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Abstract

Purpose of review: Mutations in the E3 ubiquitin ligase scaffold cullin 3 (CUL3) cause the 

disease Familial Hyperkalemic Hypertension (FHHt) by hyperactivating the NaCl cotransporter 

(NCC). The effects of these mutations are complex and still being unraveled. This review 

discusses recent findings revealing the molecular mechanisms underlying the effects of CUL3 

mutations in the kidney.

Recent findings: The naturally occurring mutations that cause deletion of exon 9 (CUL3-Δ9) 

from CUL3 generate an abnormal CUL3 protein. CUL3-Δ9 displays increased interaction with 

multiple ubiquitin ligase substrate adaptors. However, in vivo data show that the major mechanism 

for disease pathogenesis is that CUL3-Δ9 promotes degradation of itself and KLHL3, the specific 

substrate adaptor for an NCC-activating kinase. CUL3-Δ9 displays dysregulation via impaired 

binding to the CSN and CAND1, which cause hyperneddylation and compromised adaptor 

exchange, respectively. A recently discovered CUL3 mutant (CUL3-Δ474–477) displays many 

similarities to CUL3-Δ9 mutations but some key differences that likely account for the milder 

FHHt phenotype it elicits. Furthermore, recent work suggests that CUL3 mutations could have 

unidentified complications in patients and/or a predisposition to renal injury.

Summary: This review summarizes recent studies highlighting advances in our understanding of 

the renal mechanisms by which CUL3 mutations modulate blood pressure in FHHt.
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Introduction

Familial hyperkalemic hypertension (FHHt, also known as Gordon syndrome or 

Pseudohypoaldosteronism Type II) is a rare monogenic disease characterized by high blood 

pressure and plasma potassium, and hyperchloremic metabolic acidosis. The phenotype 
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ultimately results from an increase in sodium chloride reabsorption through the NaCl 

cotransporter (NCC) expressed in the distal convoluted tubule (DCT) of the kidney. 

Hyperkalemia is secondary to effects on the connecting segment/cortical collecting duct (1), 

and metabolic acidosis is secondary to effects on the proximal tubule (2). Thiazide diuretic 

treatment, therefore, alleviates most electrolyte imbalances. Although NCC is upregulated, 

mutations that cause FHHt are not found in the gene encoding NCC (SLC12A3) itself, 

but in genes encoding proteins that regulate NCC activity. With No Lysine [K] kinases 

(WNKs) initiate a phosphorylation cascade that ends with NCC phosphorylation, activating 

the cotransporter. WNK4, the predominant active WNK in the DCT (3), phosphorylates 

the intermediate kinases SPAK and OSR1; both of which then directly phosphorylate 

NCC (Figure 1) (4, 5). WNKs are regulated by the ubiquitin proteasome system via 

cullin-RING ligases (CRLs), the largest group of E3 ubiquitin ligases (Figure 1). CRLs 

are modular complexes consisting of a cullin scaffold protein attached to a RING subunit, 

and an interchangeable adaptor and substrate receptor that confers specificity to one or 

a small group of substrates (Figure 2). There are 8 known cullins in humans: cullins 

1, 2, 3, 4A, 4B, 5, 7, and 9/PARC (6). Cullin 3 (CUL3) is unique in that it interacts 

with substrate adaptors called BTB (Broad complex, Tramtrack, Bric-a-brac) proteins that 

serve the role of both the adaptor and substrate receptor (7). WNKs interact with the 

CUL3 CRL specifically via the substrate adaptor kelch-like 3 (KLHL3). FHHt mutations 

have been in found in WNK1 (expressed ubiquitously throughout the nephron), WNK4 

and KLHL3 (expressed predominately in the DCT), and CUL3 (ubiquitously expressed 

in all cells) (8-11). A tremendous amount of knowledge was unveiled by studying these 

disease-causing mutations. The disease onset and severity depend on the causative genetic 

mutation, with CUL3 mutations being the most severe, and having the earliest onset (8, 

12). Boyden and colleagues found that CUL3 mutations that cause FHHt are dominant and 

de novo (8). All CUL3 mutations initially identified cluster to sites associated in splicing 

of exon 9, causing deletion of the entire exon; thus, the mutant will be referred to here as 

CUL3-Δ9. Exon 9 encodes amino acids 403–459 which contains the entire 4HB domain 

(Figure 3A). More recently, an FHHt-causing mutation was identified in exon 10 (13). This 

mutation causes deletion of 12-base pairs, resulting in loss of 4 amino acids (Δ474–477) 

located in the α/β1 domain (Figure 3A). Although there has only been one known case, the 

CUL3-Δ474–477 mutant showed a less severe phenotype, with functional and mechanistic 

differences compared to CUL3-Δ9, discussed below. WNK1, WNK4, and KLHL3 mutations 

impair their interaction with other subunits in the CRL complex, preventing ubiquitin ligase 

attachment to WNKs (11, 14-17). Additionally, there are intronic WNK1 mutations that 

cause ectopic WNK1 expression (9, 18). FHHt-causing CUL3 mutations lead to a complex 

modulation of CRL structure and function that have been studied extensively over the past 

decade, however, the precise molecular mechanism has been difficult to elucidate. This 

review highlights recent findings that have unraveled the molecular mechanisms underlying 

the effects of CUL3 mutations on the kidney that contribute to FHHt.

CRL ubiquitination, neddylation, and deneddylation

E3 ubiquitination is a multi-step process (Figure 2). First, an E1 ubiquitin activating enzyme 

activates ubiquitin in an ATP-dependent manner and then transfers the protein to an E2 
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ubiquitin conjugating enzyme. The ubiquitin-charged E2 binds to the RING subunit where 

it transfers ubiquitin to the target substrate. Before the ubiquitination process can begin, 

the CRL must be activated. CRL activity is maintained through a cycling process in which 

the cullin undergoes modification via covalent attachment of NEDD8, a small ubiquitin 

like protein (19-21) (Figure 2). This process (neddylation) is similar to ubiquitination 

but uses neddylation-specific enzymes (E1: NAE; E2: UBE2M, also known as UBC12, 

and UBE2F) (22). NEDD8 attachment near the RING subunit facilitates recruitment 

of ubiquitin-charged E2s and initiates ubiquitin transfer by altering the cullin-RING 

structure, bringing the ubiquitin charged E2 closer to the substrate (23, 24). Ultimately, 

the neddylation process “turns on” the CRL complex. NEDD8 removal (deneddylation) is 

mediated by the COP9 signalosome (CSN) (Figure 2). The CSN binds to the CRL complex 

and the CSN5/JAB1 subunit catalyzes the cleavage of NEDD8, “turning off” ubiquitin ligase 

activity (25, 26). Thus, neddylation activates the CRL, initiating ubiquitination, whereas 

deneddylation inactivates the CRL. Cycling between neddylation and deneddylation is 

important for normal CRL function. This cycling process in necessary for rapid turnover 

of adaptor proteins allowing CRLs to adapt to the available pool of substrates. When in 

the unneddylated state CRLs are able to interact with cullin-associated NEDD8-dissociated 

protein 1 (CAND1); a regulatory protein involved in recycling adaptors and substrates. 

CAND1 has also helps catalyze the binding of adaptor proteins, after which it releases from 

the complex, allowing activation via neddylation (27, 28).

CUL3 mutants display enhanced interaction with BTB adaptors

Initial in vitro results published by the Ellison and McCormick groups in JCI in 2014, 

showed that CUL3-Δ9 displayed increased binding and enhanced degradation of the adaptor 

KLHL3 compared to WT CUL3 (29). Analysis of both CUL3-Δ474–477 and CUL3-Δ9 

mutants has shown an increased interaction not only with KLHL3 (Figure 3A), but with 

multiple BTB adaptors. We first showed that CUL3-Δ9 had increased binding to KLHL3, 

BTBD1, and KCTD6 (29). Sigmund and colleagues followed with findings that CUL3-Δ9 

had enhanced interaction with Bacurd1 and RhoBTB. However, unlike its effect on KLHL3, 

the enhanced interaction of CUL3-Δ9 with these adaptors did not lead to degradation, 

suggesting that sequestration or trapping of adaptors by CUL3-Δ9 could be a key molecular 

mechanism (30). Two more recent studies using mass spectrometry identified multiple 

BTB adaptors with preferential binding to CUL3-Δ9 (13, 31) and CUL3-Δ474–477 (13) 

compared to WT-CUL3. The work by Kouranti et al. further assessed the enhanced binding 

of CUL3-Δ9 and adaptors (31). They analyzed a small set of BTB adaptor proteins using 

bioluminescence resonance energy transfer (BRET) concluding that the preferential binding 

to CUL3-Δ9 was not due to an increase in affinity. However, stable isotope labeling by 

amino acids in cell culture (SILAC) combined with dynamic pulse-chase experiments 

showed that CUL3-Δ9 had an impairment in adaptor exchange, supporting the theory that 

the impact of CUL3-Δ9 on BTB adaptors was to trap/sequester them rather than cause 

enhanced degradation.

CAND1 is important in CRL adaptor exchange and cannot bind to neddylated CRLs. 

Kurz and colleagues found that CUL3-Δ9 did not interact with CAND1 (Figure 3A) (32), 

and Kouranti et al. showed that the neddylation inhibitor MLN4924 did not restore this 
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interaction (31), suggesting that the impaired interaction is caused by structural changes 

caused by exon 9 deletion. Together the results suggest that impaired CAND1 binding may 

be an important mechanism for the CUL3-Δ9 mutants. Chatrathi et al., however, showed that 

the novel CUL3-Δ474–477 mutant did not have impaired binding to CAND1 (Figure 3A). 

Furthermore, their mass spectrometry data demonstrated that a large number of adaptors 

had an even higher interaction with CUL3-Δ474–477 compared to CUL3-Δ9 (13). The 

seemingly contradictory results may shine a light on the molecular mechanisms for CUL3 

FHHt mutations as well as the difference in severity between the two mutants (explained in 

more detail below). The conflicting data demonstrate the need for continued examination of 

the effect of CUL3 mutations on adaptors and downstream effects on their substrates.

CUL3 FHHt mutants display impaired deneddylation

Our initial findings showed that the CUL3-Δ9 mutant was hyperneddylated, indicating 

impaired deneddylation (29). Neddylation inhibition via the compound MLN4924 

attenuated the reduction in KLHL3 abundance we had observed, suggesting that 

hyperneddylation causes the aberrant adaptor degradation. The effect of neddylation on 

KLHL3 sequestration was also explored more recently by Kouranti et al. using BRET 

which showed that the neddylated form of CUL3 had an enhanced affinity to KLHL3, 

and neddylation inhibition with MLN4924 reduced the affinity (31). It was also reported 

that CUL3-Δ9 displays impaired binding to multiple CSN subunits (13, 31-33), including 

CSN4 (31), CSN5/JAB1, and CSN8 (32), suggesting impaired interaction with the CSN as a 

cause for the hyperneddylation. Enhanced neddylation of the novel CUL3-Δ474–477 mutant 

was also demonstrated, but its binding to CSN5/JAB1 was affected to a lesser extent than 

CUL3-Δ9 (Figure 3A) (13).

To examine the effects of impaired interaction with the CUL3 FHHt mutants the Ellison 

group generated an inducible, renal tubule-specific CSN5/JAB1 null mouse (KS-Jab1−/−) 

(34). The mice were examined three-weeks after induction of Jab1 deletion which led 

to an increase in the neddylated form of CUL3, but lower CUL3 abundance overall. 

The reduction in CUL3-Δ9 abundance was first reported by Kurz and colleagues (32). 

They found evidence of enhanced ubiquitination of CUL3-Δ9 in vitro, suggesting aberrant 

autoubiquitination leading to degradation (Figure 3A). In vivo, their CUL3-Δ9 knockin 

mice showed reduced CUL3 abundance, with almost undetectable levels of CUL3-Δ9. 

In addition, the CUL3-Δ474–477 mutant had enhanced autoubiquitination and decreased 

CUL3 abundance in patient-derived fibroblasts (Figure 4) (13). The KS-Jab1−/− mice also 

displayed lower KLHL3, and higher abundances of WNK1, WNK4, phosphorylated WNK4, 

full-length SPAK, and phosphorylated SPAK and OSR1 (34). However, total NCC was 

lower in these mice due to the effects of impaired deneddylation along the entire nephron, 

but the ratio of phosphorylated NCC to total NCC was increased. These data indicate 

that Jab1 deletion and subsequent hyperneddylation of CUL3 causes activation of the WNK-

SPAK-NCC pathway. The mice, however, did not develop an FHHt phenotype due to the 

development of progressive kidney injury (35).
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Dominant negative effects of CUL3-Δ9 on KLHL3 and CUL3 expression

We reported that CUL3-Δ9 caused KLHL3 degradation in vitro (Figure 3A) and 

hypothesized that this was the main cause of NCC activation via increased WNK4 

abundance (Figure 3B) (29). However, others reported that in newly generated CUL3-Δ9 

mouse models KLHL3 was not degraded (32, 36). Rather CUL3-Δ9 caused degradation 

of itself (32, 36, 37). Thus, they suggested that the mechanism for FHHt was functional 

CUL3 haploinsufficiency. This was supported by evidence that mice heterozygous for Klhl3 
did not cause FHHt (38), but mice heterozygous for Cul3 also did not develop an FHHt 

phenotype (39), contradicting this hypothesis. Data from two novel FHHt mouse models 

further supported our KLHL3 degradation hypothesis. The first was a KLHL3 knockout 

mouse (38), which phenocopied FHHt, and was also used to validate KLHL3 antibody 

specificity. The second mouse model was an independently generated CUL3-Δ9 knockin 

mouse (40). Using the KLHL3 knockout mice validated antibody, Sohara and colleagues 

showed an approximately 70% decrease in KLHL3 in CUL3-Δ9 knockin mice compared 

to wildtype mice (40). This reduction was specific to KLHL3, as two other BTB proteins, 

Keap1 and KLHL2, showed no change in protein expression. We developed several novel 

mouse models to further expand on these results. Using an inducible, renal tubule-specific 

CUL3-Δ9 mutant mouse model, we expressed CUL3-Δ9 in mice with a CUL3 knockout 

background (41). Cul3 deletion led to a large increase in KLHL3 protein expression, but 

when the CUL3-Δ9 mutant was simultaneously expressed with Cul3 deletion, KLHL3 

was drastically reduced, demonstrating that CUL3-Δ9 indeed has increased ubiquitin ligase 

activity toward the adaptor. When the CUL3-Δ9 mutant was expressed in mice heterozygous 

for Cul3 the results showed an FHHt phenotype, with a decrease in KLHL3 shown using the 

knockout mouse validated antibody (Figures 3B and 4) (41).

Thus, CUL3-Δ9 causes a decrease in both CUL3 and KLHL3 protein abundance (Figure 

4), however, when these proteins are decreased in mice separately, they do not produce an 

FHHt phenotype. We therefore hypothesized that a combined decrease in both proteins is 

necessary for the disease. We tested this by generating inducible mice heterozygous for both 

Cul3 and Klhl3. Therefore, after induction, the mice would have only 50% expression of 

CUL3 and KLHL3. These mice showed an FHHt-like phenotype with two-fold increases in 

WNK4 and phosphorylated NCC, higher plasma potassium levels, and an increase in blood 

pressure when challenged with a high sodium, low potassium diet. The results indicate that 

degradation of both CUL3 and KLHL3 by CUL3-Δ9 is a key mechanism for the disease 

(Figure 4) (41).

The hypothesis was further validated using KS-Jab1−/− mice. Examination of the mice early 

on after induction showed that NCC was lower to the degree observed at the later time 

point (34). Acute Jab1 deletion caused a decrease in both CUL3 and KLHL3 abundances 

which led to an increased WNK4 abundance and increased phosphorylation of NCC (41). 

The results suggest that hyperneddylation of CUL3-Δ9 due to the impaired interaction for 

the CSN causes the reduction in CUL3 and KLHL3 protein leading to FHHt.
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Differential effects of CUL3-Δ474-477 and CUL3 CUL3-Δ9

The FHHt patient with the novel CUL3-Δ474–477 mutation reported by Chatrathi et al. 

presented with a less severe phenotype compared to patients with CUL3-Δ9 mutations, 

with a milder elevation in serum potassium and reduction in serum bicarbonate (Figure 

4) (13). The CUL3-Δ474–477 mutant showed similar effects as CUL3-Δ9 in vitro 

including hyperneddylation, enhanced CUL3 degradation, and increased interaction with 

BTB proteins. There were some notable differences, however, including intact interaction 

with CAND1 and a lack of KLHL3 degradation (Figure 3A). Furthermore, some of the 

effects, when compared directly to CUL3-Δ9, were either enhanced or reduced to different 

extents. For CSN5/JAB1, interaction with CUL3-Δ9 was more impaired than interaction 

with CUL3-Δ474–477, whereas interactions with BTB adaptor proteins were more enhanced 

for CUL3-Δ474–477 than for CUL3-Δ9.

The CUL3-Δ474–477 mutant did not promote degradation of KLHL3 in vitro (Figure 3A). 

This result seems to contradict our KLHL3 degradation hypothesis for CUL3-mediated 

FHHt; however, one limitation is that they also showed a lack of CUL3-Δ9 mediated 

KLHL3 degradation in their system, which we have reproduced both in vitro and in vivo 

(29, 33, 41). If there is indeed a lack of KLHL3 degradation by CUL3-Δ474–477 this may 

be explained by the intact interaction with CAND1, partially intact CSN5/JAB1 interaction, 

or the less severe effects of the 4 amino acid deletion on CUL3 structural flexibility. This 

lack of effect on KLHL3 abundance could explain the less severe electrolyte imbalances 

observed in the patient carrying this mutation (Figure 4), with vascular effects contributing 

more to the development of hypertension (36, 42).

Possible additional effects of CUL3 mutations in the kidney

FHHt is primarily considered a disease of high blood pressure and electrolyte abnormalities 

caused by dysfunction in the kidney and vasculature. However, FHHt patients with CUL3 
mutations can also suffer from other maladies, including growth retardation and short 

stature, atelectasis, facial dysmorphia, and speech dyspraxia, indicating additional effects 

outside the kidney (12, 13). CUL3 regulates the degradation of proteins involved in an 

array of cellular functions including cell cycle regulation and oxidative stress response. As 

described above, multiple BTB adaptors are affected by CUL3 FHHt mutations, which could 

impair degradation of many different proteins involved in important molecular processes 

expressed in the kidney. This raises the possibility that FHHt-causing CUL3 mutations could 

cause more extensive effects in the kidney.

Further important roles for both wildtype CUL3 and the effects of CUL3-Δ9 beyond NCC 

regulation were revealed using renal tubule-specific CUL3 knockout mice. These mice 

display proximal tubule injury and fibrosis (29, 43, 44), possibly through effects on the 

cell cycle (43). The mice also developed polyuria with a reduction in aquaporin 2 (29, 44) 

and injury to the collecting duct (44). The CUL3 substrates Nrf2 (involved in oxidative 

stress response) and cyclin E (involved in cell cycle regulation) showed increased abundance 

after Cul3 deletion (43, 44). Interestingly, the induction of CUL3-Δ9 expression on the 

knockout background did not rescue the CUL3 knockout phenotype (44), including an 
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inability to degrade Nrf2 and high molecular weight cyclin E, providing further evidence 

that CUL3-Δ9 does not have normal ubiquitin ligase function toward substrates (44). 

Additionally, the abundance of Nrf2 in CUL3-Δ9 FHHt mice was increased (44), which was 

also previously shown in vitro (33). Furthermore, in patient-derived fibroblasts the CUL3-

Δ474–477 mutation caused an increase in cyclin E and increased proliferation compared 

to controls (13). The results suggest the possibility of unidentified complications in FHHt 

patients, such as an impaired response to oxidative stress, or a predisposition to kidney 

injury.

Impairing the regulation of cullin deneddylation also caused renal damage. Nephron-specific 

deletion of the CSN5/JAB1 CSN subunit caused progressive kidney injury that led to severe 

fibrosis (34, 35). KIM-1, a proximal tubule injury marker, and Ki-67, a proliferation marker, 

were expressed at high levels in the medulla early on after deletion and this progressed into 

the cortex over time. Long-term deletion of CSN5/JAB1 led to an increase in high molecular 

weight cyclin E abundance and remodeling of the distal nephron, with a shortening of 

the DCT and a large reduction in DCT1-specific proteins. Interestingly, although CSN5/

JAB1 was deleted along the whole nephron, only the distal nephron was remodeled. Thus, 

disruption of CRL activity or regulation leads to renal injury.

Conclusion

The full effects of the FHHt-causing CUL3 mutations are still being determined. The sheer 

number of BTB adaptors (and therefore substrates) influenced by CUL3 mutations would 

suggest effects throughout the body, but the main effect is a renal (and vascular) disease. 

The fact that CUL3-Δ9 seems to have a unique effect on KLHL3 to cause degradation, 

and since expression of this adaptor predominates in the DCT of the kidney suggests that 

KLHL3 degradation is an important mechanism in the severity of the disease. Our recent 

data demonstrating enhanced Nrf2 activity suggest additional effects may occur in the 

kidney. It is not fully understood why CUL3-Δ9 degrades KLHL3 but CUL3-Δ474–477 

does not, but the increased structural flexibility of the CUL3-Δ9 mutation could be a cause. 

The mechanistic differences between the CUL3-Δ9 and CUL3-Δ474–477 mutants may 

cause differences in severity of the disease with the CUL3-Δ474–477 mutant being more 

analogous to KLHL3 and WNK mutations. CUL3-Δ9 mutations are generally more severe, 

but some patients with the CUL3-Δ9 mutation have less severe electrolyte abnormalities 

(8, 12). There are multiple CUL3 mutations that cause alternative splicing leading to exon 

9 deletion, but in some cases exon 9 deletion is not 100% penetrant (8). Thus, the ratio 

of WT-CUL3 to CUL3-Δ9 may be higher, potentially increasing the amount of functional 

CUL3, leading to a less severe phenotype. Future studies both in vitro and in vivo, will help 

resolve these remaining mechanistic questions. In the DCT, the FHHt-causing mutations 

are in multiple genes which lead to varying disease severity. This shows similarities with 

the disease Bartter syndrome in the thick ascending limb. There are 5 types of Bartter 

syndrome caused by mutations in 5 different genes that ultimately lead to increased sodium-

wasting by reducing activity of the furosemide-sensitive Na+-K+−2Cl− Cotransporter 2 

(NKCC2); however, the phenotype varies depending on the location of the mutation. In 

both circumstances, the discovery of these mutations and subsequent research has led to a 

substantial understanding of the underlying mechanisms of these transport pathways.
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Key points

1. Significant progress in determining the mechanisms by which CUL3 

mutations cause the disease FHHt with the effects on dysregulation via the 

CSN and CAND1 may likely be central to the downstream effects on BTB 

adaptor sequestration and degradation.

2. Degradation of both CUL3 and KLHL3 is central to the disease pathogenesis 

of FHHt caused by CUL3 mutations leading to skipping of exon 9.

3. Examining the differences between CUL3-Δ9 mutations and the novel 

CUL3-474–477 mutant could lead to a better understanding of the molecular 

mechanisms of FHHt.

4. Analysis of both CUL3-Δ9 and CUL3-474–477 mutations suggest additional 

effects to other CRL substrates potentially affecting other cellular processes 

and organ systems. This could explain the extrarenal manifestations seen in 

patients with CUL3 mutant-mediated FHHt, such as growth retardation and 

short stature, and raises the possibility that other renal effects occur.

Cornelius et al. Page 11

Curr Opin Nephrol Hypertens. Author manuscript; available in PMC 2024 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Regulation of NCC activity by the CUL3-WNK4-SPAK pathway.
In normal conditions, With-No-Lysine (K) kinase 4 (WNK4) activates SPAK, which in turn 

phosphorylates the Na+-Cl− cotransporter (NCC). The cullin ring ligase (CRL) consisting 

of the scaffold Cullin 3 (CUL3), the substrate adaptor Kelch-like 3 (KLHL3), and a Ring 

ubiquitin ligase determines abundance of WNK4 via the ubiquitin proteasome system.
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Figure 2. Assembly and activation of the Cullin 3 Ring Ligase (CRL).
Ubiquitination is mediated by sequential actions of ubiquitin (Ub) activating enzyme E1, 

ubiquitin-conjugating enzyme E2, and ubiquitin ligase E3. The scaffold CUL3 assembles 

with a BTB substrate-binding adaptor, a RING ubiquitin ligase, and E2 to form a CRL, 

facilitating substrate ubiquitination and subsequently degradation. Stability and activity of 

the CRL depends upon addition (neddylation) and removal (deneddylation) of the ubiquitin-

like protein NEDD8 (N8). NEDD8 is conjugated to CUL3 in an ATP-dependent manner 

by serial reactions catalyzed by the neddylation-specific enzymes E1n (NAE) and E2n to 

activate the CRL. Deneddylation is mediated by the COP9 signalosome (CSN).

Cornelius et al. Page 13

Curr Opin Nephrol Hypertens. Author manuscript; available in PMC 2024 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Dysregulation of NCC in Familial Hyperkalemic Hypertension (FHHt) caused by 
CUL3-Δ9 and CUL3Δ474-477.
A) Most FHHt-causing CUL3 mutations are located in sites associated with splicing 

of exon 9, resulting in deletion of exon 9 (CUL3-Δ9). CUL3 exon 9 encodes amino 

acids 403–459 which contains the entire 4HB domain. A recently identified mutation 

in exon 10 leads to deletion of four amino acids (CUL3-Δ474–477) in the α/β1 

domain that interacts with CSN5/c-Jun activation domain-binding protein-1 (JAB1). Based 

on in vitro findings, CUL3-Δ9 displays dramatically impaired interaction with CSN5/

JAB1, which catalyzes deneddylation, and CAND1, which is important for adaptor 

exchange. This causes hyperneddylation, leading to CUL3-Δ9 autoubiquitination and 

aberrant degradation of KLHL3, the adaptor for WNKs. In contrast, CUL3-Δ474–477 

only mildly impairs interaction with CSN5/JAB1, does not affect CAND1 interaction, and 

causes autoubiquitination. Both mutants display enhanced affinity for KLHL3, trapping 

the adaptor in dysfunctional complexes, but only CUL3-Δ9 appears to promote KLHL3 

degradation. B) FHHt-causing CUL3 mutants (CUL3-mut) autoubiquitinate and cause 

their own degradation, and trap KLHL3, resulting in WNK4 accumulation and NCC 

hyperactivation. Inappropriate KLHL3 degradation is only observed in CUL3-Δ9, as shown 

in (A), exacerbating WNK4 accumulation and hyperactivation.
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Figure 4. FHHt severity differs between CUL3-Δ9 and CUL3-Δ474–477.
(Left) In patients with FHHt caused by CUL3-Δ9 or CUL3-Δ474–477, serum K+ and 

HCO3
− levels are increased but CUL3-Δ474–477 mutation has a milder effect on electrolyte 

abnormalities than the majority of CUL3-Δ9-generating mutations. Serum K+ and HCO3
− 

data were obtained from (8,12,13) and represent median (quartile 1–quartile 3). (Right) In 

CUL3 heterozygous mice expressing CUL3-Δ9 from a transgene (Cul3+/−/Δ9) and knock-

in mice with exon 9 deletion (Cul3WT/Δex9), CUL3-Δ9 causes auto-ubiquitination and 

degradation, and promotes KLHL3 degradation. WNK4 accumulates leading to excessive 

NCC phosphorylation (pNCC) and hence FHHt. Mice expressing CUL3-Δ474–477 have not 

been generated yet, but the milder patient phenotype suggests a mild increase in WNK4 and 

pNCC abundance compared with CUL3-Δ9, which may be explained by a lack of effect of 

CUL3-Δ474–477 on KLHL3 degradation, based on in vitro findings (Fig. 3A).
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