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The K-Cl cotransporter (KCC) regulates red blood cell (RBC)
volume, especially in reticulocytes. Western blot analysis of
RBC membranes revealed KCC1, KCC3, and KCC4 proteins in
mouse and human cells, with higher levels in reticulocytes. KCC
content was higher in sickle versus normal RBC, but the corre-
lation with reticulocyte count was poor, with inter-individual
variability in KCC isoform ratios. Messenger RNA for each iso-
formwasmeasured by real timeRT-quantitative PCR. In human
reticulocytes, KCC3a mRNA levels were consistently the high-
est, 1–7-fold higher than KCC4, the secondmost abundant spe-
cies. Message levels for KCC1 and KCC3b were low. The ratios
of KCC RNA levels varied among individuals but were similar
in sickle and normal RBC. During in vivo maturation of
human erythroblasts, KCC3a RNA was expressed consis-
tently, whereas KCC1 and KCC3b levels declined, and KCC4
message first increased and then decreased. In mouse eryth-
roblasts, a similar pattern for KCC3 and KCC1 expression
during in vivo differentiation was observed, with low KCC4
RNA throughout despite the presence of KCC4 protein in
mature RBC. During differentiation of mouse erythroleuke-
mia cells, protein levels of KCCs paralleled increasing mRNA
levels. Functional properties of KCCs expressed in HEK293
cells were similar to each other and to those in human RBC.
However, the anion dependence of KCC in RBC resembled
most closely that of KCC3. The results suggest that KCC3 is
the dominant isoform in erythrocytes, with variable expres-
sion of KCC1 and KCC4 among individuals that could result
in modulation of KCC activity.

The SCL12 family of cation-chloride cotransporters repre-
sents a group of widely expressed membrane proteins that
mediate the coupled, electroneutral symport of chloride with
sodium and/or potassium (1). TheNa-Cl andNa-K-Cl cotrans-
porters mediate net salt uptake into cells, whereas K-Cl

cotransporters (KCC)3 produce net K-Cl loss. In various cells
and tissues, cation-chloride cotransporters proteins participate
in transmembrane salt movements, modulate membrane
potential by establishing internal ion content, and regulate cell
volume.
Four independent KCC genes exist in the mammalian

genome (1). KCC1 (SCL12A4) is ubiquitously expressed (2),
whereas KCC2 (SCL12A5) is restricted to neuronal tissues (3).
KCC3 (SCL12A6) is highly expressed in heart, skeletal muscle,
kidney, lung, andplacenta (4, 5). Two splicing isoforms ofKCC3
utilize alternative first exons; KCC3a is widely expressed,
whereas KCC3b predominates in kidney (6). KCC4 (SCL12A7)
is also widely distributed, with high expression in kidney, heart,
lung, and liver (5, 7).
The first report of KCC activity was the Cl�-dependent K�

efflux stimulated byN-ethylmaleimide in red blood cells (RBC)
(8, 9). KCC functions as a volume regulator in RBC and is espe-
cially active in reticulocytes. Cell swelling activates the trans-
porter, producing K-Cl and water loss with resultant volume
reduction. In RBC containing sickle hemoglobin (Hb S) and
several other abnormal hemoglobins, K-Cl activity is high and
the regulation of KCC activity by cell volume is abnormal (10–
13). The apparent consequence is the dehydration of sickle
reticulocytes and mature red blood cells relative to cells with
normal hemoglobin, leading to high cellular hemoglobin con-
centration (12–15). Because the rate of polymerization of Hb S
is highly dependent on its concentration in the cell, cellular
dehydration via K-Cl cotransport contributes to the pathology
of sickle cell disease (16–18). However, the basis of abnormal
KCC function in sickle red blood cells (SS RBC) has not been
elucidated.
In RBC membranes, KCC1 protein has been detected in

human (19, 20), sheep (20, 21), rabbit (20), and mouse (20, 22)
cells. KCC3 has been reported in sheep RBC (21), and KCC3b
(but not KCC3a) has been identified in mouse RBC (22). We
demonstrated the presence of RNA transcripts for KCC1,
KCC3a, KCC3b, and KCC4 in human reticulocytes (23). The
presence of mRNA for KCC1, KCC3, and KCC4 in erythroid
precursors was confirmed by De Franceschi et al. (24) who
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showed that during differentiation in vitro (7 versus 14 days in
culture), message levels were relatively stable for KCC1 and
KCC3 and increased 2-fold for KCC4. However, the comple-
ment of KCC proteins in human RBCmembranes has not been
ascertained, and their temporal expression during erythroid
differentiation has not yet been fully elucidated. Whether sig-
nificant differences in KCC expression are manifest in sickle
cells is also unknown. Mouse RBC expressing Hb S have been
valuable for modeling sickle cell pathology, but whether the
interactions of Hb S with the mouse RBC membrane faithfully
reproduces the cellular pathology of human disease, especially
with respect to volume regulation, depends on the complement
of KCC proteins and their behavior in mouse RBC.
Here, we report that KCC1, KCC3, and KCC4 proteins are

present in human and mouse RBC. We find that RNA tran-
scripts for KCC1 diminish during erythroid differentiation in
both human and mouse, whereas KCC3 message levels remain
relatively stable. Their relative levels vary considerably among
individuals, and no consistent differences in mRNA levels for
KCC isoformswere apparent between sickle and normal reticu-
locytes. When KCC isoforms were expressed in mammalian
cells, their kinetic characteristics were similar to each other and
to KCC activity in RBC. Anion dependence of KCC in human
RBCwasmost similar to that of KCC3. Taken together, the data
suggest that KCC3 is the dominant isoform in erythrocytes,
with variable expression of KCC1 andKCC4 among individuals
that could result in modulation of KCC activity.

EXPERIMENTAL PROCEDURES

Isolation of Human andMurine RBC and Reticulocytes—Pe-
ripheral blood was collected from normal healthy volunteers
and from individuals with sickle cell disease via routine phle-
botomy into tubes containing either heparin or EDTA, accord-
ing to a protocol approved by the Institutional Review Board of
Cincinnati Children’s Hospital Medical Center. Venous blood
was collected from the orbital sinus of anesthetized C57/BL6
mice according to a protocol approved by the Cincinnati Chil-
dren’s HospitalMedical Center Animal Care andUse Commit-
tee. Transferrin receptor (TfR)-positive reticulocytes were iso-
lated using anti-TfR antibody-conjugated magnetic beads
(Miltenyi Biotec Inc.) as described previously (25). Isolated cells
were 96–99% reticulocytes by flow cytometric analysis using
thiazole orange (BD Biosciences) staining.
Sorting of Human Bone Marrow for Different Stages of Eryth-

roblast Maturation—To assess KCC expression during
erythroid differentiation in vivo, fresh bone marrow cells from
healthy donors were immunostained with phycoerythrin-Cy5-
conjugated anti-CD71 and phycoerythrin-conjugated anti-
GPA antibodies (BD Biosciences) as described previously (26,
27). Concurrent staining with 7-amino-actinomycin D (BD
Biosciences) was used to gate out apoptotic cells. Single cell
suspensions were analyzed using a FACS Canto Flow Cytome-
ter with FacsDiva software version 6.1 and/or sorted using
FACS VantageSE with 70-�m nozzle (BD Biosciences). To
monitor erythroid differentiation in the sorted samples, cytos-
pin slides were prepared by centrifugation at 300 rpm for 5min
in a Cytospin� 4 cytocentrifuge (Thermo Shandon Inc.) and
counter-stained with Wright stain (Harleco EMD).

Sorting of Murine Bone Marrow for Different Stages of Eryth-
roblast Maturation—To assess mKCC expression during in
vivo erythroid differentiation in mice, fresh low density bone
marrow cells fromC57/BL6micewere isolated by Ficoll density
centrifugation and immunostainedwith FITC-conjugated anti-
CD44 and PECy7-conjugated Ter119 antibodies (BD Biosci-
ences) as described by Chen et al. (28). Single cell suspensions
were analyzed using a FACS Canto Flow Cytometer with
FacsDiva software version 6.1 and/or sorted using FACS
VantageSE with a 70-�m nozzle (BD Biosciences). To monitor
erythroid differentiation in the sorted samples, cytospin slides
were prepared by centrifugation at 500 rpm for 5 min in a
Cytospin� 4 cytocentrifuge and counter-stained with Wright
stain. Approximately 150 cells per slide (ranging from 129 to
163) were scored for morphology analysis.
Cell Culture—Murine erythroleukemia (MEL) cells were cul-

tured at a concentration of 0.5–2 � 106/ml in Dulbecco’s mod-
ified Eagle’s medium (DMEM) supplemented with fetal bovine
serum (FBS) (10%), L-glutamine (2 mM), penicillin (100 units/
ml), and streptomycin (100 �g/ml). To induce erythroid differ-
entiation,MEL cells were subcultured at 106/ml inDMEMcon-
taining FBS (20%) and hexamethylene bisacetamide (1 mg/ml)
with medium changed every other day for up to 9 days. To
monitor erythroid differentiation, cells were stained with ben-
zidine/hydrogen peroxide solution, and cytospin slides were
prepared at 400 rpm for 5 min using a Cytospin� 4 cytocentri-
fuge. Human embryonic kidney cells (HEK293) (ATCC) were
cultured in DMEM containing 10% FBS, penicillin, streptomy-
cin, and other antibiotics as needed to maintain selection
depending on the specific plasmid used. Cultures were main-
tained at 37 °C in 5% CO2 in air.
Real Time RT-QPCR Analysis of mRNA Copy Numbers for

KCC Isoforms—Reverse transcription real time QPCR assays
were established for human KCC1, KCC1b, KCC3a, KCC3b,
and KCC4 mRNA, as well as murine KCC1, KCC3, and KCC4
using two-step multiplex reactions with TaqMan primer/
probes. Isoform-specific primer/probe sets (supplemental
Table S1) were designed to cross exon junctions to avoid detec-
tion of contaminating genomic DNA as described previously
(29, 30) using Primer Express Software version 3.0 (Applied
Biosystems). The fluorescence label was 6-carboxyfluorescein
for KCC1, KCC3a, and KCC4, as well as mouse KCC1, KCC3,
andKCC4; tetrachlorofluorescein labelingwas used for splicing
isoforms KCC1b and KCC3b. After control experiments to
identify optimized primer/probe concentrations, standard
curves with high correlation coefficients (0.993–1.00) were
established for each of the five human KCC and three murine
KCC isoforms using serial dilutions of specific plasmids (sup-
plemental Fig. S2 and supplemental Table S1). The amplifica-
tion efficiency (E) of a single cycle PCR for each target KCC
cDNAwas determinedwith corresponding primer/probe set in
a range of 1.90–1.94, toward the presumed ideal two in expo-
nential phase. Detection limits approached 10 copies of target
sequence per reaction with 6–7 log-fold of quantification (sup-
plemental Table S1), and cross-isoform QPCRs confirmed the
specificity of each primer/probe set using plasmids containing
106 or 107 copies of the other KCC isoforms (see supplemental
Fig. S1). As an internal control, we utilized VICTM-labeled
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probe for human or murine glyceraldehyde phosphate dehy-
drogenase (GAPDH) (Applied Biosystems), which has been
reported as the most suitable housekeeping gene for mRNA
normalization in human reticulocytes (31). The standard curve
for RNA input was determined from (Ct) values for GAPDH (in
multiplex amplification with KCC1) measured on serial dilu-
tions of total RNA from human HEK293 cells (supplemental
Fig. S2). Control experiments were performed to optimizemul-
tiplex RT-QPCR so that the cycle number at threshold (Ct)
values for both targets were unaffected by the presence or
absence of the other primer/probe sets.
Total RNA was isolated using RNeasy micro kit (Qiagen).

Isolated RNA was quantitatively converted into cDNA with a
high capacity cDNA archive kit (Applied Biosystems). The
KCC1 cDNA and endogenous GAPDH cDNA sequences were
quantified in the same reactionwell simultaneously by real time
PCR in multiplex reactions. The KCC isoforms were amplified
in a 25-�l reaction volume containing 12.5 �l of TaqMan 2�
Universal Master Mix (Applied Biosystems), RT product from
0.01 to 40 ng of RNA, 80–100 nM probe(s), and 100–300 nM of
isoform-specific primers (concentration was optimized for
each primer for lowestCt and themaximal DeltaRn). Unknown
sampleswere run in triplicate, with a no-RTproduct control for
each setup mixture to monitor potential contamination. The
amplification conditions were 2 min at 50 °C and 10 min at
95 °C for the first cycle, followed by 40 cycles of 95 °C for 15 s
and 60 °C for 1min.Copynumbers for each isoformwere deter-
mined from the respective Ct values of each sample and the
standard curve for that isoform. These values were normalized
to RNA input, determined byCt values for GAPDHof the same
sample using a GAPDH standard curve (supplemental Fig. S2).
Western Blot Analysis of Human and Murine RBC

Membranes—RBC membranes were prepared by hypotonic
lysis of RBC (32). HEK or MEL cells were lysed in hypotonic
buffer (10mMKCl, 1.5 mMMgCl2, 10mMHEPES (pH 7.6), plus
0.5 mMDTT, and protease inhibitors) and homogenized with a
Dounce homogenizer. Nuclei and intracellular vesicles were
removed by successive low speed centrifugations, and the
supernatants were spun for 30 min at 65,000 rpm in a TLA
120.2 rotor in a Beckman Optima TLX ultracentrifuge. The
crude plasma membrane pellets were solubilized in Laemmli
sample buffer for immunoblot analysis.
Solubilized membrane (33) preparations were loaded onto

6% SDS-polyacrylamide gels for electrophoresis. Separated
proteins were transferred to PVDF membranes and stained
with Ponceau S to confirm equivalent loading. Primary anti-
bodies included the following: a rabbit polyclonal antibody
raised against an N-terminal 15-amino acid human/mouse
KCC1 peptide (22); a rabbit polyclonal antibody raised against
an N-terminal 19-amino acid human/mouse KCC3 peptide
common to both KCC3a and KCC3b (33, 34); a rabbit poly-
clonal antibody raised against an N-terminal 15-amino acid
mouse KCC3a peptide (22); a rabbit polyclonal antibody raised
against an N-terminal 15-amino acid mouse KCC3b peptide
(22); a rabbit polyclonal antibody raised against an N-terminal
19-amino acid mouse KCC4 peptide (35); a goat polyclonal
antibody raised against a C-terminal human KCC4 peptide
(Santa Cruz Biotechnology); a rabbit polyclonal antibody to a

peptide corresponding to residues 409–420 of human Myc
(Millipore); and a mouse monoclonal antibody to �-actin con-
jugated to HRP. HRP-conjugated secondary antibodies were
purchased from Pierce. Immunoblots were developed using
SuperSignal West Pico chemiluminescent substrate (Pierce),
and the chemiluminescent signal was detected by autoradio-
graphic film.
Immunoprecipitations—RBCmembrane ghosts were solubi-

lized in IP Lysis Buffer (150 mM NaCl, 5% glycerol, 2.5 mM

EDTA, 2.5 mM EGTA, 1% Triton X-100, 50 mM Tris-HCl (pH
7.2), 1 mM DTT, and protease inhibitors), and a commercial
goat anti-KCC3 antibody (Santa Cruz Biotechnology) was used
to immunoprecipitate KCC3. Immune complexes were cap-
tured using proteinG-agarose beads (Pierce), andproteinswere
eluted in SDS-PAGE sample buffer. Rabbit anti-KCC1- (22)
and rabbit anti-KCC3 (33)-specific antibodies were used to
detect their respective proteins in the eluates.
Stable HEK Cell Lines Overexpressing Myc-tagged KCC

Proteins—Full-length cDNA constructs were obtained from
the I.M.A.G.E. Consortium for KCC1 (accession number
BC021193), KCC3 (accession number BC033894), and KCC4
(accession number BC098390). A deletion in exon 14 of the
KCC3a cDNA was corrected before cloning to an expression
vector. A Myc expression tag (ATGGAACAAAAACTCATCT-
CAGAAGAGGATCTG)was added in-frame to the5� endof each
coding sequenceusingPCRwith theMycsequence tag included in
the forward primer. The resulting Myc-tagged cDNAs were then
cloned into thepcDNA3.1 (Invitrogen)expressionvector.Primers
and restriction sites used in the subcloning are shown in supple-
mental Table S2. HEK293 cells were transfected with the linear-
ized expression vectors using Mirus LT-1 transfection reagent.
Clones were selected using 1.2mg/mlG418 (Invitrogen) and then
maintained in DMEMcontaining 10% FBS, penicillin, streptomy-
cin, and 0.6 mg/ml G418.
For coexpression of KCC3with KCC1 or KCC1�117, human

KCC3a cDNA was cloned into the tetracycline-inducible
pcDNA5/FRT/TOvector and transfected into the Flp-InT-Rex
HEK293 cell line (Invitrogen). The resulting clone was then
transduced with SF91-eGFP-PRE retroviral vector containing
either theKCC1orKCC1�117 cDNA.Control cells were trans-
fected with empty vector. Transfected cells were selected for
green fluorescent protein (GFP) by flow cytometry, cultured,
and assayed for rubidium influx and protein expression. For
induction of KCC3a expression, cells were incubated 48 h in 1
ng/ml doxycycline.
Rubidium Flux Assays—Rb� uptake was measured in

HEPES-buffered (pH 7.4) sodium solutions containing 35 mM

Rb�; in some experiments, Rb� concentrations were varied, or
Cl�was replaced by other anions as indicated in figures. All flux
media contained 0.1 mM ouabain and 0.01 mM bumetanide.
RBC samples were processed as described previously for mea-
surement of Rb� content by flame photometry and hemoglobin
by optical spectroscopy (12, 13).HEK cells on polylysine-coated
plates (75–90% confluence) were incubated at 37 °C with flux
media containing the indicated concentrations of Rb�. Samples
werewashedwith ice-coldmediawithout Rb� and cells lysed in
4 mM CsCl, 0.1% NH4OH with 0.1% Acationox detergent.
Lysates were analyzed for protein by bicinchoninic acid assay
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(micro-BCA kit, Pierce) and Rb� by flame emission. Rb� con-
tent was expressed as millimoles/mg of protein, and Rb� fluxes
were calculated as the change in content with time. Parallel
incubations in Cl�-free sulfamate media allowed calculation of
the Cl�-dependent Rb� influx as the difference between influx
in Cl� and sulfamate media.

RESULTS

KCC1, KCC3, andKCC4Proteins Are Present in BothHuman
andMurine RBCMembranes—Fig. 1A depicts immunoblots of
RBC membranes of healthy volunteers (Hb AA genotype),
of individuals with sickle cell disease (Hb SS genotype), and of
C57/BL6 mice. Lysates of HEK293 cells expressing KCC1,
KCC3a, KCC3b, or KCC4 served as positive controls; isoform
specificity of each antibody was demonstrated by lack of bind-
ing to membranes from HEK cells overexpressing other iso-
forms (data not shown). Gels were loaded with equivalent
amounts of human AA and SS ghosts and mouse ghost protein
(determined by BCA protein assay), permitting semi-quantita-
tive comparisons between AA and SS cells with the same anti-
body. KCC1, KCC3a, KCC3b, and KCC4 proteins were
detected in both AA and SS RBC ghosts and in mouse ghosts
(Fig. 1A), and in all cases a stronger signal was obtained in SS
ghosts compared with AA ghosts. KCC3a was barely detectable
in C57/BL6mouse ghosts, consistent with a previous study that
identified KCC3b as the major KCC3 isoform in mice (22).
KCC4 protein (Fig. 1A, right panel) was detected in human AA
and SS ghosts using a goat polyclonal antibody raised against a
C-terminal human KCC4 peptide. KCC4 was detected in
mouseRBCmembranes, using a rabbit polyclonal antibody that
recognized epitopes in an N-terminal peptide of mouse KCC4.
Cross-species reactivity was not apparent with either of these
KCC4 antibodies. Rust et al. (22) did not detect KCC4 inmouse
RBC membranes using a different antibody to a KCC4 peptide
in the C terminus.
Because KCC activity is known to be greater in reticulocytes,

we isolated membranes from TfR� SS reticulocytes using mag-
netic beads coated with anti-TfR (anti-CD71) for Western blot
analysis. In the example shown in Fig. 1B, the whole blood sam-
ple (lane b) contained 6.7% TfR� reticulocytes by flow cyto-
metry. The isolatedTfR� cells (Fig. 1B, lane c) were 99.1%TfR�

by flow cytometry (data not shown). ForWestern blot analysis,
these lanes (Fig. 1B, lanes b and c) were loaded with equivalent
protein amounts (75�g), as reflected in the actin control; lane a
in both blots was loaded with 5 �g of TfR� retic protein, repre-
senting 6.7% of the load of other lanes. If all the KCC protein
content resided in TfR� cells, this lane would be expected to
have the same staining intensity as the whole blood lane (Fig.
1B, lane b), which had 6.7%TfR� cells. This was indeed the case
for KCC1. There was intense KCC1 staining in TfR� retics (Fig.
1B, lane c) compared with the whole blood (6.7% TfR� cells) as
expected, and the diluted sample (lane a) is quite similar in
staining intensity to the whole blood sample (lane b), suggest-
ing that most of the KCC1 protein resides in TfR� cells. For
KCC3 the situation is different. The signal is strong in the TfR�

cells (Fig. 1B, lane c) as anticipated, but the signal intensity of
the sample diluted (lane a) to reflect the proportion of retics in
whole blood is considerably weaker than that of whole blood

(lane b). This suggests that the more intense signal in whole
blood (Fig. 1B, lane b) results from the presence ofKCC3 in cells
more mature than the TfR� population. This is consistent with
retention of KCC3 in the membrane beyond the reticulocyte
phase. Thus, immature reticulocytes carry the highest comple-

FIGURE 1. KCC protein expression in human and mouse erythrocyte
membranes. A, immunoblots of RBC membranes with antibodies specific for
KCC isoforms. 150 �g of human AA or SS ghosts or mouse ghosts were loaded
per lane. 1–3-�g aliquots of whole cell lysate of HEK293 cells stably express-
ing human KCC1, KCC3a, KCC3b, or KCC4 were used as positive controls. In
the KCC3a and KCC3b blots, HEK293-KCC3a lysate was loaded in the 1st lane
and HEK293-KCC3b lysate was loaded in the 2nd lane; note the specificity of
antibodies for these splicing isoforms. Subtle differences between erythro-
cyte membranes and control HEK293 membranes are likely due to differences
in post-translational modifications (glycosylation, phosphorylation, etc.)
between the HEK cell line and the endogenous red blood cell proteins.
B, KCC1 and KCC3 immunoblots of RBC membranes from reticulocytes and
whole blood. Reticulocytes were isolated from SS blood using magnetic beads
coated with TfR antibody as described under “Experimental Procedures.” Isolated
retics (lane c) were 99.1% TfR� by flow cytometry, and the initial whole blood
sample (lane b) was 6.7% TfR� cells. Equivalent amounts (75 �g) of membrane
protein were loaded in lanes b and c. The left-hand lane of both blots (lane a) was
loaded with 5 �g of isolated retic membrane protein, representing 6.7% of the
protein load of lane c. Actin blots reflect the difference in protein loads. C, immu-
noprecipitation of RBC membrane proteins. Solubilized membranes from AA
RBC were precipitated with antibody to KCC3 (see “Experimental Procedures”),
with parallel control IgG incubation. Blots were developed with antibodies spe-
cific for KCC3 or KCC1 as indicated. KCC3 and KCC1 antibodies did not cross-react
(data not shown). D, KCC protein levels in nine AA and nine SS samples. KCC1
antibody was the same as in A; the KCC3 antibody used here detects both a and b
splicing isoforms. Reticulocyte counts for SS samples (CellDyne automated cell
counter) are given; AA samples in these blots had normal reticulocytes counts
(0.5–1.5%). In the right panel, high reticulocyte AA samples were analyzed. Etiol-
ogies of reticulocytosis were (left to right) anti-Rh antibody treatment for immune
thrombocytopenia, autoimmune hemolytic anemia, recovery from traumatic
blood loss, and treated iron deficiency.

KCC Gene Expression during Erythropoiesis

SEPTEMBER 2, 2011 • VOLUME 286 • NUMBER 35 JOURNAL OF BIOLOGICAL CHEMISTRY 30495



ment of KCC1 and KCC3 protein; KCC1 protein appears to be
sharply reduced during reticulocyte maturation, whereas
KCC3 is retained to some degree in more mature RBC.
Interaction between KCC isoforms has been demonstrated

in several experimental systems (38, 39) but has not been here-
tofore demonstrated in vivo. We performed immunoprecipita-
tion of KCC protein from AA RBC membranes using KCC3
antibody that recognized an epitope not present onKCC1. Sub-
sequentWestern blot analysis of precipitated proteins (Fig. 1C)
revealed the expected staining with anti-KCC3 antibody (left
panel) but also staining of a 130-kDa band by antibody specific
for KCC1. KCC4 protein was not detected in the precipitate by
the anti-KCC4 antibody that recognized KCC4 in native mem-
branes (data not shown). These studies indicate that KCC3
antibody can immunoprecipitate KCC1 in RBC membranes,
suggesting that the two proteins interact directly or indirectly
in the native membrane.
KCC1 and KCC3 Western blots comparing AA and SS RBC

membranes are shown in Fig. 1D. Both antibodies detected
multiple bands, which arewell illustrated in theKCC3blots and
which persisted after de-glycosylation (data not shown). KCC1
antibody staining was much stronger for SS than AA samples
with normal reticulocyte counts (Fig. 1D, left panel), although
the elevated reticulocyte counts and young cell age of SS sam-
ples complicate this analysis. It is noteworthy that staining of SS
samples was generally, although not rigidly, correlated with
reticulocyte count (indicated on the figure) for KCC1. Likewise
in high reticulocyte AA samples, KCC1 expression was
increased but somewhat variable. With KCC3 antibody that
recognized both splicing isoforms but did not cross-react with
KCC1, staining of SSmembraneswas only slightlymore intense
than that of AA membranes, and it correlated less well with
reticulocyte count than KCC1 in both SS and AA RBC. This
result is consistent with the immunoblots of TfR� cells that
suggested more complete loss of KCC1 compared with KCC3
with reticulocyte maturation (Fig. 1B). However, reticulocyto-
sis does not explain all of the inter-individual variability
observed. For example, two SS samples with the same reticulo-
cyte count (3.9%) had very different content of KCC1 and
KCC3; similar large differences in protein staining were appar-
ent in two AA samples with similar reticulocyte counts of 9.0
and 10%. Also apparent are inter-individual differences in the
banding pattern for KCC1 and KCC3 and in the apparent ratio
of KCC1 to KCC3 in both AA and SS RBC.
KCC3a Is the Predominant mRNA Species in Human

Reticulocytes—Fig. 2 shows KCC RNA levels assessed by mul-
tiplex RT-QPCR analysis in human reticulocytes isolated from
whole blood of normal controls (AA) or patients with sickle cell
disease (SS). The levels of KCC1 message were low and rela-
tively similar among all reticulocyte samples. KCC3a mRNA
levels were consistently the highest among all five KCC species,
4–35-fold higher than KCC1 levels in normal AA reticulocytes
(n � 5) and 13–26-fold higher than KCC1 in SS reticulocytes
(n � 5). The KCC4 mRNA levels varied from 1- to 7-fold of
KCC1 levels (n� 10) and approached those of KCC3a in several
samples. Message levels for KCC3b were relatively low (20–
80% of KCC1), and levels for KCC1b were negligible (1–2% of
KCC1; data not shown). Substantial variability in the relative

levels of KCC3a and KCC4 message was observed among indi-
vidual samples, but no pattern was apparent comparing sickle
and normal reticulocyte mRNA.
KCC Expression Profiles Change during Erythroid Matura-

tion in Vivo—To analyze KCC expression during in vivo eryth-
ropoiesis, we isolated three erythroid subpopulations from
fresh bone marrow of healthy volunteers based on differential
staining for the cell surface markers CD71 (i.e. TfR) and GPA
(26), as shown on the flow cytograms in Fig. 3A. The
CD71highGPAlow population consisted of early stage erythro-
blasts, mainly proerythroblasts (26), as confirmed by cytospin
imaging (Fig. 3B). The CD71highGPAhigh population contained
a mixture of middle and late stage erythroblasts (basophilic,
polychromatophilic, and orthochromatic) and few reticulo-
cytes (26). The CD71lowGPAhigh population contained reticu-
locytes and RBC.
The expression levels for KCC1, KCC3a, KCC3b, and KCC4

progressively changed in erythroblasts at these different matu-
ration stages, as shown for two normal donors in Fig. 3C. In
early precursors (CD71highGPAlow), KCC1 was the predomi-
nant KCC mRNA species, followed by KCC3a. KCC1 levels
declined with maturation, whereas KCC3a levels remained rel-
atively constant. KCC4mRNA levelswere relatively low in early
stage erythroblasts, increased during differentiation, and then
declined in reticulocytes. KCC3b expression was apparent in
early stage precursors but decreasedwithmaturation. TheKCC
expression profile in reticulocytes (CD71lowGPAhigh) isolated
from fresh bonemarrowwas similar to those observed in isolated
circulating reticulocytes. Temporal changes in KCC expression
during ex vivo erythropoiesis recapitulated the in vivo pattern of
KCC isoform expression (see supplemental Fig. S3).
KCC3 mRNA Expression Remains Predominant during in

Vivo Erythroid Differentiation in Mouse—Fresh mouse bone
marrow was harvested and subjected to cell sorting to isolate
different populations of erythroid cells as described by Chen et
al. (28). Ter119-positive erythroid cells were sorted on the basis
of CD44 staining intensity and forward scatter (Fig. 4A). Popu-
lations indicated by the various gates in Fig. 4A contained cells
at progressive stages of differentiation, as demonstrated by
cytospins in Fig. 4B. The cell type compositions of sorted sub-
populations were quantified by morphological analysis, con-

FIGURE 2. KCC isoform RNA levels in normal and sickle reticulocytes. RT-
QPCR analysis for KCC RNAs in AA and SS reticulocytes isolated from whole
blood by magnetic separation using anti-TfR-coated beads. Data are shown
as means � S.D. of 5– 6 measurements for RBC from five normal individuals
(AA) and five sickle patients (SS). The amount of RNA in each sample was
determined by simultaneous amplification of GAPDH with KCC1 as multiplex
reaction, and interpreted by using standard curves with known initial RNA
content from HEK293 cells against Ct of GAPDH amplification.
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firming the progression of erythroid differentiation from sub-
population I to IV (Fig. 4C). Analysis of KCC isoform-specific
RNAbyRT-QPCR (Fig. 4D) revealed predominance ofmKCC3
message throughout differentiation. mKCC1 message was
present only in populations containing proerythroblasts and
basophilic erythroblasts; after the pro-normoblast stage,
mKCC1 message was minimal. mKCC4 message was present
but remained quite low relative to mKCC3. Nevertheless,
mKCC1, mKCC3, and mKCC4 proteins were detected in
murine erythrocyte membranes prepared from peripheral
blood (Fig. 1A).
KCC IsoformExpression Increases at Different Rates during in

VitroErythroid InductionofMurineErythroleukemiaCells—Flow
cytometric separation of erythroid marrow cells produced

insufficient numbers of cells for protein analysis with the avail-
able antibodies. To determine whether RNA changes during
differentiation were associated with increased protein expres-
sion, we examined the temporal changes in KCC isoform
expression in aMEL cell line induced to differentiate in vitro by
treatment with hexamethylene bisacetamide (Fig. 5). Progres-
sive erythroid differentiation during erythroid induction of
MEL cells (up to 9 days) was confirmed by morphological eval-
uation of cytospins demonstrating a gradual reduction of cell
size, and by histochemical staining with benzidine, which
showed an increasing number of hemoglobin-expressing cells
(Fig. 5A). Quantitative PCR analysis (Fig. 5B) demonstrated
that mKCC3 was the most abundant mKCCmRNA isoform in
uninduced MEL cells, followed by mKCC1 (�1⁄2 of mKCC3)

FIGURE 3. KCC expression during in vivo human erythroid maturation. A, fresh bone marrow cells from normal donors were immunostained with CD71-
CyChrome (PECy5) and GPA-PE and sorted into three subpopulations (CD71highGPAlow, CD71highGPAhigh, and CD71lowGPAhigh) as shown in the representative
flow cytogram. B, representative morphological images from cytospins slides are shown for the sorted populations that correspond to progressively maturing
erythroid precursors. C, RT-QPCR analysis in sorted subpopulations. Two FACS sorting experiments were performed using bone marrow from Caucasian (top
panel) or African-American donors (bottom panel), both of whom were Hb AA. Reverse transcription reaction was repeated twice for each RNA sample, followed
by QPCRs in triplicate.
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and mKCC4 (�1⁄3 of mKCC3). Moreover, mKCC3 mRNA lev-
els increased steadily (by �3.5–5-fold) during 8–9 days of
erythroid differentiation. Both mKCC1 and mKCC4 levels
approximately doubled by day 3 and remained stable thereafter.
Temporal changes ofmessage levels were paralleled by changes in
KCC protein analyzed by Western blot analysis (Fig. 5C). The
mKCC3 protein increased monotonically during the induction
period;mKCC1expressionwashigher toward the endof the incu-
bation period; and mKCC4 increased and then declined some-
what. These results are consistent with the presence of mKCC1,
mKCC3, and mKCC4 isoforms in mouse RBC and support the
notion thatmKCC3 is the dominant transporter in erythroid cells.
Physiological Characterization of KCC Isoforms in a Mam-

malian Expression System—Because direct comparisons of the
functional characteristics of the KCC isoforms have been lim-

ited to nonmammalian expression systems (34, 36), we evalu-
ated the kinetic properties and anion dependence of human
KCC1, KCC3, andKCC4 proteins expressed in humanHEK293
cells. We expressed Myc-tagged human KCC1, KCC3a, and
KCC4 cDNA in HEK293 cells and selected stably transfected
cells by antibiotic resistance. Western blot analysis using anti-
Myc antibodies showed similar expression (supplemental Fig.
S4). Immunofluorescence analysis revealed expressed protein
at the plasmamembrane as well as in intracellular vesicles (sup-
plemental Fig. S5); a greater portion of KCC1 was localized to
perinuclear vesicles relative to plasma membrane. Neverthe-
less, KCC-mediated Rb� uptake could be demonstrated in all of
these cell lines, as shown in Fig. 6. Rb� uptake was measured
under isotonic conditions (control), NEM stimulation, and
hypotonic incubation. Each condition was paired with a mea-

FIGURE 4. KCC expression during in vivo murine erythroid maturation. Fresh low density bone marrow cells from C57/BL6 mice were immunostained with
Ter119-PECy7 and CD44-FITC. A, representative flow cytogram indicates sorting gates for four subpopulations (I–IV) that are derived from Ter119� cells. B, represen-
tative morphological images from cytospin slides are shown for corresponding subpopulations. C, summary of cell type composition in corresponding subpopula-
tions by morphological analysis of cytospin images. An average of 150 cells were scored per slide. D, RT-QPCR analysis of murine KCC isoforms in sorted populations.
Two FACS sorting experiments were performed, with two reverse transcription reactions for each RNA sample that were followed by two QPCRs in duplicate.
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surement of uptake in sulfamate medium to establish the Cl�-
dependent component of uptake. Initial rates of uptake are
shown in Fig. 6A, along with the calculated Cl�-dependent
components. All three isoforms exhibited Cl�-dependent
fluxes stimulated by hypotonic conditions and by NEM.
AlthoughKCC fluxes weremore robust with KCC3a andKCC4
isoforms compared with KCC1, this could be explained by
lower levels of KCC1 protein at the plasma membrane so that
direct comparison of activity is not possible.
The activation of KCC isoforms by external Rb� (Fig. 6B)

conformed to Michaelis-Menten kinetics and double-recipro-
cal plots (see inset in Fig. 6B) yielded Km values of 11–17mM. A
representative experiment is shown for Rb� uptake in RBC.Km
values did not differ statistically amongKCC isoforms andwere
similar to the value obtained in RBC.
Anion dependence was assessed by measuring NEM-stimu-

lated Rb� influx in solutions in which chloride was replaced by

anions indicated in Fig. 6C. Dashed horizontal lines in Fig. 6C
indicate the flux in the presence of sulfamate, assumed to pro-
vide minimal anion support for KCC activity, and therefore
permit assessment of the degree to which KCC activity is sup-
ported by other anions. Similar measurements in RBC are
shown for comparison and illustrate similar Rb� influx in the
presence of Cl� and Br� (slight stimulation of RBC KCC activ-
ity in Br� media has been reported by others (37)) andminimal
support of Rb� influx by iodide, thiocyanate, or sulfamate.
Among the three KCC isoforms expressed in HEK293 cells,
only KCC3a shows Rb� influxes in Cl� and Br� that are com-
parablewith humanRBC;Rb� fluxmediated byKCC1orKCC4
is less in Br� than inCl� (p	 0.01 and p� 0.05, respectively, by
paired t test). Thus, the anion dependence of KCC activity in
RBC most closely resembles that of KCC3a.
Our demonstration of in situ interaction between KCC1 and

KCC3 raised the question of whether such interactions have

FIGURE 5. KCC expression in murine erythroleukemia cells during differentiation. MEL cells were induced to differentiate with hexamethylene bisacet-
amide. A, hemoglobin-expressing cells were detected by histochemical staining with benzidine/hydrogen peroxide solution at indicated days of induction.
Representative morphological images from cytospin slides are shown. B, RT-QPCR analysis of mKCC isoforms in induced cells at the indicated days from three
independent experiments. The mKCC3 primer/probe set detected both mKCC3a and mKCC3b. Data are shown as mean � S.D. with two separate RT reactions
for each sample, followed by QPCR amplifications in triplicate. C, immunoblot analysis using antibodies against mKCC1, mKCC3, and mKCC4 with anti-actin as
loading control.
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functional implications. Previous studies demonstrated a dom-
inant negative effect inXenopus oocytes lacking theN-terminal
domain (KCC1�117) when coexpressed with full-length KCC1
or KCC3 (39). We examined the effect of coexpression in HEK

cells of KCC3with either KCC1�117 or full-lengthKCC1. Cells
containing KCC3 cDNA in a tetracycline-inducible cassette
were transfected with a viral vector containing KCC1 or
KCC�117 cDNA (linked to green fluorescent protein, GFP) or
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with a control vector coding for GFP alone. Transfected cells
were selected by flow cytometry and cultured and analyzed for
KCC activity (NEM-stimulated, Cl�-dependent Rb� uptake) as
shown in Fig. 6D. KCC activity in cells transfected with GFP
control vector and not exposed to tetracycline (labeled Neither
in Fig. 6D) was slightly higher than that in cells without the
tetracycline-inducible KCC3 cassette (data not shown), reflect-
ing a small “leakage” expression of KCC3 in the absence of drug,
although no KCC protein was detected in these “un-induced”
cells. When KCC1�117 was expressed without tetracycline
induction (“KCC1�117”), KCC activity was slightly reduced
(Fig. 6D, upper panel). Tetracycline-induced cells without
KCC1�117 (“KCC3”) exhibited high KCC activity that was
reduced by 45% when KCC1�117 was coexpressed (Fig. 6D,
Both). Western blots (supplemental Fig. S6) confirmed that
expression of KCC1�117 did not affect the expression of KCC3
and vice versa, so that the reduced fluxes upon coexpression of
KCC3 andKCC1�117were not explained by altered expression
of KCC3. This experiment confirms the dominant negative
effect of KCC1�117 in amammalian context and demonstrates
the capacity of the coexpression system to detect functional
interactions between KCC constructs.
When full-length KCC1 was expressed alone in this system

(Fig. 6D, lower panel, KCC1), no KCC activity above endoge-
nous levels was detected, consistent with the low levels of KCC
activity seen when KCC1 was expressed in HEK cells not con-
taining the tetracycline-inducible cassette (Fig. 6A). When
KCC3 was induced (Fig. 6D, KCC3), cells exhibited substantial
KCC activity, which was increased by 31% in cells coexpressing
KCC1 (KCC3 � KCC1). Immunoblots showed that coexpres-
sion of either isoform had no effect on expression of the other
(supplemental Fig. S6). These data indicate that KCC1 and
KCC3 can interact functionally as well as structurally.

DISCUSSION

We have demonstrated that K-Cl cotransport proteins
KCC1, KCC3, and KCC4 are present in human RBC mem-
branes. Because quantitative comparisons of Western blots
using different antibodies are not valid, it is not possible to
determine the relative amounts of these proteins in RBCmem-
branes. Antibodies specific for KCC3a and -3b detected both
splicing isoforms in humanRBCmembranes. Thismay account
for some of the multiple bands on blots with KCC3 antibody
that recognizes both isoforms (Fig. 1D), although there was

some overlap between the KCC3a band and the KCC3b band,
as can be appreciated in Fig. 1A by comparing the positions of
the bands to the 150-kDa marker. KCC proteins are known to
be glycosylated (2), but multiple bands were detected after
deglycosylation (data not shown), consistent with the known
N-terminal heterogeneity of KCC3 transcripts (6).
We confirm the presence of mKCC1 andmKCC3b inmouse

RBC membranes (22), and we show for the first time that
mKCC4 is also present. A previous study suggested that
mKCC4 was absent from mouse RBC (22), and it is not clear
whether this discrepancy is due to the use of different antibod-
ies or different strains of mice. In that study, genomic knock-
out of KCC1 actually led to an increase in KCC activity because
of up-regulation of mKCC3b; KCC fluxes were greatly reduced
in KCC3�/� mice (in which no up-regulation of mKCC1 was
observed). RBC from double knock-out KCC�/�/KCC3�/�

mice exhibited no Cl�-dependent Rb� uptake, consistent with
the absence of other KCC proteins. If the activity of mKCC4 is
as robust as hKCC4, it seems unlikely that the protein was pres-
ent but inactive in the knock-out RBC. The more likely expla-
nation would appear to be differences in the mouse strains,
which have been shown to affect KCC activity (40) and which
conceivably could involve differences in KCC protein
expression.
High levels of KCC1 and KCC3 protein were detected in

immature SS reticulocytes expressing transferrin receptor,
comparedwith unfractionated samples.Most of the KCC1 pro-
tein appeared to reside in reticulocytes, consistent with loss of
KCC1 during reticulocyte maturation. This finding is compat-
ible with the report of Su et al. (20) that KCC1 protein was
enriched in low density (high reticulocyte) fractions of SS RBC
compared with the high density (low reticulocyte) population
of cells. In contrast, although KCC3 protein was abundant in
TfR� cells, the KCC3 content of membranes from whole blood
was considerably higher than in membranes of TfR� cells
diluted to reflect their percentage in whole blood, indicating
thatKCC3protein persists beyond the reticulocyte stage. These
findings are consistent with the tighter correlation of reticulo-
cyte count withmembrane content of KCC1 protein compared
with KCC3, and with the higher KCC1 content of SS versusAA
membranes. In contrast, the difference in KCC3 content
between SS and AA membranes was less than for KCC1. The
persistence of KCC3 protein in nonreticulocytes is also com-

FIGURE 6. Physiological characterization of human KCC isoforms expressed in mammalian cells. A, stably transfected HEK293 cells overexpressing
different human KCC proteins were maintained in culture with G-418 and grown to 75–90% confluency. Ouabain- and bumetanide-resistant Rb� influx was
measured at 37 °C as described under “Experimental Procedures” in both Cl� and sulfamate media under conditions of isotonicity (Iso), treatment with 1 mM

N-ethylmaleimide (NEM), or 220 mOsM hypotonic media (Hypo). For each condition, the flux in sulfamate media was subtracted from that in Cl� media to give
the Cl�-dependent flux. B, Rb� dependence of KCC fluxes. NEM-stimulated, Cl�-dependent Rb� influx is plotted versus external Rb� concentration. RBC fluxes
represent NEM-stimulated, Cl�-dependent (ouabain- and bumetanide-resistant) Rb� influx measured at 37 °C as described previously (12). Double-reciprocal
plots (inset) were linear and yielded values for Km (mM) shown in the table at right (n � 3). Curves depicted were drawn from the resultant Michaelis-Menten
equations. C, anion dependence of KCC fluxes. NEM-stimulated fluxes were measured in isotonic solutions containing various anions. Note different scales.
Fluxes higher than those in sulfamate media, indicated by dashed line, reflect KCC-mediated fluxes supported by the indicated anion. Data are shown as
mean � S.D. of three independent experiments. *, p � 0.05; **, p 	 0.01. D, KCC activity (NEM-stimulated, Cl�-dependent Rb� influx) in HEK293 cells
coexpressing KCC3 with KCC1 constructs, either N-truncated KCC1�117 (upper panel) or full-length KCC1 (lower panel). KCC3a DNA was inserted into a
tetracycline-inducible vector integrated into the FlipIn T-REX HEK293 cell line (see “Experimental Procedures”). This KCC3 cell line was then transfected with an
SF91-eGFP-PRE vector encoding KCC1�117 or full-length KCC1. Control cells were transfected with empty SF91-eGFP-PRE vector. Cells labeled None had
empty vector and no induction. KCC1 (or KCC1�117) cells were not induced and thus expressed KCC1 (KCC1�117) alone. KCC3 cells were transduced with
empty vector (no KCC1 or KCC1�117 expression) and subsequently induced for 48 h with 1 ng/ml doxycycline prior to flux assay. Cells labeled Both expressed
both KCC3� and KCC1 (or KCC1�117) constructs (transduced with KCC1/KCC1�117 vector and induced with tetracycline). Bars represent mean � S.D. of six
experiments for KCC1 and three experiments for KCC1�117. Paired t test: *, p 	 0.006; **, p 	 0.001.
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patible with previous studies showing KCC-mediated changes
in cell volume in the nonreticulocyte fraction of SS RBC (13).
Nevertheless, not all of the variation inmembrane KCCprotein
content in both AA and SS samples was a function of reticulo-
cyte count, even in this small sample of patients. Furthermore,
the ratio of KCC1 to KCC3 also varied among individuals.
Additional work is need to determine whether inter-individual
variation in KCC protein expression is a potential source of
inter-individual differences in KCC activity and the varying
degrees of cellular dehydration observed among patients with
sickle cell disease.
Variability in the ratio of KCC isoforms was also apparent at

theRNA level in reticulocytes and erythroid precursors. KCC3a
was clearly the predominant mRNA species in reticulocytes in
both sickle and normal erythrocytes, but comparable levels of
KCC1 and KCC4 message were found during erythropoiesis.
Messenger RNAs for all three isoforms, as well as the KCC3b
splicing isoform, were expressed during human erythroid dif-
ferentiation in vivo and in erythroid precursors maturing in
vitro. KCC3a mRNA was relatively constant during erythroid
differentiation and persisted into the reticulocyte stage, becom-
ing the predominant KCC species in terminally differentiated
cells. KCC1 mRNA was highest in early erythroblasts, and fell
during differentiation. The same trend was seen in KCC3b
mRNA, although levels in early erythroblasts were much lower
than those of KCC1. Nevertheless, both KCC1 andKCC3b pro-
teins were detected in RBC membranes prepared from periph-
eral blood. KCC4 message levels first increased and then
decreased during differentiation. In mice, the pattern of KCC
expression was similar to human; mKCC1mRNA levels dimin-
ished, and mKCC3 mRNA was sustained during in vivo
erythroid differentiation. mKCC4 mRNA levels were minimal,
but KCC4 protein was nevertheless detected in mouse RBC
membranes. In differentiating MEL cells, increases in mKCC1,
mKCC3, andmKCC4mRNAwere associated with increases in
protein levels in the membrane. These studies provide a foun-
dation for future research on the translational and transcrip-
tional mechanisms regulating KCC gene expression in
erythroid cells and on the trafficking and incorporation of KCC
proteins into the RBC membrane.
Ouabain- and bumetanide-resistant, Cl�-dependent Rb�

influx, stimulated by NEM and hypotonic conditions, was
exhibited by human KCC1, KCC3a, and KCC4 isoforms
expressed in HEK293 cells. Affinities of the isoforms for exter-
nal Rb� (and presumably K�) were similar to that observed in
RBC. Rb� Km values for KCC3a and KCC4 measured in this
study in HEK cells were identical to those measured in oocytes
by Mercado et al. (34, 41), whereas Rb� affinity of KCC1
reported here (Km 17 mM) was somewhat higher than that
found in oocytes (26 mM) (41). Anion dependence of NEM-
stimulated KCC activity was subtly different among the iso-
forms. For KCC1 and KCC4, fluxes in Br� were significantly
less than those in Cl� media. In contrast, in RBC andHEK cells
expressing KCC3a, fluxes in Br� equaled or slightly exceeded
those in Cl�. The patterns of Cl�/Br� selectivity reported here
for KCC proteins expressed in mammalian HEK cells are simi-
lar to those for proteins expressed in Xenopus oocytes (36).
Thus, with respect to relative selectivity for Cl� versus Br�,

K-Cl cotransport in RBC most closely reflects the behavior of
KCC3a expressed in HEK293 cells, suggesting that this isoform
is functionally dominant in RBC.
We demonstrate for the first time that KCC1 and KCC3 pro-

teins interact in situ in the RBCmembrane, based on the immu-
noprecipitation of KCC1 by KCC3-specific antibody (Fig. 1C).
Interactions between cation-chloride cotransporters have been
demonstrated in a variety of ex vivo systems. Simard et al. (38)
coexpressed various combinations of KCC proteins in Xenopus
oocytes and demonstrated via immunoprecipitation experi-
ments that the KCC proteins had the capacity to form both
homodimers and heterodimers with each other via C-terminal
interactions. KCC4 interactions with the Na-K-Cl cotrans-
porter (NKCC1) were also demonstrated by immunoprecipita-
tion from Xenopus oocytes and yeast two-hybrid systems and
were shown to alter the functional capacity of NKCC1 (38).
Casula et al. (39) demonstrated that an N-terminal deletion of
KCC1 (KCC1�117), which had noKCCactivity itself, exhibited
a dominant negative effect on the activity of coexpressed full-
length KCC1 or KCC3; this functional interaction between the
proteins required the C terminus of the truncated protein. We
confirm this dominant negative effect of KCC1�117 on KCC3
activity in themammalianHEK293 expression system. Further-
more, we demonstrate an enhancement of KCC activity when
KCC3 and full-length KCC1 are coexpressed. It is not clear at
present whether this functional effect results from augmented
activity of the proteins themselves or from enhanced insertion
of transporters into the membrane, but regardless of mecha-
nism, the functional result of KCC3/KCC1 coexpression is
increased KCC activity.
The conclusion that KCC3a is the functionally dominant iso-

form of human RBC is supported by the preponderance of
KCC3a message throughout erythroid differentiation, the per-
sistence of KCC3 protein in mature RBC, and the similarity of
its anion dependence to KCC activity in RBC. Our findings that
KCC1 and KCC3 interact in the native RBC membrane, and
that KCC1/KCC3 interactions are capable of producing func-
tional effects, raise the question of the degree to which high
content of KCC1 protein in reticulocytes, particularly the stress
reticulocytes of sickle cell disease, could play a role in the
enhancedKCC activity of these cells via interactionwithKCC3.
If so, it is possible that the subtle variations noted in the relative
expression of KCC1 and KCC3 among individuals could con-
tribute to the striking phenotypic diversity observed in sickle
cell disease. Additional studies are required to address these
important questions.
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