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Abstract
Like other multicellular organisms, the fruit fly Drosophila melanogaster must maintain homeostasis of the internal milieu,
including the maintenance of constant ion and water concentrations. In mammals, the with no lysine (K) (WNK)-Ste20-
proline/alanine rich kinase/oxidative stress response 1 kinase cascade is an important regulator of epithelial ion transport in
the kidney. This pathway regulates SLC12 family cotransporters, including sodium-potassium-2-chloride, sodium chloride,
and potassium chloride cotransporters. The WNK-Ste20-proline/alanine rich kinase/oxidative stress response 1 kinase
cascade also regulates epithelial ion transport via regulation of theDrosophila sodium-potassium-2-chloride cotransporter in
the Malpighian tubule, the renal epithelium of the fly. Studies in Drosophila have contributed to the understanding of
multiple regulators of WNK pathway signaling, including intracellular chloride and potassium, the scaffold protein Mo25,
hypertonic stress, hydrostatic pressure, and macromolecular crowding. These will be discussed together, with implications
for mammalian kidney function and BP control.
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Introduction
The first with no lysine (K) (WNK) kinase, WNK1, was
cloned in 2000 by Cobb and colleagues in a screen for new
members of the mitogen-activated protein/extracellular
signal-related protein kinase family.1 Even in this initial
characterization, there was a clue linking WNKs and ions:
exposing HEK293 cells to increased concentrations of extra-
cellular sodium chloride activated WNK1 activity.1 A sec-
ond important observation of this study was that a catalytic
lysine, typically found in subdomain 2 of other serine-
threonine kinases, was instead found in subdomain 1,
prompting the name WNK.1 Although unexplained at the
time, the authors presciently speculated that this unusual
placement reflected a yet-to-be-discovered regulatory or
functional adaptation.1

The following year, Lifton and colleagues published a
seminal paper that excited the interest of the renal physiol-
ogy and nephrology communities, showing that mutations
in WNK1 and its paralog, WNK4, resulted in a syndrome of
high BP and hyperkalemia in humans.2 This stimulated
intensive effort into understanding the role of WNKs in
the regulation of renal epithelial ion transport and their role

in maintaining homeostasis of ions, water, and BP. This
review will highlight the role of studies in the fly, Drosophila
melanogaster, in contributing to this understanding.

The Drosophila Renal System
Like other multicellular organisms, Drosophila maintain

homeostasis of the internal milieu and, therefore, require
mechanisms to maintain constancy of ion and water con-
centrations in the face of varying intakes and losses of ions
and water. The two central ionoregulatory and osmoreg-
ulatory epithelia are the Malpighian tubules (sometimes
referred to as renal tubules) and the hindgut, which in-
cludes the ileum and rectal pads (Figure 1A).3 Although
Drosophila have podocyte-like cells, called nephrocytes,4

these are anatomically separate from the tubules and
hindgut. The Malpighian tubule is segmented, and urine
generation occurs through the isosmotic secretion of a
potassium chloride-rich fluid, which also contains sodium,
by the main segment.5–8 The urine then moves through the
lower segment and hindgut, where it is further modified
(Figure 1B).9–11
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A simplified cell model of the fluid-secreting Malpighian
tubule main segment is shown in Figure 2A (a more com-
pletemodel is discussed in previouswork).12 Transepithelial
fluid secretion and ion fluxes can be measured in dissected
Malpighian tubules ex vivo.13 The principal cells are
cation-secreting, secreting potassium or sodium, and the
stellate cells are chloride-secreting.14–16 Aquaporins are pre-
sent in both principal and stellate cells, with transepithelial
water secretion occurring primarily through the stellate
cells.17 The apical vacuolar proton ATPase, homologous
to the vacuolar protonATPase found inmammalian collecting
duct intercalated cells, energizes secretion.5,18–21 A secretory
sodium-potassium-2-chloride cotransporter (NKCC) contrib-
utes to transepithelial potassium and fluid secretion by the
principal cell.8 A basal sodium-potassium ATPase lowers

intracellular sodium to allow ongoing sodium, potassium,
and chloride uptake by the NKCC.8

WNK Regulation of SLC12 Cotransporters
The SLC12 cotransporter family contains the NKCCs, the

sodium chloride cotransporter (NCC) in the distal convo-
luted tubule of the mammalian kidney, and the potassium
chloride cotransporters (KCCs). The ion transport activity of
all of these transporters is regulated by Ste20-proline/
alanine rich kinase (SPAK) and oxidative stress response
1 (OSR1) kinase, two paralogous kinases.22 Phosphorylation
of NKCCs and NCCs by SPAK or OSR1 increases ion trans-
port activity.22 SPAK and OSR1 themselves are activated by
WNKs via phosphorylation of a conserved threonine in the
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Figure 1. The renal system ofDrosophila melanogaster. (A) The ionoregulatory and osmoregulatory epithelia are found in the abdomen of the
fly. They consist of the four Malpighian tubules, an anterior pair and a posterior pair, and the hindgut, which includes the ileum and the distal
rectal pads. (B) Ions, water, and nutrients consumed by the fly are absorbed through the midgut epithelium into the hemolymph, the plasma of
the fly. The primary urine is generated through isosmotic secretion of fluid rich in potassium and chloride and also containing sodium. Secretion
occurs in the main segment of the tubule. The pro-urine then flows through the downstream lower segment, where absorption of potassium,
chloride, and water occurs, and then through the ureter. Further modification occurs during transit through the hindgut ileum and rectal pads,
where additional ion and water reabsorption occurs. Reproduced from Rodan.12 Cl-, chloride; H2O, water; K1, potassium; Na1, sodium.
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T-loop of SPAK and OSR1 (Figure 2B).22 SPAK/OSR1/Fray
can interact via their CCT domain (Figure 2B) with RFxV/I
motifs in WNKs and in substrates, such as the SLC12
cotransporters.26 Interestingly, the Drosophila WNK RFxV
motif is dispensable for WNK function in development and
in Malpighian tubule ion transport.27 This suggests addi-
tional modes of interaction between WNKs and SPAK/
OSR1/Fray.
Mammals have four WNKs, WNKs 1–4, of which WNK4

is predominant in the distal convoluted tubule.28–30 WNK4,
acting primarily through SPAK in the distal convoluted
tubule (though OSR1 also plays a role, particularly in the
absence of SPAK), regulates sodium chloride reabsorption
through NCC.28–34 The WNK-SPAK/OSR1 kinase cascade
also regulates sodium chloride reabsorption through
NKCC2 in the thick ascending limb, although its role in
the thick ascending limb is not as prominent as in the
distal convoluted tubule.34–40 There is a single ancestral
WNK homolog in Drosophila, Drosophila WNK, which
phosphorylates and activates the SPAK/OSR1 homolog,
Fray.41–43 Fray in turn phosphorylates and activates the
Drosophila NKCC.23,44 The WNK-Fray kinase cascade reg-
ulates transepithelial potassium and fluid secretion in the
Drosophila Malpighian tubule principal cell via regulation
of the NKCC (Figure 2A).23 Thus, WNK-SPAK/OSR1 reg-
ulation of NCC/NKCC transporters is conserved in renal
epithelia from flies to mammals.

Intracellular Chloride Regulates WNK Kinases
Studies in the 1990s in a variety of cell types showed that

lowering of intracellular chloride increases NKCC activity.45

After discovery of the WNK-SPAK/OSR1 pathway, exper-
iments in Xenopus oocytes and cultured cells showed that
conditions that promote lowering of intracellular chloride,
such as bathing cells in hypotonic low chloride medium or
lowering extracellular potassium, increased WNK activity
and NCC/NKCC phosphorylation.28,46–50 The molecular
mechanism of chloride regulation of WNK kinases was
solved by Goldsmith and colleagues, who demonstrated
direct binding of chloride to the active site of WNKs using
x-ray crystallography (Figure 3).51 This also explains the
mysterious displacement of the catalytic lysine (lysine 233),
which would otherwise interfere with chloride binding
(Figure 3). Chloride binding inhibits WNK autosphosphor-
ylation, which is required for activation. Thus, chloride
directly inhibits WNK kinases.
Terker et al. proposed that lowering of extracellular po-

tassium decreases intracellular chloride, relieving chloride
inhibition ofWNK4-SPAK signaling in the distal convoluted
tubule to increase NCC phosphorylation and sodium chlo-
ride reabsorption.28 This could contribute to the hyperten-
sive effect of the modern low potassium, high sodium diet.28

Studies in the Malpighian tubule allowed assessment of
changes in intracellular chloride and the effects on both
WNK activity and transepithelial ion transport. Consistent
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Figure 2. Role of WNK-SPAK/OSR1/Fray signaling in epithelial ion transport. (A) Cell model of the fluid-secreting main segment of
theMalpighian tubule. The principal cell secretes cations (potassium and sodium). The stellate cell secretes chloride andwater, via aquaporins
(not shown). Ion transport is powered by the apical V-ATPases, which secrete protons into the lumen to generate a lumen-positive charge of
approximately 40mV. This drives exchange of protons for cations. A basolateral NKCC allows uptake of sodium, potassium, and chloride from
the hemolymph (plasma). The basal sodium-potassium ATPase lowers intracellular sodium to provide the driving force for ion uptake through
the NKCC. Thus, loss of the NKCC decreases transepithelial potassium secretion by approximately 30%–50% (depending on the condition)
without affecting sodium secretion, whereas the sodium-potassium ATPase inhibitor, ouabain, increases transepithelial sodium secretion.8,23

The WNK-Fray kinase cascade positively regulates (stimulates) transepithelial potassium secretion via regulation of the NKCC. Regulators of
WNK signaling include intracellular chloride, intracellular potassium, and the scaffold protein Mo25. Low intracellular chloride, low in-
tracellular potassium, and Mo25 stimulate the pathway. (B) Mammalian and Drosophila WNK kinases phosphorylate the downstream Ste20
kinases, SPAK, OSR1, and Fray, on a conserved T-loop threonine. WNK phosphorylation of SPAK/OSR1/Fray on the T-loop threonine is
required for activation. A second phosphorylation event occurs on a conserved serine in the S-motif. The CCT domain of SPAK/OSR1/Fray
physically interacts with RFxV/I motifs in WNKs and in substrate proteins, including the NKCCs and NCC. SPAK/OSR1/Fray phosphorylate
conserved serine and threonine residues in the N-terminal domains of NKCCs and NCC to activate the transporters. (A) Reproduced from Sun
et al.24 (B) Reproduced from Goldsmith and Rodan.25 CCT, conserved C-terminal domain; Cl-, chloride; Fray, Frayed; H1, proton; NCC,
sodium chloride cotransporter; NKCC, sodium-potassium-2-chloride cotransporter; OSR1, oxidative stress response 1; Pi, phosphate; Ser,
serine; SPAK, Ste20-proline/alanine rich kinase; Thr, threonine; V-ATPase, vacuolar proton ATPase; WNK, With No Lysine (K).
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with other studies in mammalian cells,28,48,52–55 bathing the
tubule in lowpotassiummedium increased tubule DmWNK
activity, whereas high potassium inhibited activity.24 The
Malpighian tubule has basolateral potassium and chloride
conductances56 (Figure 2A), so low extracellular potassium
could lower intracellular chloride by hyperpolarizing the
membrane potential, as also proposed for the distal con-
voluted tubule.28,57–59 To further investigate the effects of
lowering intracellular chloride, tubules were bathed in
hypotonic medium, which resulted in a drop in intracel-
lular chloride from approximately 30 mM to 16 mM, as
measured using a transgenic chloride sensor.24 Endoge-
nous tubule DmWNK activity increased, and transepithe-
lial ion and fluid flux increased in a WNK-, Fray-, and
NKCC-dependent manner.23,24 Thus, these studies in the
Malpighian tubule directly correlated changes in intra-
cellular chloride with WNK activity and ion flux in a
transporting renal epithelium.
A subsequent study in Drosophila demonstrated that in-

tracellular chloride also regulates WNK signaling in central
pacemaker neurons to regulate circadian period.60 Chloride
rises in the pacemaker neurons over the course of the morn-
ing in an NKCC-dependent manner, restraining WNK-Fray
signaling and the activity of an inwardly rectifying potas-
sium channel.60 This could link WNK-Fray signaling to
circadian oscillations in membrane potential.61

Intracellular Potassium Regulation of WNK Kinases
The first clues into the existence of a chloride-regulated

kinase came from studies of NKCC phosphorylation and
activation in diverse cell types, including the squid giant
axon, the shark rectal gland, salivary gland epithelial cells,
and tracheal epithelial cells.62–66 Notably, many of these are
chloride-secreting epithelia, leading to the chloride-coupling
hypothesis62 in which apical chloride secretion lowers in-
tracellular chloride. This in turn relieves inhibition of a
chloride-regulated kinase (which later studies identified

as WNKs), NKCC phosphorylation, and basolateral chlo-
ride uptake by the NKCC.
The Drosophila principal cell secretes potassium

(Figure 2A), raising the question of whether WNKs could
also be regulated by potassium via potassium-coupling.
Indeed, potassium, like chloride, inhibited autophosphory-
lation of both Drosophila and mammalian WNKs in vitro, as
well as WNK3 and WNK4 phosphorylation of SPAK.
Importantly, the greatest effects of potassium on WNK
inhibition were observed within the physiological range
of intracellular potassium, that is potassium concentrations
of 100–140 mM. Bathing Malpighian tubules expressing
Drosophila WNK or mammalian WNK3 or WNK4 (in place
of Drosophila WNK) in high potassium baths inhibited
WNK phosphorylation of tubule-expressed SPAK. This
was not due to an effect on intracellular chloride because
extracellular chloride was manipulated to keep measured
intracellular chloride constant. Ouabain, an inhibitor of the
sodium-potassium ATPase expected to lower intracellular
potassium, activated tubule Drosophila WNK activity. Low
potassium bath also stimulated WNK4 expressed in place
of Drosophila WNK. The inhibitory effects of the high
potassium bath were observed in tubules with both lower
and higher intracellular chloride concentrations and in
tubules expressing WNK3 and WNK4 with the leucine-
to-phenylalanine mutations that render WNKs resistant to
the inhibitory effects of chloride.67 These results indicated
that potassium has direct inhibitory effects on WNK
kinases that are independent of the effects of chloride.
Studies in rats fed low or high potassium diets have

demonstrated changes in renal epithelial cell intracellular
potassium.68–71 On the basis of these measurements and the
relationships between chloride, potassium, and WNK
activity,67,72 changes in intracellular potassium in the distal
convoluted tubule could have similar effects on WNK4
activity as changes in intracellular chloride (discussed fur-
ther in a previous work).25 However, additional study is
needed to understand the potassium binding site(s) in
WNKs and the physiological role of potassium regulation
of WNK kinases.

Role of the Scaffold Protein Mo25
Mutation of the SPAK/OSR1/Fray T-loop threonine

phosphorylated by WNKs (Figure 2B) to a negatively
charged glutamate, mimicking phosphorylation, increases
kinase activity relative to the wild-type kinases.23,73 Thus,
the threonine-to-glutamate mutation mimics phosphoryla-
tion and activation by the upstream WNK kinases.74 Alessi
and colleagues showed that the scaffolding protein Mo25
(mouse protein 25, also known as calcium-binding protein
39/Cab39) further stimulated the kinase activity of SPAK
and OSR1 with these T-loop mutations.75 These data sug-
gested that WNKs andMo25 cooperatively increase activity
of SPAK and OSR1, which increased subsequent phosphor-
ylation of NKCC1, NKCC2, and NCC in vitro. Mo25 was
also required for NKCC1 phosphorylation and activation in
HEK293 cells.75

Mo25 is expressed in the thick ascending limb and distal
convoluted tubule, with maximal signal observed apically/
subapically in these nephron segments.31 This raised the
question of the role of Mo25 in renal epithelial ion transport.
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Figure 3. Chloride binds directly to WNK kinases. Chloride binds to
the active site of WNK kinases and inhibits WNK autophosphor-
ylation and activation. Mutation of WNK1 leucine 369 (or the ho-
mologous leucine in other WNKs) to phenylalanine decreases the
inhibitory effects of chloride onWNK1 activation. The atypical lysine,
lysine 233, is also shown. Its placement in subdomain 1, rather than
subdomain 2, allows for chloride binding. Reproduced from Gold-
smith and Rodan.25

BASIC SCIENCE FOR THE CLINICIAN www.kidney360.org

1556 Kidney360



As with the mammalian proteins, Drosophila Mo25 potently
stimulated the activity of Fray with a phospho-mimicking
T-loop mutation, FrayT206E, increasing phosphorylation of
NKCC in vitro. Knockdown of Drosophila Mo25 in the
Malpighian tubule did not affect ion transport in isotonic
conditions, but prevented the increase in ion transport
observed in hypotonic conditions, when intracellular chlo-
ride decreases. Drosophila Mo25 overexpression did not
increase ion transport when overexpressed on its own or
together with wild-type Drosophila WNK.24 Chloride has
decreased inhibitory effects onWNK1 in which leucine 369
in the chloride-binding pocket (Figure 3) is mutated to
phenylalanine.51 This region is perfectly conserved in
Drosophila WNK, and leucine 421 is homologous to
WNK1 leucine 369. Overexpression of DrosophilaWNKL421F

also did not increase ion transport in the Malpighian tubule.
However, co-overexpression of Drosophila WNKL421F

together with Mo25 increased ion transport, whereas co-
overexpression of FrayT206E and Mo25 did not.24 These
results suggest that maximal ion transport in the tubule
requires both lowering of intracellular chloride to activate
WNK and Mo25 (Figure 2A).
A recent study by Delpire and colleagues demonstrated

that knockout of the two partially redundant mammalian
Mo25 paralogs in the distal convoluted tubule strongly
decreased NCC phosphorylation in mice fed a normal or
low potassium diet, resulting in hypocalciuria and hypoka-
lemia,76 as also seen in patients with Gitelman syndromem
in whom NCC is mutated.77 Interestingly, SPAK phosphor-
ylation was not decreased in the Mo25 knockout mice,
although substantially higher levels ofWNK4were required
to maintain SPAK phosphorylation. However, although
SPAK was primarily localized to the apical/subapical
membrane in the distal convoluted tubule of control mice,
both phosphorylated and total SPAK were trapped in
cytoplasmic puncta in the knockout mice.76 These puncta
are reminiscent of WNK bodies, which are observed under
hypokalemic conditions in which the WNK-SPAK pathway
is activated to increase NCC phosphorylation.28,31,35,78–81

Like WNK bodies, the SPAK-containing puncta in the
Mo25 knockout mice also contain WNK1, most likely the
truncated kidney-specific isoform that is required for WNK
body formation.79 These results suggest a role for Mo25 in
recruiting SPAK from WNK bodies to the apical membrane
to phosphorylate NCC. How this occurs requires future
study.

WNK Activation by Hypertonic Stress
In the first article describing WNK kinases, it was ob-

served that WNK1 activity is stimulated by hypertonic
stress.1 Since then, two mechanisms have been proposed
for WNK activation by hypertonic stress. Inactive, unphos-
phorylated WNK is found in an asymmetric dimer that is
stabilized by chloride.25,51,82 The serine residue in the acti-
vation loop which is autophosphorylated to allow WNK
activation is trapped in the dimeric interface. In vitro
demands on solvent induced by polyethylene glycol
400 or ethylene glycol shift the equilibrium toward the
autophosphorylation-competent monomer.83 Interest-
ingly, inactive WNK (for example, WNK in which the
autophosphorylation site serine is mutated to alanine)

contains large amounts of bound water between the cata-
lytic and activation loop in an area defined by a cluster of
evolutionarily conserved charged amino acids. The active
phosphorylated WNK contains fewer bound waters
(Figure 4A).83 Thus, bound water may be part of the
osmosensing mechanism. WNKs are also activated by
hydrostatic pressure (including WNK3 expressed in the
DrosophilaMalpighian tubule), which, in principle, would
favor conformations with less bound water, as seen in
phosphorylated WNK monomers. WNK activation was
observed at pressures of 80–190 kPa or 600–1425 mm
Hg.84 Whether WNK activation can occur at more phys-
iological levels of hydrostatic pressure remains to be
determined.
A second mechanism for WNK activation in the face

of extracellular hypertonic stress is the formation of
WNK-containing biomolecular condensates (Figure 4B).
These form through a process called liquid-liquid phase
separation in response to the crowding of macromolecules
that occurs during cell shrinkage when extracellular to-
nicity is increased. SPAK and OSR1 are also recruited into
WNK condensates and are phosphorylated. Activated
SPAK and OSR1 then leave the condensates through un-
known mechanisms to phosphorylate NKCC1 and acti-
vate the transporter. Simultaneous phosphorylation of
KCC decreases its activity, leading to net ion and water
influx and restoration of cell volume. Drosophila WNK
also undergoes phase separation in response to cellular
hypertonic stress. Phase separation of both mammalian
and Drosophila WNK is mediated by segments of their
large C-terminal domains. Although these have low se-
quence identity (22%), they share high disorder tendency
and the presence of prion-like domains.85 Whether con-
densate formation influences the bound waters in the
WNK kinase domain is an interesting question that re-
quires further study.
To date, hypertonic activation of WNK kinases has been

studied in vitro and in cultured cells on short timescales,
consistent with the rapid timescales of cell volume re-
sponses to osmotic stress. For example, the formation of
WNK condensates via liquid-liquid phase separation oc-
curs within seconds, and biochemical activation of WNK
kinase activity after hypertonic stress is typically studied
within 30–60 minutes of stress application.85–89 Additional
study is required to determine whether WNK condensate
formation occurs in vivo in the kidney in response to
hypertonic stress.

Why So Many WNKs?
Mammals have four WNK paralogs, WNKs 1–4. WNKs

have roles in multiple cell types and tissues, as reviewed
elsewhere.15,90–93 WNK1, WNK2, and WNK3 genetically
buffer one another in a human cell line, that is, loss of
WNK2 or WNK3 was detrimental to cell viability when
WNK1 had been knocked out, and loss of WNK1 was det-
rimental to cell viability when WNK2 and WNK3 were
knocked out.94 WNK3 protein was also increased in
HEK293T cultured cells in which WNK1 was knocked
out, although this was not sufficient to restore SPAK and
OSR1 phosphorylation to wild-type levels. This could be
due to nonequivalence of WNK1 and WNK3 or perhaps in
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part because WNK2 and WNK4 protein levels were also
decreased in WNK1 knockout cells.89

There is evidence that different WNK paralogs differ in
their regulation by chloride, potassium, and hypertonic
stress. For example, when WNK3 and WNK4 were
expressed in Xenopus laevis oocytes, WNK3 was activated
by hypertonic stress, whereas WNK4 was activated by
bathing oocytes in hypotonic low chloride medium,
which lowers intracellular chloride.88 WNK4 is inhibited
by lower concentrations of chloride in vitro compared
with WNK1 or WNK3,72 which may make it more sensi-
tive to changes in intracellular chloride concentrations in
the physiological range in epithelial cells of the distal
convoluted tubule. This may explain why WNK4 knock-
out in mice results in a salt-wasting tubulopathy that is

not compensated by increased expression of WNK1 in the
kidney.29,30 WNK3 and WNK4 have differential re-
sponses to intracellular potassium, with WNK4 expressed
in the Malpighian tubule demonstrating more activation
in response to low potassium compared with WNK3 and
differential effects of potassium on in vitro WNK3 versus
WNK4 activity.67

Effects on BP
Thiazide-type diuretics, which inhibit NCC, are a corner-

stone of antihypertensive therapy. NCC knockout mice are
resistant to the hypertensive effect of the high sodium, low
potassium diet, which activates WNK4-SPAK signaling.28

Increased WNK signaling generally increases BP, whereas
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loss of WNK4 or SPAK can decrease BP (further discussed in
additional works).95,96

Of the mechanisms discussed above, the role of chloride
regulation of WNKs has been most clearly linked to BP.
Terker et al. initially proposed that low extracellular po-
tassium could lower intracellular chloride and increase
WNK4 activity to increase NCC phosphorylation and so-
dium chloride reabsorption in the distal convoluted tu-
bule.28 Further evidence in favor of this idea came from
studies in which the leucine-to-phenylalanine mutation,
which decreases chloride inhibition of WNKs (discussed
above), was introduced into mouseWNK4. These knock-in
mice were hypertensive.97

BP was not measured in the Mo25 double knockout mice,
but given the profound decreases in total and phosphory-
lated NCC in these mice, loss of Mo25 would be expected to
have an antihypertensive effect.76

Whether WNK regulation by potassium, hypertonic
stress or macromolecular crowding influences BP is so
far unknown. Potassium regulates WNK4,67 but whether
this has implications for BP requires further study. Studies
on hypertonic stress, macromolecular crowding, and hy-
drostatic pressure regulation of WNKs have thus far fo-
cused on WNK1 and WNK3.83–85 WNK3 knockouts have
no differences in BP on normal diet and a modestly lower
BP on low salt diet.98,99 However, this may be due to
extrarenal loss of WNK3 because WNK3 mRNA was not
detected in microdissected segments of the mouse neph-
ron.100 Interestingly, though, renal WNK1 and SPAK/
OSR1 abundance was increased in both the thick ascending
limb and distal convoluted tubule of WNK3 knockout
mice.99 Mutations that increase WNK1 increase BP, and
one study demonstrated a decrease in BP in WNK1 het-
erozygous knockout mice, although this could be due to
vascular effects.101–104 Effects of WNK1 knockout in the
mammalian kidney tubular epithelium have not been
reported. It will be interesting to examine whether the
activating effects of hypertonic stress, macromolecular
crowding, and hydrostatic pressure are seen with WNK4
andwhetherWNK1 regulation by these stressors affects BP
or other aspects of kidney function.

Conclusion
WNK-SPAK/OSR1/Fray kinase regulation of the SLC12

family of sodium transporters, which includes NKCC1,
NKCC2, and NCC, is evolutionarily conserved in renal
epithelia from Drosophila to humans. The ease of genetic
manipulation in the fly, its short life cycle and physiological
accessibility, and the availability of Drosophila cell culture
models have allowed detailed examination of the regulation
of WNKs by chloride, potassium, the scaffold protein
Mo25/Cab39, hypertonic stress, macromolecular crowding,
and hydrostatic pressure. Some of these mechanisms (chlo-
ride, Mo25) have proven important for regulation of WNK4
in the distal convoluted tubule, whereas the roles of other
mechanisms (potassium, hypertonic stress, macromolecular
crowding and hydrostatic pressure) in mammalian kidney
function remain to be explored. The tiny but mighty fruit fly
is likely to continue to play a role in understanding these
fascinating kinases.
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and WNK4 exhibit opposite sensitivity with respect to cell
volume and intracellular chloride concentration. Am J Physiol
Cell Physiol. 2020;319(2):C371–C380. doi:10.1152/
ajpcell.00488.2019

89. Roy A, Goodman JH, Begum G, et al. Generation of WNK1
knockout cell lines by CRISPR/Cas-mediated genome editing.
Am J Physiol Renal Physiol. 2015;308(4):F366–F376. doi:
10.1152/ajprenal.00612.2014

90. Shekarabi M, Zhang J, Khanna AR, Ellison DH, Delpire E, Kahle
KT. WNK kinase signaling in ion homeostasis and human

WNK Regulation of Ion Transport in Drosophila, Rodan

Kidney360 5: 1553–1562, October, 2024 1561

https://doi.org/10.14814/phy2.14280
https://doi.org/10.14814/phy2.14280
https://doi.org/10.1113/JP272504
https://doi.org/10.1152/ajprenal.00459.2020
https://doi.org/10.1152/ajprenal.00459.2020
https://doi.org/10.3390/cells11010095
https://doi.org/10.1242/jeb.01058
https://doi.org/10.1242/jeb.01058
https://doi.org/10.1016/j.kint.2017.10.023
https://doi.org/10.1681/ASN.2016090935
https://doi.org/10.1073/pnas.1411705111
https://doi.org/10.1016/j.cub.2022.03.017
https://doi.org/10.1152/physiol.00006.2024
https://doi.org/10.1016/s0021-9258(19)74060-5
https://doi.org/10.1016/s0021-9258(19)74060-5
https://doi.org/10.1085/jgp.107.2.261
https://doi.org/10.1152/ajpcell.1990.259.6.C998
https://doi.org/10.1152/ajpcell.1990.259.6.C998
https://doi.org/10.1074/jbc.270.48.28955
https://doi.org/10.1074/jbc.270.48.28955
https://doi.org/10.1152/ajpcell.1996.270.2.C437
https://doi.org/10.1152/ajpcell.1996.270.2.C437
https://doi.org/10.1152/ajpcell.00456.2020
https://doi.org/10.1007/BF01872275
https://doi.org/10.1007/BF00586220
https://doi.org/10.1038/ki.1982.162
https://doi.org/10.1038/ki.1982.162
https://doi.org/10.1007/BF00583804
https://doi.org/10.1038/ki.2015.289
https://doi.org/10.1042/BJ20060220
https://doi.org/10.1126/science.1178377
https://doi.org/10.1038/emboj.2011.78
https://doi.org/10.1161/HYPERTENSIONAHA.123.22464
https://doi.org/10.1016/j.kint.2016.09.046
https://doi.org/10.15252/emmm.201505444
https://doi.org/10.1091/mbc.E17-08-0529
https://doi.org/10.1091/mbc.E17-08-0529
https://doi.org/10.1152/ajprenal.00232.2019
https://doi.org/10.1152/ajprenal.00235.2023
https://doi.org/10.1016/j.str.2004.04.014
https://doi.org/10.1091/mbc.E20-01-0089
https://doi.org/10.1091/mbc.E23-03-0113
https://doi.org/10.1016/j.cell.2022.09.042
https://doi.org/10.1074/jbc.M112.398750
https://doi.org/10.1083/jcb.200605093
https://doi.org/10.1152/ajpcell.00488.2019
https://doi.org/10.1152/ajpcell.00488.2019
https://doi.org/10.1152/ajprenal.00612.2014


disease. Cell Metab. 2017;25(2):285–299. doi:10.1016/
j.cmet.2017.01.007

91. Rodan AR, Jenny A. Current topics in developmental biology. In:
Jenny A, ed. Protein Kinases in Development and Disease;
2017:1–47.

92. Gallolu Kankanamalage S, Karra AS, CobbMH.WNK pathways
in cancer signaling networks. Cell Commun Signal. 2018;16(1):
72. doi:10.1186/s12964-018-0287-1
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