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ARTICLE INFO ABSTRACT

Editor: Mohandas Narla Excessive red cell dehydration contributes to the pathophysiology of sickle cell disease (SCD). The densest
Keywords: fraction of sickle red cells (with the highest corpuscular hemoglobin concentration) undergoes the most rapid
Red blood cell polymerization of deoxy-hemoglobin S, leading to accelerated cell sickling and increased susceptibility to en-
Potassium transporter dothelial activation, red cell adhesion, and vaso-occlusion. Increasing red cell volume in order to decrease red
Potassium channel cell density can thus serve as an adjunct therapeutic goal in SCD. Regulation of circulating mouse red cell volume
Osmotic fragility and density is mediated largely by the Gardos channel, KCNN4, and the K-Cl cotransporters, KCC3 and KCC1.
Splenomegaly Whereas inhibition of the Gardos channel in subjects with sickle cell disease increased red cell volume, decreased

red cell density, and improved other hematological indices in subjects with SCD, specific KCC inhibitors have not
been available for testing. We therefore investigated the effect of genetic inactivation of KCC3 and KCC1 in the
SAD mouse model of sickle red cell dehydration, finding decreased red cell density and improved hematological
indices. We describe here generation of mice genetically deficient in the three major red cell volume regulatory
gene products, KCNN4, KCC3, and KCC1 in C57BL6 non-sickle and SAD sickle backgrounds. We show that
combined loss-of-function of all three gene products in SAD mice leads to incrementally increased MCV, de-
creased CHCM and % hyperchromic cells, decreased red cell density (phthalate method), increased resistance to
hypo-osmotic lysis, and increased cell K content. The data show that combined genetic deletion of the Gardos
channel and K-Cl cotransporters in a mouse SCD model decreases red cell density and improves several hema-
tological parameters, supporting the strategy of combined pharmacological inhibition of these ion transport
pathways in the adjunct treatment of human SCD.

1. Introduction clinical manifestations reflect the actions of numerous modifier genes.

Although ex vivo gene replacement therapy with competitive transplant

Sickle cell disease affects approximately 80-100,000 individuals in of genetically corrected hematopoietic stem cells can be curative [15],

the US, mostly of African descent, and many millions overseas. The this promising approach is unlikely to be applicable to most patients in
disease is uniformly caused by the Glu-Val substitution at amino acid 6 the near future.

of the hemoglobin beta chain, encoding sickle B-globin [25], but its Treatments to induce HbF also hold great promise. The effectiveness
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of hydroxyurea is due in large part to its induction of HbF, but up to
40% of sickle disease patients do not respond to the drug [26]. Butyrate
derivatives and other more specific chromatin and DNA methylation
modifiers have shown impressive efficacy but have been limited by
later onset loss-of-efficacy or toxicity. Recently, inhibition of BCL11
expression has shown great promise as the strongest inducer of HbF to
date [4]. However, additional adjunct pharmacological approaches are
likely to remain necessary for the range of clinical presentations [22].

One such alternate approach is the therapeutic reduction of in-
tracellular HbS concentration by modulation of sickle red cell po-
tassium content and cell volume. Among the major regulators of sickle
red cell potassium content are the SLC12 KCC potassium chloride
transporters and the intermediate conductance calcium-activated po-
tassium channel, KCNN4, also known as the Gardos channel.
Nanomolar potency inhibitors of the Gardos channel, such as clo-
trimazole, TRAM-34, and senicapoc, have been shown to increase red
cell K content and decrease mean corpuscular hemoglobin concentra-
tion in mouse models of sickle cell disease [8,21]. Senicapoc has been
shown to have the same benefits in phase II and III clinical trials in
humans with sickle cell disease [1,2]. These studies have confirmed the
utility of KCNN4 as a therapeutic target in sickle cell disease. However,
the KCC K-Cl cotransporters lack inhibitors of high affinity and high
specificity, and are not at the stage of clinical investigation.

The SAD transgenic mouse model of human SCD was the first such
mouse model [24]. Although superseded for most studies by subse-
quently developed human globin gene knock-in mouse models of
human SCD, the SAD mouse remains valuable in modeling human
sickle red cell dehydration more faithfully than other mouse models
[8,12,18]. SAD mice also offer a simpler genetic structure than the more
recent multi-locus genetically modified mouse models of sickle disease,
facilitating their further genetic modification.

Therefore, we created in the transgenic SAD sickle hemoglobin
background mouse models of sickle disease lacking the major erythroid
KCC transporters, KCC3 and KCC1, lacking KCNN4, or with combined
genetic deficiency of KCC3, KCC1, and KCNN4, to assess the abilities of
these transporters to regulate sickle red cell volume and hydration
status in a mouse model. Our results demonstrate the potential ther-
apeutic utility of combined inhibition of KCNN4 and KCC3 in SAD
mouse sickle RBC, and support continued investigation of sickle red cell
volume regulation as an adjunct therapy for human sickle cell disease.

2. Materials and methods
2.1. Materials

All salts were from Sigma-Aldrich (St. Louis, MO) and were of re-
agent grade. Staurosporine was from Calbiochem (San Diego, CA). All
other drugs were from Sigma-Aldrich or Aldrich.

2.2. Mice

Mice were housed in humidity- and temperature-controlled rooms
in the Animal Research Facility of Beth Israel Deaconess Medical
Center, with free access to water and food. SAD transgenic mice
[8,18,24], exon 1-deleted Kcnn4~/~ mice [3], K-Cl cotransporter-de-
ficient mice (Kccl™/";Kcc3™/~ double knockout mice), and
SAD;Kccl ™/~ ;Kcc3™/~ (SAD double knockout or SAD;2xKO) mice [18]
were generated and genotyped as previously described. SAD;Kcnn4 ™/~
mice were created by crossing SAD mice with Kcnn4 ™/~ mice, and
were born and weaned in numbers equivalent to those of Kcnn4 ™/~ and
WTX™% mice. Kecl ™/ ;Kce3'/™ mice were crossed with Kennd ™/~
and progeny of these matings were further intercrossed to generate
Kcel ™/~ ;Kee3™/ 7 ;Kenn4™’~ (3xKO) mice. SAD;Kcnn4 ™/~ mice were
crossed with Kcc1 ™/ 7;Kcc3™/~ mice to generate SAD;Kccl ™/~ ;Kcc3 ™/
~;Kcnn4~’~ (SAD;3xKO) mice. Wild type mice used for comparison
with knockout mice were wild type progeny of SAD x WT C57BL6/J
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crosses (WTSAP) and JAX C57BL6/J mice (WT*7). Wild type mice used
for comparison with Kenn4 =/~ mice were wild type (Kcnn4™’™) pro-
geny of Kcnn4™/* breeding pairs (WTX™),

Nearly all K-Cl cotransport activity of mouse red cells is mediated by
KCC3 [18]. However, Kcc3™/~ weanlings constituted only 50% of
predicted numbers, and among these only 63% of weanlings survived to
6 weeks of age. In contrast, Kcc1~/7;Kcc3™/~ weanlings constituted
75% of predicted numbers, and 100% of these weanlings survived be-
yond 6 weeks of age, whereas births of SAD;Kcc1 ™/ ;Kcc3™/~ mice
were few, and survival poor. 3xKO and SAD;Kcnn4™’~;Kccl ™/
~;Kcc3™/~ (SAD;3xKO) weanlings also exhibited 93-100% survival to
age 6 weeks and beyond. The mechanism by which lack of KCC1 ex-
pression enhanced survival of mice deficient in KCC3 alone or in
combination with KCNN4 remains unclear.

2.3. Histology

Spleen histopathology studies were performed on mice aged be-
tween 2 and 6 months. After terminal exsanguination, spleens were
excised and immersion-fixed overnight at 4 °C in 4% paraformaldehyde
in phosphate-buffered saline (PBS), washed in PBS, then stored at 4 °C
in PBS containing 0.02% sodium azide. Paraffin-embedded tissue was
sectioned and stained with hematoxylin-eosin for microscopic ex-
amination.

2.4. Preparation of erythrocytes for flux studies

Blood was collected in heparinized syringes by cardiac puncture of
Avertin-anesthetized mice according to protocols approved by the
Institutional Animal Care and Use Committee of Beth Israel Deaconess
Medical Center. Blood was centrifuged at 2500 rpm in 50 ml Falcon
tubes for 5min at 4 °C. After careful removal of the buffy coat by as-
piration, packed cells were washed 5 times at 4 °C in ~20 volumes of
wash solution (in mM: 172 choline Cl, 1 MgCl,, 10 Tris MOPS), pH 7.40
at 4 °C. Cells were suspended to 30-50% cytocrit in wash solution and
kept at 4 °C for same-day use in flux studies. Red blood cell indices were
measured with the ADVIA 120™ hematology analyzer, using mouse
software (Siemens Diagnostic Solutions, Tarrytown, NY) as previously
described [8,19]. Total erythrocyte contents of Na*, K*, and Mg>*
were determined in freshly isolated mouse erythrocytes by atomic ab-
sorption spectrophotometry (AAnalyst 800; Perkin Elmer, Norwalk, CT)
as previously described [17].

2.5. Erythrocyte Na and K fluxes

KCC activity was determined as swelling-dependent K™ efflux in
erythrocytes exposed to hypotonic swelling in the presence of 1 mM
ouabain and 10 uM bumetanide as described [17-19]. Briefly, freshly
isolated erythrocytes were incubated in either hypotonic or isotonic
NaCl media or Na sulfamate media at pH 7.4 at 37 °C. Aliquots were
removed after 5min and 25 min incubation at 37 °C and immediately
transferred to precooled 4 ml plastic tubes. Supernatant [K*] was cal-
culated from K content measured by atomic absorption. K* efflux was
calculated from the slope of the linear regression of K* content vs time.
Volume-dependent KCC activity was estimated by subtracting total Cl ™ -
dependent K* efflux into hypotonic medium from that into isotonic
medium. KCC activity stimulated by staurosporine or by urea was also
determined from Cl~-dependent K™ efflux measured in the absence and
presence of these KCC agonists. KCC activities of red cells from WTX"4,
WTSAP, and WT® tested in isotonic and hypotonic conditions were
indistinguishable (data not shown). Thus, red cells from WT mice of
these distinct genetic backgrounds were combined in assays of phtha-
late density profile, osmotic lysis, and KCC activity.

Na/K pump and NKCC were measured as previously described [17].
Briefly, freshly isolated erythrocytes were equilibrated in 75 mM NacCl,
75mM KCl in the presence of 40 ug/ml nystatin. Nystatin-loaded red
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cells were centrifuged and washed with 0.1% bovine serum albumin
fraction V (BSA) to remove nystatin, then centrifuged and washed five
more times at 4 °C in choline wash solution to remove extracellular Na ™
and K*. Washed cells suspended to ~50% cytocrit were aliquoted for
the ADVIA hematology analyzer, for ion content, and for manual de-
termination of hematocrit. The remaining nystatin-loaded cells were
incubated in flux media [17], with aliquots rapidly centrifuged at ap-
propriate times. Supernatants were carefully transferred to 4 ml plastic
tubes for determination of Na and K contents by atomic absorption
spectrometry. Fluxes in the presence and absence of 1 mM ouabain and/
or bumetanide (1 mM or 10uM as indicated) were calculated from
linear regression slopes. Na-K pump activity was estimated as the
ouabain-sensitive fraction of Na™ efflux. NKCC activity was estimated
as the 10 uM bumetanide-sensitive fraction of flux in the presence of
ouabain. Na/H exchange was measured as 1 mM amiloride-sensitive
flux in the presence of ouabain and bumetanide as described previously
[171.

2.6. Phthalate density profile

Erythrocyte density distribution profiles of freshly obtained red cells
were measured at 23 °C in microhematocrit tubes containing phthalate
esters of density between 1.076 and 1.108 g/ml, as previously described
[8]. The % cells of density > X was calculated from the total cell
content sedimented below the phthalate oil density boundary in the
lower oil zone divided by the total amount of cells. The phthalate oil
Dsq value is the 50th %ile of density of the red cell population, and
describes alterations in RBC density profiles [5,6].

2.7. Osmotic fragility measurement

Osmotic fragility of erythrocytes was measured on freshly collected
blood in heparin. RBCs washed 3 x with choline wash solution and
once in isotonic saline were resuspended at 10% cytocrit. Aliquots were
suspended in varying concentrations of NaCl and centrifuged 5 min at
3000 RPM at 22 °C. The supernatant was collected and As4y was mea-
sured with appropriate controls to calculate values of % RBC lysis.
Osmotic fragility curves were generated by plotting varying salt con-
centrations vs % hemolysis.

2.8. Statistical analysis

All results are expressed as means = SEM. As the data were non-
parametric, they were analyzed by ANOVA with Mann-Whitney and
Kruskal-Wallis non-paired tests using Prism 8 software (GraphPad).
Significance was set at p < 0.05.

3. Results

3.1. Hematological indices of WT and SAD mice with genetic deletion of
Kcnn4, Kccl and Kcc3

Hematological indices of WT and SAD mice carrying genetic in-
activation of Kcnn4, dual inactivation of Kccl and Kcc3, and combined
inactivation of all three genes are shown in Table 1. As previously de-
scribed [8,18], SAD mice exhibited mild anemia characterized by re-
duced mean corpuscular volume (MCV), elevated corpuscular he-
moglobin concentration mean (CHCM) with 2.1% hyperdense cells,
elevated relative density width (RDW), and mild reticulocytosis of 3.7%
vs 3.0% for WT. Genetic inactivation of Kcnn4 produced no significant
changes in hemolytic indices as compared with WT*™* mice. The
slightly decreased CHCM and slightly increased MCV suggested a trend
towards increased red cell hydration (Table 1). These are milder
changes than reported previously for red cells of exon 4-deleted
Kcnn4™/~ mice [10]. However, on the SAD background Kcnn4 in-
activation slightly increased MCV and decreased CHCM without
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significant change in other indices. Double knockout of Kcc1 and Kcc3
also caused completely compensated hemolytic anemia, with macro-
cytosis, higher MCV and lower CHCM and RDW compared to WT®AP, as
described [18]. On the SAD background, deficient expression of KCC1
and KCC3 partially reversed and/or normalized these changes, most
importantly, decreased the % of hyperdense cells from 2.1 to 0.4
(Table 1 and [18]).

Kcnn4 =/~ ;Kcel ™/ 7;Kcc3™/~ triple knockout mice (3xKO) [19]
exhibited anemia (36 vs 42% for WT*“"**, increased MCV (59 vs 51 fL)
and decreased CHCM (26 vs 28 g/dL; Table 1), but showed no sig-
nificant change in % hyperdense cells (by ANOVA considering all tested
genotypes; see Table 1 legend). SAD;Kcnn4 /~;Kccl ™’ ;Kce3™/~
(SAD;3xKO0) mice exhibit lower hematocrit and higher reticulocytosis
than do SAD mice, accompanied by much higher MCV (56 vs 44 fL),
reduced CHCM (26 vs 32g/dL) and greatly reduced % of hyperdense
cells (0.8 vs 2.1%) (Table 1).

Thus, incremental knockout of volume regulatory transmembrane
K* pathways leads to graded increases in MCV, from 50-51 fL. (WT) to
52 (Kcnn4~’7) to 55 (2xKO) to 59 fL (3xKO). In the SAD background
MCV values increase from 44fL to 46 (SAD;Kcnn4~ /") to 50
(SAD;2xKO0), and then to 56 fL. (SAD;3xKQO) (Table 1). The absence of
these physiological K* efflux pathways antagonized and reversed red
cell dehydration in SAD sickle red cells. In SAD;3xKO mice plasma LDH
was lower and plasma iron higher than in SAD mice, whereas total
bilirubin values were indistinguishable (Supplemental Table 1).

3.2. Splenomegaly and erythroid hyperplasia

Exon 1-deleted Kcnn4~/~ mice exhibited splenomegaly, as pre-
viously noted for exon 4-deleted Kcnn4~/~ mice [10], and the sple-
nomegaly of SAD mice [24] was further increased by loss of KCNN4
(Fig. 1). No splenomegaly was evident in Kccl ™/ ;Kcc3™/~ (2xKO)
mice on WT or SAD backgrounds, but 3xKO and SAD;3xKO mice
showed the greatest splenomegaly (Fig. 1). Splenomegaly was sec-
ondary to erythroid hyperplasia and red pulp congestion with enucleate
mature RBCs, with corresponding reduction in white pulp. Erythroid
hyperplasia was most marked in 3xKO and SAD;3xKO spleens. Red pulp
congestion was marked in SAD, and moderate in SAD;Kcnn4 ™/~ and
moderate in SAD;3xKO, and mild in 3xKO (Fig. 2; see also Supple-
mental Fig. 1 for lower magnification view). Aggregates of hemosi-
derin-laden macrophages were prominent in SAD and SAD;Kcnn4 7~
mice, less prominent in Kenn4 ™/~ spleens. Thus splenomegaly and
erythroid hyperplasia are associated with lack of KCNN4, but not with
lack of KCC3 and/or KCC1. Erythroid hyperplasia with prominent
macrophage hemosiderin was also reported in exon 4-deleted Kcnnd ~/
~ mice [10].

The spleen-to-body weight ratio was sexually dimorphic in WT "4
mice and Kcnn4 ™/~ mice, and in WTSAP, SAD, SAD;Kcnn4 /", and
SAD;3xKO mice, with relative spleen weights higher in females than
males (Supplemental Table 2). This sexual dimorphism did not achieve
statistical significance among WT®’, 2xKO, and 3xKO mice, or among
SAD;2xKO mice. Similar sexual dimorphism of mouse spleen-to-body
weight ratio was previously observed in C57BL6 mice [13] and subse-
quently demonstrated to be regulated in part by androgen action in
both females and males [14].

3.3. Red cell density, osmotic fragility, and ion content

2xKO red cells exhibited lower densities than WT cells. The less
dense 70% of 3xKO red cells also exhibited reduced densities compared
to WT. However, the densest 30% of 3xKO red cell did not differ in
density from WTKen4 red cells (Fig. 3A). As previously shown, RBC
density is uniformly higher in SAD than WT cells (Fig. 3B, [18]). In
contrast, the lightest 30-40% of Kcnn4 ™/~ red cells were less dense
than WT cells. SAD;Kcnn®*~/~ red cells were of much lower density than
SAD red cells, with the notable exception of the densest 10% of
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Table 1
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Hematological indices of red cells from WT and SAD mice carrying individual and combined knockouts of Kcnn4, Kcc1, and Kcc3.

Genotype Hematocrit (%) MCV (fL) CHCM (g/mL) RDW (%) Hyper (%) Retic (%)

wrKenn4 41.5 + 0.5 (48) 51.3 + 0.3 (50) 28.4 + 0.1 (49) 13.7 + 0.1 (48) 0.4 = 0.1 (48) 3.0 = 0.1 (46)
Kcnn4 ™/~ 41.6 = 0.3 (58) 52.1 + 0.4 (63) 27.5 = 0.1 (64) 14.6 = 0.2 (63) 0.1 = 0.0 (63) 3.8 = 0.1 (60)
WTSAD 42.0 * 0.3 (91) 50.1 * 0.2 (64) 28.0 + 0.1 (108) 13.3 + 0.1 (110) 0.1 = 0.0 (112) 3.0 = 0.1 (107)
Keel ™/ 7;Kee3™/~ 43.6 + 0.2° (104) 54.8 + 0.1° (114) 26.1 + 0.1° (112) 12.0 = 0.1° (115) 0.1 + 0.0 (113) 3.0 = 0.1 (112)
Kcnn4 ™/~ ;Keel ™/~ ;Kee3™/~ 35.7 + 0.5% (43) 59.0 * 0.4% (47) 26.2 = 0.2% (48) 14.5 = 0.1% (48) 0.1 + 0.0 (47) 5.1 + 0.3 (48)
SAD 39.4 + 0.4 (56) 43.8 = 0.2 (86) 31.7 + 0.1' (86) 18.6 + 0.2' (84) 2.1 = 0.27 (76) 3.7 = 0.1 (78)
SAD;Kcnn4 ™/~ 38.2 = 0.5 (67) 45,5 + 0.2" (87) 31.1 + 0.1% (86) 18.0 = 0.2 (86) 2.1 + 0.3(85) 4.0 = 0.1(87)
SAD;Kccl ™/ ~;Kce3™/~ 42,0 + 0.7° (13) 50.1 + 0.5° (14) 28.6 + 0.3° (14) 15.0 = 0.3* (13) 0.4 + 0.1 (13) 3.6 + 0.3 (13)
SAD;Kcnn4 ™"~ ;Kccl ~/~;Kce3™/~ 32.2 + 0.6%° (30) 55.9 + 0.4%¢ (32) 26.2 + 0.2%¢ (34) 18.7 + 0.3 (33) 0.8 + 0.1%¢ (34) 6.1 = 0.3%¢(32)

Values are means *+ SEM for (n) mice of indicated genotypes. ANOVA, Kruskal-Wallis test.
Note that the unpaired Mann-Whitney t-test comparing % hyperdense cells in WT¥““N* and in 3xKO mice suggested significant difference (p = 0.0003).

p < 0.001 (WTSAP vs 3xKO).

0.05 (WTSAP vs 2xKO).

0.05 (SAD vs SAD;2xKO).

0.001 (WTSAP vs SAD).

0.0001 (SAD vs SAD;3xKO).

0.001 (SAD;Kcnn4 ™/~ vs SAD;3xKO).
0.05 (SAD vs SAD;Kcnnd ™" 7).

A

o oy -+ %
=T~ T - B~ B~ "U
ANNANNA

SAD;Kcnn4 =/~ red cells, of density similar to that of the densest 10% of
SAD red cells. However the less dense 80% of RBC from SAD;Kcnn4 ™/~
and Kenn4 ™/~ mice were of significantly lower density than the cor-
responding fraction of SAD RBC (Fig. 3B). Genetic inactivation of KCC1
and KCC3 in SAD mice reduced red cell density of only the least dense
20% of cells compared to those of SAD mice. However, red cells of
SAD;3xKO mice exhibited substantially decreased density across the
entire RBC density distribution in comparison with SAD red cells
(Fig. 3C). Thus genetic inactivation of Kcnn4 or of Kcc1;Kcc3 decreased
red cell density of only the least dense RBC, but combined 3xKO leads
to dramatically decreased RBC density in RBC of nearly all densities,
most markedly in the SAD background.

WT red cell osmotic fragility is modestly increased by knockout of
Kccl and Kcc3, as observed previously [18], but dramatically increased
by additional inactivation of Kcnn4 in 3xKO mouse red cells (Fig. 4A).
The greatly decreased osmotic fragility of SAD red cells was sig-
nificantly right-shifted by either combined loss of the KCC transporters
or by loss of KCNN4, but became dramatically more sensitive to osmotic
lysis in the setting of genetic inactivation of all three K* transport
pathways in SAD;3xKO mice (Fig. 4B). The osmotic fragility curve of
Kcnn4™’~ red cells (n = 5) was nearly indistinguishable from that of
WT (not shown).

Table 2 shows contents of K, Na, and Mg as measured by atomic
absorption spectrometry. As reported previously, K content of SAD red
cells was lower than that of WT RBC [8]. Loss of KCNN4 alone from
SAD red cells did not increase SAD red cell K content. However,

combined loss of KCC1 and KCC3, or of KCNN4, KCC1 and KCC3 to-
gether restored K content of SAD red cells to levels even higher than
those of WT red cells. Combined loss of KCC1 and KCC3, or of KCNN4,
KCC1, and KCC3 in WT red cells also increased K content above WT
level. In addition, red cells from 3xKO mice in SAD or WT backgrounds
also exhibited higher Na contents than found in unmodified SAD or WT
red cells. These data confirm that genetic inactivation of K* leak
pathways increases cell K content, and can reverse red cell dehydration
in the SAD model of sickle cell disease.

3.4. Ion transport activity in SAD RBC in the presence and absence of
KCNN4 and KCCs

Basal KCC activity in SAD red cells was not statistically higher than
that of WT cells, but hypotonicity-stimulated KCC activity in SAD red
cell was elevated. In contrast, KCC activity stimulated by 1 uM staur-
osporine or by 500 mM urea was elevated to equivalent levels in both
SAD and WT red cells (Fig. 5).

Genetic inactivation of KCNN4 in SAD red cells had no effect on
either basal KCC activity or KCC stimulated by hypotonicity, staur-
osporine, or urea in SAD cells (Fig. 6A). In Kcnn4~/~ RBC, conferral of
the SAD genotype did not significantly increase basal KCC activity, or
activity stimulated by staurosporine or urea, but did enhance KCC sti-
mulation by hypotonicity (Fig. 6B). Loss of KCC activity in SAD red cells
with genetically inactivated KCC1 and KCC3 was unaffected by the
additional genetic absence of KCNN4 activity (Fig. 7A and data not
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Fig. 1. Genetic deletion of Kcnn4 increases spleen-to-body
weight ratio in all tested genetic backgrounds. Values re-
present mean + SEM for (n) mice of the indicated genotypes.
One-way ANOVA, non-paired Kruskal-Wallis test.

* p < 0.02 for comparison of SAD;Kcnn4 ™/~ vs SAD.

** p < 0.003 for comparisons of SAD;3xKO vs SAD or vs
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Fig. 2. Spleen histology (hematoxylin-eosin stain) of the indicated genetic backgrounds. Magnification 600 x. Representative sections from the 3 mice of each

indicated genotype examined.

shown), consistent with lack of significant compensatory increase in
KCC4 or other K* uptake activity. Moreover, the very low basal KCC
activity and minimal if any stimulated KCC activity in 3xKO mice was
unaffected by the additional expression of the SAD sickle hemoglobin
transgene (Fig. 7B). However, Kcc1 ™/ 7;Kcc3™/~ red cells exhibited
A23187-stimulated KCNN4 activity (0.29 + 0.002 mmol/L cells X min)
at 65% the stimulated KCNN4 rate in WT RBC (0.44 + 0.01 mmol/
L cells X min; n = 6, not shown).

Measurements of KCC activity summarized in Figs. 5-7 were limited
to experiments in which each red cell sample was tested in the presence
of Cl™ -containing media and SFA-containing media. Combined results
from the entire study, including experiments in which red cells were
tested in the presence of either Cl™ - or SFA-containing media, but not
both (due to blood volume limitations or other reasons) are presented in
Supplemental Fig. 2, which recapitulates the conclusions from
Figs. 5-7. Red cell KCC activities of 2xKO and SAD;2xKO mice were
presented previously [18].

3.5. Other red cell cation transport activities in the presence and absence of
KCNN4 and KCCs

Table 3 presents the effects of selective or combined genetic in-
activation of KCNN4 and/or KCCs on other red cell cation transport
activities. Absence of KCNN4 function from WT red cells decreased
NKCC activity to 40-45% of WT levels, whereas KCC deletion had no
inhibitory effect on NKCC. However, red cells of 3xKO mice exhibited
normal levels of NKCC activity. SAD red cells exhibited only ~30% of
WT NKCC activity. This impaired function was unaltered by absence of
KCNN4, but was partially rescued to 70% of WT levels in RBC of
SAD;3xKO mice. Na* ,K*-ATPase activity of WT red cells was affected
little by genetic deletion of KCCs or of KCNN4, but was elevated by 50%
in 3xKO mice. Na* ,K"-ATPase activity in red cells of SAD;x3KO mice
was also higher than that in SAD red cells. SAD red cells exhibited only
19-29% of WT Na*/H™ exchange activity. This reduced Na*/H" ex-
change activity was minimally elevated by genetic inactivation of
KCNN4, but was rescued to 70% of wild type activity in RBC of
SAD;3xKO mice.

4. Discussion
Prevention or treatment of sickle red cell dehydration has been

shown effective in reducing hemolysis in the SAD mouse model of sickle
disease [8] and in human sickle disease [1,2]. However, small molecule

pharmacological interventions to alleviate red cell dehydration have to
date targeted only the red cell Gardos channel, KCNN4. A second major
pathway controlling RBC K* leak is that of KCC K-Cl cotransporters,
predominant among which in mouse [18] and human red cells [16] is
KCC3 (with variable contributions from KCC4 and KCC1 in human red
cells). Unlike KCNN4, which is selectively and potently targeted by
senicapoc [1,2,9,21], and despite recent development of neuronal KCC2
inhibitors [9,20], selective and potent small molecule inhibitors of er-
ythroid K-Cl cotransporters KCC1, KCC3, and KCC4 remain unavailable.

We chose the SAD mouse model of human SCD [24], the best mouse
model of sickle red cell dehydration [8,12,18], in which to ask whether
combined genetic inactivation of the major erythroid regulators of K™
leak and volume decrease, KCNN4 and the K-Cl cotransporters KCC1
and KCC3, would ameliorate or even reverse sickle red cell dehydration
in a mouse model of sickle cell disease. Previous studies have suggested
that red cell KCC activity and cell dehydration can be attenuated by oral
Mg?" supplementation in SAD mice [7], although these findings have
not been reproduced in human subjects with sickle cell disease [23]. We
found that red cell dehydration of SAD mice was improved by genetic
inactivation of Kcnn4. We further showed that combined genetic in-
activation of Kcnn4, Kccl, and Kcc3 encoding the dominant erythroid
K* leak pathways led to further reversal of cell dehydration, resulting
in cells swollen considerably above WT volumes (Table 1). These in-
creases in cell volume were accompanied by corresponding decreases in
CHCM and cell density and by increased osmotic fragility, suggesting
that combined treatment of sickle disease with the KCNN4 inhibitor
senicapoc and a yet-to-be developed specific inhibitor of erythroid KCCs
(or an inhibitor specifically targeting KCC3) would enhance reversal of
sickle red cell dehydration to levels beyond those achieved by senicapoc
treatment alone [1,2], possibly with accompanying further reductions
in hemolysis. The still unexplained decrease in clinical severity of the
neuronal phenotype of mouse Kcc3 inactivation [11] by the additional
inactivation of Kcc1 (see Materials and methods) suggests the possibi-
lity that a clinically tolerable regimen of pharmacological inhibition of
erythroid KCC activity might be developed without phenocopying the
peripheral neurotoxicity of the Kcc3~/~ mouse.

The SAD red cell volume increases produced by combined genetic
inactivation of Kcnn4, Kccl, and Kcc3 may have reflected additional
inputs beyond the loss of these corresponding K* transport activities.
SAD;3xKO red cells revealed secondary functional increases in several
transporter activities that normally mediate volume increase. These
include substantial elevations in the activities of the NKCC1 Na*/K*/
2C1~ cotransporter, the Na* ,K*-ATPase, and the NHE1 Na*/H"
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Fig. 3. Red cell phthalate density profiles as function of genotype. A. Red cells
from WT mice (black diamonds) compared with red cells from Kcc1 ™~/ ~;Kce3 ™7
~ mice (2xKO, open triangles) and red cells from Kcnn4 =/ ~;Kcc1 ™/~ ;Kcc3™/~
mice (3xKO, open circles). B. Red cells from WT (black circles, reproduced from
data of panel A) and SAD mice (open triangles) compared with Kcnn4 ™/~ mice
(open diamonds) and SAD;Kcnn4 =/~ mice (black squares). WT mice in panels A
and B included WTX™* (n = 8) and WT*P (n = 11), which were indis-
tinguishable (not shown). C. Red cells from SAD mice (black squares, data re-
plicated from panel B) compared with red cells from SAD;Kccl ™/ ~;Kcc3™/~
mice (open circles) and red cells from SAD;Kcnn4 ™’ ~;Kccl ™/ ;Kcc3™/~ mice
(black triangles). Values are means = SEM for (n) independently tested pooled
samples from each indicated genotype.

exchanger, all of which could contribute to the prevention and reversal
of cell dehydration. The mechanisms by which these secondary changes
in activities of volume-increasing transporters reinforce the loss of one
or both volume decrease pathways remain unclear, but may be
somehow related to the naturally wide ranges of red cell cation trans-
port activities detected among inbred mouse strains [17].

As previously reported for the Kcnn4 ™/~ exon 4 knockout mouse
[10], the Kcnn4~/~ exon 1 knockout mouse exhibited no anemia or
reticulocytosis. Combined genetic inactivation of Kccn4, Kccl and Kcc3
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Fig. 4. Red cell susceptibility to osmotic lysis as function of genotype.

A. Osmotic lysis curves of red cells from WT mice (black triangles; pooled data
from WTAP (n = 3) and WTX™™ (n = 4)) compared with osmotic lysis curves
of red cells from Kcc1~/";Kcc3™/~ mice (open squares) and from Kcnn4d ™/
“;Kccl™/7;Kcc3™/~ mice (black circles). B. Osmotic lysis curves SAD mice
(black squares) compared with those of red cells from SAD;Kcnn4 ™/~ mice
(open circles), SAD;Kcc1 ™/ ~;Kcc3 ™/~ mice (open triangles), and SAD;Kcnn4 ~/
~;Kccl /7 ;Kce3™/ ™ mice (black diamonds). Values are means + SEM for (n)
independently tested pooled samples from each genotype.

mildly increased splenomegaly compared to that in Kcnn4 ™/~ mice of
either C57/Bl6 or SAD backgrounds (Fig. 1). Loss of KCNN4 was ac-
companied by moderate increases in reticulocytosis (Table 1) and in-
creased plasma values of bilirubin and lactate dehydrogenase, but not
iron, as compared to WTX™* (Supplemental Table 1). Moreover,
combined genetic inactivation of Kccn4, Kccl and Kcc3 not only failed
to improve hematocrit and reticulocytosis in SAD mice, but rather
worsened these hematological indices in both WT and SAD back-
grounds. Clearly, any increase in hemolytic red cell turnover in patients
with sickle cell diseases would complicate their treatment. However,
clinical pharmacological inhibition of red cell K transporters in patients
with sickle cell disease will likely be incomplete, and thus might allow
dose titration that balances potential hemolytic toxicity against ther-
apeutic partial rehydration of pathologically dehydrated sickle red
cells.

Nonetheless, we have demonstrated that combined genetic
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Table 2

Cation content of red cells from WT and SAD mice carrying individual and combined knockouts of Kcnn4, Kccl and Kcc3.
Genotype [K] (mmol/kg Hb) m) [Na] (mmol/kg Hb) ) [Mg] (mmol/kg Hb) (n)
wrKenn4 429.5 + 8.8 18 20.6 + 0.4 19 10.0 + 0.8 8
Kcnn4 ™/~ 451.1 + 10 23 22.1 + 0.7 22 9.4 + 0.7 7
WTSAP 419.5 + 5.8 39 19.8 + 0.6 40 82 + 0.3 20
Keel ™/ ";Kee3™/~ 457.0 + 6.4° 40 21.1 + 0.4 39 9.6 + 0.4 18
Kenn4 ™/~ ;Keel ™/~ ;Kee3™/~ 468.9 + 6.7% 22 25.7 + 0.7¢ 22 9.8 + 0.5 19
SAD 368.5 + 8.4 30 15.5 + 0.5 30 9.1 + 0.6 17
SAD;Kcnn4 ™/~ 369.6 + 6.9 29 16.7 + 0.5 30 8.4 + 0.3 14
SAD;Kccl ™/ ~;Kee3™/~ 460.1 + 57.5 6 18.6 + 2.1 6 9.8 + 1.2 6
SAD;Kcnn4 ™/~ ;Kccl ™/ ~;Kce3 ™/~ 447.6 *+ 6.6° 16 21.2 + 0.7%% 16 10.5 = 0.4 14

Values are means *+ SEM for (n) mice of indicated genotypes. ANOVA, Kruskal-Wallis test.

B p < 0.05 (WTSAP vs 2xKO).

T p < 0.05 (WTSAP vs SAD).

% p < 0.01 (WTSP ys 3xKO).

€ p < 0.001 (SAD vs SAD;3xKO).

8 p < 0.01 (SAD;Kcnn4~’/~ vs SAD;3xKO).
* p < 0.05 (SAD vs SAD;2xKO).
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Fig. 5. Basal and stimulated K-Cl cotransport activity in WT and SAD red cells.
K-Cl cotransport activity of WT and SAD red cells was measured in isotonic
medium (ISO), hypotonic medium (Hypo), isotonic medium containing 1 pM
staurosporine (Stauro), and isotonic medium with added 500 mM urea (Urea).
Values are means + SEM for (n) independent experiments with blood pooled
from 2 to 4 mice of indicated genotype. ISO WT red cells (n = 5) included
WT®7 (n = 2), WTK™* (n = 2) and WTSAP (n = 1). WT red cells in stimulated
conditions were (for HYPO, n = 10) 1 WT®7 + 9 WTX™* (for Stauro, n = 8) 1
WT7 + 7 WTX"% and (for Urea, n = 9) 1 WT®7, 1 WTSAP, and 7 wTXenn4,
WT and SAD samples were compared for each condition by Mann-Whitney non-
paired test.

Stauro Urea

inhibition of erythroid KCNN4 and KCC K-Cl cotransporters can rescue
and even reverse the pathological red cell dehydration of sickle disease
modeled in the SAD mouse. KCNN4 inhibition by senicapoc sig-
nificantly reduced red cell dehydration and increased hematocrit and
hemoglobin in sickle cell disease patients without promoting spleno-
megaly [1,2]. Should specific inhibitors of erythroid KCCs become
available in the future, tests of their combined administration with
senicapoc will determine whether or not they exacerbate hemolysis and
anemia, and thus phenocopy the SAD;3xKO mouse.

Several strategies for gene therapy of sickle disease have recently
proven successful, but their widespread adoption will be limited for the
near future due to high costs and requirement for specialized medical
centers. In the meantime, improved treatment of human sickle red cell
dehydration combining senicapoc with a yet to be developed specific
inhibitor of KCC3 (and/or KCC1 and KCC4) may ultimately prove useful
as part of broader non-genetic combination therapies, including mod-
ification of HbSS oxygen binding, modification of sickle red cell adhe-
sion to activated endothelial cells, and modification of endothelial va-
sodilation, among other therapeutic opportunities under investigation.

Contributions

SLA, BES and AR designed the study. CAH, MBR and MT provided
genetically modified mice. BES, PB, KN, EHK, AH performed experi-
ments and collected data. AR, BES, PB, CB, and SLA analyzed data. The
manuscript was drafted by SLA, AR and BES, and reviewed by the au-
thors.

Fig. 6. Basal and stimulated K-Cl cotransport activity in
SAD;Kcnn4 ™/~ red cells compared with (A) SAD red cells

and with (B) Kcnn4 ™/~ red cells. K-Cl cotransport activity
was measured in isotonic medium (ISO), hypotonic
medium (Hypo), isotonic medium containing 1 uM staur-
osporine (Stauro), and isotonic medium with added
500 mM urea (Urea). Values are means = SEM for (n)
independent experiments with blood pooled from 2 to 4
- mice of indicated genotype. WT and SAD samples were
compared for each condition by Mann-Whitney non-paired
test. SAD mouse data in panel A is replicated from that of
Fig. 5. Data from SAD;Kcnn4 ™/~ mouse red cells is re-
plicated in panels A and B for ease of comparison.
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Fig. 7. Basal and stimulated K-Cl cotransport activity in red
cells from SAD;Kcnn4 ™/ ~;Kccl ™/ ~;Kcc3™/~ mice compared

with (A) red cells from SAD mice and with (B) red cells from
Kcnn4 ™/~ ;Keel ™/~ ;Kce3™/~ mice. K-Cl cotransport activity
was measured in isotonic medium (ISO), hypotonic medium
(Hypo), isotonic medium containing 1uM staurosporine
(Stauro), and isotonic medium with added 500 mM urea
(Urea). Values are means = SEM for (n) independent ex-
periments with blood pooled from 2 to 4 mice of indicated
genotype. For each condition, each genotype pair was com-
pared by Mann-Whitney non-paired test. SAD mouse data in
panel A is replicated from that of Fig. 5. Data from
SAD;Kcnn4 ™/~ ;Kccl ™/ ";Kcc3™/~ mouse red cells is re-
plicated in panels A and B for ease of comparison.
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Table 3

Ton transport activities of Na*-K* cotransport (NKCC), Na*,K*-ATPase, and Na*/H™ exchange in

combined knockout of Kcnn4, Kccl, and Kec3.

red cells from WT and SAD mice carrying individual and

Genotype n Na*t,K*-ATPase Na*/K*/2Cl~ cotransport Na*/H* exchange
(mmol K+ /102 cells x h) (mmol K™ /103 cells x h) (mmol Na* /103 cells x h) (mmol Na* /103 cells x h)

wrKennd 3 9.31 + 3.0 8.21 + 1.0 10.34 + 2.0 13.3 = 2.0
Kennd ™/~ 3 8.93 + 3.0 4.87 + 0.7' 571 + 0.6" 9.74 + 2.0'
WT? 12 10.3 = 0.7 20.3 + 1.0
Kccl ™/~ ;Kee3™/~ 3 7.59 + 3.0 7.6 £ 2.0 9.1 + 1.0 10.3 = 0.7
Kcnn4 ™/ ~;Kcel ™/ ~;Kce3 ™/~ 4 14.2 + 3.0° 8.95 + 0.9 12.1 + 0.9 10.6 + 0.8°
SAD 3 15.6 + 0.4 2.89 + 1.0 2.8 + 1.0 3.8 = 0.3
SAD;Kcnn4 =/~ 4 11.9 + 2.0° 2,61 = 0.7 3.19 + 0.9° 4.68 = 0.2°
SAD;Kcnn4 ™/~ ;Kccl ~/~;Kce3™/~ 3 19.6 + 0.4° 5.45 * 0.9° 6.76 *+ 1.0° 9.12 * 0.6°

Values represent means

§

a

B
T

+

p < 0.04 (SAD vs SAD;3xKO).

p < 0.04 (SAD vs SAD;Kcnn4~/7).
p < 0.02 (WT® vs 3xKO).

p < 0.04 (WTX™ vs Kcnnd =/ 7).
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