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Introduction
Identifying the genes responsible for rare inherited diseases has led to profound insights into both normal 
and abnormal physiological processes. In the kidney, the disease familial hyperkalemic hypertension 
(FHHt) exemplifies how studying such genes can lead to the elucidation of  novel regulatory pathways. 
The discovery that mutations in the With-no-lysine [K] kinases (WNKs) Wnk1 and Wnk4 cause FHHt (1, 
2) and, more recently, that mutations in Cullin 3 (Cul3) (OMIM 614496, PHA2E) (3–5) and Kelch-like 
3 (Klhl3) (4, 5) — components of  an E3 ubiquitin ligase complex — also cause the disease has revealed 
a canonical pathway for the regulation of  the Na+Cl– cotransporter (NCC). Along the distal convo-
luted tubule (DCT), NCC is activated by phosphorylation at several amino-terminal residues (6, 7). 
Rather than being directly phosphorylated by WNKs, phosphorylation is performed primarily by Ster-
ile 20 (STE20)/SPS-1–related proline/alanine-rich kinase (SPAK) (8, 9), with Oxidative stress-response 
kinase-1 (OSR1) also playing a minor role (6). These kinases are activated by WNK-mediated phosphor-
ylation. FHHt-causing mutations in Wnk1 or Wnk4 increase abundances of  WNK1 and WNK4 protein, 
increasing phosphorylation and activation of  SPAK/OSR1 (1, 2, 10) and, hence, NCC phosphorylation. 
Increased NCC activity causes excessive Na+ reabsorption that raises extracellular fluid volume and, 
thus, blood pressure. It has also been proposed to cause hyperkalemia by reducing Na+ delivery to the 
epithelial sodium channel (ENaC) along the collecting duct (CD), which decreases the electrogenic drive 
for K+ secretion through the renal outer medullary K+ channel (ROMK) (11–15). However, it should be 
noted that direct effects of  Wnk mutations on Na+-K+-2Cl– cotransporter (NKCC2) (16), ENaC (16, 17), 

Mutations in the ubiquitin ligase scaffold protein Cullin 3 (CUL3) cause the disease familial 
hyperkalemic hypertension (FHHt). In the kidney, mutant CUL3 (CUL3-Δ9) increases abundance 
of With-No-Lysine [K] Kinase 4 (WNK4), with excessive activation of the downstream Sterile 20 
(STE20)/SPS-1–related proline/alanine-rich kinase (SPAK) increasing phosphorylation of the Na+-
Cl– cotransporter (NCC). CUL3-Δ9 promotes its own degradation via autoubiquitination, leading 
to the hypothesis that Cul3 haploinsufficiency causes FHHt. To directly test this, we generated 
Cul3 heterozygous mice (CUL3-Het), and Cul3 heterozygotes also expressing CUL3-Δ9 (CUL3-Het/
Δ9), using an inducible renal epithelial–specific system. Endogenous CUL3 was reduced to 50% 
in both models, and consistent with autoubiquitination, CUL3-Δ9 protein was undetectable in 
CUL3-Het/Δ9 kidneys unless primary renal epithelia cells were cultured. Abundances of WNK4 
and phosphorylated NCC did not differ between control and CUL3-Het mice, but they were elevated 
in CUL3-Het/Δ9 mice, which also displayed higher plasma [K+] and blood pressure. Abundance 
of phosphorylated Na+-K+-2Cl– cotransporter (NKCC2) was also increased, which may contribute 
to the severity of CUL3-Δ9–mediated FHHt. WNK4 and SPAK localized to puncta in NCC-positive 
segments but not in NKCC2-positive segments, suggesting differential effects of CUL3-Δ9. 
These results indicate that Cul3 haploinsufficiency does not cause FHHt, but dominant effects of 
CUL3-Δ9 are required.
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and ROMK (16, 18, 19) may also play important roles in the etiology of  FHHt. Wnk1 mutations are 
intronic and result in aberrant expression of  WNK1 along the distal nephron (20), whereas Wnk4 muta-
tions affect interactions between WNK4 and CUL3 and KLHL3.

CUL3 and KLHL3 are components of  a complex (Cullin RING ligase, CRL) that mediates ubiquiti-
nation and proteasomal degradation of  multiple targets. In the CRL, CUL3 acts as a scaffolding-protein, 
while KLHL3 serves as a substrate-binding adaptor (21, 22). Since the discovery that mutations in Cul3 
and Klhl3 cause FHHt, it has been determined that both WNK1 and WNK4 are substrates for CUL3/
KLHL3-mediated proteasomal degradation (23–25). Ultimately, the CRL modulates NCC phosphory-
lation by regulating abundance of  WNK1 and WNK4 (25, 26); in FHHt, this is disrupted, leading to 
increased NCC activity. Mutations in Klhl3 prevent degradation of  WNK4 by disrupting interactions 
between KLHL3 and its scaffold CUL3, or with WNK4 (26). Wnk4 mutations prevent WNK4 degrada-
tion, since they occur in a motif  required for interaction with KLHL3 (23, 26). Mutations in Wnk1 that 
affect WNK1 degradation by the CRL have not been reported, but KLHL3-KO mice display increased 
WNK1 abundance (27). Mutations in Cul3 are autosomal dominant and cause the most severe FHHt 
phenotype (4). These mutations occur at splice sites leading to the generation of  an in-frame Cul3 mRNA 
lacking exon 9, resulting in deletion of  57 amino acids (403–459) in CUL3. The exact role of  this altered 
CUL3 (referred to here as CUL3-Δ9) in the pathogenesis of  FHHt is still unclear. Several in vitro mod-
els have been proposed to explain the mechanism by which CUL3-Δ9 causes FHHt, all of  which sug-
gests that impaired CRL function leads to increased WNK4 abundance. We previously proposed that 
CUL3-Δ9 is an overactive form of  CUL3 that inappropriately degrades KLHL3 (28). The Sigmund group 
reported that WT CUL3/CUL3-Δ9 heterodimers are less stable than CUL3 WT/WT homodimers, and 
that CUL3-Δ9 may also sequester adapters (29). Finally, the Kurz group confirmed our finding with 
respect to inappropriate degradation of  KLHL3 but also reported that CUL3-Δ9 displays autoubiquitina-
tion, leading to its own proteasomal degradation (30). A major limitation with most of  these studies has 
been the reliance on in vitro approaches, but the Kurz group also generated a mouse model of  FHHt by 
targeted deletion of  exon 9 of  the Cul3 gene. These mice displayed an FHHt phenotype, but importantly, 
CUL3-Δ9 was present at extremely low levels, consistent with the observation that it autoubiquitinates 
in vitro. WT CUL3 protein was present at half  the amount present in WT mice, suggesting it is not a 
target of  CUL3-Δ9. It was concluded that FHHt is most likely caused by Cul3 haploinsufficiency and 
that mice heterozygous for Cul3 should also display an FHHt phenotype. This has become the prevailing 
model for CUL3-Δ9–mediated FHHt. Evidence against this model comes from an effort by the Uchida 
group to generate an FHHt mouse model carrying a splice site mutation in the C-terminus of  intron 8 
of  Cul3, c.1207 −1G>A (Cul3G[−1] A/+ knock-in mice). Most likely as a result of  differences in splicing 
between mouse and human, this mutation led to complete disruption of  CUL3, rather than expression of  
CUL3-Δ9. Mice heterozygous for Cul3G(−1) A/+ mice did not exhibit an FHHt phenotype (31). One limita-
tion of  this model is that the splice site mutation may have produced other effects, such as expression of  
a hypomorphic form of  CUL3 that differs functionally from CUL3-Δ9 (32).

Thus, the precise mechanism by which CUL3-Δ9 leads to FHHt is still controversial and important 
to unravel, since pharmacologically stimulating CUL3 activity offers a potentially attractive therapeutic 
approach toward development of  novel antihypertensive therapies. On the contrary, if  the haploinsuffi-
ciency model is proven incorrect, alternative approaches toward a CUL3-based therapy may be required 
(10). To directly test the hypothesis that Cul3 haploinsufficiency is sufficient to cause FHHt, we generated 
and compared several potentially novel mouse models. All models use the Pax8-rtTA/LC1 system to allow 
doxycyline-inducible excision at loxP sites specifically in renal epithelia in adult mice (33). Firstly, excision 
of  a single endogenous floxed Cul3 allele produces mice heterozygous for Cul3, thus phenocopying the hap-
loinsufficient state. The second combines the first model with a lox-STOP-lox–driven transgene to produce 
Cul3 heterozygotes (CUL3-Het) that also express CUL3-Δ9 (34). The final model expresses CUL3-Δ9 on 
a background of  2 WT Cul3 alleles. The latter 2 models test the model of  dominance. Our data show that 
haploinsufficiency is not sufficient to cause FHHt, but introduction of  CUL3-Δ9 on a haploinsufficient 
background leads to the disease phenotype. Introducing CUL3-Δ9 on a background of  2 WT alleles also 
produces features of  the disease, proving that CUL3-Δ9 exerts a dominant effect. Finally, our data show 
that CUL3-Δ9 exerts strong dominant effects, despite its extremely low abundance, which is likely a result 
of  rapid degradation following autoubiquitination.
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Results
CUL3-Het carried a single endogenous floxed Cul3 in addition to the inducible Cre-driver transgenes 
(28). CUL3-Het/Δ9 mice additionally carried a randomly integrated transgene encoding CUL3-Δ9. The 
transgene included a floxed transcription blocker (STOP) downstream of  the artificial CAG promoter and 
cDNA encoding tdTomato (a spontaneously fluorescing reporter) (34). An internal ribosome entry site 
(IRES) between CUL3-Δ9 and tdTomato permitted their expression separately from a single transcript. In 
both models, doxycycline treatment excised the floxed Cul3 allele, producing heterozygosity. In CUL3-Het/
Δ9 mice, it also removed the STOP, simultaneously causing haploinsufficiency and inducing expression of  
CUL3-Δ9, specifically in renal epithelial cells (Figure 1A).

We confirmed recombination and removal of  the lox-STOP-lox following doxycycline administration in 
CUL3-Het/Δ9 mice, but not in control mice, by PCR using genomic DNA. Pax8-rtTA-Cre–driven recombina-
tion was detected in kidney and also in liver, but it was absent from all other major organs (Figure 1B), as 
previously reported (33). Activation of  the transgene along renal epithelia was confirmed by clear detection 
of  tdTomato fluorescence in cortex and medulla of  CUL3-Het/Δ9 mice, with renal expression confirmed 
by Western blotting (Figure 1C). Western blotting showed that CUL3 abundance was significantly reduced 
in both CUL3-Het and CUL3-Het/D9 compared with untreated controls (Figure 1D). Although it appears 
that there may be a greater decrease in CUL3 in CUL3-Het/Δ9 mice, direct comparison of  the 2 strains indi-
cates similar abundance of  CUL3 (Figure 1E). While we observed the expected ~50% reduction in CUL3-
WT in CUL3-Het/Δ9 mice, we could not detect CUL3-Δ9. The Sigmund group was also unable to detect 
CUL3-Δ9 in aorta from mice expressing CUL3-Δ9 from the same transgene using a vascular smooth muscle 
cell (VSMC) Cre driver, but they observed a strong tdTomato signal (34). They confirmed functionality of  the 
transgene by culturing primary aortic smooth muscle cells from CUL3-Δ9 transgenic mice and infecting them 
with Cre recombinase adenovirus, which resulted in low but detectable CUL3-Δ9 expression (34). Therefore, 
we cultured primary renal epithelial cells from CUL3-Het and CUL3-Het/Δ9 mice and infected them with 
Cre adenovirus to induce transgene recombination. CUL3-Δ9 protein was detectable in infected primary cells 
from CUL3-Het/Δ9 mice but not from CUL3-Het mice, with the size of  CUL3-Δ9 confirmed using lysates 
from HEK293 cells transfected with plasmids encoding the transgene and Cre (Figure 1F). CUL3-Δ9 was 
expressed at extremely low levels, consistent with its ability to initiate its own degradation via autoubiquitina-
tion (30). CUL3 has been proposed to be activated by covalent linkage of  an 81–amino acid protein Neural 
precursor cell expressed developmentally downregulated protein 8 (Nedd8), a process called neddylation that 
is specific to Cullins (35). Importantly, the region deleted in CUL3-Δ9 has been shown to interact with a large 
protein complex, the COP9 signalosome, which removes Nedd8 from Cullins (30). We found that CUL3-Δ9 
displays a high degree of  neddylation, consistent with its increased activity toward itself, KLHL3, and WNKs 
(28). To determine whether there was an increase in neddylated species in CUL3-Het/Δ9 mice, we performed 
Western blotting for Nedd8. While there was no obvious difference in Nedd8 abundance between controls and 
CUL3-Het or CUL3-Het/Δ9 mice, the signal obtained from kidney lysates of  CUL3-Het/Δ9 mice appeared 
qualitatively different and ran more as a smear. It is possible this represents neddylated CUL3-Δ9, since it runs 
lower than the band in control. We measured the band depth using ImageJ (NIH), and quantification revealed 
it was significantly greater in CUL3-Het/Δ9 lysates (Supplemental Figure 2; supplemental material available 
online with this article; https://doi.org/10.1172/jci.insight.96700DS1), suggesting the presence of  a highly 
neddylated species, possibly CUL3-Δ9. We previously reported that, in transfected HeLa cells, WT CUL3 is 
almost exclusively localized to the nucleus, but CUL3-Δ9 mislocalizes to the cytoplasm (28). Although we 
did not determine if  CUL3-Δ9 induces WT CUL3 mislocalization in vitro, we compared CUL3 localization 
in CUL3-Het and CUL3-Het/Δ9 mice by performing immunofluorescence (IF) for CUL3. In CUL3-Het 
mice, CUL3 displayed strong nuclear localization along DCT1 (parvalbumin colocalization), DCT2/con-
necting tubule (CNT) (calbindin colocalization), and other segments (Figure 2). In contrast, in CUL3-Het/
Δ9 mice, CUL3 expression was more diffuse along parvalbumin- and calbindin-positive segments, with no 
strong nuclear staining, despite apparently normal nuclei (shown by DAPI staining). CUL3 staining in other 
segments appeared to retain nuclear localization.

We next determined the abundances of phospho-T53 NCC (pNCC) (a surrogate for NCC activity) and 
total NCC (tNCC). Both control and CUL3-Het mice had similar abundances of pNCC and tNCC abundance 
(Figure 3A), while both pNCC and tNCC, as well as pNCC/tNCC, were dramatically elevated in CUL3-Het/
Δ9 mice compared with controls (Figure 3B and Supplemental Figure 3). We confirmed that the abundances of  
pNCC, tNCC, and pNCC/tNCC were higher in CUL3-Het/Δ9 than in CUL3-Het mice by directly comparing 
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Figure 1. Generation of CUL3-Het and CUL3-Het/Δ9 mice. (A) The Pax8-rtTA-LC1 system (present in all mice) was used for doxycycline-induced Cre-
mediated recombination at loxP sites specifically in renal epithelia. Cul3 heterozygous mice (CUL3-Het mice, left) carried 1 WT Cul3 allele and a Cul3 allele 
with exons 4–7 floxed. CUL3-Het/Δ9 mice (right) additionally carried a transgene fragment consisting of a strong synthetic promoter (CAG) promoter, a 
floxed transcription blocker (STOP), cDNA encoding Cul3 Δ403-459 (CUL3-Δ9), an internal ribosome entry site (IRES), and cDNA encoding the fluorophore 
tdTomato; the IRES permitted translation of CUL3-Δ9 and tdTomato separately from the same transcript. Doxycycline (Doxy, 2 mg/ml in 5% sucrose 
drinking water vehicle for 2 weeks) treatment induced recombination, disrupting 1 Cul3 allele in both CUL3-Het and CUL3-Het/Δ9 mice, and — in CUL3-
Het/Δ9 mice only — initiating expression of CUL3-Δ9 and tdTomato. Control mice were genetically identical to either CUL3-Het or CUL3-Het/Δ9 mice and 
were given vehicle only. (B) To confirm recombination in CUL3-Het/Δ9 mice following Doxy treatment, PCR was performed on genomic DNA from several 
tissues. In control mice, a 1,300 bp product, consistent with no recombination, was detected in brain, heart, lung, liver, and kidney. In CUL3-Het/Δ9 mice, 
a 430 bp product derived from the recombined transgene was detected in kidney and liver, but not in brain, heart, or lung. Pax8-rtTA activity in liver has 
been reported previously (33). (C) tdTomato fluorescence was observed in renal cortex and medulla in CUL3-Het/Δ9 mice, but not in controls (or CUL3-Het 
mice; data not shown), representative of 8 independent experiments, and Western blot of whole kidney confirmed transgene activation following recom-
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the 2 strains (Supplemental Figure 4). Higher pNCC/tNCC confirmed that the increased pNCC in CUL3-Het/
Δ9 mice was not only due to increased tNCC abundance, but also reflected an increased level of NCC phos-
phorylation. We next determined the abundance of WNK4, which is likely to be the major target of the CRL 
along the DCT (16, 23, 24, 26). Control and CUL3-Het mice had comparable WNK4 abundance (Figure 3C), 
while CUL3-Het/Δ9 mice displayed higher WNK4 abundance than controls (Figure 3D). These observations 
suggest that WNK4 was stabilized in CUL3-Het/Δ9 mice, leading to enhanced NCC phosphorylation; this did 
not occur in CUL3-Het mice, suggesting that haploinsufficency is not sufficient to cause FHHt.

FHHt due to CUL3-Δ9 causes the most severe form of the disease, with 94% of affected individuals devel-
oping hypertension by 18 years of age, and plasma [K+] averaging 7.5 mmol/l (4). While it has been dem-
onstrated that CUL3-Δ9 expression can cause a primary defect in the vasculature independently of possible 
secondary effects of hypertension (30, 34), we sought to examine the possibility that increased activation of the 
Na+K+2Cl– cotransporter (NKCC2), expressed along the thick ascending limb (TAL), plays a role in CUL3-Δ9–
mediated FHHt. Like NCC, NKCC2 is activated via amino-terminal phosphorylation through SPAK/OSR1 
both in vitro and in vivo (6, 36–38), but it may also be a direct target of WNK4 (39). Importantly, CUL3 (28), 
KLHL3 (28), and WNK4 (40, 41) are all expressed along the cortical TAL. The abundances of phospho-T96/
T101NKCC2 (pNKCC2) and total NKCC2 (tNKCC2), as well as the pNKCC2/tNKCC2 ratio, were similar in 
control and CUL3-Het mice (Figure 4A). In contrast, CUL3-Het/Δ9 mice displayed significantly higher abun-
dance of pNKCC2 (Figure 4B), but not tNKCC2, reflected by a much greater pNKCC2/tNKCC2 (Figure 4B), 
suggesting that CUL3-Δ9 exerts effects along the TAL that may contribute to FHHt.

Several in vitro and in vivo studies have reported that WNK1 and WNK4 may alter activity of  ENaC 
(1), and in FHHt, decreased Na+ flux through this channel may contribute to hyperkalemia by reducing 
the electrogenic drive for K+ secretion. To determine whether Na+ flux through ENaC was affected by 
CUL3-Δ9, we performed an amiloride response test — a better measurement than Western blotting or IF 
for ENaC, since it directly assesses Na+ flux through the channel. CUL3-Het/Δ9 mice displayed blunted 
natriuretic but unchanged kaliuretic responses following an acute amiloride bolus (Figure 4C).

To determine whether elevated pNCC in CUL3-Het/Δ9 mice resulted in phenotypic consequences con-
sistent with FHHt, we measured plasma [K+] and blood pressure. CUL3-Het/Δ9 mice displayed significantly 
higher plasma [K+] than control and CUL3-Het mice (Figure 5A). Administration of hydrochlorothiazide for 
3 days normalized plasma [K+] in CUL3-Het/Δ9 mice (Figure 5B). CUL3-Het/Δ9 mice also had higher sys-
tolic blood pressure (SBP) than CUL3-Het mice (Figure 5B) and controls (Supplemental Figure 5). To further 
confirm that reduced abundance of CUL3 alone is not sufficient to cause an FHHt phenotype, we generated an 
additional mouse model in which the CUL3-Δ9 transgene was expressed in the presence of 2 WT Cul3 alleles 
(CUL3-WT/Δ9 mice). CUL3-WT/Δ9 mice and vehicle controls (CUL3-WT mice) displayed similar abundanc-
es of WT CUL3 (with CUL3-Δ9 undetectable as in CUL3-Het/Δ9 mice) (Figure 5C), but pNCC, pNKCC2, 
and WNK4 abundances were all significantly higher in CUL3-WT/Δ9 mice. However, these effects were more 
variable than those seen in CUL3-Het/Δ9 mice, possibly reflecting the presence of a greater number of WT-WT 
CUL3 homodimers, which could overcome the effects of CUL3-Δ9 and promote WNK4 degradation. An alter-
native explanation is that tdTomato abundance appears to correlate with abundances of WNK4 and pNCC, 
so CUL3-Δ9 transgene expression may be lower in some animals. These data show that undetectable levels 
of CUL3-Δ9 can exert strong dominant effects that activate NCC, even when abundance of WT CUL3 is at 
normal levels. Perhaps expression of CUL3-Δ9 in the vasculature on a heterozygote background might increase 
blood pressure to a greater degree than it did on a WT background (34).

WNK4 and SPAK have been shown to localize to intracellular puncta in SPAK-KO mice (42) and following 
dietary K+ restriction (43, 44). The precise identity and composition of these puncta, and their role in regulation 
of NCC activity, is currently unknown. Localization of WNK4 and SPAK to puncta was also observed by the 
Kurz group (30) but was not specifically localized with regard to nephron segment. Therefore, we performed IF 
to address this question. In controls and CUL3-Het mice, WNK4 signal was low in cytoplasm in cortex (Figure 

bination. (D) Western blot of whole kidney lysate showed that both CUL3-Het (*P = 0.02, 2-tailed unpaired t test) and CUL3-Het/Δ9 (*P = 0.0001, 2-tailed 
unpaired t test) mice had significantly reduced WT Cullin 3 (CUL3) abundance compared with controls. For quantification, densitometric values were 
normalized using Coomassie stained gels (see Supplemental Figure 1 for details); values in parentheses represent n. (E) Direct comparison of CUL3-Het 
and CUL3-Het/Δ9 mice confirmed no difference in CUL3 abundance. (F) Western blot of cell lysates from primary renal epithelial cells infected with empty 
adenovirus (Ad-Null) or Cre adenovirus (Ad-Cre) confirmed Cre-mediated CUL3-Δ9 expression. Primary cells from uninduced CUL3-Het and CUL3-Het/Δ9 
mice were then infected with virus for 48 hours. The short infection time was not sufficient to reduce endogenous CUL3 abundance. Lysates from HEK293 
cells transfected with plasmids encoding the transgene (Δ9) and Cre confirmed the size of CUL3-Δ9 in primary cells.
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6A) and also low at the apical membrane in medulla (Supplemental Figure 6). In CUL3-Het mice, SPAK and 
OSR1 — the downstream effectors of WNK4 — were localized to the apical membrane in medulla (Supple-
mental Figure 6) and at the apical membrane and in small cytoplasmic puncta in cortex (Figure 6B and Supple-
mental Figure 7). In CUL3-Het/Δ9 mice, WNK4, SPAK, and OSR1 were present not only in small puncta, but 
also in large intracellular puncta in cortex (Figure 6 and Supplemental Figure 7); however, they were not present 
not in medulla (Supplemental Figure 6). Colocalization with tNKCC2 revealed that WNK4 and SPAK puncta 
were absent along TAL, while other markers revealed their localization to DCT1 (parvalbumin), both DCT1 
and DCT2 (NCC), and more distal segments (calbindin) (Figure 6C). Similarly, WNK1 abundance was low 
in CUL3-Het mice along DCT and CNT, with a signal present in small puncta; in CUL3-Het/Δ9 mice, these 
puncta appeared much larger (Supplemental Figure 8). For SPAK, we performed confocal microscopy (Supple-
mental Figure 9A) and quantified the number and size of puncta (Supplemental Figure 9, B–D). While there 
were no differences in the average number of puncta per area of tubule (Supplemental Figure 9B), the puncta 
were significantly larger in size (Supplemental Figure 9C) in CUL3-Het/Δ9 mice than in control and CUL3-Het 
mice (controls 0.16 ± 0.01 μm2, CUL3-Het 0.14 ± 0.01 μm2, CUL3-Het/Δ9 0.74 ± 0.09 μm2). Stratification by 
puncta size (cutoffs ≤ 0.6 μm2 and > 0.6 μm2 puncta) revealed a trend toward fewer smaller puncta per unit area 
of tubule and a significantly greater number of larger puncta per area of tubule in CUL3-Het/Δ9 mice than in 
control and CUL3-Het mice (Supplemental Figure 9D).

Discussion
The mechanism by which CUL3-Δ9 leads to FHHt is controversial, but this is primarily related to the fact that 
most studies have been performed in vitro (28–30, 34). A constitutive deletion of exon 9 in mice suggested 
that FHHt is due to haploinsufficiency resulting from degradation of CUL3-Δ9 following autoubiquitination 
(30). Here, we directly tested this hypothesis by generating mice haploinsufficient for Cul3, expressing or not 
expressing CUL3-Δ9. Similar to previous CUL3-Δ9 mouse models that reported low or undetectable levels of  
the protein (30, 34), we were only able to detect CUL3-Δ9 in cultured primary cells, providing further evidence 

Figure 2. CUL3 distribution shifts from the nucleus to cytoplasm in CUL3-Het/Δ9 mice in the distal nephron. Immuno-
fluorescence for CUL3 was performed using an antibody validated in kidney-specific CUL3-KO mice. (A) In CUL3-Het mice, 
CUL3 displayed strong nuclear localization in most tubules, including early distal convoluted tubule (DCT1), confirmed by 
colocalization with parvalbumin (PV). In CUL3-Het/Δ9 mice, CUL3 still localized to nuclei in most segments but appeared 
more diffuse in PV-positive segments, suggesting redistribution from the nucleus to the cytoplasm. (B) A similar redistri-
bution was seen in tubules expressing calbindin (CB) which is also expressed along late distal convoluted tubule (DCT2), 
connecting tubule (CNT), and cortical collecting duct (CCD). In (A and B) PV- and CB-positive tubules are outlined on CUL3 
images to assist with identification. Representatives of 2 independent experiments. Scale bar: 50 μm.
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Figure 3. Cul3 heterozygosity does not increase abundances of phosphorylated Na+-Cl– cotransporter (NCC) and 
With-No-Lysine [K] Kinase 4 (WNK4), but requires additional effects of CUL3-Δ9. (A) Western blotting of whole 
kidney lysate showed that abundances of NCC phosphorylated at threonine 53 (pNCC), total NCC (tNCC), and the ratio 
pNCC/tNCC did not differ between control and CUL3-Het mice. (B) Compared with controls, both pNCC (*P = 0.0003, 
2-tailed unpaired t test) and tNCC (*P = 0.02, 2-tailed unpaired t test) were significantly greater in CUL3-Het/Δ9 mice. 
CUL3-Het/Δ9 mice also had significantly higher pNCC/tNCC (*P = 0.0003, 2-tailed unpaired t test) than control mice, 
suggesting increased NCC phosphorylation was not just due to similar WNK4 abundances. (C) WNK4 abundance did 
not differ between controls and CUL3-Het mice. (D) WNK4 abundance was higher in CUL3-Het/Δ9 mice than in control 
mice (*P = 0.01, 2-tailed unpaired t test). For quantification, densitometric values were normalized using Coomassie 
stained gels (see Supplemental Figure 1 for details); values in parentheses indicate n.
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that the autoubiquitination observed in vitro occurs in vivo. Importantly, the antibody we used readily detects 
CUL3-Δ9 in vitro (34), indicating that the inability to detect CUL3-Δ9 is not due to loss of antibody affinity. 
Our main conclusion is that, while CUL3-Δ9 induces haploinsufficiency by initiating its own degradation, hap-
loinsufficiency itself  is not sufficient to induce an FHHt phenotype. Introduction of CUL3-Δ9 on a haploinsuf-
ficient background elicited the FHHt phenotype, indicating CUL3-Δ9 exerts dominant effects. These dominant 
effects are very strong, since they occur despite very low CUL3-Δ9 abundance due to its rapid degradation. The 
observation that NCC is also activated following introduction of CUL3-Δ9 on a WT background, where levels 
of endogenous CUL3 are normal, strengthens these conclusions. Compared with control or CUL3-Het mice, 
CUL3-Het/Δ9 mice display a phenotype consistent with FHHt, including increased abundances of WNK4, 
WNK1 and consequently pNCC, higher plasma [K+], and higher blood pressure . It is perhaps not surprising 
that haploinsufficiency does not cause FHHt, since it would be predicted that mutations in Cul3 in regions that 
prevent interactions with KLHL3 or the RING ligase would also cause the disease; however, all cases of FHHt-
causing Cul3 mutations identified specifically generate a form of CUL3 lacking a specific region involved in 
CUL3 inactivation (30), consistent with altered function, not loss of function.

Figure 4. Evidence for increased Na+-K+-2Cl– cotransporter (NKCC2) activation and reduced Na+ flux through the epithelial sodium channel (ENaC) 
in CUL3-Δ9–mediated FHHt. (A) Western blotting of whole kidney lysate showed that control CUL3-Het mice had similar abundances of NKCC2 phos-
phorylated threonines 96 and 101 (pNKCC2) and total NKCC2 (tNKCC2), and a similar pNKCC2/tNKCC2 ratio. (B) CUL3-Het/Δ9 mice displayed significantly 
increased abundance of pNKCC2 than controls (*P = 0.0009, 2-tailed unpaired t test). tNKCC2 did not differ, but pNKCC2/tNKCC2 was significantly higher 
in CUL3-Het/Δ9 mice compared with controls (*P = 0.0005, 2-tailed unpaired t test). For quantification, densitometric values were normalized using 
Coomassie stained gels (see Supplemental Figure 1 for details). (C) To determine whether Na+ flux through ENaC was altered in CUL3-Het/Δ9 mice, an 
amiloride response test was performed. Vehicle (0.09% saline) was injected and urine collected for 6 hours; the next day, amiloride (40 μg 25 g−1 body 
weight) was injected followed by 6-hour urine collection. The difference in Na+ or K+ excretion between vehicle and amiloride injection was then calculated. 
Compared with controls and CUL3-Het mice, CUL3-Het/Δ9 mice displayed blunted natriuretic responses to amiloride. *P < 0.05 for control versus CUL3-
Het/Δ9 and for CUL3-Het versus CUL3-Het/Δ9. One-way ANOVA, Tukey’s multiple comparison test; values in parentheses indicate n.
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Our results provide mechanistic insight into the pathophysiological mechanisms, leading to the more 
severe FHHt caused by CUL3-Δ9. They show that kidney-specific expression of  CUL3-Δ9 is sufficient 
to cause elevations in plasma [K+] and blood pressure. Similar to an inducible mouse model for WNK4-
mediated FHHt (45), the phenotype was induced in adult mice, suggesting that FHHt is not simply due to 
developmental effects. A role for NKCC2 in blood pressure regulation is well-established, with mutations 
in SLC12a2 (which encodes NKCC2) causing the hypotensive disorder Type I Bartter syndrome, and use 
of  the NKCC2 blocker furosemide as an antihypertensive. However, a possible contribution of  increased 
NKCC2 activation to FHHt has not been reported. We found a significant increase in the abundance of  
pNKCC2 in CUL3-Het/Δ9 mice, which may contribute to the more severe disease caused by CUL3-Δ9. 
Since both NCC and NKCC2 might be activated, effects of  NKCC2 blockade with furosemide may be 

Figure 5. CUL3-Het/Δ9 mice display increased plasma [K+] and blood pressure, and expression of CUL3-Δ9 on a WT background also activates Na+-Cl– 
cotransporter (NCC). (A) Plasma [K+] did not differ between control and CUL3-Het mice, but it was significantly higher in CUL3-Het/Δ9 mice (adjusted P 
values, *P < 0.0001 versus control, and #P = 0.004 versus CUL3-Het. One-way ANOVA, Tukey’s multiple comparison test). Panel to right shows normaliza-
tion of plasma [K+] in CUL3-Het/Δ9 mice by administration of hydrochlorothiazide (HCTZ) for 3 days. (B) Radiotelemetric blood pressure measurement 
revealed higher systolic blood pressure (SBP) in CUL3-Het/Δ9 compared with CUL3-Het mice on a normal (0.49% NaCl) diet. Left, trace showing 1 hour 
average values; right, mean of the hourly averages over 4 dark periods, ± SEM (*P < 0.0001, 2-tailed unpaired t test). (C) Western blotting of whole kidney 
lysate showed that, compared with WT (CUL3-WT) mice, WT mice expressing CUL3-Δ9 (CUL3-WT/Δ9) displayed significantly higher abundances of With-
No-Lysine [K] Kinase (WNK4) (*P = 0.01, lane marked # was not used in analysis), phosphorylated NCC (pNCC) (*P = 0.02), and phosphorylated Na+-K+-2Cl– 
cotransporter (pNKCC2) (*P = 0.03). Note correlation of tdTomato abundance, which may reflect CUL3-Δ9 expression, with abundances of WNK4, pNCC, 
and total NCC (tNCC). Densitometric values were normalized using Coomassie stained gels (see Supplemental Figure 1 for details). Values in parentheses 
indicate n; statistical tests in B and C are 2-tailed unpaired t tests.
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confounded, so future studies involving sequential blockade of  both transporters, or generation of  mice 
with TAL expression of  CUL3-Δ9, are required to address this possibility. Furthermore, while we found 
that renal epithelial CUL3-Δ9 expression is sufficient to cause an FHHt phenotype, direct effects in vascular 
smooth muscle are also likely to contribute to the early-onset hypertension seen in patients (34).

With regard to the etiology of  hyperkalemia in FHHt, the dogma has been that increased Na+ reab-
sorption along the DCT by NCC reduces delivery of  Na+ to the CNT and cortical CD (CCD), where 
electrogenic Na+ reabsorption through ENaC normally provides the drive for K+ secretion; this leads to 
hyperkalemia. Recently, evidence has emerged that challenges this mechanism. A study in mice (46) found 
that administration of  the NCC blocker hydrochlorothiazide to WT mice did not increase kaliuresis acute-
ly. The Welling group recently generated a mouse model with constitutive activation of  SPAK specifically 
along the DCT1 (47), which exclusively expresses NCC, in contrast to the DCT2, which — in common 
with the connecting tubule (CNT) — also expresses the ENaC and ROMK (48). These mice displayed 
remodeling of  the CNT, which was attributed solely to increased NCC activation. Reduced total and api-
cal membrane expression of  ENaC and ROMK observed was proposed to contribute to the hyperkalemia 
observed in FHHt by reducing K+-secreting capacity. Importantly, hydrochlorothiazide normalized these 
structural changes in parallel with plasma [K+] normalization but more slowly than changes in Na+ excre-
tion. We observed reduced natriuresis in response to acute amiloride injection in CUL3-Het/Δ9 mice, but 
kaliuresis was not different. This effect on ENaC flux may not reflect a remodeling effect but may simply be 

Figure 6. With-No-Lysine [K] Kinase (WNK4) and Sterile 20 (STE20)/SPS-1–related proline/alanine-rich kinase (SPAK) 
localize to puncta in CUL3-Het/Δ9 mice, but not in Na+-K+-2Cl– cotransporter–positive (NKCC2-positive) segments. (A) 
Immunoflourescence for WNK4 revealed weak signal in cortex in control and CUL3-Het mice. In CUL3-Het/Δ9 mice, a 
strong WNK4 signal (red) was observed in large cytoplasmic puncta. (B) Immunofluorescence for SPAK (green) showed its 
localization at the apical membrane and in small cytoplasmic puncta in cortical segments in control and CUL3-Het mice. 
In CUL3-Het/Δ9 mice, the majority was localized in large cytoplasmic puncta. (C) Colocalization studies in sections from 
CUL3-Het/Δ9 mice showed that WNK4 and SPAK puncta did not colocalize with NKCC2 along the cortical thick ascending 
limb (cTAL). Colocalization with parvalbumin (PV) showed WNK4 and SPAK puncta were present along early distal convo-
luted tubule (DCT), DCT1. Colocalization with phosphorylated Na+-Cl– cotransporter (pNCC) showed that WNK4 and SPAK 
puncta were present along both DCT1 and late DCT (DCT2), since no pNCC-positive tubules lacking puncta were observed. 
However, some NCC-negative segments contained puncta. While calbindin (CB) is also expressed along DCT2, colocaliza-
tion of puncta with CB but not pNCC indicates expression along connecting tubule (CNT) and/or cortical collecting duct 
(CCD). Representative of 8 independent experiments. In A–C, scale bars: 50 μm.
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due to limitation of  Na+ conductance arising from reduced Na+ delivery, since NCC and NKCC2 are more 
active. It may also be due to direct effects of  increased WNK abundance on ENaC activity, which have 
been described for WNK1 and WNK4, and could contribute to hyperkalemia by inhibiting ROMK activity 
(reviewed in ref. 1). Expression of  CUL3 (28), KLHL3 (28), WNK1 (49), and WNK4 (40) along the CNT 
and CCD may support a role for direct effects in these segments.

The persistence of  an antikaliuretic effect of  amiloride in CUL3-Het/Δ9 mice despite a blunted natri-
uretic response was surprising, given the standard view that Na+ flux through ENaC is closely linked to 
K+ secretion along the CNT/CCD. Mouse models of  FHHt do not display the high levels of  plasma [K+] 
seen in humans, suggesting additional compensatory factors are at play in mice, which may confound the 
effects of  amiloride. Uncoupling of  K+ secretion from ENaC-mediated Na+ reabsorption in response to 
amiloride is not without precedent. The Sansom group reported that, in BK-β4–KO mice, effects on natri-
uresis were similar to those in WT mice, but the antikaliuretic effect was blunted (50). They proposed a role 
for NDCBE1 and NKCC1 in intercalated cells, and in CUL3-Het/Δ9 mice, alterations in these and also 
in BK-mediated K+ secretion may play a role. Another possibility is that, as seen with chronic hydrochlo-

Figure 7. Model of normal Cullin RING Ligase (CRL) function and proposed mechanisms of CUL3-Δ9–mediated familial hyperkalemic hypertension 
(FHHt). (A) The active WT CRL is a complex composed of 2 Cullin 3–containing (CUL3-containing) complexes. CUL3 acts as a scaffold for the complex. One 
CUL3 monomer is covalently linked to Neural precursor cell expressed developmentally downregulated protein 8 (Nedd8), which may facilitate dimeriza-
tion with a non-Nedd8–conjugated CUL3 monomer and also activates the CRL (35). Each CUL3 monomer can interact with many different substrate 
adaptors, but Kelch-like 3 (KLHL3 is shown here since it is relevant to FHHt. WNK kinases interact with KLHL3, which brings them close to the RING E2 
ubiquitin ligase that covalently attaches ubiquitin (Ub) to With-No-Lysine [K] Kinases (WNKs), targeting them for proteasomal degradation. (B) Three 
mechanisms have been proposed to explain how CUL3-Δ9 causes FHHt. In the haploinsufficiency model, CUL3-Δ9 triggers degradation of itself, but not 
of WT CUL3, by the proteasome (30). Fewer functional CRLs are available to degrade WNKs, which accumulate, leading to inappropriate Na+-Cl– cotrans-
porter (NCC) phosphorylation and activation by Sterile 20 (STE20)/SPS-1–related proline/alanine-rich kinase (SPAK)/oxidative stress–response kinase-1 
(OSR1). Our data do not support this model. In the KLHL3 degradation model, CUL3-Δ9 inappropriately degrades KLHL3, decreasing the number of active 
CRLs and causing accumulation of WNKs (28). Since KLHL3 is highly expressed along the distal convoluted tubule, the site of NCC expression, this leads 
to FHHt, which is primarily a disease of NCC dysregulation. This model assumes that CUL3-Δ9 exerts most of its effects on KLHL3 and not on other CUL3 
adaptors. Western blotting (30) and immunofluorescence for KLHL3 (Supplemental Figure 10) in CUL3-Δ9–expressing mouse models do not support this 
model. In the sequestration model, CUL3/CUL3-Δ9 heterodimers are less stable than CUL3/CUL3 homodimers, and CUL3-Δ9 may also sequester adapters 
(29), leading to a lower number of active CRLs and resulting in WNK accumulation. Our data do not refute this model, but more extensive disruption of 
CRL activity might be expected to cause multiple defects, not just FHHt.
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rothiazide in the Welling model (47), chronic remodeling effects of  amiloride may be required to diminish 
antikaliuresis in CUL3-Het/Δ9 mice (note that, while blunted, amiloride still exerts a natriuretic effect in 
these mice). The precise mechanisms involved are beyond the scope of  this study but will be the subject of  
future studies. Studies in isolated tubules may be particularly informative, and careful stereological analysis 
of  the CNT and CD will be required to determine whether distal remodeling occurs in CUL3-Het/Δ9 mice.

Emerging evidence supports a role for the DCT as the key renal sensor of  plasma [K+] (44), with 
increased NCC activity as plasma [K+] drops serving to reduce kaliuresis, and vice versa (see above for 
discussion of  the Na+ delivery versus remodeling mechanisms of  kaliuresis) (47). Redistribution of  WNK1, 
WNK4, and SPAK to larger intracellular puncta has been reported in several mouse models with lower 
plasma [K+], including SPAK KOs (42, 51, 52), and mice fed low K+ diets (43, 44, 51). Whether puncta 
form when mice are placed on a high [K+] diet has not yet been reported, but they were observed in mice 
with targeted deletion of  Cul3 exon 9, which have elevated plasma [K+] (30). We also observed large puncta 
in CUL3-Het/Δ9 mice and found that they are present in DCT and more distally, but they are completely 
absent from TAL. These puncta, whose precise identities are unknown, may reflect the assembly of  com-
plexes that modulate activity of  pathways leading to NCC activation. In CUL3-Het/Δ9 mice, the very large 
puncta may represent dysregulated signaling complexes and, hence, contribute to FHHt. Alternatively, 
they may represent aggresomes that form due to a failure to clear accumulated WNK4 and WNK1, but 
the Kurz group reported they do not colocalize with the lysosomal marker LAMP1 or form ubiquitin-
containing aggregates (30). Further characterization of  these structures will be required to identify them 
and determine whether they are distinct to those seen following Spak disruption or dietary K+ restriction. 
Our observation that these puncta were absent from TAL, despite increased WNK4 abundance, suggests 
differences between the effects of  CUL3-Δ9 in TAL and DCT. This may reflect the key role proposed for 
the DCT in sensing and initiating a response to changes in plasma [K+].

Several models have been proposed to explain the mechanism by which CUL3-Δ9 causes FHHt (Fig-
ure 7). Here, we set out to test the hypothesis that Cul3 haploinsufficiency causes FHHt. Our data strong-
ly suggest this hypothesis is incorrect. Since haploinsufficiency is not sufficient to cause an FHHt pheno-
type, CUL3-Δ9 must exert dominant effects. We previously proposed that CUL3-Δ9 may cause FHHt by 
inappropriately degrading KLHL3, which is highly enriched along the DCT (28), but a CUL3-Δ9 model 
with constitutive exon 9 deletion at 1 Cul3 allele displayed no difference in KLHL3 abundance compared 
with WT mice (30). However, the antibody used was not validated using KLHL3-KO mice, and may 
also detect KLHL2 (mouse KLHL2 and KLHL3 have 87.4% similarity). We also found no difference in 
KLHL3 abundance using an antibody that binds both KLHL2 and KLHL3 by Western blotting (Supple-
mental Figure 10). Attempts to use an antibody recently shown to be specific using kidney lysates from 
KLHL3-KO mice (27) have thus far been unsuccessful (data not shown), but we detected no differences 
in KLHL3 abundance along DCT1 and DCT2/CNT by IF using this antibody (Supplemental Figure 
11). Another model for CUL3-Δ9–mediated FHHt proposes that CUL3-Δ9 exerts dominant-negative 
effects, disrupting WT CUL3 homodimers, and possibly also causing sequestration of  substrate adap-
tors, thus preventing substrate ubiquitination (29). Combined with the reduction of  abundance of  WT 
CUL3, WT CUL3 homodimer disruption and adapter sequestration would also be expected to further 
reduce activity of  the WT CRL. However, floxing of  the Cul3 allele alone reduces CUL3 expression by 
about 15%, and while Cul3+/– mice are viable, global constitutive Cul3flox/– mice, which presumably have 
CRL activity lower than 50%, are not (53). With the caveat that these data are from mice, the combina-
tion of  haploinsufficiency and sequestration might also be lethal in humans rather than a cause of  FHHt. 
Therefore, dominant-negative effects of  CUL3-Δ9 are less likely to cause FHHt. We performed IF for 
CUL3 and found that it appears diffusely localized in some segments in mice expressing CUL3-Δ9, in 
contrast to the strongly nuclear localization observed in CUL3-Het mice along all segments. Interest-
ingly, this appeared to be restricted to parvalbumin- and calbindin-positive segments. We speculate that 
CUL3-Δ9 may cause mislocalization of  WT CUL3, specifically along the distal nephron. We previously 
reported mislocalization of  CUL3-Δ9 itself  in transfected cells (28) but did not examine effects on WT 
CUL3 distribution. Further studies are required to confirm this effect both in vitro and in vivo and to 
determine the mechanism by which this segment-specific effect might occur. One possibility is that it 
involves interactions with KLHL3. Since CUL3-Δ9 is degraded, it is unlikely to be present at stoichio-
metric levels with WT CUL3, so formation of  WT/Δ9 CUL3 heterodimers is unlikely to be a mecha-
nism of  WT CUL3 mislocalization. Additional gain of  function may also be involved.
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A better understanding of  how CUL3 regulates renal ion transport in both normal and disease condi-
tions is essential before it can be targeted rationally for antihypertensive treatment. Notably, we previously 
reported that kidney-specific Cul3 disruption has affects in multiple segments of  the nephron and causes 
extensive renal damage (28). Further work is required to determine the entire spectrum of  CUL3 and 
CUL3-Δ9 functions in the kidney, but here, we show that in the etiology of  FHHt, CUL3-Δ9 has potent 
dominant effects that go beyond simply initiating its own degradation.

Methods
Animals. The Pax8-rtTA/LC1 system was used to generate inducible renal epithelia–specific mouse models. Loxp-
STOP-Loxp-Cul3-Δ9-IRES-tdTomato transgenic mice (34) were crossed with Cul3flox/flox-Pax8/LC1 mice (28), to 
generate Cul3wt/flox (referred to as CUL3-Het) and Cul3wt/flox/CUL3D9 (referred to as CUL3-Het/Δ9) mice. Our 
breeding scheme to generate CUL3-Het/Δ9 mice also generated CUL3-Het mice; thus, both CUL3-Het and 
CUL3-Het/Δ9 mice were littermates. CUL3-WT/Δ9 mice, which express CUL3-Δ9 on a background of 2 WT 
Cul3 alleles (Cul3wt/wt/CUL3-Δ9) following doxycycline administration, were generated by crossing Loxp-STOP-
Loxp-Cul3-Δ9-IRES-tdTomato transgenic mice with Pax8-rtTA/LC1-Cul3wt/wt mice. All strains also had Pax8-rtTA/
LC1 to permit inducible recombination in renal epithelial cells. All mice were a mixed C57Bl/6J;sv129 back-
ground. Administration of 2 mg/ml doxycycline in 5% sucrose (both Thermo Fisher Scientific) in drinking 
water for 2 weeks was performed to induce recombination at floxed sites. In both strains, this led to disruption of  
1 endogenous Cul3 allele and induction of transcription of mRNA encoding CUL3-Δ9 and tdTomato in those 
mice also carrying the Cul3D9 transgene. Control mice given 5% sucrose drinking water were phenotypically 
equivalent to WT mice and were littermates of those receiving doxycyline. Male and female mice were used for 
all studies, except for blood pressure measurement, which used only males, and IF, which used only females.

PCR genotyping. Genomic DNA extracts were prepared from tail snips by heating overnight at 55°C 
in 300 μl digestion solution containing 5 mM EDTA (Thermo Fisher Scientific), 200 mM NaCl (Thermo 
Fisher Scientific), 100 mM Tris (pH 8.0; MilliporeSigma), 0.2% SDS (MilliporeSigma), and 0.4 mg ml−1 
proteinase K (Viagen Biotech), followed by ethanol precipitation. The following primers were used: Pax8 
forward, 5′-CCATGTCTAGACTGGACAAGA-3′; Pax8 reverse, 5′-CAGAAAGTCTTGCCATGACT-3′; 
CRE forward, 5′-TTTCCCGCAGAACCTGAACCTGAAGAT-3′; CRE reverse, 5′-TCACCGGCAT-
CAACGTTTTCTT-3′; Cul3flox forward, 5′-CAGGTTGTATTTTAACTGCTTAAATGTCAAAACCT-3′; 
Cul3flox reverse, 5′-TTTGTCTGGACCAAATATGGCAGCCAAAACC-3′; Cul3-Δ9 forward, 5′-GGC-
GCGATTCTTACCAAGTCC-3′; and Cul3-Δ9 reverse, 5′-GCGCATGAACTCTTTGATGACTT-3′. To 
confirm recombination of  the Loxp-STOP-Loxp from the CUL3D9 transgene, the following primers were 
used: Δ9recombinant forward, 5′-CCTCTGCTAACCATGTTCATGCCTTCTTC-3′, and Δ9recombinant 
reverse, 5′GCCTTAAGAGCTGTAATTGAACTGGGAGTG-3′.

Antibodies. Antibody sources, species, dilutions, and references are provided in Supplemental Table 1.
Western blot. Immediately after harvesting kidneys, they were snap frozen in liquid nitrogen and stored 

at −80°C until homogenization. They were homogenized using a Potter homogenizer in 1 ml cold homog-
enization buffer containing lysis buffer that contained 300 mM sucrose (Thermo Fisher Scientific), 50 mM 
Tris-HCl (pH 7.4; MilliporeSigma), 1 mM EDTA (Thermo Fisher Scientific), 1 mM EGTA (Millipore-
Sigma), 1 mM NaVO4 (Calbiochem), 50 mM NaF (MilliporeSigma), 1 mM ditiothreitol (MilliporeSigma), 
1 mM phenylmethane sulfonyl fluoride (MilliporeSigma), 1 mg ml−1 aprotinin (MilliporeSigma), and 4 mg 
ml−1 leupeptin (Thermo Fisher Scientific) using a 10 ml Potter-Elvehjem homogenizer. Cultured cells were 
scraped in RIPA buffer. Homogenates were centrifuged at 6,000 g for 15 minutes at 4°C, and supernatants 
were transferred to a new tube and stored at −80°C. Then, 20 μg protein were separated on a 4%–12% 
Bis-tris acetate gel (Invitrogen) and transferred to a polyvinylidene fluoride membrane by using Trans-Blot 
Turbo Transfer System (Bio-Rad). The membrane was blocked with 5% nonfat milk in PBS-Tween (Ther-
mo Fisher Scientific), followed by incubation with primary antibody for either 1 hour at room temperature 
or overnight at 4°C. Membranes were washed, incubated with HRP-goat anti–rabbit IgG (1:7,500, Invitro-
gen, 65-6120) or HRP-rabbit anti–guinea pig IgG (1:7,500, Invitrogen, 61-4620), washed again, and finally 
incubated with Western Lightning ECL (Perkin Elmer). ECL signal was detected with a Syngene Pxi4 
imager, and densitometry was performed with ImageJ (http://rsbweb.nih.gov/ij/). Protein abundance was 
normalized by densitometric quantitation of  total protein via Coomassie staining (54). We also analyzed 
the Western blot data by normalizing to β-actin (Supplemental Figure 1). Protein abundance normalized by 
both methods led to the same conclusions.
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Primary renal epithelial cell culture and adenoviral infection. Primary renal epithelial cells were cultured in RPMI 
(without Ca2+, Mg2+) (Gibco) containing 10% FBS (Thermo Fisher Scientific), 100 units/ml penicillin/strepto-
mycin (Invitrogen), amphotericin B (2.5 μg/ml) (Thermo Fisher Scientific), EGF (20 ng/ml) (MilliporeSigma), 
L-glutamine (2 mM) (Gibco), and dexamethasone (50 nM) (Tocris Biosciences). Decapsulated whole kidneys 
were minced with a sterile scalpel and digested in 1 mg/ml collagenase type I (Worthington) in Ham’s-F12 (Mil-
liporeSigma) medium for 30 minutes. The digested kidney was then sieved through 100 μm nylon mesh and the 
flow-through sieved again through 50 μm nylon mesh. The retained tubule pieces were then washed from the 
50 μm nylon mesh and centrifuged at 200 g for 5 minutes. Following one wash in Dulbecco’s PBS (Gibco), one-
ninth of the tubule mix was plated per well in medium and left undisturbed for 72 hours before the first medium 
change. Once cells had grown out to 80% confluency, they were infected with empty adenovirus (Ad-Null) or 
Cre recombinase adenovirus (Ad-Cre) (both from Vector Biolabs) at a multiplicity of infection (MOI) of 20, 
assuming 2 × 106 cells per well. Cells were harvested in RIPA buffer 48 hours later.

IF. Animals were injected with anesthesia cocktail (ketamine/xylazine/acepromazine, 50/5/0.5 mg kg−1; 
Mylan, Llod Laboratories, and Boehringer Ingelheim Vetmedica, respectively), and under deep anesthesia, ani-
mals were perfusion fixed with 4% paraformaldehyde (Thermo Fisher Scientific). After cryoprotection in 800 
mOsmol sucrose (Thermo Fisher Scientific) and freezing in OCT (Sakura Finetek), 5-μm sections were cut. For 
CUL3 IF, paraffin-embedded sections were used. Sections were incubated overnight at room temperature with 
primary antibodies (Supplemental Table 1). When double-staining was used with 2 primary antibodies raised in 
rabbit, after incubation with the first primary, sections were incubated with AffiniPure Fab Fragment goat anti–
rabbit IgG (1:40, Jackson ImmunoResearch, 111-007-003) to permit its detection with anti-goat secondaries. 
Controls confirmed that the first primary was not detected by anti-rabbit secondary antibody (data not shown). 
Secondary antibodies used were Alexa Fluor 647 donkey anti–rabbit IgG (Invitrogen, A31573; 1:2,000), Alexa 
Fluor 488 donkey anti–rabbit IgG (Invitrogen, A21206, 1:2,000), Alexa Fluor 488 goat anti–guinea pig IgG 
(Invitrogen, A11073, 1:2,000), Alexa Fluor 488 donkey anti–goat IgG (Invitrogen, A11055, 1:2,000), Alexa 
Fluor 647 donkey anti–sheep IgG (Invitrogen, A21448, 1:1,000), and FITC-goat anti–mouse IgG (Zymed, 
81-6511, 1:3,000), all incubated for 1 hour at room temperature. All sections were stained with DAPI in mount-
ing medium (ProLong Diamond Antifade Mountant with DAPI, Thermo Fisher Scientific); some pictures were 
not merged with the picture from the DAPI channel. Images were captured with a ZEISS AXIO Imager M2 
fluorescent microscope or a Zeiss LSM 880 confocal microscope.

Blood pressure measurement. Blood pressure was measured in male mice only by radio telemetry using 
PA-C10 transmitters (Data Sciences Inc.) implanted in the left carotid artery, with the transmitter insert-
ed into a pocket in the body cavity, as previously described. Isoflurane (4% in O2 to induce, 1.5%–2% to 
maintain; Piramel Enterprises) was used to anesthetize the animals. Following surgery, mice received 
0.1 mg kg−1 buprenorphine (s.c.; West-Ward Pharmaceuticals) analgesia twice daily for 3 days. Animals 
were monitored for alertness, activity, and loss of  weight, and they were given at least 7 days to recover 
from surgery before measurements were recorded for 10 seconds every 10 minutes. Mean of  the hourly 
averages were used to calculate mean SBP.

Blood analysis. Blood was collected via cardiac puncture under isoflurane anesthesia and transferred 
into heparinized tubes; 80 μl was loaded into a Chem8+ cartridge for electrolyte measurement by i-STAT 
analyzer (Abbot Point of  Care Inc.).

Amiloride response test. Animals were first injected i.p. with vehicle (0.09% saline) and then placed in 
metabolic cages. Urine was collected for 6 hours. The next day, the same animals were injected with 40 μg 
25 g−1 body weight amiloride hydrochloride in vehicle, followed by a 6-hour urine collection. Urine Na+ 
and K+ were determined by flame photometry.

Statistics. The null hypothesis was tested using 2-tailed unpaired t tests, or 1-way ANOVA for repeated 
measures by using GraphPad Prism 7 as indicated in the figure legends. All data are plotted as means ± 
SEM. P < 0.05 was considered significant.

Study approval. Animal studies were performed in adherence to the NIH Guide for the Care and Use of  
Laboratory Animals (National Academies Press, 2011) and approved by the Oregon Health & Science Uni-
versity IACUC (protocol IP00286).
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