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Abstract

SLC26A7 is a CI"/HCO3™ exchanger that is expressed on the basolateral membrane and

in the cytoplasm of two distinct acid-secreting epithelial cells: The A-intercalated cells in

the kidney outer medullary collecting duct and the gastric parietal cells. The intracellular
localization of SLC26A7 suggests the possibility of trafficking between cell membrane and
intracellular compartments. For testing this hypothesis, full-length human SLC26A7 cDNA was
fused with green fluorescence protein and transiently expressed in MDCK epithelial cells. In
monolayer cells in isotonic medium, SLC26A7 showed punctate distribution throughout the
cytoplasm. However, in medium that was made hypertonic for 16 h, SLC26A7 was detected
predominantly in the plasma membrane. The presence of mitogen-activated protein kinase
inhibitors blocked the trafficking of SLC26A7 to the plasma membrane. Double-labeling studies
demonstrated the localization of SLC26A7 to the transferrin receptor—positive endosomes. A
chimera that was composed of the amino terminal fragment of SLC26A7 and the carboxyl
terminal fragment of SLC26A1, and a C-terminal-truncated SLC26A7 were retained in the
cytoplasm in hypertonicity. In separate studies, SLC26A7 showed predominant localization

in plasma membrane in potassium-depleted isotonic medium (0.5 or 2 mEq/L KCI) versus
cytoplasmic distribution in normal potassium isotonic medium (4 mEg/L). It is concluded that
SLC26A7 is present in endosomes, and its targeting to the basolateral membrane is increased in
hypertonicity and potassium depletion. The trafficking to the cell surface suggests novel functional
upregulation of SLC26A7 in states that are associated with hypokalemia or increased medullary
tonicity. Additional studies are needed to ascertain the role of SLC26A7 in enhanced bicarbonate
absorption in outer medullary collecting duct in hypokalemia and in acid-base regulation in
conditions that are associated with increased medullary tonicity.
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The solute carrier families 4 and 26 (SLC4 and SLC26, respectively) encode two distinct
groups of anion exchangers. Several members of the SLC4 family, designated as A1
(SLC4A1~AEL), A2 (SLC4A2~AE2), A3 (SLCAA3~AE3), and A4 (SLC4A9~AE4) are
shown to mediate CI7/HCO3~ exchange (1,2). SLC26 is a new family of anion exchangers
that is composed of 10 distinct genes (3). Members of the SLC26 family display very
specific and limited tissue distribution. Functional studies demonstrate that a number of
exchangers from this family, including SLC26A3 (DRA), SLC26A4 (pendrin), SLC26A6
(PAT1 or CFEX), SLC26A7, and SLC26A9 (4-9) mediate CI/HCO3™ exchange. SLC26A4,
A6, and A7 are expressed in the kidney, whereas SLC26A3 and A9 are not. In the kidney,
SLC26A4 (pendrin) is expressed on the apical membranes of B-intercalated and non-A
non-B—intercalated cells, whereas SLC26A6 (PAT1 or CFEX) is expressed on the brush
border membranes of the proximal tubule. In the kidney, pendrin mediates bicarbonate
secretion and chloride reabsorption in the connecting segment and cortical collecting duct
(5,10-12), whereas PAT1 is involved in transcellular chloride reabsorption in the proximal
tubule (6,13-16).

SLC26A7 is a recently cloned member of the SLC26 family (17,18). Functional and
molecular studies from our laboratory demonstrated that SLC26A7 is a chloride/bicarbonate
exchanger (7). In the stomach, SLC26A7 is expressed on the basolateral membrane of

the acid-secreting gastric parietal cells (7), whereas in the kidney, it localizes on the
basolateral membrane of acid-secreting A-intercalated (A-IC) cells of the outer medullary
collecting duct (OMCD) (8,19). OMCD has the highest rate of acid secretion among

the collecting duct segments (20). Proton (acid) secretion across the apical membrane of
A-IC cells in OMCD via vacuolar H*-ATPase (and to some extent v/ia H*/K* ATPase)
results in the generation of intracellular bicarbonate, which will be transported across

the basolateral membrane into the peritubular space via basolateral CI7/HCO3~ exchanger
(20,21). SLC26A7 co-localizes with AE1 (SLC4AL) on the basolateral membrane of A-IC
cells of OMCD, indicating possible distinct roles for these two CI7/HCO3~ exchangers in
acid secretion and bicarbonate absorption (8,19). A recent study indicated that SLC26A7
can function as a CI~ channel that is regulated by intracellular pH in the heterologous
expression system (22). The reason for the discrepancy between those results and our
observations that consistently demonstrate mediation of CI7/HCO3™~ exchange by SLC26A7
is currently unclear. The discrepancy may be due in part to the utilization of different
expression systems as well as differences in the interpretation of the results. In support

of this latter possibility, removal of perfusate chloride resulted in cell alkalinization in
SLC26A7-expressing HEK 293 cells (22), an observation that is consistent with SLC26A7’s
being a CI"/HCO3™ exchanger. Expression of human SLC26A7 in Xenogpus oocytes
increased chloride-dependent cell alkalinization in the presence of CO,/HCO3™, supporting
the role of SLC26A7 as a CI"/HCO3~ exchanger (S.L. Alper, Harvard Medical School,
personal communication, February 2005).

Our immunofluorescent labeling studies in kidney and stomach demonstrated that in
addition to membrane localization, SLC26A7 shows abundant cytoplasmic, submembrane
localization, raising the possibility that alteration in trafficking between cell membrane and
intracellular compartments may be a major mechanism of functional regulation of this anion
exchanger. Toward this end, epitope-tagged SLC26A7 cDNA was expressed in MDCK
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epithelial cells that were exposed to hypertonicity or potassium depletion and visualized
by confocal microscopy. Our results demonstrate that SLC26A7 is present in recycling
endosomes in the cytoplasm in isotonic normal medium but is moved to the membrane in
hypertonic or potassium-depleted medium. The significance of the results is discussed.

Materials and Methods

Construction of Epitope-Tagged SLC26A7, C-Terminal-Truncated SLC26A7, Full-Length
SLC26A1, and A7/Al Chimera

The full-length and C-terminal-truncated SLC26A7 were generated by PCR, using the
human full-length SLC26A7 DNA (5280 bp and 656 amino acid [aa] residues; Genebank
NM_052832). The SLC26A1 (2773 bp and 704 aa residues; Genebank AF349043) and
SLC26A7/A1 chimera were generated using mouse cDNA as templates. The resulting
wild-type SLC26A7, C-terminal-truncated SLC26A7, SLC26A1, and A7/Al mutants were
amplified and fused translationally in-frame to green fluorescence protein (GFP) by cloning
into pcDNA3.1/NT-GFP-TOPO vector (Invitrogen, Carlsbad, CA).

Full-length human SLC26A7 was amplified using the following primers: Primer-237, 5’-
GAA ATG ACA GGA GCA AAG AG (sense), and primer-2328, 5'-GTT ATT GTA

GCA GAG GTC ATC (antisense). The PCR product was cloned into the GFP fusion
TOPO vector (pcDNA3.1/NT-GFP-TOPO vector). This resulted in the expression of GFP-
SLC26A7 fusion protein with the GFP fusing to the N-terminus of SLC26A7. Using a
similar approach, primer-237, GAA ATG ACA GGA GCA AAG AG (sense), primer-2162,
TCA GAT ATG ACT TAT TGC AG (antisense), and primer-1919, TCATTC TTC ATT
GCA GTT G (antisense), were used to generate the SLC26A7-CD16 cDNA, which lacked
the last 16 aa residues on the carboxyl terminal end. Full-length mouse SLC26A1 was
amplified using the following primers: Primer-22, 5'-GAC AGG ATG GAT GCT TCT C
(sense), and primer-2204, 5"-ATT CAC ACC ACT CCT ACA G (antisense) from mouse
kidney. The PCR product was cloned into the GFP fusion TOPO vector (pcDNA3.1/NT-
GFP-TOPO vector). This resulted in the expression of GFP-SLC26A1 fusion protein with
the GFP fusing to the N-terminus of SLC26A1 (GFP-SLC26A1). For generation of A7/Al
chimeras, the amino-terminal end of mouse A7 was fused to the carboxy-terminal end of
mouse Al to generate A7n/Alc chimera, with n and ¢ designating the N-terminal and
C-terminal ends, respectively. Toward this end, the DNA fragment encoding aa residues

1 to 473 of mouse SLC26A7 was generated using primers A7-107, AAA ATG ACG

GGA GCA AAG AG (sense), and A7-1528, GAA TTC TGG GAA ACG TCC TAA

CAC (antisense), and fused in frame to the DNA fragment encoding the aa residues 499

to 705 of mouse SLC26A1 using primers Al, GAATTCTTCTTCTCCCTGCTTAGCCTG
(sense), and Al, ATTCACACCACTCCTACAG (antisense). This resulted in the expression
of the GFP-SLC26A7/A1 mutant fusion protein, which is composed of the amino-terminal
fragment of A7 and the carboxyl terminal fragment of Al.
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Transient Expression of Epitope-Tagged SLC26A7, Truncated SLC26A7, SLC26A1, and
A7/Al1 Mutant in MDCK Cells

MDCK cells were grown on glass coverslips and transiently transfected with the epitope-
tagged SLC26 isoforms or variants (above) and studied 48 h later according to established
methods (23,24). Briefly, cells were plated in 24-well plates and transfected with various
cDNA fragments at 80% confluence using 0.8 g of DNA and 4 ¢ of Lipofectamine
2000 (Invitrogen). All cells were co-labeled with Alexa Fluor 568 phalloidin (Molecular
Probes, Eugene, OR) as a marker of apical membrane labeling. All cells were fixed 48 h
after transfection, irrespective of the duration of exposure to hypertonic or low-potassium
medium, such that the total length of exposure to isotonic plus hypertonic or normal-
potassium plus low-potassium medium was 48 h.

In separate studies, MDCK cells were grown on permeable polycarbonate membrane
Transwell filters (cat. no. 3401; Corning Inc., Corning, NY) at a density of approximately
10° cells/cm?. Cells achieved confluence within 4 to 5 d and then were transiently
transfected from the apical surface with the GFP-SLC26A7 construct and studied 48 h later.

Confocal Microscopy and Immunofluorescence Labeling

MDCK cells were washed three times with PBS, fixed for 20 min with 3% formaldehyde
in PBS, and washed three more times with PBS. Afterward, cells were permeabilized with
0.1% TX-100 in PBS for 3 min, washed three times with PBS, and co-stained with Alexa
Fluor 568 phalloidin. Cells then were washed and mounted on glass slides in Fluoromount-
G (Southern Biotechnology Associates, Inc., Birmingham, AL). Images were taken on a
Zeiss LSM510 confocal microscope. Both Z-line and Z-stack images were obtained using
the LSM 5 Image software to analyze the membrane targeting of GFP-fusion proteins
(23,24).

Water Loading in Rats

Antibodies

Sprague-Dawley rats that weighed 150 to 200 g were subjected to water loading for 5 d
according to established protocols. Briefly, the control group (7= 4) was allowed tap water
ad libitum, whereas the water-loaded rats (7= 4) were induced to drink water abundantly by
adding glucose (50 g/1000 ml) to their drinking water.

A rabbit polyclonal antibody raised against a mouse SLC26A7 peptide with the aa
residues CGAKRKKRSVLWGKMHTP (using the mouse EST with Genbank accession
no. BB666404) and an antibody raised against human SLC26A7 were used for
immunofluorescence labeling (8,19).

Immunofluorescence Labeling Studies in Mouse Kidney and Stomach

Immunofluorescence labeling was performed as described previously (7,8,19). Alexa Fluor
488 (green) or Alexa Fluor 568 (red) goat anti-rabbit antibody was used as a secondary
antibody. Sections were examined on the epifluorescent microscope Eclipse 600 (Nikon
Bioscience, Melville, NY) equipped with SPOT digital camera (Diagnostic Instruments,
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Inc., Sterling Heights, MI). Digital images were acquired using the Spot Advanced software
provided with the camera.

Western Blot Analysis

Microsomal membrane and cytoplasmic fractions were isolated from rat outer medulla
according to established methods (25). Immunoblotting experiments were carried out as
described previously (8,13). Briefly, the solubilized proteins were size-fractionated on

8% SDS polyacrylamide minigels (Novex, San Diego, CA) under denaturing conditions,
electrophoretically transferred to nitrocellulose membranes, blocked with 5% milk proteins,
and then probed with the affinity-purified anti-SLC26A7 immune serum at a dilution

of 1:400. The secondary antibody was donkey anti-rabbit 1gG conjugated to horseradish
peroxidase (Pierce, Rockford, IL). The sites of antigen-antibody complex formation on the
nitrocellulose membranes were visualized using chemiluminescence method (SuperSignal
Substrate; Pierce) and captured on light-sensitive imaging film (Kodak, Rochester, NY).

Materials

All chemicals were purchased from Sigma Chemical Co. (St. Louis, MO). RadPrime
DNA labeling kit was purchased from Invitrogen (Carlsbad, CA). MMACHINE kit was
purchased from Ambion (Austin, TX). Alexa Fluor—conjugated secondary antibodies

and Hoechst 33342 were purchased from Molecular Probes Inc. The CT-GFP fusion
expression kit, which contains the pcDNA3.1/CT-GFP TOPO vector, was purchased from
Invitrogen. Glyceraldehyde-3-phosphate dehydrogenase polyclonal antibodies were from
Abcam (Cambridge, MA).

Statistical Analyses

The experiments were performed in duplicate (two slides per each condition) and repeated
at least three separate times for each maneuver. Quantification of SLC26A7 abundance

in membrane or cytoplasm was performed using MetaMorph imaging system software
(Universal Imaging Corp., West Chester, PA) by measuring the fluorescence intensity

of SLC26A7-GFP in multiple square areas corresponding to regions in membrane or
cytoplasm. More than 16 separate fields were analyzed per each transfected cell, with the
total of 160 fields for 10 transfected cells per each slide. A total of 20 or 30 transfected cells
from three separate experiments were analyzed for each maneuver. Values are expressed as
arithmetic mean + SE. Comparisons were done by using unpaired #test, and < 0.05 was
considered statistically significant. Microsoft Excel, ProStat (Philscience, South Korea), and
PSI-Plot (Philscience) were commercial software packages used for statistical analysis.

Results

Our immunofluorescence labeling with purified antibodies demonstrated the localization of
SLC26A7 on the basolateral membrane and in the cytoplasm of parietal cells in the stomach
and A-IC cells in kidney OMCD (7,8,19). These results have been confirmed in our new
immunofluorescence labeling studies in Figure 1, A and B. Figure 1A shows the subcellular
distribution of SLC26A7 in gastric parietal cells when images with gastric H-K-ATPase
are merged. Figure 1B shows the subcellular distribution of SLC26A7 in kidney OMCD
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cells. The low- and high-magnification images in Figure 1B (left and right, respectively)
along with the image in Figure 1A clearly demonstrate the localization of SLC26A7 on
the basolateral membrane and in the cytoplasm of acid-secreting gastric parietal cells and
OMCD cells.

To verify the cytoplasmic expression of SLC26A7 quantitatively, we performed Western
blotting on membrane and cytoplasmic proteins that were isolated from rat outer medulla,
the site of SLC26A7 expression. As indicated, Western blotting detected SLC26A7 as

an approximately 90-kD band, with abundant expression in both the membrane and the
cytoplasmic fractions from two separate rats (Figure 1C, left), confirming the subcellular
distribution of the exchanger in the kidney cells. Preadsorption of the antibody with the
antigen (synthetic peptide) completely prevented the labeling of SLC26A7 in the kidney
outer medulla fractions (Figure 1C, right), indicating the specificity of the antibody.

Expression and Subcellular Distribution of SLC26A7 in MDCK Cells

The cytoplasmic localization of the exchanger in Figure 1 raises the possibility of alteration
in SLC26A7 abundance at the cell surface by affecting the trafficking between cell
membrane and intracellular compartments. To analyze this possibility, we examined the
expression of full-length GFP with or without SLC26A7 cDNA insert in MDCK cells. The
cell membrane was labeled with the actin-binding dye phalloidin. Figure 2A is a Z-line
merged image of phalloidin and GFP labeling and shows that transfection with GFP vector
alone (no SLC26A7 insert) results in the accumulation of GFP in the cytoplasm with no
localization on the membrane. It is interesting that when transfection with GFP-SLC26A7
full-length cDNA was performed, the acquired images demonstrated punctate distribution
through the cytoplasm, with no labeling on the plasma membrane (Figure 2B).

Effect of Hypertonicity on Distribution of SLC26A7 in MDCK Cells

The expression of SLC26A7 in the kidney is limited predominantly to the medullary
collecting duct, a segment that is exposed to a hypertonic environment /in vivo. The
purpose of the next series of experiments was to examine the effect of hypertonicity on
subcellular distribution of SLC26A7. Toward this end, cells were transiently transfected
with GFP-SLC26A7 cDNA; and 32 h later, the medium was made hypertonic by the
addition of 50 mM NaCl. The pH was maintained at 7.4. The cells were fixed for 16

h after switching to the hypertonic medium and analyzed microscopically. As shown in
Figure 3A, SLC26A7 was detected predominantly in the plasma membrane, with little
residual labeling in the cytoplasm. Analysis of 30 transfected cells in hypertonic medium
and 30 cells in isotonic medium by MetaMorph imaging system software (see Materials
and Methods) showed that 86 + 5% of SLC26A7 labeling was detected in the membrane in
hypertonic medium, whereas only 13 + 2% of the labeling was detected in the membrane
in isotonic medium (P < 0.0001). Subcellular distribution studies in hypertonic medium
(Z-stack images) indicate the targeting of SLC26A7 to the basolateral membrane (Figure
3B), consistent with published reports (7,8,19). Transfection with the control construct
(empty GFP with no SLC26A7 insert) showed that the GFP was retained in the cytoplasm
in hypertonic medium at 2 and 16 h (data not shown) in a manner that was indistinguishable
from the isotonic medium (Figure 2A).
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The purpose of the next series of experiments was to determine the rapidity with which
the shift in SLC26A7 distribution from cytoplasm to the membrane occurs in hypertonic
medium. Accordingly, cells were transfected with SLC26A7, switched to the hypertonic
medium 46 h later, and fixed for 2 h after switching to the hypertonic medium. As shown
in Figure 3C, exposure to the hypertonic medium for 2 h did not significantly increase the
abundance of SLC26A7 in the membrane.

The hypertonicity in the above experiments was generated by the addition of 50 mM NaCl.
In the next series of experiments, hypertonicity was generated by the addition of sodiumfree
solute. Toward this end, mannitol (100 Mm) was added to the medium, and cells were fixed
and studied 16 h later. As shown in Figure 3D, SLC26A7 was detected predominantly in
the membrane in hypertonic medium. Analysis of 30 transfected cells from three separate
experiments showed that 79 + 5% of SLC26A7 labeling was detected in the membrane after
16 h of incubation with mannitol (£< 0.0001, versus isotonic medium in Figure 3A).

The above experiments were performed on cells that were grown on nonpermeable support.
The next series of experiments were performed in cells that were grown on permeable
support (see Materials and Methods). Toward this end, MDCK cells were plated on
Transwell filters and transfected with the SLC26A7-GFP construct from the apical surface
after becoming confluent. Thirty-two hours after transfection, the medium that faced the
basolateral surface, the apical surface, or both surfaces was made hypertonic by the addition
of 50 mM NacCl. The cells were fixed for 16 h after switching to the hypertonic medium and
analyzed microscopically. As shown in Figure 3E, SLC26A7 was detected predominantly in
the cytoplasm in isotonic medium (left) but in the plasma membrane in hypertonic medium
added to both the apical and basolateral sides (second panel from left). In cells that were
exposed to hypertonic medium from the basolateral side alone (right), the abundance of
SLC26A7 in the membrane was similar to that in cells that were exposed to hypertonic
medium from both sides (second panel from left). In cells that were exposed to hypertonic
medium from the apical surface alone, SLC26A7 was detected predominantly in the
cytoplasm with some labeling in the membrane (second panel from right).

In an attempt to identify the signal(s) that mediates the targeting of SLC26A7 to the
membrane in hypertonicity, we investigated the role of mitogen-activates protein kinase
(MAPK). This assumption was based on published literature demonstrating the activation of
MAPK by high osmolarity (26-28). Toward this end, the experiments in hypertonic medium
were repeated in the presence or absence of SB203580/S-8307 (Sigma-Aldrich, St. Louis,
MO), a specific inhibitor of p38 MAPK (27,28). Accordingly, MDCK cells were transfected
with the GFP-SLC26A7 cDNA and then incubated with 10 4M SB203580 upon switching
to the hypertonic medium. As shown in Figure 4, the presence of the MAPK inhibitor
SB203580 completely blocked the trafficking of SLC26A7 to the membrane (bottom) when
compared with its absence (top). Analysis of the epitope-tagged insert in 10 transfected
cells with the p38 MAPK inhibitor and 10 cells without the inhibitor in hypertonic medium
showed that only 9 + 2% of SLC26A7 labeling was in the membrane in the presence

of the inhibitor versus 83 + 7% in its absence (P < 0.0001, three separate experiments).
Similarly, addition of PD 98059 (Sigma-Aldrich), an inhibitor of the upstream regulatory
protein kinase MAP/extracellular signal-regulated kinase kinase (27,28), also blocked the
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trafficking of SLC26A7 to the membrane in hypertonic medium in a manner similar to that
shown in Figure 4 (data not shown).

SLC26A7 Resides in Endosomes in MDCK Cells

The disappearance of SLC26A7 from the cytoplasm and its appearance in the plasma
membrane in hypertonic medium (Figures 2 and 3) raises the possibility that SLC26A7
may reside in the endosomes. To investigate this possibility, we performed double labeling
with SLC26A7-GFP and the transferrin receptor marker (transferrin conjugated with Alexa
Fluor 568; Molecular Probes) in both isotonic and hypertonic media. As indicated in
Figure 5A, the intracellular localization of GFP-SLC26A7 (right) and transferrin receptor
(left) significantly overlapped in isotonic medium. Furthermore, the majority of transferrin
receptor (left) and GFP-SLC26A7 (right) labeling was detected in the plasma membrane

in hypertonic medium (Figure 5B, merged). Analysis of the epitope-tagged insert in 10
transfected cells in isotonic medium and 10 cells in hypertonic medium from three separate
experiments showed significant co-localization of SLC26A7 with the transferrin receptor in
hypertonic medium.

Expression of SLC26A1 and SLC26A7/A1 Chimera in MDCK Cells

In the next series of experiments, we examined whether the localization of SLC26A7 in the
endosomes is unique to this member of the SLC26 family or is a property that is shared

by other members of the SLC26 family. Toward this end, SLC26A1 (also know as SAT1,
for sulfate anion transporters 1) (3,16,29) was fused in frame with GFP (see Materials and
Methods) and expressed in MDCK cells in isotonic media at pH 7.4. As indicated in Figure
6A, SLC26AL1 is expressed predominantly in the plasma membrane, with little expression
in the cytoplasm (Z-line image). Subcellular distribution studies in isotonic media (Z-stack
image) indicate that SLC26A1 is localized to the basolateral membrane (Figure 6B). The
membrane abundance of SLC26A1 did not change in hypertonic medium (data not shown).
These studies support the conclusion that the pattern of distribution of SLC26A7 is unique to
this isoform and does not extend to other members of the SLC26 family.

Next, we examined the expression of the SLC26A7/A1 mutant, which encoded the N-
terminal portion of A7 and the C-terminal fragment of A1 in isotonic and hypertonic media
(see Materials and Methods). The results demonstrate that A7/Al chimera is localized
predominantly to the cytoplasm in isotonic medium (Figure 6C, left) and shows little
expression in the membrane in hypertonic medium (Figure 6C, right). Analysis of 20
transfected cells in hypertonic or isotonic medium (see Materials and Methods) showed that
79 £ 7% of SLC26A7 labeling in isotonic medium and 69 £ 6% in hypertonic medium

was detected in the cytoplasm (P> 0.05). These results suggest that the signal that directs
the targeting of SLC26A7 to the membrane in hypertonic medium likely resides in the
C-terminal end of SLC26A7. It is worth mentioning that mouse SLC26A7, which was

used for domain-swapping experiments in Figure 6, shows a subcellular distribution pattern
similar to the human SLC26A7 (data not shown), indicating that species difference does not
play any role in membrane targeting of SLC26A7.
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Expression of C-Terminal-Truncated SLC26A7 in MDCK Cells

In the next series of experiments, the expression of the truncated SLC26A7 (see Materials
and Methods) was examined in isotonic medium and hypertonic medium. As indicated

in Figure 6D (left), deletion of the last 16 aa residues from the C-terminal end resulted

in a more diffuse intracellular distribution with little expression in the membrane (Z-line
image). The truncated SLC26A7 was retained predominantly in the cytoplasm with faint
labeling in the plasma membrane in hypertonic medium (Figure 6D, right). Analysis of

20 transfected cells in hypertonic or isotonic medium showed that 81 + 6% of SLC26A7
labeling in isotonic medium and 74 £ 7% in hypertonic medium was detected in the
cytoplasm (P> 0.05). Taken together, these data indicate that a domain within the last 16 aa
of the C-terminal fragment is responsible for the targeting of SLC26A7 to the membrane in
hypertonic medium.

Effect of Potassium Depletion on Expression GFP-SLC26A7 in MDCK Cells

Rats that are fed a potassium-free diet for 3 to 7 d demonstrate increased bicarbonate
reabsorption in their OMCD (30), suggesting the upregulation of apical and basolateral
bicarbonate-absorbing transporters in A-IC cells (31). On the basis of the studies showing
the localization of SLC26A7 to the basolateral membrane of A-IC cells in OMCD (8,19),
we entertained the possibility that potassium depletion might regulate the trafficking of
SLC26A7 to the membrane. Toward this end, cells were transiently transfected with GFP-
SLC26A7 cDNA and thereafter were exposed to either very low potassium (0.5 mM/L)

or low potassium (2 mM/L) and compared with normal potassium (4 mEq/L) for 16 or

2 h. The medium was kept isotonic with all potassium concentrations. Figure 7 compares
the effect of varying potassium concentration on subcellular distribution of GFP-SLC26A7.
As indicated, SLC26A7 was detected predominantly in the plasma membrane in very-low-
potassium medium (0.5 mM) for 16 h (right) versusin punctate cytoplasmic structures in
normal-potassium medium (left). At 2 mM potassium for 16 h, SLC26A7 shows significant
abundance in the membrane versus the isotonic medium, with moderate cytoplasmic
localization (second panel from right) when compared with 0.5 mEg/L potassium (right).
The abundance of SLC26A7 in the membrane was estimated at approximately 23 + 4%

in normal potassium, 58 + 5% in 2 mEq/L potassium (P < 0.001 versus normal-potassium
medium), and 81 £ 5% in 0.5 mEg/L potassium for 16 h (P < 0.0001 versus normal-
potassium medium), with a total of 30 cells analyzed for each potassium concentration. A
shorter exposure of MDCK cells (2 h) to low-potassium medium (2 mEg/L) did not increase
the membrane abundance of SLC26A7 (Figure 7, second panel from left). Transfection
with the control construct (empty GFP with no SLC26A7 insert) showed that the GFP was
retained in the cytoplasm in low-potassium medium at 2 and 16 h (data not shown) in a
manner that was indistinguishable from the normal medium (Figure 2A).

SLC26A7 Expression in Water-Loaded Rats

The results of the experiments in Figures 2, 3, and 4 as well as a recently published report
(32) demonstrate that increased interstitial tonicity increases, whereas decreased interstitial
tonicity decreases the membrane abundance of SLC26A7 in OMCD cells. To examine

the effect of reduced interstitial osmolarity on SLC26A7 in a more detailed manner, we
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subjected rats to water loading for 5 d (see Materials and Methods) and then examined
them by immunofluorescence labeling. Water-loaded rats displayed significant polyuria
(increased urine output) and reduced urine osmolarity versus control rats, consistent with
published reports. As demonstrated in low- and high-magnification images of the kidney
outer medulla (Figure 8, top and bottom, respectively), the number of OMCD cells that
displayed SLC26A7 expression on their basolateral membrane decreased significantly in
water-loaded rats (Figure 8, right) versus normal control rats (Figure 8, left). The reduction
in membrane expression was associated with a reciprocal increase in SLC26A7 abundance
in the cytoplasm in OMCD cells (Figure 8).

Discussion

Immunocytochemical staining (7,8,19) as well as immunoblot analysis (Figure 1)
demonstrated that in addition to basolateral membrane, significant intracellular localization
of SLC26A7 is observed in kidney medullary collecting or gastric parietal cells, raising

the possibility that alteration in SLC26A7 abundance at the cell surface may occur by
changes in traffic between cell membrane and intracellular compartments. Epitopetagged
full-length human SLC26A7 was detected predominantly as punctate distribution in the
cytoplasm (Figure 2). However, in hypertonic medium (50 mM NaCl or 100 mM mannitol
added to the isotonic medium [pH 7.4]), SLC26A7 appeared predominantly on the plasma
membrane (Figure 3). The presence of MAPK inhibitors completely blocked the trafficking
of SLC26A7 to the plasma membrane (Figure 4). Double labeling with the transferrin
receptor markers demonstrated that SLC26A7 shows significant expression in recycling
endosomes (Figure 5). The signal directing the trafficking of SLC26A7 between endosomes
and the plasma membrane resides in its C-terminal end (Figure 6). Last, we observe that
SLC26A7 was detected predominantly in plasma membrane in potassium-depleted medium
versus cytoplasmic localization in normal-potassium media (Figure 7). The trafficking to the
membrane in hypertonic or potassium-depleted medium was time dependent. Water loading,
which decreases the medullary interstitial osmolality, decreased the membrane abundance of
SLC26A7 (Figure 8).

The detection of SLC26A7 in the plasma membrane of cells that were exposed to hypertonic
medium /n vitro suggests that alterations in kidney medullary interstitial osmolarity /n vivo
can affect the abundance of SLC26A7 in the basolateral membrane of A-IC cells in OMCD.
In support of this possibility, studies in Brattleboro rats, which lack endogenous vasopressin
and, as a result, have reduced medullary interstitial osmolarity (33,34), showed very little
SLC26A7 expression on the basolateral membrane of medullary collecting duct cells (32).

It is interesting that treatment with vasopressin, which normalizes the medullary interstitial
osmolarity (33,34), resulted in significant upregulation of SLC26A7 on the basolateral
membrane of OMCD cells without affecting its mMRNA expression levels (32). These results
are consistent with posttranscriptional regulation of SLC26A7 by vasopressin in Brattleboro
rats and are in agreement with enhanced trafficking of SLC26A7 to the membrane by
hypertonicity /n vitro (Figures 3, 4, and 5). In contrast to SLC26A7, AEL is abundantly
expressed in the basolateral membrane of A-IC in OMCD in Brattleboro rats, and its
expression actually decreases, albeit very mildly, in response to vasopressin (32). The robust
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SLC26A7 appearance in basolateral membranes and its distinct response versus AE1 to
vasopressin suggest differential regulation of AE1 and SLC26A7 in pathophysiologic states.

A recent report showed that in rats that were subjected to water deprivation for 3 d,

the MRNA and protein expression of SLC26A7 in OMCD were enhanced (19). The
transcriptional regulation of SLC26A7 in water deprivation does not conflict with its
posttranscriptional regulation by hypertonicity in cultured medullary collecting duct cells
in vitro (Figures 3, 4, and 5) or by vasopressin in Brattleboro rats (32). It is plausible that
increased interstitial tonicity of medulla can increase the expression of SLC26A7 at both
transcriptional and posttranscriptional levels, with transcriptional regulation becoming the
dominant regulatory mode at longer duration or more severe degree of hypertonicity such
as 3 d of water deprivation. Alternatively, it is possible that the transcriptional regulation of
SLC26A7 in water deprivation is due to factors other than increased medullary osmolarity
such as volume depletion, activation of renin angiotensin and sympathetic systems, or
decreased Kidney perfusion, (35,36).

The trafficking of ion transporters, in particular acid-base transporters such as H*-ATPase,
between intracellular structures and the plasma membrane has been well described (37-39).
However, unlike these ion transporters, the trafficking of SLC26A7 to the membrane is
slow and time dependent (Figures 3 and 4). As a CI7/HCO3™ exchanger that is adapted

to hypertonicity, SLC26A7 activation results in the entry of chloride, which subsequently
regulates cell volume. In this regard, SLC26A7 function may be similar to betaine
transporter, which is involved in cell volume regulation and shows a time-dependent
trafficking in hypertonicity that is very similar to SLC26A7 (40). The bicarbonate exit that is
coupled to chloride entry suggests that SLC26A7, which exchanges chloride for bicarbonate
across the basolateral membrane of acid-secreting OMCD cells, will also regulate cell pH
and/or bicarbonate exit in hypertonicity in a time-dependent manner. The lack of acute
regulation of SLC26A7 in hypertonicity suggests either that AE1, which co-localizes with
SLC26A7, is not acutely inhibited by hypertonicity or that other acid-base transporters may
be activated immediately after the generation of hypertonicity.

The localization of SLC26A7 in the endosomes is unique among SLC26 members.
SLC26A1 (SAT1) was expressed predominantly on the basolateral membrane of MDCK
cells in isotonic medium (Figure 6, B and C) and remained in the membrane in hypertonic
medium (data not shown). Furthermore, our preliminary studies demonstrate that epitope-
tagged AE1, which co-localizes with SLC26A7 on the basolateral membrane of cells

in OMCD (8,19), is expressed predominantly in plasma membrane in MDCK cells in
isotonic medium (data not shown), confirming published reports (41). Taken together, these
results suggest that SLC26A7 trafficking is distinct from SLC4A1 and other SLC26 anion
exchangers.

The targeting of SLC26A7 to the membrane was completely prevented in the presence of
MAPK inhibitors (Figure 4), indicating that MAPK is activated and plays an important
role in enhanced cell surface expression of SLC26A7 in a hypertonic environment. These
findings are consistent with published reports indicating that hypertonicity increases the
membrane targeting and/or activity of several ion transporters, including Na-K-AT-Pase,
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Glut 4, and AE2 (42-44). Whether the activation of MAPK is in response to the
hypertonicity or the consequent cell shrinkage remains speculative (27,28). Authors could
not find any published studies in mammalian cells demonstrating a critical role for MAPK
in the alteration in endosomal/surface membrane trafficking of acid-base transporters in a
high osmotic environment. As such, these results may be the first report on such finding.
Furthermore, whereas the trafficking of the recycling endosomes to the membrane has
been demonstrated in acute hypertonicity, little information is available regarding their
targeting to the membrane in long-term (16 h) hypertonicity. In addition to blocking
membrane targeting, p38 MAPK inhibitor seemed to reduce the overall signal intensity
of SLC26A7, suggesting a possible effect on its abundance (Figure 4). Whether MAPK
inhibitors directly reduce the synthesis of new SLC26A7 protein remains speculative. A
more plausible explanation is that the SLC26A7 protein that is destined for the plasma
membrane undergoes enhanced degradation in the lysosomes after being retained in the
cytoplasm.

The truncated SLC26A7, lacking the last 16 aa, showed a distribution pattern that was

very distinct from the full-length protein in isotonic and hypertonic media (Figure 6, A

and B). Similar to the truncated SLC26A7, the A7/Al chimera was expressed diffusely in
the cytoplasm in isotonic medium and showed little membrane expression in hypertonic
medium (Figure 6D). These latter experiments confirm the results of the studies with the
C-terminal-truncated mutant and suggest that the determinant site that directs the trafficking
of SLC26A7 from the recycling endosomes to the membrane resides in its C-terminal end.
Future studies should focus on the identification of the aa residues that are responsible

for the targeting of SLC26A7 to the endosomes and its trafficking to the membrane in
pathophysiologic states.

Potassium depletion causes metabolic alkalosis in mammals (45,46), in large part as a result
of increased absorption of bicarbonate in the kidney proximal tubule and the collecting duct
(30,31,47,48). Rats that were fed a potassium-free diet developed significant hypokalemia
or intracellular potassium depletion as early as 24 h after ingestion of the diet (49). /n

vitro microperfusion studies in the collecting duct demonstrated increased absorption of
bicarbonate in OMCD in rats that were fed a potassium-free diet for 7 d (30). Molecular
studies demonstrated increased abundance of apical H+-ATPase and colonic H+-K+-ATPase
in OMCD of potassium-depleted rats and mice (50,51). However, the identity of the
basolateral CI7/ HCO3™ exchanger in the OMCD cells that is upregulated in potassium
depletion, whether SLC26A7 or AE1, remained and still remains speculative. These results
demonstrate that SLC26A7 abundance in the membrane was increased significantly in
potassium-depleted medium (Figure 7). On the basis of our /n vitro experiments, we propose
that potassium depletion increases the abundance of SLC26A7 in basolateral membrane of
rat OMCD /n vivo, thereby increasing net bicarbonate absorption in hypokalemia.

Conclusion

SLC26AT7 displays unique subcellular distribution in kidney cells, with predominant
abundance in endosomes in normal-potassium isotonic medium and almost exclusive
detection in the membrane in either hypertonic or potassium-depleted medium. The
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trafficking to the cell surface suggests novel functional upregulation of SLC26A7 in states
that are associated with increased medullary tonicity or hypokalemia. Additional studies in
pathophysiologic conditions in rats and more specifically in genetically engineered mice that
lack SLC26A7 should clarify the role of SLC26A7 in enhanced bicarbonate absorption in
OMCD in hypokalemia and in acid-base regulation in conditions that are associated with
increased medullary tonicity.
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SLC26A7 localizes to the basolateral memhbran e of the acid-
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Figure 1.
SLC26A7 expression in mouse kidney outer medullary collecting duct (OMCD) and

stomach parietal cells. (A) Immunofluorescence labeling of SLC26A7 and gastric H-K-
ATPase in gastric parietal cells. Merged image of SLC26A7 and gastric H-K-ATPase
labeling is shown. As indicated, SLC26A7 shows significant intracellular as well as
basolateral membrane localization in gastric parietal cells. (B) Immunofluorescence labeling
of SLC26A7 in kidney outer medulla. SLC26A7 shows labeling on the basolateral
membrane as well as in the cytoplasm in a subpopulation of OMCD cells (left, low
magnification; right, high magnification). (C) Immunoblotting of SLC26A7 in membrane
and cytoplasmic fractions in kidney outer medulla. Microsomal membranes and cytoplasmic
fractions from outer medulla of two rat kidneys were loaded at 100 sg/lane onto lanes.
Immunoblotting with the purified immune serum shows a band with a molecular weight of
approximately 90 kD in both the membrane and cytoplasmic fractions (left). The labeling of
the 90-kD band was abolished with preadsorbed immune serum in both fractions (right).
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phatioidin merged SLC26A7-GFP

Figure2.
Expression and subcellular distribution of green fluorescence protein (GFP)-SLC26A7 in

MDCK cells. (A) Transfection with GFP vector alone (no SLC26A7 insert) results in GFP
accumulation in the cytoplasm (Z-line images). (B) GFP-SLC26A7 is expressed in punctate
cytoplasmic structures, with no labeling on the membrane. Red, phalloidin; green, GFP.
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Figure 3.
Effect of hypertonicity on the expression and subcellular distribution of SLC26A7 in

MDCK cells. (A) Expression of SLC26A7 in hypertonic medium (top) versus isotonic
medium (bottom). As shown, SLC26A7 was detected almost exclusively in the plasma
membrane in hypertonic medium (top) versus predominantly in intracellular compartments
in isotonic medium (bottom). Red, phalloidin; green, SLC26 A7-GFP. (B) Subcellular
distribution studies in hypertonic medium. Merged Z-stack image of GFP-SLC26A7 and
phalloidin indicates the targeting of SLC26A7 to the basolateral membrane. (C) Effect

of 2 h of exposure to hypertonic medium on SLC26A7 distribution in MDCK cells. As
shown, SLC26A7 was detected predominantly in the cytoplasm after 2 h of incubation

in hypertonic medium. Red, phalloidin; green, SLC26A7-GFP. (D) Effect of mannitol on
SLC26A7 distribution in MDCK cells. As shown, SLC26A7 was detected predominantly
in the membrane after 16 h of incubation in hypertonic medium. Red, phalloidin; green,
SLC26A7-GFP. (E) SLC26A7 expression in cells that were grown on permeable support.
As shown, cells that were grown on permeable support were detected predominantly in the
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cytoplasm in isotonic medium. However, in cells that were exposed to hypertonic medium
from the basolateral and apical surfaces or from the basolateral surface alone, SLC26A7 was
detected predominantly on the plasma membrane. When hypertonicity was applied to the
apical surface alone, SLC26A7 showed mild abundance in the membrane with significant
retention in the cytoplasm.
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Figure 4.
Effect of mitogen activated protein kinase (MAPK) inhibition on subcellular distribution

of SLC26A7 in hypertonicity. (Top) Hypertonic medium without MAPK inhibitor. As
indicated, SLC26A7 is targeted predominantly to the plasma membrane in a hypertonic
environment. (Bottom) Hypertonic medium with MAPK inhibitor. MAPK inhibitor
completely blocked the trafficking of SLC26A7 to the membrane. Red, phalloidin; green,
SLC26A7-GFP.
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Figure5.
SLC26AT7 resides in recycling endosomes in MDCK cells. (A) Isotonic medium. As

shown, SLC26A7 (right) and transferrin receptor (left) co-localize to the same intracellular
compartments (middle: merged). (B) Hypertonic medium. SLC26A7 and transferrin receptor
co-localize to the plasma membrane in hypertonic medium.
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Figure 6.
Expression of SLC26A1, SLC26A7/Al chimera, and truncated SLC26A7 in MDCK cells.

(A) Expression of SLC26A1 in MDCK cells (Z-line image). SLC26AL1 is expressed
predominantly in plasma membrane, with no expression in the cytoplasm. (B) Subcellular
distribution of SLC26A1 in isotonic medium (Z-stack images) indicates that SLC26A1

is localized to the basolateral membrane. Red, phalloidin; green, SLC26A1-GFP. (C)
Expression of SLC26A7/A1 chimera in MDCK cells in isotonic and hypertonic media
(Z-line image). SLC26A7/A1 chimera is expressed predominantly in the cytoplasm with
some labeling in the plasma membrane (left, isotonic medium), and its distribution pattern
does not change with increased osmolarity (right). (D) Truncated SLC26A7. As shown, the
C-terminal-truncated SLC26A7 shows cytoplasmic distribution in isotonic medium (left).
The truncated SLC26A7 remained predominantly in the cytoplasm with faint expression in
the membrane in hypertonic medium (right).
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Figure7.
Effect of potassium depletion on the subcellular distribution of GFP-SLC26A7 in MDCK

cells. (Left) Normal potassium (4 mEg/L). (Middle two) Low potassium (2 mEg/L) for 2
and 16 h. (Right) Very low potassium (0.5 mEg/L) for 16 h. As demonstrated, SLC26A7
is expressed predominantly in punctate intracellular structures in normal potassium media
(left) but is detected predominantly in the plasma in low-potassium medium for 16 h (right
two). Second from left shows significant cytoplasmic localization with little membrane
expression after short (2 h) incubation in low-potassium medium. Red, phalloidin; green,
SLC26AT7-GFP.
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Narma ‘Water loaded

Figure 8.
Effect of water loading on SLC26A7 expression in rat kidney OMCD. (Top) Low

magnification. (Bottom) High magnification. Immunofluorescence labeling demonstrates
significant reduction in SLC26A7 expression on the basolateral membrane of OMCD

in water-loaded rats (right) when compared with normal rats (left). The reduction in
membrane expression was associated with reciprocal increase in SLC26A7 abundance in
the cytoplasmic compartment.
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