and
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Figure 3. Dot plot analyses of the horse (Equus caballus) slc12al0 gene in comparison with the corresponding genome regions of various tetrapod spe-
cies. Homologous regions were plotted with dotmatcher program (window size: 20; threshold: 70). A: comparisons of the horse s/c12a10 gene with the
slc12a10 genes of platypus (Ornithorhynchus anatinus), painted turtle (Chrysemys picta), and Western clawed frog (Xenopus tropicalis). B: comparisons
of the horse slc12a10 gene with slc12a10 pseudogenes of Pegasoferae species, megabat (Pteropus vampyrus) and white rhino (Ceratotherium simum).
C: comparisons of the horse s/c12a10 gene with slc12a10 pseudogenes of carnivores, cat (Felis catus), American black bear (Ursus americanus), and
European polecat (Mustela putorius). D: comparisons of the horse s/c12al0 gene with s/c12a10 pseudogenes of cetartiodactyls, chacoan peccary
(Catagonus wagneri), cow (Bos taurus), and dolphin (Tursiops truncatus). E: comparisons of the horse s/c12a10 gene with s/c12a70 pseudogenes of pri-
mates, human (Homo sapiens), tarsier (Carlito syrichta), and greater bamboo lemur (Prolemur simus). F: comparisons of the horse s/c12a10 gene with
slc12a10 pseudogenes of rodents, squirrel (Ictidomys tridecemlineatus), Alpine marmot (Marmota marmota), and American beaver (Castor canadensis).
G: comparison of the s/c12a10 gene and its flanking regions with the corresponding genome region of mouse (Mus musculus).
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Figure 4. Deletions and nonsense mutations in the exons of slc12a10 in mammals. The presence or absence of orthologous sequences for the horse
slc12a10 ORF, divided into 25 exons, are represented by green and white bars in each box, respectively. Undetermined regions (Ns) of the genome
assemblies are shown in gray. Nonsense mutations are indicated by red bars. Order or superorder classifications of mammals are shown to the left of
the species names. Lineage-specific insertions were ignored in the visualization.

61% identical to zebrafish for Slci12a10.1, al0.2, and a10.3,
respectively. The African clawed frog Slc12a10 contains 1,062
amino acid residues and the amino acid sequences were
53%, 56%, and 62% for Slcl2al, a2, and a3, respectively, and
56%, 52%, and 54% identical to zebrafish for Slci2a10.1,
al10.2, and al0.3, respectively. The red-eared slider Slc12a10
contains 914 amino acid residues and the amino acid
sequences were 50%, 49%, and 68% for Slc12al, a2, and a3,
respectively, and 61%, 57%, and 58% identical to zebrafish
for Slc12a10.1, al10.2, and al0.3, respectively. The horse
Slc12a10 consists of 850 amino acid residues and the
amino acid sequences were 51%, 52%, and 54% for Slc12al,
a2, and a3, respectively, and 50%, 48%, and 49% identical
to zebrafish Slc12a10.1, a10.2, and a10.3, respectively.
There were very few differences in conserved sequen-
ces between Slc12a3 and Slc12a10. In Slci12a3, the-R-V-F-

V-G-G- moiety was conserved in most species (Fig. 84),
whereas -R-V-F-I/L/V-X-X- was the corresponding site in
Slc12a10 (Fig. 8B). In addition, the-W-W-L-F-D-D-G-G-
moiety of Slc12al and Slc12a2 was conserved in most spe-
cies (Fig. 8, D and E), whereas -Y-W-L/I/V-F/S/A-D-D-G-
G- was the corresponding site in Slc12a3 and Slc12al0
(Fig. 8, A and B).

Alternative Splicing of the Horse Sic12a10 Gene

During cloning of horse Slc12a10 cDNA from the ovarian
and eye tissue, we obtained an unexpectedly large number
of splicing variants, many of which did not encode full-
length Slc12al10 by insertion of stop codons mainly due to
frameshifts (Fig. 9). Nineteen spliced variants were isolated
from the horse ovary and eye, and 16 of them encode the 3'-
truncated forms of Slc12a10 by frameshifts.
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0.14(1.2:33 Horse

Inf (7.1:0.0)

Prz Iski's horse

Figure 5. Pseudogenization and selective constraint of
slc12a10 in Perissodactyla. The o (dN/dS) values and
estimated numbers of nonsynonymous and synony-
mous substitutions (parentheses) are shown above each
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Figure 6. Tissue distribution of s/c12a10 and some related genes in spotted gar (A), African clawed frog (B), red-eared slider (C), and horse (D). A: expres-
sion profiles of SIc12a10 and Sic12a3 in spotted gar tissues were determined via semiquantitative RT-PCR. B-Actin (Actb) was used as an internal control.
B: expression profiles of Slc12a10, Sic12a1, Sic12a2, Sic12a3, and Enac in African clawed frog tissues. ATP synthase F1subunit o gene (Atp5fla) was used

as an internal control. C: expression profiles of Slc12a10, Sic12a1, SIc12a2, and

Sc12a3 in red-eared slider tissues. B-Actin was used as an internal control.

D: expression profiles of Slc12a10, Slc12at1, Slc12a2, and Slc12a3 in horse tissues. Actb was used as an internal control.

DISCUSSION

The present study showed that sic12ai0 is not a fish-spe-
cific gene but is widely present among bony vertebrates.
Within the Slc12 family, Slci2al, Slcl2a2, Slci2a3, and
Slc12a10 are closely related and form the Nkce/Ncc subfam-
ily. Although sici2al, sic12a2, and sic12a3 have been previ-
ously reported in various vertebrate species, sic12al0 (ncc2)
has thus far been believed to be fish-specific. Likewise, ncc3
has been considered to be specific to amphibians and rep-
tiles. Here, we show that fish ncc2 and tetrapod ncc3 are
actually orthologs and clarified that sici2al (nkcc2), slci2a2
(nkccl), slc12a3 (ncc or nccl), and slc12a10 (ncc2 or ncc3) are
widely present among bony vertebrates.

Although sic12al, sic12a2, and slc12a3 were present in all
tetrapods and fish species examined, slc12a10 was deleted or
pseudogenized in birds, most mammals, and some fish spe-
cies. No slci2al0 or its pseudogene was found in bird genome
databases, suggesting that the loss of sic12a10 occurred in an
ancestral species of extant birds. Interestingly, within mam-
mals, monotremes, horse, and zebra have intact sic12al0,
and many mammalian species have slci2al0 pseudogenes.
These results suggest that pseudogenization or loss of
slc12a10 has occurred over and over again independently in
numerous lineages of mammalian species. A comparison of
nonsense mutations and deletions among sic12al0 pseudo-
genes predicts the age of their pseudogenization. According

Physiol Genomics - doi:10.1152/physiolgenom

to the mammalian evolutionary tree (Fig. 10), pseudogeni-
zation or loss of mammalian slc12al0 occurred at least in
the ancestral species of marsupial, Afrotheria, Xenarthra,
Euarchontoglires, Cetartiodactyla, Chiroptera, Carnivora,
Rhinocerotoidea, donkey, and Przewalski’s horse, showing
that gene loss or pseudogenization independently occurred in
various mammalian lineages with wide phylogenetic and geo-
graphic distribution. Opossum and Tasmanian devils share
nonsense mutations in exons 3 and 6, suggesting that pseudo-
genization occurred in their ancestors as well.

In general, pseudogenes are categorized into three groups:
unprocessed duplicated, unprocessed unitary, and processed
(53, 54). Unprocessed and processed pseudogenes are classi-
fied depending on whether they contain intron-derived
sequences; unprocessed pseudogenes are subcategorized as
duplicated and unitary depending on the presence of a func-
tional parent gene. Dot plot analyses showed that slci2al0
pseudogenes in mammals are unprocessed because the ho-
mologous sequences thereof were observed in both exon- and
intron-coding regions. No functional parent gene was
observed for sic12a10 pseudogenes in mammals and can thus
be categorized as a unitary pseudogene. Most pseudogenes
lose the ability to undergo transcription; however, there are
numerous examples of pseudogenes that are transcribed (53).
For example, the pseudogene for the transcription factor oct4
generates antisense RNA that combines with the sense-
stranded mRNA from the parental gene to regulate expression
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Figure 7. Multiple alignment of SIc12a10 of horse, red-eared slider, African clawed frog, spotted gar, and zebrafish. Predicted transmembrane (TM) domains
are indicated by upper lines and are numbered. Putative N-glycosylation sites between TM7 and 8 are shown in open magenta boxes. Arrowheads indicate
N-glycosylation sites homologous to those in mammalian Slc12a3. Conserved amino acids are shaded in black and those similar in light gray. The GenBank
accession numbers are as follows: horse Slc12a10 (EcaSIc12a10), LC727702; red-eared slider SIc12a10 (TscSlIc12a10), LC727721; African clawed frog SIc12a10
(XlaSIc12a10), LC727723; spotted gar Slc12a10 (LocSIc12a10), LC727724; Mozambique tilapia Slc12a10 (OmoSIc12a10), EU518934; zebrafish Slc12a10.1
(DreSIc12a10.1), NM_001161378; zebrafish Slc12a10.2 (DreSIc12a10.2), NM_001045001; and zebrafish Slc12a10.3 (DreSic12a10.3), NM_001135131.
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LFDDGGLTLLLPYILTTRKKWKDCKMRIFIAGQPGRSDLDKE
LFDDGGLTLLLPYILTTRKKFKDCKMRIFIAGQPGRTEQDKE
LFDDGGLTLLLPHILTTRKKWRECRLRIFIAGQPERIQQDKE
LFDDGGLTLLIPYILTTRKKWGECKLRIFIAGOAERIEQDKA
LFDDGGLTLLIPYILTTRKKWKDCKMRVFIGGKANSIDQDKA
LFDDGGLTLLIPYILTTRKKWKGCKLRIFIGGKVNRIDEDKR
LFDDGGLTLLVPYILTTRKKWKDCKLRIFIGGKVNRLEEDKL
LFDDGGLTLLIPHILTLKKKWKDCKLRIFIGGKVNRLEDEKL
LFDDGGLILLIPYILTLRKKWKDCKLRIFTGGKVTRLEEEKL
LFDDGGLTLLIPYILTMRKKWKDCKLRIFTGGKINRIEDEKL
LFDDGGLTILIPYILTIRKKWKNCKLRIFTGGKVNRIEEEKL
LFDDGGLTILIPYILTIRKKWKNCKLRIFTGGKVNRIEEEKL
LFDDGGLTLLIPYILTLRKKWKGCRLRIFVGGKINRIEEEKI
LFDDGGLTLLIPYILTLRKKWKDCKLRIYVGGKINRIEEEKI
LFDDGGLILLIPYTILTLRKKWKDCKLRIYVGGKINRIEEEKI
WLFDDGGLTLLIPYILTLRKKWKDCKLRIYVGGKINRIEEEKI
LFDDGGLTLLIPYILTLRKKWKDCKLRIYVGGKINRIEEEKI
LFDDGGLTLLIPYILTLRKKWKDCKLRIYVGGKINRIEEEKI
LFDDGGLTILIPYLLTIRKKWCGCKLRIFIGGKLDSINEEKR
LFDDGGLTILIPYLLTIRKKWCGCKLRIFIGGKLDSINEEKR
LFDDGGLTILIPYLLTTRKKWSGCKLRIFIGGKLDSINEEKR

LFDDGGLTLLIPFLLTNRGKWGDCRIRVEIGGKINRIDHDRR
LFDDGGLTLLIPYLLTNRSKWGDCRIRVFIGGKINRIDHDRR
LFDDGGLALLIPYLLTNKKKWKDCKIRLFVGGKINRIDHDRR
LFDDGGLTLLIPYLLTNKKKWRDCKIRVFIGGKINRIDHDRR
LFDDGGLTLLIPYLLTNKKRWKDCKIRVFIGGKINRIDHDRR
LFDDGGLTLLIPYLLTNKKRWKECKIRVFIGGKINRIDHDRR

DASQLFKRKQGKGTVD

LFDDGGLTLLIPYLLTNKKKWKECKIRVFIGGKINRIDHDRR

DASQQOFQOQKQGKGTVD

LFDDGGLTLLIPYLIANKKKWKDCKIRVFEF IGGKINRIDHDRR

EASQQOFOKKQGKGTVD

LFDDGGLTLLIPYLLTNKKRWKECKIRVF IGGKINRIDHDRR
LFDDGGLTLLIPYLITNKKKWKDCKIRVEIGGKINRIDHDRR
LFDDGGLTLLIPFLLTTKKKWKECKIRVFIGGKINRIDYDRR
LFDDGGLTLLIPYLLTTKKKWKECKIRVF IGGKINRIDHDRR
LEDDGGLTLLIPYLITTKKKWRDCKIRVFIGGKINRIDHDRR
LFDDGGLTLLIPYLLTTKKKWKDCKIRVFIGGKINRIDHDRR
LFDDGGLTLLIPYLLTTKKKWKDCKIRVFIGGKINRIDHDRR
LFDDGGLTLLIPYLITTKKKWKECKIRVF IGGKINRIDHDRR
LFDDGGLTLLIPYLITTKKKWKDCKIRVEIGGKINRIDHDRR
LFDDGGLTLLIPYLLTTKKKWKDCKIRVEIGGKINRIDHDRR
LFDDGGLTLLIPYLLTTKKKWKDCKIRVFIGGKINRIDHDRR
LFDDGGLTLLIPYLLTTKKKWKDCKIRVFIGGKINRIDHDRR
LFDDGGLTLLIPYLLTTKKKWKDCKIRVFIGGKINRIDHDRR
LFDDGGLTLLIPYLLTTKKKWKDCKIRVFIGGKINRIDHDRR
LFDDGGLTLLIPYLLTTKKKWKDCKIRVFIGGKINRIDHDRR
LFDDGGLTLLIPYLLTTKKKWKDCKIRVFIGGKINRIDHDRR
LFDDGGLTLLIPYLLTTKKKWKDCKIRVFIGGKINRIDHDRR
LFDDGGLTLLIPYLLTTKQQWKECTIRVETGGKINTMDENKR

LFDDGGLTLLVPYLLTTKKTWRDCKIRVFIGGKINRIDHDKR
LFDDGGLTLLIPYILTTKKKWONCRIRIFIGGKINRMDHDKR

LFDDGGLTLLIPHLLTTKKKWRNCRIRIFIGGKISRIDHDRR

©
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1009

Figure 8. Conserved differences in protein
sequence among Nccs and Nkccs. A portion
of the aligned amino acid sequences of
Slc12a3 in bony vertebrates and cartilaginous
fishes (A), SIc12a10 in bony vertebrates (B),
Nccs in jawless fishes (C), Sic12a1in bony ver-
tebrates and cartilaginous fishes (D), Slc12a2
in bony vertebrates and cartilaginous fishes (E),
and Nkccs in jawless fishes (F) are depicted. A:
conserved amino acid residues within Sic12a3
are shaded in gray. B and C: amino acid resi-
dues identical to the conserved amino acid
residues of Slc12a3 are shaded in gray. The
conserved difference between Sic12a3 and a10
is indicated by an open box. D—F: amino acid
residues of Nkccs that are identical with the
conserved amino acid residues of Sic12a3 are
shaded in gray, and the conserved difference
between Ncc and Nkcc is indicated by a dotted
box. Amino acid residue numbers of Japanese
pufferfish Sic12a3 (XP_003967138.2), Sic12al
(XP_003969692), SIc12a2 (XP_003965092),
and Nile tilapia SIc12a10.2 (XP_031596853.1)
are shown to the right of the sequence. Nkcc,
Na /K /2CI™ ; Ncc, Na ™ /CI™ cotransporters.

level (55, 56). In the case of the high mobility group Al
(hmga1l) pseudogene, the sense-stranded RNA from this pseu-
dogene competes for a trans-acting stability factor with
mRNA for the parental gene (57). In these cases, pseudogenes
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regulate the function of their parent genes via their tran-
scripts. However, in unitary pseudogenes, such mechanisms
cannot be postulated because of the lack of a parent gene. To
determine whether or not the Sic12al0 pseudogene has any
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Figure 9. Alternative splicing of horse
slc12a10 gene. Diagrammatic representa-
tion of alternative splicing of horse sic2al0 oA go tom
is shown. cDNA for each variant was cloned
from horse tissues by RT-PCR. Exons are
N o 345 6 89 10 11
indicated by boxes and are numbered. The ATG
intron and flanking regions are indicated by
bold lines. The coding regions of the com-
. . . 1
mon and alternative exons are indicated by PR ge o
dark and light gray boxes, respectively.
Open boxes indicate UTRs. pA means pre-
dicted alternative polyadenylation sites. ATBGA 56 geo oM
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ATG
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ATG
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ATG
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Stop
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Stop
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12 13 14 15 16 1718 19 20 2122 232425
Stop
Slc12a10_X2
12 1314 15 16 1718 19 20 2122 232425
Stop
Slc12a10_X3
alternative 3' acceptor site of intron 16
12 1314 15 16 1718 19 20 2122 232425
Stop
Slc12a10_X4
skipping of exon 21
12 1314 15 16 1718 19 20 2122 232425
Stop
Slc12a10_X5
retention of intron 21 (partial)
12 1314 15 16 1718 19 20 2122 232425
Stop
Slc12a10_X6
skipping of exon 16
12 1314 15 16 1718 19 20 2122 232425
Stop
Slc12a10_X7
skipping of exon 15
12 1314 15 16 1718 19 20 2122 2324 25
Stop
Slc12a10_X8
skipping of exons 4 and 15
12 1314 15 16 1718 19 20 2122 232425
Stop
Slc12a10_X9
— retention of intron 18
12 1314 15 16 1718 19 20 2122 232425 skipping of exons 4, 15, 16, 17, and 21
Stop
Slc12a10_X10
skipping of exons 14 and 16
12 1314 15 16 1718 19 20 2122 2324 25
Stop
— | Slc12a10_X11
12131415 16 1718 19 20 2122 232425 skipping of exons 14, 16, and 17
Stop Slc12a10_X12
retention of intron 13 (partial)
skipping of exons 14 and 16
12 131415 16 1718 19 0 N2 BAB alternative 5' donnor site of exon 15
Stop
Slc12a10_X13
- retention of introns 1 and 2
12 1314 15 16 1718 19 20 2122 232425 skipping of exons 15, 16, and 17
S Sic12a10_X14
|| skipping of exons 16 and 17
2 1s 1415 16 1718 19 30 512 533435 alternative 3' acceptor site of intron 15
Stop
Slc12a10_X15
skipping of exon 16
12 1314 15 16 1718 19 20 2122 232425
Stop
Slc12a10_X16
skipping of exons 2, and 15
1213 14 15 16 1718 19 20 2122 232435 alternative 3' acceptor site of intron 17
Stop Slc12a10_X17
retention of intron 1 and 24
skipping of exon 16
12 131415 16 1718 19 20 2122 282425 alternative 3' acceptor site of intron 17
Slc12a10_X18
_- ret_en@ion of intron 3, 4 and 23
2 1314 15 16 1718 19 20 2122 232425 skipping of exons 7, 14, 16, 17, 18, and 21
Slc12a10_X19
retention of intron 3
12 1314 15 16 1718 19 20 2122 232425 skipping of exon 14

function in mammals, further analysis will be required to
evaluate in which species and in which organs Sic12a10 pseu-
dogenes may be transcribed.

Analysis of genome databases of cartilaginous and jawless
fishes did not clarify the evolutionary history of the genera-
tion of Slc12a10. Previous studies (38—-40) have shown that
cartilaginous fishes and lampreys have sic12a3 or nccb genes,
respectively, and that they are located within the clade of
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Slc12a3 in the phylogenetic tree. The jawless fishes, lampreys
and inshore hagfish, have ncca or ncc genes, which occupy a
basal position among the Slc12a3 and Slci2al0 clades. No
cartilaginous and jawless fish genes were positioned within
the clade of Slc12al10. No clear relationship was observed
between the synteny of sic12a3 or sic12al0 of bony verte-
brates and the ncc genes of sea lamprey or inshore hagfish.
In a previous study on the evolution of the potassium
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Figure 10. Evolutionary history of slc12a10 gene in vertebrates. The phy-
logeny of vertebrate species with the time scale was generated based on
previous studies (44-51). The names of species whose s/c12a10 are pseu-
dogenized or deleted are shown in brown. Branches leading to species
whose slc12a10 are pseudogenized or deleted are shown as a brown line.
Divergence times were retrieved from the TimeTree database (http:/
www.timetree.org/) (52).

voltage-gated channel kcna family (58), clear orthology of the
sea lamprey kcna gene could not be established either, whereas
that of the elephant shark genes to gnathostome subgroups
was robustly observed. Lamprey sequences display unique
codon usage patterns and amino acid compositions, which are
likely associated with the exceptionally high GC content in pro-
tein-coding regions and frequently observed ambiguous mo-
lecular phylogeny of lamprey genes (58). Furthermore, as
cyclostomes and gnathostomes underwent different, lineage-
specific polyploidization events and thus independent duplica-
tion histories of their gene families (59, 60), pan-vertebrate
orthologies from lamprey and hagfish to jawed vertebrates are
notoriously difficult to establish (61). Therefore, further analy-
sis is required to understand the evolutionary relationship of
ncc genes between bony vertebrates and jawless fishes and to
clarify the origin of slc12a10 in bony vertebrates.

Tissue distribution analyses using RNA from multiple
organs suggested an evolutionary history of the physiologi-
cal function of Slc12a10. Slc12a10 was initially identified in
the freshwater teleost fishes European eel and Mozambique
tilapia. In Mozambique tilapia and zebrafish, Slci2al0 has
been characterized as one of the apical membrane ion trans-
porters of ionocytes in the gill, acclimatizing fishes to fresh-
water, and is responsible for ion uptake during osmoregulation
(18, 21, 23). However, the gills of spotted gar, skin, and gills of
African clawed frog adults and larvae do not express slc12al0.

Physiol Genomics - doi:10.1152/physiolgenomics.00143.2022 - www.physiolgenomics.org

These tissues are also considered osmoregulatory sites; there-
fore, Slc12a10 may not be involved in ion uptake during osmor-
egulation in spotted gar and African clawed frog. Notably, as
compared with some fish that show a variety of distributions
of slc12al0 tissue expression (14, 18, 21), slc12al0 was expressed
in the ovary/gonad of all examined species (spotted gar,
African clawed frog, red-eared slider, and horse). Zebrafish
have three sic12a10 tandem paralogs: sic12a10.1, which is
widely expressed in various tissues, including the ovary;
slc12a10.2, which is highly expressed in the gills; and
slc12a10.3, which is expressed in the eye and kidney (21).
Therefore, the most common function of Slc12a10 in tetra-
pods and fishes may be related to their ovarian function,
but further analysis is required to clarify its function in tis-
sues and cells other than fish ionocytes.

The perissodactylan species horse and plain zebra have
intact slc12a10 that evolved under functional constraints,
whereas Przewalski’s horse, donkey, tapirs, and rhinoceroses
have recently pseudogenized sic12al0 that evolved without
functional constraints after pseudogenization. In ovaries of
horses, slc12a10 was expressed, and the cloned cDNA encod-
ing full-length Slc12a10 suggests that Slc12al0 is functional.
However, we also cloned an unexpectedly large number of
splicing isoforms, many of which encoded truncated forms
of Slc12a10. This suggests that the functional constraints of
horse slci2al0 are weakening, and it is in the process of
becoming a pseudogene. In summary, our study reveals a
thus far underappreciated broad distribution of the sic12a10
gene among bony vertebrate biodiversity that includes
aquatic and terrestrial species alike.
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