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Abstract

Purpose of Review—The goal of this review is to evaluate recent advances in understanding
the pivotal roles of Cullin-3 (CUL3) in blood pressure regulation with a focus on its actions in the
kidney and blood vessels.

Recent Findings—Cul3-based ubiquitin ligase regulates renal electrolyte transport, vascular
tone, and redox homeostasis by facilitating the normal turnover of 1) with-no-lysine kinases in the
distal nephron, 2) RhoA and phosphodiesterase 5 in the vascular smooth muscle, and 3) nuclear
factor-E2-related factor 2 in antioxidant responses. CUL3 mutations identified in familial
hyperkalemic hypertension (FHHt) yield a mutant protein lacking exon 9 (CUL3A9) which
displays dual gain and loss of function. CUL3A9 acts in a dominant manner to impair CUL3-
mediated substrate ubiquitylation and degradation. The consequent accumulation of substrates and
over-activation of downstream signaling causes FHHt through increased sodium reabsorption,
enhanced vasoconstriction, and decreased vasodilation.

Summary—CUL3 ubiquitin ligase maintains normal cardiovascular and renal physiology
through post-translational modification of key substrates which regulate blood pressure.
Interference with CULS3 disturbs these key downstream pathways. Further understanding the
spatial and temporal specificity of how CUL3 functions in these pathways is necessary to identify
novel therapeutic targets for hypertension.
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1 Introduction

Cullin-3 (CUL3) is a scaffold subunit of the CUL3-RING (really interesting new gene)-E3
ubiquitin Ligase (CRL3) complex. CUL3 bridges the interaction between the RING protein
RBX1 and substrate adaptors which deliver targets for ubiquitylation and proteasomal
degradation. This post-translational modification is an important mechanism that regulates
protein turnover and is essential for normal cell biology and organ function. Ubiquitylation
and proteasomal degradation is an important component in cell cycle [1], circadian rhythm
[2], immune cell development [3], vascular tone [4-7], renal sodium transport [8-11], and
redox homeostasis[12], among many others. Mounting genetic and physiological evidence
support a critical role of CUL3 in controlling arterial blood pressure (BP).

It is no longer controversial that CUL3 mutations cause familial hyperkalemic hypertension
(FHHLt, a rare genetic disease also known as Pseudohypoaldosteronism or Gordon
Syndrome) through both renal and vascular mechanisms [13¢]. However, CUL3 is
ubiquitously expressed, and the physiological significance of CUL3 in other tissues and
organs and the consequences of these dominant mutations are largely unknown. The purpose
of this review is to highlight the mechanisms by which CUL3 and its adaptor proteins
regulate the ubiquitylation and turnover of specific targets which play a role in kidney and
vascular to regulate BP.

1.1 Molecular Structure and Organization of the CRL3 Complex

In the CRL3 complex, CUL3 serves as a molecular scaffold or bridge which supports both
substrate binding on one terminus and E3 ubiquitin ligase activity on the other (Figure 1).
The C-terminus of CUL3 interacts with an E3 ubiquitin ligase that attaches ubiquitin
moieties to the lysine residues on target proteins through isopeptidic bonds [14]. The N-
terminus of CUL3 interacts with the BTB (Broad Complex, Tramtrack, Bric-a-Brac) domain
of substrate adaptors, the best known of which are the BTB-BACK-Kelch domain proteins,
including the KLHL (Kelch-like) family and KEAP1 (Kelch-like ECH-associated protein 1).
These adaptor proteins recognize their substrates through a p-propeller motif in the Kelch
domain to deliver a plethora of substrates to the CRL3 catalytic core [15, 16]. The exact
structure of CRL3 assembly is not fully understood, but crystallography has revealed that
CUL3-based ubiquitin ligase complexes exist as homodimers [14]. Interestingly, the
dimerization interface has been reported to be formed between the BTB domains of the
substrate adaptors, not CUL3 which constitutes the periphery of the dimer complex [16].

The interactions among CULS3, substrate adaptors and its substrates are highly complex.
Quantitative proteomics reveal that CUL3 can potentially pair with hundreds of different
substrate adaptors [17]. Given that some adaptors are known to recruit more than one
substrate adds a layer of complexity to the molecular organization and target spectrum of
CRL3. For example, CUL3 utilizes KLHL12 (Kelch-like 12) to recruit two different
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substrates, Dishevelled in the Wnt-f catenin pathway in Xenopus and zebrafish embryos and
the D4 dopamine receptor in human embryonic kidney (HEK) 293 cells [18, 19]. Similarly,
CUL3-KLHL15 (Kelch-like 15) complex ubiquitylates both the CtIP protein in DNA repair
and the B’B subunit of protein phosphatase 2A in the brain [20, 21]. Indeed, the full range of
substrates delivered by BTB-domain containing substrates to the CRL3 complex remains
undefined. The versatility of substrate adaptors implies that CRL3-mediated protein
ubiquitylation may be temporally and spatially specific.

1.2 Mechanisms Regulating CRL3 Activity

How different CUL3-complexes are activated is not fully understood. Cullins are cycled
between active and inactive states, and this dynamic cycling is essential for efficient
ubiquitylation activity of the CRL complex [22]. Neddylation, which is catalyzed by
CULLIN-RBX1 itself and a Nedd8-E3 ligase, covalently adducts a ubiquitin-like molecule
Nedd8 to a conserved C-terminal lysine residue [22, 23]. This modification is required for
CUL3 activation because 1) it alters the structural flexibility of the CUL3 scaffold, allowing
the C-terminal CUL3-RBX1 to interact and engage the E3 ubiquitin ligase [24]; and 2) it
causes re-orientation of CUL3-RBX1 subdomains and eliminates a binding site for CAND1,
a Cullin regulator that selectively binds to unneddylated Cullins to facilitate the exchange of
substrate adaptors [25]. While neddylation regulates Cullin activation, deneddylation, the
removal of Nedd8 by COP9 signalosome (CSN) is also required for ubiquitylation activity
[22]. Cullin activation can be pharmacologically inhibited by blocking neddylation with a
small molecule MLN4924 but it should be noted that MLN4924 inhibits all Cullins and
other enzyme activities which require Neddylation by the Nedd8-E3 ligase.

CRL3 complexes are regulated by phosphorylation and dephosphorylation. Phosphorylation
of adaptor proteins positively or negatively modulates substrate ubiquitylation by altering
the binding affinity among CRL3 components [26-28]. In addition, some CUL3 complexes
require Ca2*-sensitive co-adaptors for substrate binding and translate transient rises in
intracellular Ca?* concentration into persistent substrate ubiquitylation and consequent
physiological processes [29]. Thus, as CRL3 complex regulates protein turnover and
relevant biological actions, its own activity is regulated by key intracellular processes such
as neddylation, phosphorylation, dephosphorylation, and calcium mobilization.

1.3 Disease-Causing Mutations in CUL3

A role for CUL3 in BP regulation was first revealed when mutations in CUL3were
identified in a severe form of FHHt. Whole exome sequencing of FHHt patients from 41
unrelated families revealed multiple CUL3 mutations located in the splice donor and
acceptor sites surrounding exon 9. The mutations were different but they all caused impaired
splicing of exon 9 (termed exon skipping) resulting in an in-frame deletion of amino acids
403-459 in a mutated CUL3 protein named CUL3A9. Due to altered structural flexibility
and molecular binding, CUL3A9 exhibits severe impairment in its ability to ubiquitylate
targets. FHHt due to mutations in CUL3is an autosomal dominant disease. At least 5
mechanisms have been reported to contribute to its dominant negative or aberrant activity: 1)
CUL3A9 supports decreased ubiquitylation activity towards normal substrates [9, 30, 31]; 2)
CUL3A9 promotes degradation of substrate adaptors through enhanced binding [9, 10, 31];
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3) CUL3A9 auto-ubiquitinates and degrades itself [10, 32¢¢]; 4) CUL3AS9 inhibits wild-type
CUL3 (CUL3WT) through the formation of inhibitory and unstable CRL3 heterodimers
[31]; and 5) CUL3A9 hampers interaction with Cullin regulators CSN and CAND1 [10,
33e].

2 Role of CUL3 in Renal Electrolyte Transport

2.1 The CUL3-KLHL3-WNK pathway

The hypertension and hyperkalemia features of FHHt are reversed by thiazide diuretics,
implicating a role of increased sodium reabsorption and enhanced NCC activity in the distal
convoluted tubule (DCT) where CUL3and KLHL3are both expressed [8]. In the DCT,
CUL3-KLHL3-RBX1 complex recruits and ubiquitylates WNK (with-no-lysine) kinases,
promoting their degradation through the proteasome (Figure 2). WNK kinases regulate the
phosphorylation and activation of the thiazide-sensitive Na*-CI~-Cotransporter (NCC)
through a signaling cascade involving SPAK (SPS-related proline/alanine kinase) and OSR1
(oxidative stress-responsive kinase) [34]. Mutations CUL3, KLHL3and WNK cause FHHt
through a common mechanism involving increased abundance of WNK kinases, excessive
activation of SPAK/OSR1, and enhanced phosphorylation of NCC. Increasing NCC activity
alone is sufficient to reduce K* secretion by downstream nephron segments [35], but WNKs
also suppress the renal outer medullary K* channel ROMK (Kirl.1; encoded by KCNJI) by
promoting its internalization from the cell surface [36, 37]. Thus, by controlling the normal
turnover of WNK kinases, CUL3-KLHL3 ubiquitin ligase complex regulates the balance
between renal Na*/Cl~ reabsorption and K* secretion.

Population studies find that more than 60% of pedigrees of previously unexplained FHHt
carry disease-causing variants in CUL3 or KLHL3, supporting a causal role of these
mutations in this monogenetic form of hypertension [38]. However, although mutations in
both genes cause the same disease, subjects with mutations in CUL3 display a more severe
phenotype as evidenced by earlier onset and the degree of hypertension and electrolyte
abnormalities [8]. Boyden et al first showed that mutations in both CUL3and KLHL3 cause
FHHt in humans, suggesting that the loss of CUL3-KLHL3 activity may be causal [8].
While KLHL3 mutations are either dominant or recessive, disease-causing CUL3 mutations
are all dominant and predominantly de novo, resulting in skipping of exon 9 and the
production of CUL3A9 mutant protein.

The structural rigidity of CUL3 is important for protein-protein interactions within the
CRL3 complex. The deletion of 57 amino acids in the region between the C- and N-termini
likely increases the flexibility of CUL3 backbone, which alters the relative orientation and
position of CRL3 components and the overall catalytic activity [10]. The precise mechanism
by which CUL3A9 impairs the ubiquitylation of WNK kinases is controversial, but multiple
models have been postulated each supported by experimental evidence.

CUL3A9 itself cannot support WNK4 degradation: Wakabayashi et al. initially
showed that when expressed in cells, CUL3A9 results in increased WNK4 abundance,
suggesting that this mutation caused FHHt as a result of loss of function in CUL3-mediated
ubiquitylation and degradation of WNK4 [39]. Indeed, in the absence of CUL3WT,
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CUL3AQ9 protein itself cannot degrade WNK4 even with KLHL3 expressed at normal levels
[30]. Conversely, when CUL3WT was present, WNK4 ubiquitylation and degradation was
restored. These observations indicate that deletion of exon 9 results in defective ubiquitin
ligase activity and suggests that CUL3A9 mutations cause FHHt phenotypes through a loss
of function in WNK degradation.

CUL3A9 degrades substrate adaptor KLHL3: Despite impaired ability to degrade its
normal substrate, CUL3A9 causes striking increases in KLHL3 ubiquitylation and promotes
KLHL3 degradation [9]. Because the deletion of 57 residues (AA403-459) occurs in the
elongated region outside of the C- and N-terminus, CUL3A9 mutant protein retains the
ability to bind RBX and KLHL3 [10]. This allows CUL3A9 to form CRL complexes but the
structural alterations result in increased ubiquitylation of its substrate adaptor, in this case
KLHL3. However, the enhanced degradation of KLHL3 is not completely proteasomal-
dependent, as autophagic degradation of KLHL3 is also increased by this CUL3 mutant
[30]. Because KLHL3 is required for WNK kinase ubiquitylation, CUL3A9 may cause
FHHt through a gain of function by depleting the substrate adaptor KLHL3 [9, 40].
Importantly, the DCT may be exquisitely sensitive to the effects of CUL3A9 since KLHL3 is
expressed at very high levels in this segment [9], and in a mouse model of FHHt, CUL3A9
did not alter expression of several other CUL3 adaptors in the kidney [40].

CUL3A9 exhibits enhanced auto-ubiquitylation and is dominant

negative: CUL3A9 also exhibits markedly increased auto-ubiquitylation than CUL3WT
[10]. This is because the structural alterations in CUL3A9 exposes lysine residues
inaccessible to CUL3WT. Auto-ubiquitylation can lead to self-destruction of CUL3A9 and
what was thought to be apparent haploinsufficiency of CUL3WT [10]. To determine whether
the FHHt phenotypes are primarily driven by CUL3 haploinsufficiency, Ferdaus et al.
studied Cu/3heterozygous mice (CUL3-Het) and Cul3 heterozygous mice also expressing
CUL3AQ9 in the renal epithelium (CUL3-Het/A9) [32¢¢]. Consistent with auto-ubiquitylation,
CUL3A9 protein was undetectable in CUL3-Het/A9 mice. However, while both models
preserved 50% of endogenous CUL3WT, only CUL3-Het/A9 mice exhibited increased
activation of WNK4/NCC, hyperkalemia and hypertension. These results reject the
haploinsufficiency hypothesis and support the concept that the dominant effects of CUL3A9
are required in the pathogenesis of FHHt.

CUL3A9 is hyper-neddylated and dissociates from CUL3 regulators: CUL3A9 is
also the target of increased Nedd8-ligase activity and is unable to interact with the CSN
deneddylase. Schumacher et al showed that while CUL3WT is mono-neddylated, CUL3A9
is modified by up to three Nedd8 molecules (8.6 kDa) [10]. The poly-neddylation of
CUL3A9 decreases its mobility on western blot resulting in multiple CUL3A9 bands [10].
When neddylation is blocked by MLN4924, CUL3A9 remains neddylated for a longer
duration than CUL3WT, consistent with decreased rates of deneddylation. Thus, the hyper-
neddylation of CUL3A9 may result from both increased neddylation and decreased de-
neddylation [10, 9]. A consequence of this is that it impairs the normal cycling between
neddylated and de-neddylated states that is necessary to maintain CRL3 ubiquitylation
activity. In support of this, genetic deletion of the CSN catalytic subunit Jabl in the nephron
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results in increased CUL3 neddylation, decreased KLHL3 and activation of the WNK4-NCC
pathway [41e¢]. Similar effects may be achieved by pharmacological inhibition of CSN
[33+]. These phenotypes recapitulate the dominant effects of CUL3A9 and confirm the
contribution of deficient CSN binding to CUL3A9 in FHHt pathogenesis. Of note, structural
alterations in CUL3A9 also prevents the interaction with the substrate-adaptor exchange
factor CANDJ, another important regulator of CRL activity [10]. Thus, disruption of CUL3
regulatory mechanisms also contributes to the impairment of CRL3 activity.

Collectively, previous studies have provided compelling evidence supporting that CUL3A9
acts in a dominant manner to cause enhanced sodium reabsorption and electrolyte
abnormalities through dual gain and loss of function.

While the rare disease FHHt revealed a role for CUL3-KLHL3 dysregulation in
hypertension, more recent data suggest modification of the complex may be important for
regulating NCC physiologically. For instance, phosphorylation at serine 433 of the adaptor
protein KLHL3 (Kelch-like 3) disrupts its substrate interaction with with-no-lysine kinase 4
(WNK4) [26]. Angiotensin Il induces phosphorylation at KLHL3-S433 through protein
kinase C in the distal convoluted tubule, leading to decreased WNK4 ubiquitylation,
enhanced WNK4 levels, increased NCC activity and impaired K* secretion. Conversely,
increases in extracellular K* induce calcineurin-mediated dephosphorylation at KLHL3-
S433. This promotes WNK4 ubiquitylation and degradation via CUL3-KLHL3 complex,
resulting in decreased levels of WNK4 protein, NCC activity and sodium reabsorption [27].

2.2 Additional CUL3 mechanisms in the kidney

The pathogenesis of hyperkalemia and hypertension in FHHt is complex and involves
multifaceted actions of CRL3. For example, FHHt-causing CUL 3 mutations also increase
the degradation of KLHL?2, a homolog of KLHL3 capable of facilitating WNK
ubiquitylation [42]. Moreover, CUL3-KLHL3 also regulates the turnover of claudin-8 in the
collecting duct [43]. In transfected cells, dominant KLHL3 mutations impairs the
ubiquitylation and degradation of claudin 8 resulting in accumulation of claudin 8. Because
claudin 8 facilitates paracellular chloride reabsorption (also known as the chloride shunt), an
increase in claudin 8 may decrease chloride concentration in the lumen which diminishes the
lumen negative potential necessary to drive K* secretion. In keeping with this, enhanced
paracellular chloride transport has been proposed as an alternative mechanism of
hyperkalemia in FHHt [44], although thiazidereversibility does not support this.

Intriguingly, kidney-specific deletion of Cu/3 gene in mice results in salt-dependent
hypotension, not hypertension, despite increased levels of WNK kinases, NCC protein and
NCC phosphorylation [9]. The hypotension is associated with marked renal dysfunction,
including depletion of sodium potassium cotransporter 2 (NKCC2) and aquaporin 2,
hypochloremic alkalosis and diabetes insipidus. Thus, perturbation in nephron segments
other than the DCT may override the increased WNK-NCC pathway to cause salt wasting
and polyuria rather than an FHHt phenotype. Moreover, disruption of Cu/3in the renal
epithelia causes proximal tubule injury that progresses to fibrosis [45e¢]. The widespread
renal toxicity is also associated with increased cyclin E, a cell cycle regulator important for
normal cellular physiology [9, 45¢¢]. Unlike the heterozygous CUL3A9 mutation which
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spares residual CULS3 activity, nephron-specific CUL3 deletion completely abolishes its
actions in the kidney. This suggests that basal levels of CUL3 activity is indispensable for
the maintenance of renal structure and function.

3 CUL3 Regulation of Vascular Tone

Mounting evidence support that CUL3 also regulates blood pressure through its control of
vascular function. In a mouse model expressing a human hypertension-causing mutation in
peroxisome proliferator activated receptor -y (PPARyP467L, termed S-P467L), decreased
levels of CUL3 and neddylated CUL3 lead to increased RhoA, a substrate of CUL3-
mediated ubiquitylation [4]. As a result, S-P467L mice display enhanced agonist-induced
vasoconstriction and increased myogenic tone in resistance vessels, and develop
hypertension [4, 46, 47]. Supporting a role of CUL3 in human hypertension, small
interfering RNA knockdown or pharmacological inhibition of CUL3 increases RhoA protein
in human aortic smooth muscle cells. In keeping with this, inhibition of Cullin ubiquitin
ligase activity by MLN4924 markedly enhances RhoA-dependent vasoconstriction in normal
aortic segments and elevated arterial pressure in C57BL/6 mice. Molecular studies reveal
that CUL3 interacts with an adaptor protein BACURDL to target RhoA to the CRL3
complex for ubiquitylation [31]. These studies provided the first evidence supporting a
causal role of decreased CRL3 activity in vascular dysfunction and hypertension.

The contribution of vascular Cul3A9 mutations to the hypertension in FHHt has been
established by several lines of evidence. First, expression of Cu/3A9transgene selectively in
vascular smooth muscle (S-Cul3A9) recapitulates the hypertension phenotype of FHHt
without any measurable electrolyte abnormalities, suggesting the CUL3 mutations cause
human hypertension in part through a vascular smooth muscle mechanism [5, 13ee]. S-
Cul3A9 mice exhibit decreased abundance and function of endogenous CUL3WT in blood
vessels, resulting in impaired ubiquitylation and degradation of RhoA, increased RhoA
activity and enhanced activation of the RhoA/Rho kinase signaling (Figure 2). This
markedly increases vasoconstriction in resistance vessels and elevates arterial pressure under
baseline conditions. Of note, the hypertension in S-Cul3A9 was associated with arterial
stiffening in capacitance vessels [5]. Consistent with this, knock-in mice carrying one allele
of wildtype Cu/3and one allele of Cu/3A9 (CUL3WT/A%) not only develop hyperkalemic
hypertension as observed in FHHt humans, but also exhibit enhanced medial thickness and
increased arterial stiffness [10]. Whether the arterial stiffening is secondary to the
hypertension or a direct consequence of vascular Cul3A9 awaits further investigation.

CUL3 also regulates nitric oxide (NO)-induced vasodilation by promoting degradation of
PDED5, a negative regulator of the NO-soluble guanylyl cyclase (SGC)-cGMP pathway [6ee,
7ee]. For this reason, CUL3 deficiency causes impaired PDE5 ubiquitylation, increased
levels of PDES protein and enzymatic activity, and decreased bioavailability of cGMP
(Figure 2) [6+¢]. While Cul3A9 mutation and CULS3 deletion (S-CUL3KO) in vascular
smooth muscle both impair vasodilator function, the latter results in more severe phenotypes
[5, 6]. S-CUL3KO mice display progressive decline in smooth muscle NO responsiveness
and develop severe hypertension and arterial stiffening. Interestingly, cGMP production is

Curr Hypertens Rep. Author manuscript; available in PMC 2021 August 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu et al.

Page 8

also decreased in mice lacking CUL3 in the vascular smooth muscle, suggesting that CUL3
also controls cGMP biosynthesis through mechanisms yet to be investigated [6e¢].

RhoBTB1 (Rho related BTB domain containing 1) is a substrate adaptor delivering PDES5 to
the CUL3 complex for ubiquitylation. Interestingly, RnoBTB1 is a PPARy target gene and is
downregulated in the vascular smooth muscle of S-P467L mice, resulting in impaired NO-
sGC-cGMP signaling and decreased vasodilation [4]. Inducible smooth-muscle specific
restoration of RhoBTB1 on the S-P467L background completely abolishes the vasodilation
impairment, arterial stiffening and hypertension [7<¢]. Importantly, genetic complementation
of RhoBTBL1 does not correct the increased vasoconstriction which is mediated by enhanced
RhoA signaling, suggesting that CUL3 controls vasoconstriction and vasodilation through
distinct mechanisms. Of note, smooth muscle RhoBTB1 expression is also downregulated
by angiotensin Il infusion, and restoration of RhoBTB1 ameliorates impaired vasodilation
and hypertension induced by angiotensin Il despite a preservation of increased
vasocontraction. Collectively, these observations indicate that improvement of vasodilator
function was sufficient to mediate the protective effects of RhoBTB1 restoration.
Interestingly, RhoBTB1 has recently been reported to be phosphorylated by Rho kinase at
multiple serine residues [28]. This differential phosphorylation may regulate its binding to
CUL3 and thus the turnover of PDE5 and other unknown substrates.

Mechanistically, CUL3A9 impairs the normal turnover of proteins regulating vascular
function (RhoA and PDES5) through multiple mechanisms. When expressed in a CUL3-
deficient cell line generated by CRISPR-Cas9 genome editing (HEK293T-CUL3™"),
CUL3A9 exhibits reduced ubiquitin ligase activity toward RhoA compared to equimolar
levels of CUL3WT [31]. This indicates that CUL3A9 exhibits a loss of function incapable of
supporting normal levels of substrate degradation on its own, consistent with impaired
WNK4 degradation observed by Cornelius et al [30]. CUL3A9 also binds to adaptor proteins
(BACURD1 and RhoBTB1) more efficiently than CUL3WT [31], highly reminiscent of
enhanced ubiquitylation and degradation of KLHL3 in the kidney [9, 10]. Moreover,
CUL3A9 forms an unstable heterodimer with CUL3WT and disrupts the CUL3WT
homodimers [31]. This results in decreased levels of CUL3WT and its neddylation in human
aortic smooth muscle cells [5], supporting the concept of self-degradation mediated by
CUL3A9 autoubiquitylation.

4. The CUL3-Keapl-Nrf2 Pathway and Its Antioxidant Affects

CUL3-KEAP1 complex mediates the ubiquitylation of Nrf2 (nuclear factor-E2-related factor
2), a well characterized transcription factor regulating cellular redox homeostasis [12].
KEAP1 sequesters Nrf2 in the CRL3 complex and normally suppresses its cellular
abundance through proteasomal degradation. Thus normally, Nrf2 is in limiting amounts
because it is sequestered and degraded. Oxidant radicals modify specific cysteine residues
on KEAP1, the Nrf2 adaptor, causing conformational changes that releases Nrf2 from
KEAP1 and the CRL3 complex [48]. Nrf2 is then free to translocate to the nucleus where it
interacts with a cofactor MafK to activate transcription by binding to the antioxidant
response element (ARE) on the promoter region of target genes [49]. These include, but are
not limited to, the antioxidant genes superoxide dismutase 1-3 (SOD1-3), catalase,
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NAD(P)H quinone oxidoreductase 1 (NQO1), hemooxygenase-1, and glutathione
peroxidase.

Oxidative stress mediated by impairment of Nrf2 responses has been associated with
decreased NO bioavailability and endothelial dysfunction, an important risk factor for
hypertension and other cardiovascular conditions [49]. For example, Nrf2 activation by
tertbutylhydroquinone in human renal glomerular endothelial cells increases NO through
upregulation of endothelial NO synthase (eNOS) and dimethylarginine
dimethylaminohydrolase (DDAH), which degrades asymmetric dimethylarginine (ADMA),
an endogenous inhibitor of eNOS. These protective effects are abolished by Nrf2
knockdown [50]. Interestingly, Nrf2 binds to an ARE on the PPARy gene and activation of
Nrf2 increase PPARy mRNA. In fact, Nrf2 and PPARy demonstrate a reciprocal positive
feedback in gene expression with coordinated mechanisms to enhance endothelial NO
generation. In line with this, PPARy activation in the endothelium protects from endothelial
dysfunction induced by high fat diet, angiotensin 11, and aging [51-53].

While the cardiovascular protection mediated by Nrf2 activation is well documented, it is
not clear whether perturbations in CUL3 impacts blood pressure through changes in Nrf2
[49]. CUL3 expression is decreased in mouse models of acute kidney injury and chronic
kidney disease and in fibrotic human kidney tissues [45¢¢]. As mentioned above, renal
tubule-specific disruption of CUL3 causes profound kidney damage featuring widespread
tubulointerstitial fibrosis and inflammation [9]. Of note, severe renal injury occurs despite
accumulation and activation of Nrf2, suggesting that activation of Keap1/Nrf2 in the
nephron alone is not sufficient to compensate the deleterious effects of kidney-specific
CUL3 deficiency [45¢¢]. In fact, over-activation of Nrf2 gives rise to reductive stress, which
may be as harmful as oxidative stress [54].

Several lines of evidence support that Nrf2 also mediates protective effects in hypertension
and chronic heart failure through its antioxidant effects in the brain [49, 55]. Gao et al
recently showed that selective deletion of A/rf2gene in the rostral ventrolateral medulla
(RVLM) downregulates Nrf2-targeted antioxidant enzymes and causes central oxidative
stress in this key brain stem region. This results in enhanced sympathetic nerve activity,
impaired baroreflex function and neurogenic hypertension [56¢]. Consistent with a role of
Nrf2 in neurogenic hypertension, impaired Nrf2 signaling in the RVLM is also associated
with a downregulation of antioxidant genes (Ngol, Sod2), inflammation, and increased
sympathetic outflow in obesity-induced hypertension [57]. Conversely, upregulation of Nrf2
through lentiviral overexpression of Nrf2 or targeted deletion of Keapl in the RVLM
increases antioxidant proteins NQO1 and hemooxygenase-1, improves baroreflex function
and attenuates sympathoexcitation in chronic heart failure mice [58].

5. Conclusion

Research in the last decade has established CUL3 as novel regulator of blood pressure.
While the CRL3 modulates key biological processes in the cardiovascular and renal systems
(Figure 2), its own activity is regulated by molecular mechanisms including neddylation,
phosphorylation/dephosphorylation and intracellular calcium mobilization. Proteomic
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studies predict that CUL3 has identified hundreds of potential adaptor proteins, and only a
very small percentage of these have been experimentally investigated [17]. Although CUL3
is versatile in regard to the spectrum of substrates ubiquitylated, this posttranslational
modification is highly selective at the molecular level since different adaptor proteins are
employed to recruit these substrates. Studies in vascular smooth muscle clearly demonstrate
that CUL3 may regulate more than one substrate (RhoA and PDE5, Figure 1) in the same
cell type, however, little is known about the crosstalk between these downstream pathways
upon disruption of CUL3.

CUL3-based ubiquitin ligase controls the turnover of distinct substrates important for
vascular tone, renal electrolyte transport and redox homeostasis. There seems to be spatial
and temporal compartmentation of CRL3 activity, allowing precise control of essential
physiological processes in the vasculature, kidney, and brain important for blood pressure
regulation. As CUL3 is ubiquitously expressed, we have only begun to understand the
tissue-specific functions of CUL3-mediated ubiquitin ligase in physiological and
pathological conditions. Recently, single nucleotide polymorphisms in CUL3 gene have
been associated with protection against essential hypertension, suggesting that altered CUL3
activity may also contribute to the variation of blood pressure at the population scale [59].
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Figure 1. The Structure and Function of CUL3 Complexes.
The C-terminus of CUL3 binds the E3 ubiquitin ligase to form the catalytic core while its N-

terminus interacts with adaptor proteins delivering substrates for ubiquitylation. Neddylation
of CUL3 near the C-terminus (covalent adduction of an 8.6 kDa Nedd8 molecule) is
required for its activation. The BTB domain of substrate adaptors interacts with CUL3 N-
terminus and supports the homodimerization of CUL3 complexes. The KELCH domain of
substrate adaptors recruits target proteins, which are often poly-ubiquitylated and
subsequently degraded in the proteasome.
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Figure 2. Tissue-specific Actions of CUL3 and CUL3A9.
A) CUL3 employs different adaptor proteins to support the physiological turnover of key

molecules in different tissues. In the vascular smooth muscle cells (VSMC), CUL3-
BACURD1 ubiquitylates RhoA and CUL3-RhoBTB1 ubiquitylates PDES5. In the distal
convoluted tubule (DCT), CUL3-KLHL3 ubiquitylates WNK1 and WNK4. Ubiquitylated
target proteins are degraded in the proteasome. B) CUL3A9 interferes with CUL3WT and
impairs substrate ubiquitylation and degradation leading to accumulation of target proteins.
In the VSMC, increased RhoA/Rho kinase (ROCK) signaling augments vasocontraction,
while enhanced PDES5 decreases cGMP bioavailability and vasodilation. Likewise, increased
WNKSs in the DCT promote NCC activation and Na* reabsorption through the SPAK/OSR1
cascade. These pathophysiological mechanisms collectively cause the hypertension
phenotype.
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