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Abstract

Solute-linked carrier 26 (SLC26) isoforms constitute a conserved family of anion transporters
with 10 distinct members. Except for SLC26A5 (prestin), all can operate as multifunctional

anion exchangers, with three members (SLC26A7, SLC26A9, and SLC26A11) also capable of
functioning as chloride channels. Several SLC26 isoforms can specifically mediate CI7/HCO3~
exchange. These include SLC26A3, A4, A6, A7, A9, and All, all of which are expressed

in the kidney except for SLC26A3 (DRA), which is predominantly expressed in the intestine.
SLC26 CI7/HCO3™ exchanger isoforms display unique nephron segment distribution patterns with
distinct subcellular localization in the kidney tubules. Together with studies in pathophysiologic
states and the examination of genetically engineered mouse models, the evolving picture points

to important roles for the SLC26 family in health and disease states. This review summarizes
recent advances in the characterization of the SLC26 CI"/HCO3~ exchangers in the kidney with
emphasis on their essential role in diverse physiological processes, including chloride homeostasis,
oxalate excretion and kidney stone formation, vascular volume and blood pressure regulation, and
acid-base balance.
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Introduction

Chloride absorption is an essential function of epithelial cells in the kidney and
gastrointestinal tract and plays an important role in vascular volume homeostasis. This
process is primarily mediated via apical chloride/base exchangers and is coupled to the
secretion of HCO3™ or mono or divalent anions. In the kidney, apical chloride/base
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exchangers have been identified in the proximal tubule and the cortical collecting duct
(CCD) (1-4). The apical chloride/base exchangers work in tandem with the sodium-
absorbing transporters- the Na*/H* exchanger NHE3 or the epithelial sodium channel
ENaC- to mediate the absorption of salt and the secretion of acid or base equivalents in
kidney tubules (1-9).

Cloning and functional expression studies have identified a new class of anion exchangers
that belong to a gene superfamily known as solute-linked carrier 26 (SLC26) (10-17). This
family is genetically distinct from the SLC4 anion exchangers (AE1, AE2, AE3, and AE4)
and comprises 10 distinct members (SLC26A1-11) (18-20). Several SLC26 isoforms show
highly restricted and distinct tissue distribution patterns, whereas other isoforms are widely
distributed (10-20). Subcellular localization studies have demonstrated apical, basolateral,
or endosomal localization of SLC26 isoforms in the kidney and other organs (18-20). It is
now accepted that the apical chloride/base exchange in epithelial tissues is predominantly
mediated via SLC26 isoforms.

All SLC26 isoforms—except for SLC26A5 (prestin)—are versatile anion exchangers and
show remarkable ability to transport various anions. Modes of transport mediated by SLC26
members include the exchange of chloride for bicarbonate, hydroxyl, sulfate, formate,
iodide, or oxalate with variable specificity (21-32). Several SLC26 family members can
specifically function as CI7/HCO3™ exchangers. These include SLC26A3 (DRA), SLC26A4
(pendrin), SLC26A6 (PAT1 or CFEX), SLC26A7, SLC26A9, and SLC26A11 (21-32). In
addition to mediating chloride/base exchange, several SLC26 isoforms can also function

as chloride channels, including SLC26A7, SLC26A9, and SLC26A11 (30-35). Figure 1 is
a dendrogram of the SLC26 family of anion exchangers and shows the relative degree of
homology at the amino acid level among various isoforms. Among the SLC26 isoforms
that can function as CI7/HCO3™~ exchangers, all except SLC26A3 (DRA) are expressed in
the kidney. Table 1 shows the distribution of SLC26 CI7/HCO3~ exchangers in the kidney
and gastrointestinal tract. Figure 2 is a schematic diagram based on published literature and
depicts the nephron segment distribution of SLC26A4 (pendrin), SLC26A6 (PAT-1; CFEX),
SLC26A7, SLC26A9, and SLC26A11 (KBAT).

The diversity in functional modes of SLC26 isoforms and their distinct distribution pattern
in epithelial cells support important roles for SLC26 paralogs in the physiological function
of the kidney and other tissues. SLC26 isoforms express a unique sequence on their C
terminus, known as the sulfate transporter and anti-sigma factor antagonist (STAS) domain,
which plays an important role in SLC26 function and regulation (36). Given the ability

of SLC26 isoforms to function in multiple chloride transport modes, the question as to
which of these functional modes is dominant in the kidney, intestine or other organs is a
fascinating and at the same time complicated one. It is very plausible that the indigenous
milieu (presence of oxalate, bicarbonate or other anions) as well as the presence of specific
functional partners and tissue specific signaling mechanisms all play important roles in
determining the functional mode of an SLC26 isoform in kidney tubules.

Mutations in several SLC26 isoforms are linked to autosomal recessive genetic disorders,
with SLC26A2 associated with chondrodysplasias (11), SLC26A3 linked to chloride-losing
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diarrhea (12), and SLC26A4 connected to Pendred syndrome (13), confirming the important
roles of SLC26 isoforms in normal physiology and human pathophysiology.

SLC26 Isoforms and the Kidney

In the following sections, the expression, localization, and regulation of SLC26 CI7/HCO3~
exchangers in the kidney will be reviewed, and their role in kidney physiology, systemic
acid-base balance, vascular volume homeostasis, and blood pressure control will be
discussed.

SLC26A4 (Pendrin, PDS).

Cloning, functional expression, and localization.—The SLC26A4 gene was first
discovered by positional cloning studies in patients with Pendred syndrome (13), an
autosomal recessive hereditary disorder characterized by goiter and deafness (37). The
protein was named pendrin to indicate its association with Pendred syndrome (13).
SLC26A4 (pendrin) is located on chromosome 7 next to SLC26A3 (DRA) gene, another
member of the family (13). Pendrin encodes an mRNA of ~5 kb and a protein of ~95 to 100
kDa in humans, and is abundantly expressed in the thyroid follicular cells (13, 37).

Pendrin can function in CI7/HCO3~ exchange, CI7/OH™ exchange, and Cl~/formate
exchange modes (22). While pendrin mRNA is detected in the CCD and the proximal tubule
(22), its protein is only detected on the apical membrane of B-IC and non-A, non-B-IC cells
in the connecting tubule and CCDs (38-40). Figure 3 is a schematic diagram depicting the
localization of pendrin in B-IC cells in the CCD.

Pendrin-deficient mice: Phenotypic presentation at baseline and in
pathophysiologic states.—Pendrin knockout (KO) mice show decreased ability to
excrete bicarbonate in response to bicarbonate loading, consistent with playing an

important role in bicarbonate secretion in the kidney (38). Intracellular pH measurements

in microperfused CCDs demonstrated that pendrin ablation inhibited apical CI7/HCO3~
exchange activity in B-1C cells and bicarbonate secretion in the CCD (41). Taken together,
these results demonstrate that pendrin is the main apical CI"/HCO3~ exchanger in the kidney
collecting duct.

Genetic deletion of pendrin does not cause any excessive diuresis under basal conditions (38,
41, 42). Indeed, deafness is the only major phenotypic presentation in pendrin-deficient mice
and in humans with Pendred syndrome (43). Kidney functions, including salt excretion,

are normal in pendrin null mice (41, 42, 44). Studies in pendrin null mice, however,

indicate that this exchanger plays an important role in chloride reabsorption in a salt-
depleted state or in the presence of excess aldosterone (42, 44). In carefully performed
studies, Verlander et al demonstrated that the aldosterone analog deoxycorticosterone acetate
(DOCA), which increases systemic blood pressure in the presence of enhanced salt intake,
causes translocation of pendrin to the apical membrane in mouse kidney CCD (42). The
same treatment with DOCA and salt failed to increase systemic blood pressure in pendrin
KO mice (42). These results convincingly show that pendrin, working in tandem with ENaC,
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enhances salt absorption in the collecting duct in the presence of increased aldosterone and
raises systemic blood pressure (8, 42).

In separate studies, Wall et al showed that pendrin KO mice display signs of volume
depletion and develop metabolic alkalosis and hypotension when subjected to salt restriction
(44). A recent report indicated the development of metabolic alkalosis in a patient with
Pendred syndrome during volume depletion (45).

Regulation of pendrin in acid base and electrolyte disorders.—Pendrin is
adaptively downregulated in acidosis and upreguated in bicarbonate loading (46, 47). These
results are consistent with a role for pendrin in conserving bicarbonate in acidosis and
secreting bicarbonate in alkalosis. Alternatively, it was demonstrated that the downregulation
of pendrin in acidosis could be secondary to increased chloride intake (in the form of
NH4CI) and its upregulation in alkalosis could be due to reduced chloride intake (in the form
of chloride free, Na-HCO3™) (48, 49). Whether the systemic pH (acidosis or alkalosis) has a
direct regulatory role on pendrin expression needs carefully controlled experiments. Pendrin
is downregulated in potassium depletion (46), suggesting that it may contribute to decreased
bicarbonate excretion in hypokalemia.

Pendrin and cystic fibrosis.—Recent studies have demonstrated that CFTR physically
interacts with and activates pendrin in parotid duct, tracheal epithelial and thyroid follicular
cells (50, 51). This phenomenon might have ramifications for patients with cystic fibrosis,
who on occasion can present with metabolic alkalosis, specifically at a young age (52,

53). It is plausible that pendrin, which plays an important role in chloride absorption and
bicarbonate secretion in volume-depleted states, remains inactive in patients with cystic
fibrosis, resulting in further loss of chloride and retention of HCO3™ by the kidney.

Pendrin deficient mice and hypercalciuria.—A recent study demonstrated that the
expression levels of TRPV5, Calbindin 28 and Na/Ca exchanger, which are important to
calcium absorption in the distal nephron (54, 55), were all decreased in kidneys of pendrin
null mice, presumably due to the luminal acidic pH, which has been shown to inactivate
TRPVS5 (41, 56, 57). These changes were associated with a significant hypercalciuria (57),
and were all reversed in response to bicarbonate loading (57). Humans with unexplained
acidic urine and hypercalciuria could have reduced pendrin activity (57).

Pendrin-dependent, sodium absorption pathways in the collecting duct:
Electrogenic vs. electroneutral pathway.—Published studies indicate that pendrin-
mediated CI"/HCO3™ exchange is coupled to sodium absorption via ENaC (8, 42). However,
that view has been revisited. A recent publication indicated that pendrin can work in

tandem with the sodium-dependent CI"/HCO3™~ exchanger (NDCBE) in B intercalated cells
to absorb sodium (58, 59). Such a coordinated mechanism would be electroneutral and could
provide an ENaC-independent salt reabsorption pathway in the collecting duct (58, 59). It

is plausible that both ENaC-dependent and independent, pendrin-mediated salt absorption
coexist in the collecting duct and are differentially regulated in pathophysiologic states.
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Essential role of pendrin in salt absorption in the setting of Na-Cl
cotransporter inactivation.—Based on published literature, investigators have
concluded that pendrin is predominantly active during salt (or chloride) depletion and/or

in response to increased aldosterone levels (8, 42, 44). A recent study tested the hypothesis
that pendrin and NCC compensate for loss of function of the other, therefore masking

the role that each plays in salt absorption under baseline conditions. Toward this end,

the investigators generated pendrin/NCC double KO mice (60), which displayed severe
salt wasting under basal conditions (60). As a result, animals developed profound volume
depletion, renal failure, and metabolic alkalosis, which were all corrected with salt
replacement (60). These results indicate that pendrin plays an important role in salt
absorption, specifically in the setting of NCC inactivation (60). They further indicate that
pendrin can be a new target for novel diuretics that, in conjunction with inhibitors of NCC
can be an effective regimen for patients with fluid overload (60, 61). The schematic diagram
in Figure 4 depicts the synergistic effects of pendrin and NCC inhibition in salt and water
excretion. A recent study showed that hydrochlorothiazide treatment caused severe volume
depletion, along with metabolic alkalosis and decreased kidney function in a patient with
Pendred syndrome (62), supporting the conclusion that a functional pendrin blunts the
diuretic effect of NCC inhibition subsequent to treatment with thiazides.

SLC26A6 (PAT1, CFEX).

Cloning, functional expression, and localization.—SLC26A6 was cloned on the
basis of homology to the genes encoding DRA (SLC26A3) and pendrin (SLC26A4) (15).
SLC26A6 maps to chromosome 3, encodes a 738-amino-acid protein and is detected in
kidney, pancreas, and several other tissues (15). Slc26a6 localizes to the apical membrane
of kidney proximal tubule and small intestinal villi (26, 63, 64). SLC26A6 can transport
CI7/HCO3™ exchange, CI7/OH™ exchange, chloride/oxalate exchange, and chloride/formate
exchange (23-26), resembling apical anion exchange activities in the proximal tubule and
the small intestine (1, 63, 64). Figure 5 presents immunofluorescence labeling of Slc26a6
(PAT1) depicting apical membrane localization in the proximal tubule.

Slc26a6 (PAT1)-deficient mice: Phenotypic presentation at baseline and in
pathophysiologic states.—To determine the role of Slc26a6 in trans-tubular NaCl
transport in the proximal tubule, Wang et al generated mice with a genetic deletion of
Slc26a6 (PAT1) (65). Slc26a6 null mice have normal kidney function under basal conditions
(65). Microperfusion studies demonstrated that Slc26a6 is the major apical CI”/HCO3~
exchanger in the proximal tubule straight (S3) segment (65). In vivo microperfusion
studies in proximal convoluted tubules indicated that while the baseline rate of 4, (net
volume absorption) was comparable in wild-type and null mice, the oxalate-stimulated
volume absorption was completely abolished in PAT1 null mice (65). This finding strongly
suggests that the Cl~/oxalate exchanger that was proposed to mediate NaCl absorption

in the proximal tubule (1) is mediated in its entirety by SLC26A6 (65). The increment

in 4, induced by formate was not significantly different between Slc26a6 null mice and
WT littermates, suggesting that Slc26a6 is not the chloride/formate exchanger that was
functionally identified in the proximal tubule (1).
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Slc26a6 (PAT1)-deficient mice and kidney stones.—In addition to studies examining
the role of Slc26a6 in NaCl absorption in the proximal tubule, studies on two independently
generated Slc26a6-null mice demonstrated the important role of this exchanger in oxalate
homeostasis. These studies indicated that Slc26a6-null mice have a 4-fold increase in urine
oxalate excretion (66, 67). The hyperoxaluria was not due to increased secretion of oxalate
in the kidney, but rather resulted from enhanced absorption of oxalate from the intestine (66,
67). These results support the view that Slc26a6 can predominantly function in Cl~/oxalate
exchange mode in mouse ileum by secreting oxalate into the lumen in exchange for chloride
absorption (66, 67).

An intriguing observation in one of the Slc26a6-null mouse models was the high frequency
of kidney stones (66). The stones were detectable macroscopically and were present in a
majority of male and a minority of female null mice. Histological examination of the kidney
showed that stones were predominantly composed of calcium oxalate and were primarily
detected in the lumen of cortical tubules and in the urinary space of the Slc26a6-null mice
(66). Taken together, these studies demonstrate that Slc26a6 plays essential roles both in
proximal tubule NaCl transport and in the prevention of hyperoxaluria and calcium oxalate
nephrolithiasis.

Slc26a6 (PAT1) and fructose-induced hypertension: Relevance to metabolic
syndrome.—The worldwide increase in the incidence of metabolic syndrome correlates
with a marked increase in total fructose intake in the form of high-fructose corn syrup,
beverages, and table sugar. Increased dietary fructose intake in rodents has been shown

to recapitulate many aspects of metabolic syndrome by causing hypertension, insulin
resistance, and hyperlipidemia. Unexpectedly, DNA microarray experiments revealed a
significant increase in the expression of Glutb, a fructose transporter (69), in the intestine of
Slc26a6 null mice (68). PAT1 and Glut5 co-localized on the apical membrane of villi in the
jejunum (70), the main site for the absorption of salt and fructose.

To test the possibility that fructose may stimulate salt absorption by activating PAT1,, the
proximal jejunum was perfused in vivo with isotonic perfusate and net fluid absorption

was examined before and after the addition of fructose (70). The results demonstrated that
luminal fructose increased the salt absorption in intestine of wild-type mice, a response that
was significantly blunted in PAT1 null mice (70). Complementary studies in intact animals
showed that increased dietary fructose intake for ~12 weeks also enhances the absorption
of salt in the kidney and causes hypertension, an observation that was abrogated in PAT1
null mice (70). Animals with a genetic deletion of Glut5 failed to demonstrate enhanced salt
absorption in the presence of fructose, indicating that both Glut5 and PAT1 are essential for
the generation of fructose-induced hypertension (71). Taken together, these studies indicate
that dietary fructose stimulates salt absorption in both the jejunum and the kidney proximal
tubule, resulting in a state of salt overload and thus causing hypertension (68, 70-72).
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SLC26A7

Cloning, functional expression, and localization.

Slc26a7 was cloned on the basis of homology to other Slc26 isoforms (16). In humans,
SLC26A7 maps to chromosome 8, encodes a 656-amino-acid protein and is abundantly
detected in the kidney (16). Functional expression studies demonstrated that both human
and mouse SLC26A7 can transport CI/HCO3™ exchange (28). SLC26A7 also showed
affinity for oxalate and sulfate transport (16). Expression and immunolocalization studies
localized Slc26a7 on the basolateral membrane of A intercalated cells in the outer medullary
collecting duct (OMCD) (73). No Slc26a7 labeling was detected in plasma membrane of
the CCD or other nephron segments (73). The localization of Slc26a7 in the kidney was
intriguing since the anion exchanger AE1 (Slc4al), which can function as a CI"/HCO3~
exchanger, is also localized to the same membrane domain in the OMCD (73). Patch-clamp
studies in cultured cells expressing SLC26A7 show that SLC26A7 can also function as a
chloride channel (34). Based on studies in Slc26a7 null mice, it seems that Slc26a7 can
function predominantly in CI/HCO3~ exchange mode in the kidney (see below).

Regulation of Slc26a7 in pathophysiologic states.

Hypertonicity and potassium depletion.—Using epitope-tagged SLC26A7 cDNA
and transient expression approach in MDCK cells (74), Xu et al reported that SLC26A7

is detected in the cytoplasmic compartment in cultured cells in isotonic medium (74).

This contrasted with membrane localization of this transporter in the kidney in vivo (73).
Since the physiologic milieu in the kidney outer medulla is hypertonic, the experiments
were repeated in a high-osmolality media. Contrary to its cytoplasmic distribution in an
isotonic environment, in medium that was made hypertonic for 16 h, SLC26A7 was detected
predominantly in the plasma membrane (74). SLC26A7 was localized to the transferrin
receptor-positive endosomes (74) and its trafficking to the plasma membrane in hypertonic
media was blocked by mitogen-activated kinase inhibitors (74). SLC26A7 also showed
increased targeting to the plasma membrane in potassium-depleted medium vs. cytoplasmic
distribution in normal potassium isotonic medium (4 mEg/L) (74). These results suggest
that SLC26A7 is present in endosomes, and its targeting to the basolateral membrane is
increased in hypertonicity or potassium depletion.

Regulation of Slc26a7 by the antidiuretic hormone (ADH).—To examine the role
of ADH in the expression of Slc26a7, Petrovic et al injected Brattleboro rats, which have
central diabetes insipidus, with dDAVP, an ADH analog that normalizes their concentrating
defect (75). In the absence of dDAVP, Slc26a7 expression was almost absent in kidneys

of Brattleboro rats (75). However, treatment with dDAVP heavily induced the expression

of Slc26a7 (75). Interestingly, the labeling of the CI7/HCO3™ exchanger AE1 remained
unchanged in dDAVP-treated Brattleboro rats (75). The induction of Slc26a7 by vasopressin
is likely an attempt by OMCD cells to regulate their cell volume and maintain HCO3™
absorption in a state associated with increased interstitial medullary tonicity.

Differential regulation of Slc26a7 and AEL1 in pathophysiologic states: Effect
of increasing medullary interstitium osmolality.—To determine whether Slc26a7
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and AE1 are differentially regulated, Barone et al examined the expression and regulation
of AE1 and Slc26a7 in water deprivation, a condition known to increase the osmolality of
the medulla, and in potassium depletion (76, 77). In rats that were subjected to 3 days of
water deprivation, Slc26a7 abundance in OMCD cells increased by ~3-fold, whereas AE1
abundance decreased by ~50% vs. control animals (76). These results suggested that AE1
and Slc26a7 are differentially regulated in OMCD in water deprivation. It was proposed
that SLC26A7 may play an important role in bicarbonate reabsorption and/or cell volume
regulation in OMCD under hypertonic conditions. Both AE1 and Slc26a7 showed enhanced
expression in the OMCD of rats subjected to potassium depletion (77).

Slc26a7-deficient mice: Phenotypic presentation at baseline and in
pathophysiologic states.—Slc26a7 is expressed on the basolateral membrane of acid-
secreting cells in the renal OMCD and in gastric parietal cells. To ascertain its role

in kidney and stomach physiology, Xu et al generated mice with a genetic deletion of
Slc26a7. Interestingly, Slc26a7-null mice develop distal renal tubular acidosis, as manifested
by metabolic acidosis and alkaline urine pH (78). In the kidney, basolateral CI7/HCO3~
exchange activity in acid-secreting intercalated cells in the OMCD was significantly
decreased in hypertonic medium, but was reduced only mildly in isotonic medium (78).
Changing from a hypertonic to isotonic medium (relative hypotonicity) decreased the
membrane abundance of Slc26a7 in kidney cells in vivo and in vitro (78). In the stomach,
stimulated acid secretion was significantly impaired in isolated gastric mucosa and in the
intact organ (78). It was concluded that Slc26a7 plays an important role in bicarbonate
absorption in the kidney OMCD and in acid secretion in the stomach (78). It is very
plausible that AE1 is mostly active during isotonic or hypotonic conditions, whereas Slc26a7
is the dominant bicarbonate transporter under hypertonic states.

Cloning, functional expression, and localization.

Slc26a9 was cloned on the basis of homology to other Slc26 isoforms (16). In humans,
SLC26A9 maps to chromosome 1, and encodes a 791-amino-acid protein (16). SLC26A9
(human)/Slc26a9 (mouse) is abundantly expressed in the stomach and lung, with lower
levels in the kidney (29, 79). Slc26a9 can function in three distinct modes, including
electrogenic CI7/HCO3™ exchange, chloride channel, and sodium chloride cotransport (29,
30, 32, 33, 35, 79). In the stomach, Slc26a9 is located on the apical membrane of surface
epithelial cells and in the tubulovesicles of gastric parietal cells and regulates gastric acid
secretion (29, 30). Little is known about the role of Slc26a9 in the kidney. A recent
publication reported that Slc26a9 is predominantly detected in the medulla and cultured
medullary collecting duct cells (80) and located on the apical membrane of a subset of
cells in the OMCD and the initial portion of the IMCD (80). Double immunofluorescence
experiments with Slc26a9 and AQP2 antibodies indicated that Slc26a9 is localized on the
apical membrane of principal cells (80).
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Slc26a9-deficient mice: Phenotypic presentation at baseline and in pathophysiologic

states.

A recent study utilizing Slc26a9 knockout mice showed a significant reduction in renal
chloride excretion vs. wild-type animals when fed a diet high in salt or subjected to

water deprivation (80). Systemic arterial pressure measurements indicated that Slc26a9
KO (Slc26a97~) mice are hypertensive under baseline conditions and increase their blood
pressure further within 48 hours of switching to a high salt diet (80). These results suggest
that Slc26a9 plays an important role in renal chloride/fluid excretion and arterial pressure
regulation. It was proposed that impaired SLC26A9 activity in humans may interfere with
the excretion of excess salt and result in hypertension (80).

An important finding of these studies was the identification of Slc26a9 as a regulator

of renal salt (chloride and sodium) excretion and blood pressure. These conclusions are
based on the following findings: (1) localization of Slc26a9 to the apical membrane of
principal cells in the medullary collecting duct, (2) decreased chloride and sodium excretion
in Slc26a9 KO mice in response to water deprivation, (3) impaired chloride and sodium
excretion in Slc26a9 KO mice upon switching to a high salt diet, and (4) elevated systemic
arterial pressure in Slc26a9 null mice (80). Taken together, these results suggest that
Slc26a9 mediates chloride excretion and regulates systemic arterial pressure. We propose
that Slc26a9 predominantly functions as a chloride channel in medullary collecting duct
cells. Figure 6 is a schematic diagram depicting Slc26a7 and Slc26a9 in the OMCD (and
IMCD). Other than systemic hypertension, the most dramatic impact of Slc26a9 deletion
is on gastric acid production. Slc26a9 deletion resulted in the complete loss of gastric acid
secretion, indicating an essential role of this channel/transporter in gastric acid secretion.

SLC26A11 (KBAT)

Cloning, functional expression, and localization.

SLC26A11 was cloned on the basis of sequence homology to the high-affinity sulfate
transporter SUL2 in yeast (GenBank Acc. NP013193) (17). SLC26A11 is expressed

in several tissues, with the highest levels in placenta, kidney, and brain (17). Human
SLC26A11 is located on chromosome 17, encodes a 2901-bp cDNA and a 606-amino-acid
protein (17) and is detected in the endoplasmic reticulum, Golgi apparatus, and the plasma
membrane (17).

Slc26all is exclusively detected in the collecting duct and shows remarkable co-localization
with H*-ATPase (31). Figure 7 (top panel) is an immunofluorescence labeling and shows
the localization of AQP2 and Slc26all to distinct cell types in mouse CCD. Figure 7
(bottom panel) is an immunofluorescence labeling in the CCD, and shows remarkable
co-localization of Slc26all with H*-ATPase on the apical membrane of A-intercalated cells
and the basolateral membrane of B intercalated cells.

Functional identity of Slc26all.

KBAT was able to function as an electrogenic chloride-extruding pathway, as measured
by 36ClI flux studies, as well as in CI7/HCO3~ exchange mode, as determined by the pH-

Kidney Int. Author manuscript; available in PMC 2024 March 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Soleimani

Page 10

sensitive dye BCECF (31). A recent patch-clamp study demonstrated that KBAT is indeed a
chloride channel (81). KBAT-mediated chloride channel was active under baseline states and
not further stimulated by cAMP, intracellular calcium, or co-expression with CFTR (81).

Vacuolar H*-ATPase, expressed in intercalated cells (82, 83) is an electrogenic pump and
can create an electrical potential difference across the membrane by secreting H* (acid).
Studies in cultured kidney cells indicated that KBAT enhanced the H*-ATPase-mediated
acid extrusion by a chloride-dependent mechanism (31). These studies are in agreement
with published reports indicating that chloride modulates H*-ATPase activity (84) and that
chloride channel(s) control bicarbonate absorption in the collecting duct (85). Slc26all
(KBAT) can facilitate acid secretion in the collecting duct, either by dissipating the
membrane potential resulting from H* secretion with electrogenic chloride transport or
directly through mechanism(s) that warrant further examination (31). Figure 8 is a schematic
diagram depicting Slc2611 localization in cortical collecting duct cells.

SLC26 isoforms exhibit greater sequence diversity between mouse and human orthologs
than is found among the SLC4 bicarbonate transporters. While these intrinsic differences
must be considered when extrapolating results from mouse to human pathophysiology,
examination of genetically engineered mouse models deficient in several SLC26 isoforms
(Slc26a2, Slc26a3, and Slc26a4) has revealed the recapitulation of disease phenotypes in
humans with mutations in these genes, including deafness and predisposition to dehydration
in Slc26a4 (pendrin) KO mice (37, 43, 44, 45), congenital chloride diarrhea in Slc26a3

KO mice (27), and chondrodysplasia in mice with a partial loss of function in Slc26a2
(86). In conclusion, SLC26 isoforms are a new, rapidly evolving family of anion (chloride,
bicarbonate, oxalate) transporters and/or channels and play important roles in kidney salt
absorption, acid base balance, vascular volume homeostasis, and blood pressure regulation.
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gLC26AS

Figure 1. A dendrogram of the SLC26 isoforms.
SAT1: Sulfate Anion Transporter 1; DTDST: diastrophic dysplasia sulfate transporter;

DRA: Down Regulated in Adenoma; CLD; Chloride Losing Diarrhea; PDS: Pendred

Syndrome; PAT1: Putative Anion Transporter 1; CFEX: Chloride-Formate Exchange;
KBAT: Kidney Brain Anion Transporter. SLC26A10 is a pseudogene and therefore not
discussed.

Kidney Int. Author manuscript; available in PMC 2024 March 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Soleimani Page 17

Nephron segment PCT
distribution of Slc26
CI"/HCO3 exchangers

CCD

. Sic26a4 (pendrin)

[] SIc26a6 (PAT1; CFEX)
[ Slc26a7

[] SIc26a9

M Sic26a11 (KBAT)

OoMCD

IMCD

Figure 2. A schematic diagram depicting the nephron segment distribution of SLC26A4
(pendrin), SLC26A6 (PAT-1; CFEX), SLC26A7, SLC26A9, and SLC26A11 (KBAT).

SLC26A6 is primarily detected in the proximal tubule whereas the other SLC26 CI"/HCO3~
exchangers are expressed in the collecting duct.
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Pendrin (Slc26a4) in cortical collecting duct
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Figure 3. A schematic diagram depicting the localization of pendrin in cortical collecting duct

cells.

Pendrin protein is primarily detected on the apical membrane of B-and non-A, non-B
intercalated cells in the cortical collecting duct.
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Figure 4. A schematic diagram highlighting the synergistic effects of pendrin and Na-Cl
cotransport (NCC) inhibition on salt and water excretion.

Combined inactivation or inhibition of pendrin and NCC should result in severe salt wasting.
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Slc26a6 (PAT1) expression in proximal tubule

Slc26a6 (PAT1) Preadsorbed serum

Figure 5. An immunofluorescence labeling of Slc26a6 (PAT1) in the kidney proximal tubule.
SLC26A6 is exclusively detected on the apical membrane of kidney proximal tubules.
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SIc267 and Slc26a9 isoforms in kidney OMCD
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Figure 6. A schematic diagram depicting the localization of Slc26a7 and Slc26a9 in the kidney

OMCD (and IMCD).

SLC26A7 is primarily detected on the basolateral membrane of A-intercalated cells in the
OMCD whereas SLC26A9 is located on the apical membrane of principal cells in OMCD
and the initial portion of IMCD. Slc26a9 is likely functioning as a chloride channel and

not a CI/HCO3™ exchange, given the electrochemical gradients for chloride and bicarbonate
across the apical membrane. Slc26a7 is likely a CI7/HCO3~ exchanger based on the presence

of distal renal tubular acidosis and functional studies in microperfused OMCD in Slc26a7

null mice.
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Figure 7. Localization of Slc26all in the kidney.
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Slc2611 (KBAT)

Top panel: Double immunofluorescence labeling of Slc26all and AQP2 in the kidney
CCD. Slc26all and AQP2 localize to two distinct cell types in the collecting duct.

Bottom panel: Double immunofluorescence labeling of Slc26all and H*-ATPase in the
kidney CCD. Slc26all co-localizes with H*-ATPase in the collecting duct.
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Slc26a11 in cortical collecting duct
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Fig. 8. A schematic diagram depicting Slc26all as an apical chloride channel in intercalated cells

in the CCD.
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Slc26al1l is expressed on the apical membrane of A-intercalated cells and the basolateral
membrane of B-intercalated cells in the CCD. Whether the basolateral Slc26al1l can also
function as a chloride channel remains speculative.
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