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A B S T R A C T

Pseudohypoaldosteronism type II is a rare Mendelian disorder characterized by hypertension, 
hyperkalemia, hyperchloremia and metabolic acidosis, despite a normal glomerular filtration 
rate. Four genes (KLHL3, CUL3, WNK1 and WNK4) are associated with this disease. Mutations in 
the KLHL3 gene cause pseudohypoaldosteronism type II in either an autosomal dominant or a 
recessive inheritance pattern. Sensory neuropathy has been associated with autosomal recessive 
mutations in WNK1, but not with KHLH3. We reported a unique three-generation family with 
dominant pseudohypoaldosteronism type II and sensory neuropathy. Three affected members of 
the family underwent neurological examination, nerve conduction studies and exome sequencing. 
A 13-years-old girl had a history of pseudohypoaldosteronism type II, and suffered from neuro
pathic pain associated with a sensory neuronopathy. Her mother and grandfather have pseudo
hypoaldosteronism type II associated with an asymptomatic sensory neuropathy on nerve 
conduction studies. Exome sequencing revealed in all affected members two missenses at het
erozygous state, one pathogenic variant in KLHL3, which may be responsible for the sensory 
neuropathy. This is the first description of neurological features associated with KLHL3 mutation. 
Our study expands the genotype-phenotype spectrum of KLHL3 with the addition of sensory 
neuronopathy.

1. Introduction

Pseudohypoaldosteronism type II (PHAII) is characterized by hypertension, hyperkalemia, hyperchloremia, and metabolic 
acidosis, despite a normal glomerular filtration rate. Four genes are associated with PHAII: WNK1, WNK4, KLHL3, and CUL3 [1]. 
Mutations in KLHL3 cause PHAII in either an autosomal dominant or a recessive inheritance pattern. WNK1 mutations cause an 
autosomal dominant PHAII, or an autosomal recessive hereditary sensory and autonomic neuropathy type IIA. To date, no neurological 
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damage has been reported with KLHL3 mutations. We report a unique three-generation family diagnosed with both PHAII and sensory 
neuropathy.

2. Case/case series presentation

The proband, a 13-year-old French girl, came to the Lille University Hospital for excruciating pain in the left heel. She was 
diagnosed with PHAII at age 11 because of hyperkalemia which we treated with hydrochlorothiazide 12.5 mg/day (started at age 11). 
She complained of left heel pain that suddenly appeared one morning at age 12 and has persisted since. She described the pain as 
“stabbing”, being present all day and night (visual analog scale rated 6/10, with paroxysmal episodes rated 9/10), and also worsened 
by pressure, touch, contact with water (allodynia), and whilst walking. At age 18, the patient complained of neuropathic pain to the 
left knee. She took the habit of walking on tiptoes on the left side to prevent pain or to use crutches to limit contact with the floor. 
Treatments for neuropathic pain, such as gabapentin (up to 600mg 3 times/day, tried at age 13), amitriptyline (up to 25 mg/day, tried 
at age 14), duloxetine (60mg/day, tried at age 14), local lidocaine (700 mg, tried at age 14) and 8 % capsaicin patch (1/day, tried at 
age 15), were ineffective. Clinical examination revealed normal motor strength of the four limbs, normal deep tendon reflexes, and no 
signs of upper motor neuron syndrome. Sensory examination only revealed slight hypopallesthesia of the four distal limbs and slight 
oscillations in the Romberg maneuver. There was a mild distal sensory loss of the left foot and leg, not attributable to a specific nerve 
territory. Examination of the protopathic, thermic, and analgesic sensitivity was normal, including the painful area. She complained of 
mild episodes of hand and foot erythrosis and excessive sweating. The left heel was normal. Nerve conduction studies (NCS) was 
performed on a Dantec® Keypoint® G4 system and showed diffuse reduction of the sensory nerve action potential (SNAP) amplitude of 
the four limbs in a non-length dependent pattern, with normal compound muscle action potentials (CMAPs) and needle electromy
ography, thus suggesting sensory neuronopathy (Camdessanché score = 7.6) [2] (Supplementary Table S1.). After a six-year follow-up, 
the complaints and clinical examination remained stable.

Her mother was diagnosed with PHAII at age 37 because of chronic hyperkalemia and treated with furosemide (40mg/d). She had 
no neurological complaints and a normal clinical examination. NCS at age 48 showed a bilateral reduction of SNAP amplitude in the 
lower limbs, normal SNAP amplitudes in the upper limbs, except for the median nerves (related to carpal tunnel syndrome), and 
normal CMAPs amplitudes for the limbs, except for the left extensor digitorum brevis muscle. Needle electromyography was normal. 
This profile was suggestive of sensory length-dependent polyneuropathy (Camdessanché score = 3.1) (Supplementary Table S1).

The proband’s maternal grandfather had a history of chronic hyperkalemia treated with sodium polystyrene sulfonate (15g/day), 
without any diagnostic work-up, hypertension treated with perindopril-amlodipine (5/10 mg/day), inguinal hernia surgery, and 
trigger finger surgery. From the age of 75, he complained of left leg pain. Neurological examination revealed isolated weakness during 
extension of the left foot, graded 2/5 on the Medical Research Council scale, a protopathic sensory deficit of the left foot. Additionally, 
he had a mild gait trouble since the age of 70, sensory ataxia on examination and severe bilateral hypopallesthesia of both lower limbs. 
Deep tendon reflexes were all normal. NCS studies revealed a diffuse reduction of SNAP amplitude for the four limbs in a non-length 
dependent pattern. CMAPs amplitudes were decreased when recording muscles innervated by the left sciatic nerve (extensor digitorum 
brevis, tibialis anterior, abductor halluces brevis muscles) on the left side, whereas examination was normal on the right side and for 
the upper limbs. Needle electromyography revealed a neurogenic pattern in the muscles innervated by the left sciatic nerve (extensor 
halluces longus, peroneus longus, tibialis anterior, gastrocnemius, biceps femoris) but was normal elsewhere (Supplementary 
Table S1). A final diagnosis of sensory neuronopathy (Camdessanché score = 6.5) associated with left sciatic mononeuropathy was 
made.

We excluded genetic variants in PMP22 and RFC1 genes. We excluded all known genetic cause of sensory neuropathy and per
formed exome sequencing on the three patients and one asymptomatic relative (Supplementary methods). After filtering exome 
sequencing evidenced 16 rare variants shared by the three patients and absent in the unaffected uncle (Supplementary Table S2). Only 
a missense variant in KLHL3 (NM_017415.3: c.1582C > T, p.(Arg528Cys)) in exon 13 could explain the phenotype. This variant has 
been described as being pathogenic [3,4], located in a mutational hotspot [3] and is present with an extremely low frequency in the 
gnomAD database (gnomAD v4.0.0 = 1/628744). Another variant NM_017415.3: c.1583G > A, p.(Arg528His) which affects the same 
codon but has a different amino acid change has also been reported as pathogenic [3,4],. The KLHL3 gene has a low rate of benign 
missense variants. Prediction tools and segregation analyses reinforced the pathogenicity. According to American College of Medical 
Genetics and Genomics guidelines [5], this variation should be considered as “Pathogenic”. Pedigree and Sanger sequencing are shown 
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CUL3 Cullin 3 gene
CMAPs Compound muscle action potentials
KLHL3 Kelch like family member 3 gene
NCS Nerve conduction studies
PHAII Pseudohypoaldosteronism type II
SNAP Sensory nerve action potential
WNK1 WNK lysine deficient protein kinase 1 gene
WNK4 WNK lysine deficient protein kinase 4 gene
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in Supplementary Fig. S1.

3. Discussion

This is the first description of sensory neuropathy associated with KLHL3 mutation. Although this is the only family reported today 
with such clinical presentation, the presence in the same family of sensory neuronopathy, a rare presentation of peripheral neuropathy 
[6], strongly suggests a genetic disorder. Whereas PHAII in our family is explained by p.(Arg528Cys) mutation in the KLHL3 gene, as 
previously reported [3,4], the sensory neuropathy is likely to be a new phenotype associated with KLHL3, considering the extensive 
genetic screening, our segregation analysis and that the variant has been reported to be pathogenic. Our study expands the 
genotype-phenotype spectrum of KLHL3 with the addition of sensory neuronopathy. We propose to screen KLHL3 gene in patients 
presenting with both PHAII and sensory neuropathy symptoms. Moreover, KLHL3 gene should be included in genetic explorations of 
inherited sensory neuropathies.

Although there were no other candidate genes in our patients for sensory neuropathy, we cannot exclude that we missed a variant 
located in a deep intronic region or a gene associated with a hereditary neuropathy that was not yet reported before in the literature. 
Additional functional studies may be relevant to demonstrate the role of KLHL3 in this family. We noted phenotypic heterogeneity of 
sensory neuropathy. The observed disability differs from a severe and early handicap for the proband to a paucisymptomatic impact for 
her mother and grandfather. Different genetic modifiers or environmental factors may influence on the variable expression of sensory 
neuropathy in the family. This scarcity of neurological signs in some patients could explain why sensory neuropathy related to KLHL3 
has not been described before. Since neurological signs can be quite subtle, patients with PAHII should be referred to a neurologist and 
have NCS performed to screen for this condition.

Missenses mutants at position 528 of KLHL3 have been described to impair interaction with WNK1 and WNK4 and to impair 
ubiquitination of WNK4. In PAHII, this accumulation of WNK1 and WNK4 proteins leads to an activation of sodium and sodium- 
chloride channels [7]. The mechanism leading to sensory neuropathy in KLHL3 mutation is not currently understood. One hypoth
esis would be that alteration of extracellular sodium could alter different channels in sensory nerves, for example, sodium-voltage 
gated channels, which are highly expressed in nociceptive and sympathetic neurons of the peripheral nervous system, and play a 
major role in neuropathic pain [8].

4. Conclusion

Our study is in favour of an extension of the phenotype associated with KLHL3 mutation. However, a larger cohort size and further 
studies are needed to confirm this association between KLHL3 variants and sensory neuropathy. It may also require additional ex
plorations, such as performing NCS on other KLHL3 patients. In future research, it may also be relevant to check if Klhl3 knockout mice 
(Klhl3-/-) [9] display a sensory neuropathy phenotype, and deregulation of sodium-voltage gated channels in the dorsal, root ganglia.
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[2] J.-P. Camdessanché, G. Jousserand, K. Ferraud, C. Vial, P. Petiot, J. Honnorat, J.-C. Antoine, The pattern and diagnostic criteria of sensory neuronopathy: a 
case–control study, Brain 132 (2009) 1723–1733, https://doi.org/10.1093/brain/awp136.

[3] L.M. Boyden, M. Choi, K.A. Choate, C.J. Nelson-Williams, A. Farhi, H.R. Toka, I.R. Tikhonova, R. Bjornson, S.M. Mane, G. Colussi, M. Lebel, R.D. Gordon, B. 
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