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Gordon Syndrome: a continuing story
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Abstract Gordon Syndrome (GS) is a rare familial hyperten-
sion syndrome with a characteristic hyperkalaemia which
distinguishes it from other syndromic forms of hypertension
that typically cause hypokalaemia. Patients with GS respond to
aggressive salt-restriction or relatively small doses of thiazide
diuretics, which suggests that activation of the thiazide-
sensitive Na/Cl cotransporter (NCC) in the distal nephron is
to blame. However, the mechanism has proved to be complex.
In 2001, mutations in genes encoding two serine/threonine
kinases, WNK1 and WNK4, were identified as causing GS.
However, it took several years to appreciate that these kinases
operated in a cascade with downstream serine/threonine ki-
nases (SPAK and OSR1) actually phosphorylating and acti-
vatingNCC and the closely related cotransporters NKCC1 and
NKCC2. The hyperkalaemia in GS arises from an independent
action of WNK1/WNK4 to reduce cell-surface expression of
ROMK, the secretory K-channel in the collecting ducts. How-
ever, mutations in WNK1/4 are present in a small minority of
GS families, and further genes have emerged (CUL3 and
KLHL3) that code for Cullin-3 (a scaffold protein in an ubiq-
uitin–E3 ligase) and an adaptor protein, Kelch3, respectively.
These new players regulate the ubiquitination and proteasomal
degradation of WNK kinases, thereby adding to the complex
picture we now have of NCC regulation in the distal nephron.
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Introduction

The first report of a patient with hypertension and striking
hyperkalaemia appeared in the 1960s [1]. Richard Gordon
reported a second case in 1964 [2], but soon realised that it
was an inheritable phenotype tracking in several Australian
families. Patients with this phenotype have normal renal
function in terms of an intact glomerular filtration rate and
usually a metabolic acidosis (often called type IV renal
tubular acidosis). The hyperkalaemia itself can be severe
(reaching 8–9 mmol/l) and sufficient to cause symptoms of
periodic paralysis leading to the alternative name for the
syndrome of familial hyperkalaemia and hypertension
(FHHt); pseudohypoaldosteronism type 2 (PHA2) is another
syndrome of hypertension characterised by hyperkalaemia.
The hyperkalaemia is a useful discriminator because all
other monogenic syndromes that increase blood pressure
cause no change in plasma potassium (K) or obvious
hypokalaemia [3].

Subsequently pedigrees with the Gordon Syndrome
(GS) phenotype have been reported from France [4] and
Israel [5]. The French pedigrees were notable because they
were associated with a much milder phenotype. The impli-
cations of this milder phenotype would become better
understood with the realisation that there are distinct phe-
notype–genotype correlations across GS families (see
below).

Patients with GS usually have suppressed renin consis-
tent with their salt-loaded state, but the aldosterone levels
are typically low given their hyperkalaemia. Both condi-
tions are reversed by dietary salt-restriction (20 mmol/
day). In fact, either salt-restriction or low doses of thia-
zide diuretics are highly effective in normalising the hy-
pertension and electrolyte disturbances of patients with
GS [5, 6].
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Early linkage studies and discovery of WNK1/4 mutations

The GS phenotype usually tracks through families as an
autosomal dominant trait, although the most recent molecular
work has indicated that some mutations causing a GS pheno-
type behave recessively (KLHL3, see below). The initial
genetic studies with GS pedigrees were hampered by the small
size of many of the families and hence their limited use in
linkage studies to define candidate loci. However, it was clear
at an early stage that there was linkage heterogeneity, and two
loci were ultimately defined on chromosomes 1 (1q31-q42)
and 17 (17p11-q21) [7, 8]. The breakthrough came during
linkage studies on a large French pedigree that showed an
intronic deletion in a third locus on chromosome 12 [9]. This
deletion occurred in a gene called WNK1 that had been
recently characterised as a gene encoding a serine/threonine
kinase. Indeed, WNK1 was a member a small family of four
WNK kinases (WNK1–4) with highly conserved features
[10]. Another member of this family,WNK4, actually mapped
to the chromosome 17 locus, so it was soon established that
families linking to this locus carried WNK4 mutations. How-
ever, these mutations were exonic missense mutations that
clustered in a unique amino acid sequence (EPEEPEADQH)
dubbed the acidic motif. All of these mutations caused charge-
changing substitutions in the motif, but they did not affect the
kinase activity of WNK4. In fact, the function of the acidic
motif remained a mystery until the recent discovery that the
WNKs bind to Kelch-3 through the acidic motif [11, 12] (see
below). In contrast, the intronic deletion in WNK1 appears to
function by increasing WNK1 expression—at least in the
circulating peripheral blood monocytes from GS patients with
WNK1 mutations [9].

The function of WNK kinases in the kidney

Throughout the human kinome, kinase enzymes almost in-
variably use a canonical lysine residue to dock ATP. The
singular exceptions are the WNK kinases, hence their acro-
nym [‘With No lysine (K)’]. As a group the WNK kinases are
highly conserved and phylogenetically old, appearing first in
the Drosophila and Caenorhabditis elegans genomes
(WNK1), with the other WNKs only appearing in higher
vertebrates, such as the Fugu genome and upwards. Early
clues to the function of the WNKs came from their expression
in transporting epithelia [13, 14] and the clinical parallel of GS
with another familial blood pressure and electrolyte disorder,
Gitelman syndrome. Indeed, GS andGitelman syndromewere
found to be mirror images of each other, which suggested that
the thiazide-sensitive NaCl cotransporter (NCC) was involved
and probably activated. However, the coding sequence of
NCC was not mutated in GS patients, and the GS loci

identified by linkage did not map to the SLC12A3 gene
encoding NCC (chromosome 16q3).

To address this puzzle, several groups looked at co-
expression of NCC and WNK proteins using the oocyte
expression system [15–17] and found that WNK4 suppressed
total Na flux by a marked inhibition of NCC expression at the
cell surface. The effect was reversed when WNK4 was
expressed with typical GS mutations in its acidic motif. Fur-
ther work has shown that WNK4 does this by blocking
forward trafficking of NCC, which is instead diverted for early
lysosomal degradation [18]. However, this is not the only—or
probably even the major—regulatory effect of WNKs on
NCC, because a second question remained: if the WNK
proteins are kinases, what is their phosphorylation target?
The WNKs do not phosphorylate NCC directly, and their
kinase activity against prototypical substrates, such myelin
basic protein and claudin-4, is very weak. Then in 2005, Dario
Alessi’s group in Dundee identified two related proteins,
SPAK (STE20/SPS1-related proline/alanine-rich kinase) and
OSR1 (oxidative stress–responsive kinase 1), which were
very actively phosphorylated by WNKs [19]. In fact, these
closely related STE20 serine/threonine kinases are inactive
until a single threonine residing in their catalytic loops
(T233 in SPAK and T185 OSR1) are phosphorylated by
WNKs. The phospho-forms of both kinases then in turn
phosphorylate key threonine residues in the N-terminal region
of NCC and in the related chloride-cation cotransporters
NKCC1 and NKCC2 [20]. Phosphorylation of these residues
increases transporter activity in association with insertion of
the transporter into the apical surface membrane [21–23]
(Fig. 1).

The importance of this mechanism in vivo can be seen
when the key N-terminal threonine residue in NCC (T60) is
inactivated by a loss-of-function mutation (T60M). This is a
common disease allele amongst South-East Asians with
Gitelman syndrome, and the low apical expression of NCC
leads to reduced recovery of the protein from urinary
exosomes [24]. A final twist to this story has come with a
report that the activation of NCC byWNK1 is independent of
WNK4 and is, in fact, actually antagonised by the latter [25].
This suggests that in vivo the WNKs (WNK1, WNK3 and
WNK4) form homo- and hetero-oligomers through their coil–
coil domains to regulate NCC.

The origin of the hyperkalaemia in GS

The mechanism for the salt-dependent hypertension can be
explained by NCC activation, but what is the origin of the
hallmark hyperkalaemia? It too could be explained in part by
NCC activation. The effect of NCC activation is to extract
more NaCl from the distal convoluted tubule (DCT), which
leads to reduced electrogenic recovery of Na+ in the collecting
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ducts (CD) (Fig. 1) and thereby a reduction in the lumen-
negative potential required for K secretion through the secre-
tory K-channel in the CD (ROMK). However, several groups
have shown that the WNKs are able to directly affect ROMK
expression by affecting its trafficking from the cell surface
[26–28]. Specifically, theWNKs accelerate the endocytosis of
ROMK through a clathrin-coated pit pathway (Fig. 1). The GS
mutations in WNK4 do not block this behaviour but actually
behave as gain-of-function mutations suppressing ROMK
expression even further [17]. It therefore seems likely that
the hyperkalaemia arises from a combination of a reduced
potential across individual ROMK channels as well as a
reduction in the numbers of channels expressed in the CD
cells in GS. Nevertheless, the importance of altered endocy-
tosis has been questioned, but in a recentWNK1mouse model
of GS the expression of the ROMK was clearly downregulat-
ed in the CD of these mice in vivo [29].

WNKs are not the whole story

The original linkage work in GS pedigrees implied that mu-
tations in at least four genes could cause a GS phenotype. To
explore this, Rick Lifton’s research group undertook a whole
exome approach in 2012, which succeeded in identifying two
further genes, CUL3 and KLHL3 [30]. A systematic screening
of their pedigree collection showed that mutations in these
genes actually accounted for the overwhelming majority of
disease-causing mutations, with just seven of 56 GS families
being explained by a mutation in either WNK1 or WNK4. In
support of this finding, mutations in Kelch-3, encoded by the

KLHL3 gene [31], have been reported in 16 of 45 French GS
pedigrees, and mutations in CUL3 and KLHL3 have been
detected in a combined UK and Australian collection of 11
GS pedigrees without a previous molecular diagnosis [32].

The proteins encoded by CUL3 and KLHL3 are involved
the endosomal degradation of WNK4 and probably also for
the WNK proteins as a class. Cullin-3 is actually the hydro-
phobic scaffold protein for a ubiquitin–E3 ligase that tags
proteins, in this case WNKs, for degradation through the
proteasome (Fig. 2). The substrate specificity for the E3 ligase
is dictated by the substrate adaptor protein for the Cullin-
RING (really interesting new gene) complex and that for the
WNKs is provided by Kelch-3. The functional implications
for the CUL3 and KLHL3mutations found in GS fit well with
the known structural biology of the Cullin-RING-ligase–
Kelch interaction. Hence, all of the CUL3 mutations affect
the splicing of exon 9 of Cullin3, as is shown by the truncated
transcripts expressed in patients with these mutations [32]. It is
thought that the 57-residue exon 9 peptide normally interacts
directly with Kelch-3 and that therefore the CUL3 mutations
will block the Cullin3 interaction with Kelch-3. The Kelch
domains themselves (there are 6 of them) in Kelch-3 form a
propeller-like structure, and the dominant mutations lie either
close to the hub of the propeller or at sites thought to be
important for binding the substrate protein (WNKs in this
case) [30, 31]. The implication of this work is that the levels
of WNKs should be increased in cells expressing these
Cullin3 or Kelch-3 mutations. This upregulation has been
confirmed in a recent Kelch-3 mouse model for a KLHL3
GS mutation, with the tissues of these animals showing wide-
spread upregulation of WNK4 [33].

Fig. 1 Different actions of the
‘With No lysine (K)’ kinases
(WNK s) along the distal
nephron. WNK1/4
phosphorylates the STE20/SPS1-
related proline/alanine-rich kinase
(SPAK) in the distal convoluted
tubule (DCT), which in turn
phosphorylates and activates the
thiazide-sensitive Na/Cl
cotransporter (NCC). This occurs
in tandem with insertion of the
phosphorylated NCC into the
apical membrane. In the adjacent
collecting duct (CD), WNK1/4
accelerates internalisation of the
secretory K-channel in the CD
(ROMK channel). ENaC
Epithelial sodium channel
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Discovery of the CUL3 and KLHL3 mutations has led to
the emergence of clear phenotype–genotype correlations in
GS [30, 32] (Fig. 3). Mutations in CUL3 invariably cause
onset of the GS phenotype in very early childhood and the
most profound electrolyte disturbances. It therefore cannot
come as a surprise that Richard Gordon’s very severe 1964
index case carries aCUL3mutation [32]. The age of onset and
severity then diminishes for the other genes in the order:
KLHL3 > WNK4 > WNK1. In fact, the WNK1 families typi-
cally have normal blood pressure into late adulthood [4, 34].

A vascular component to the hypertension in GS?

It has been assumed that the hypertension seen in GS is
entirely explained by salt-retention through NCC activation.
However, this may not always be the case—at least for those
cases caused byCUL3mutations. It was reported over 20 years
ago that dominant negative mutations in PPARG, the target for

thiazolidinedione antidiabetic drugs, had a striking phenotype
of severe insulin resistance, diabetes and marked hypertension
[35]. The molecular basis for this was then unclear. However,
recent work has shown that these PPARG mutations cause
vasoconstriction by an intriguing mechanism [36]. The con-
tractile tone of vascular smooth muscle is controlled by the
phophosphorylation state of myosin-light chain that is deter-
mined by RhoA-kinase. This is in turn regulated by RhoA, a
molecule that is subject to degradation through
ubiquitinylation and endosomal breakdown in an analogous
fashion to the WNKs. RhoA even uses a Cullin3–E3 RING
ligase, although it partners a different adaptor protein,
RhoBTB1. Hence, it would be expected that GS subjects
carrying typical CUL3 exon 9 deletions would also show
defective RhoA ubiquitinylation and that its accumulation
would lead to increased vascular smooth muscle tone. This
mechanismwould provide an elegant explanation for the more
severe blood pressure phenotype seen with CUL3 versus
KLHL3 mutations.

Fig. 2 The Cullin3–E3 ligase
complex. The complex binds
WNKs through the adaptor
protein Kelch-3 (encoded by
KLHL3) and the WNK acidic
motif (EPEEPEADQH). The
ubiquitinated WNKs are then
degraded through the proteasome.
The Gordon Syndrome (GS)
mutations CUL3 and KLHL3
block this pathway, causing the
WNKs to accumulate in the cell.
Ub–E2 ubiquitin–E2 ligase

Fig. 3 Genotype–phenotype
relations for the various genes
mutated in GS. CUL3 carries the
most severe phenotype expressed
in terms of age of diagnosis,
degree of hyperkalaemia and/or
metabolic acidosis. AD
Autosomal dominant, AR
autosomal recessive. Figure is
redrawn from Boyden et al. [30]
with permission
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GS-causing mutations in the general hypertensive
population?

Pedigrees with GS are uncommon, with fewer than 150 re-
ported in the literature world-wide. However, an obvious
question is whether GS-causing mutations are under-
recognised in the wider hypertensive population. Louis-Dit-
Picard et al. have directly sequenced the coding region of
KLHL3 in 1,232 hypertensive subjects from the
HYPERGENE cohort and found just a single missense muta-
tion in a subject with a plasma K level of 5.1 mmol/l [31]; no
such missense mutation was present in 800 normotensive
control subjects. The same research group also looked for an
association between blood pressure and almost 800 single
nucleotide polymorphisms (SNPs) across the KLHL3 locus
in another cohort (International Consortium on Blood Pres-
sure) of 69,000 subjects—but found none. So it appears
sporadic GS-causing KLHL3 mutations are rare in European
subjects and that the gene itself does not influence blood
pressure in the general population. This has also been the
experience with WNK1 and WNK4, where a large meta-
analysis of genome-wide association study cohorts have failed
to show a significant association of either gene locus with
hypertension in the general population. However, a significant
association has been found with common SNP variants
encoding SPAK (also known as STK39) that has been repli-
cated across four large cohorts [37].

The future

It is now clear that GS can be caused by at least four genes that
modulate a novel WNK/OSR1/SPAK/NCC regulatory path-
way in the distal nephron. Understanding the molecular mech-
anisms involved has revealed the complexity with which NCC
is regulated. NCC can no longer be seen as a static target for
thiazide drugs, but rather as a highly dynamic cotransporter
whose phosphorylation state and expression at the cell surface
are tightly controlled. There is also substantial evidence that
WNKs are important outside of the kidney with impacts on
bone, central nervous system and the vasculature [38, 39]. Yet,
the GS story is still incomplete because GS pedigrees remain
that do not have mutations in CUL3, KLHL3 or the genes
encoding WNK1 or WNK4. The roll-out of whole genome
sequencing to these families may identity further GS genes.
There is also the prospect that in some families (with CUL3
mutations) the phenotype has a vascular dimension that needs
further exploration. Finally, the WNK/ OSR1/SPAK phos-
phorylation cascade is an attractive drugable target, thereby
raising the prospect of a new class of diuretic drugs that block
the docking of WNKs and SPAK. In fact, a Japanese group
has recently used a high-throughput drug screen to identify
two potential lead compounds targeting the peptide motif

(RFQV) used to dock WNK with SPAK [38, 40]. So despite
the extreme rarity of GS, the unfolding its molecular basis
seems set to have a huge translational impact both inside and
outside the kidney.
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