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Abstract: Ubiquitination is a representative, reversible biological process of the post-translational
modification of various proteins with multiple catalytic reaction sequences, including ubiquitin itself,
in addition to E1 ubiquitin activating enzymes, E2 ubiquitin conjugating enzymes, E3 ubiquitin
ligase, deubiquitinating enzymes, and proteasome degradation. The ubiquitin–proteasome system is
known to play a pivotal role in various molecular life phenomena, including the cell cycle, protein
quality, and cell surface expressions of ion-transporters. As such, the failure of this system can
lead to cancer, neurodegenerative diseases, cardiovascular diseases, and hypertension. This review
article discusses Nedd4-2/NEDD4L, an E3-ubiquitin ligase involved in salt-sensitive hypertension,
drawing from detailed genetic dissection analysis and the development of genetically engineered
mice model. Based on our analyses, targeting therapeutic regulations of ubiquitination in the fields of
cardio-vascular medicine might be a promising strategy in future. Although the clinical applications
of this strategy are limited, compared to those of kinase systems, many compounds with a high
pharmacological activity were identified at the basic research level. Therefore, future development
could be expected.

Keywords: salt-sensitive hypertension; ubiquitination; Nedd4L/Nedd4-2; epithelial sodium channel;
aldosterone sensitive distal nephron; excitation-transcription coupling

1. Introduction

Hypertension is a multifactorial disease determined by both genetic and environmental factors,
including dietary habit, and is a representative public health issue due to its high prevalence and risk
for cardiovascular diseases. The relationship between oral salt intake and elevation of blood pressure
were widely observed in clinical trials such as the INTERSALT Study [1], PURE Study [2], and others [3].
The salt sensitivity of blood pressure is defined as “a physiological trait present in rodents and other
mammals, including humans, by which the blood pressure (BP) of some members of the population
exhibits changes parallel to changes in salt intake” [4]. Genetic analyses for hereditary and familial
hypertension by positional cloning in the 1990′s revealed that ion transporters and their accessory
proteins, located in the renal tubules are responsible for the development of genetic hypertension [5].
Based on data from our own [6–14] and other [15–21] studies, we previously reported that important
factors in the pathogenesis of salt-sensitive hypertension include the mechanism of sodium reabsorption
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in the renal tubule and the abnormalities that enhance this reabsorption. Furthermore, we also reported
that angiotensinogen gene single-nucleotide polymorphisms (SNPs) might explain the pathogenesis
of this disease at the levels of molecular genetics, human evolution, developmental engineering,
and kidney physiology [7–9,11,12,22,23]. Currently, this report describes the already enforced and
ongoing investigations into epithelial sodium channels (ENaCs) in terminal nephrons and its regulatory
ubiquitinating enzyme, Nedd4L/Nedd4-2, based on our findings, which might provide significant
molecular insight into the onset and development of salt-sensitive hypertension.

2. Sodium Reabsorption in Terminal Nephrons

Lifton et al. determined that the genes involved in the development of hereditary human
hypertension are restricted to the sodium transporter and its associated proteins in the renal tubule [5].
The most important message that can be derived from this finding might be the fact that the first hit
in the development of naturally occurring hereditary hypertension in human is due to the enhanced
sodium reabsorption mechanism in the renal tubule. We considered that the mechanism of sodium
reabsorption in tubules need to be understood to determine the genetic factors involved in salt-sensitive
hypertension, i.e., “hypothesis-driven approaches”, which is the purpose of this review.

The function of the kidney is to produce urine by ultrafiltration, during which the primitive urine
passes through the renal tubules, and the quality and quantity of the body fluids and electrolytes are
maintained through concentration by water re-absorption, appropriate reabsorption of electrolytes,
and appropriate secretion of the bicarbonate ions [24,25]. Most sodium ions in the serum are filtered
into primitive urine and at the rate according to the nephron segments; >99% of the sodium that
is reabsorbed and ultimately filtered in each segment of the renal tubules is excreted into urine.
Considering the mechanism that regulates sodium reabsorption, it can be divided into two segments
involving the glomerulus-proximal, tubule-loop of the Henle-distal tubule to the macula densa and the
tubules distal to the macula densa (connecting tubules, cortical collecting tubules).

During the first part of the process, >90% of the ultrafiltered sodium is reabsorbed. A physiological
regulatory mechanism of the renal microcirculation (tubulo-glomerular-feedback; TGF) between the
macula densa and the afferent arterioles, detects the chloride ions in the renal tubular fluid flowing
into the distal nephron and imports the anions, thus adjusting the diameter of the afferent arterioles.
By adjusting the diameter of the afferent arterioles according to the difference between the amount of
filtered and reabsorbed sodium chloride (NaCl), the glomerular filtration pressure and amount were
adjusted, and the glomerular filtration rate was maintained according to the oral salt intake. A myogenic
reaction specific to the afferent arterioles occurs, in which the smooth muscle around the arterioles
reflexively contracts due to the blood flow brought to the afferent arterioles, which regulates the
diameter of the afferent arterioles. Similar to TGF, this mechanism adjusts the diameter of the afferent
arterioles and maintains a constant glomerular filtration pressure and volume. Moreover, the renal
tubules distal to the macula densa are collectively called aldosterone-sensitive-distal nephrons (ASDN),
and sodium reabsorption is fine-tuned by the regulation of the expression of sodium ion transporters
on the apical side of renal tubular cells, mainly through the action of aldosterone, an endocrine factor.
Sodium reabsorption at this site comprises <5% of the total reabsorption, but because of an absent or
insufficient feedback/compensation mechanism as in TGF, abnormalities about sodium reabsorption
at this site is thought to cause blood pressure abnormalities such as the Liddle syndrome or type I
pseudo-hypoaldosteronism (type I PHA). Conversely, abnormalities in sodium reabsorption due to
irregularities in the ion transporter from the proximal tubule to the macula densa can be canceled
and corrected by powerful TGF and myogenic reactions. Even if such irregularities exist in nature,
they might not be recognized due to these physiological compensations.

The onset of salt-sensitive hypertension caused by an enhanced renal tubular renin-angiotensin
system (RAS) might be caused by abnormalities in the sodium reabsorption mechanism in the terminal
nephron, i.e., the ASDN. Our findings in the C57Bl6/J mice showed that angiotensinogen secretion
in the proximal tubular cells was enhanced as a result of the enhanced filtered sodium ion [9,11,12],
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due to excess oral salt intake. We then proposed a model of the onset of salt-sensitive hypertension by
paradoxically enhancing angiotensin II stimulation on the apical side of ASDN, in which the likely ion
transporter of the angiotensin II action was the epithelial sodium channels (ENaCs) [26–28].

The function of renal tubules, that comprise a highly differentiated and complex regulatory
system, is difficult to describe in a few words. However, their function can be summarized to facilitate
understanding, as follows [29–32]. The cellular effects of aldosterone are exerted through intracellular
mineralocorticoid receptors (MR) that bind not only to aldosterone, but also to the steroid hormone,
cortisol, to produce intracellular effects. As the plasma concentration of aldosterone is much lower than
that of cortisol, when competing for binding with MR under the same conditions, most MR probably
binds to cortisol. Thus, epithelial cells (such as renal tubule cells) that are sensitive to aldosterone express
11-βHSD2 (type 2 11β-hydroxy-steroid dehydrogenase) and cortisol is converted into cortisone, thereby
losing its MR binding activity. As a result, aldosterone-specific cellular action can occur by reducing the
competitive inhibitory effect of cortisol on aldosterone with regards to MR. MR is expressed in nephrons
beyond the early distal convoluted tubule (DCT), but because 11-βHSD2 is expressed only in nephrons
after late DCT, the effects of aldosterone are not evident in early DCT. Mineralocorticoid receptors bind
cortisol, and the NaCl co-transporter (NCCT) that is sensitive to thiazide diuretics and that is expressed
in early DCT, is controlled by aldosterone to a lesser degree. Regulators of NCCT were discovered
in the Gordon syndrome (type II PHA) in which hereditary hypertension was thought to be due to
abnormal sodium reabsorption through the NCCT as well as abnormalities in WNK1 and WNK4 [33],
but details of the mechanism of hypertension onset remain unknown. Through consistent expression of
MR and 11-βHSD2, because “cortisol” was inactivated into “cortisone”, an aldosterone was able to
exert effects by binding to the MR in the nephrons below the late DCT. Thus, aldosterone regulates
the ENaC expression by binding to MR as ASDN, via the aldosterone–MR complex and through the
expression of regulatory factors known as AIP (aldosterone inducible protein), such as SGK1 (serum
and glucocorticoid-regulated kinase 1), in nephrons after late DCT.

The outline of sodium transport in the ASDN renal tubular epithelial cells is as shown [34] (Figure 1).
Na-K-ATPase are expressed on the basolateral side of all ASDN and functions, by ATP-dependently
pumping intracellular sodium out of cells and the uptake of potassium into the cell. As a result of this
sodium pump and K-ATPase, a transmembrane Na gradient arises, and the sodium is reabsorbed through
the ENaCs on the apical side. After intracellular uptake, potassium is secreted lumenally through the action
of the potassium channel ROMK. This channel was also under the control of aldosterone, and aldosterone
action in the renal tubule appears to act on potassium secretion as well as sodium reabsorption.Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 4 of 13 
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As ENaC is inhibited by the diuretic amiloride, it is referred to as an “amiloride-sensitive” 
epithelial sodium channel and is localized in epithelial cells with polarity. That is, it is expressed only 
in the apical side of the distal tubule, the alveolar epithelium, and colonic mucosa. It comprises α, β, 
and γ subunits, at a ratio of 1α:1β:1γ. The expression of its function requires all three subunits [29,35]. 
However, the α subunit alone or the combination of αβ and αγ generates a sodium current, albeit 
incompletely. ENaC molecules have two transmembrane domains comprising an extracellular 
domain with multiple glycosylation sites, a short NH2 terminus, and COOH terminus, within cells. 
All three subunits have two proline-rich sequences (P1 and P2) called PY motifs, at their COOH 
terminal. 

The endocrine factors principally regulate intracellular ENaC expression. In addition to 
aldosterone action through binding to MR, the action of vasopressin (ADH) secreted from the 
posterior pituitary gland appears to regulate the expression of ENaC via V2 receptor-adenylyl 
cyclase-cAMP, as well as insulin via the insulin receptor. As it acts on renal tubule cells through the 
blood stream, ADH acts via a receptor present on the basolateral side [26–28]. Abnormalities in the 
ENaC gene result in diseases such as cystic fibrosis, type I pseudohypoaldosteronism (type I PHA) 
[36], and Liddle syndrome [37]. 

4. Liddle Syndrome and ENaC 

Liddle syndrome is a type of hereditary hypertension described by Liddle et al., in 1963, that has 
an autosomal-dominant inheritance pattern similar to that of primary aldosteronism, without 
elevated renin and aldosterone. Patients with Liddle syndrome exhibit hypokalemic alkalosis. The 
mechanism of this disease was discovered by Lifton et al. in 1995. [38,39] They found a gene mutation 
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3. ENaC and Regulation of ENaC Expression in Renal Tubular Epithelial Cells

As ENaC is inhibited by the diuretic amiloride, it is referred to as an “amiloride-sensitive”
epithelial sodium channel and is localized in epithelial cells with polarity. That is, it is expressed only
in the apical side of the distal tubule, the alveolar epithelium, and colonic mucosa. It comprises α, β,
and γ subunits, at a ratio of 1α:1β:1γ. The expression of its function requires all three subunits [29,35].
However, the α subunit alone or the combination of αβ and αγ generates a sodium current, albeit
incompletely. ENaC molecules have two transmembrane domains comprising an extracellular domain
with multiple glycosylation sites, a short NH2 terminus, and COOH terminus, within cells. All three
subunits have two proline-rich sequences (P1 and P2) called PY motifs, at their COOH terminal.

The endocrine factors principally regulate intracellular ENaC expression. In addition to aldosterone
action through binding to MR, the action of vasopressin (ADH) secreted from the posterior pituitary
gland appears to regulate the expression of ENaC via V2 receptor-adenylyl cyclase-cAMP, as well as
insulin via the insulin receptor. As it acts on renal tubule cells through the blood stream, ADH acts via
a receptor present on the basolateral side [26–28]. Abnormalities in the ENaC gene result in diseases
such as cystic fibrosis, type I pseudohypoaldosteronism (type I PHA) [36], and Liddle syndrome [37].

4. Liddle Syndrome and ENaC

Liddle syndrome is a type of hereditary hypertension described by Liddle et al., in 1963, that has
an autosomal-dominant inheritance pattern similar to that of primary aldosteronism, without elevated
renin and aldosterone. Patients with Liddle syndrome exhibit hypokalemic alkalosis. The mechanism
of this disease was discovered by Lifton et al. in 1995. [38,39] They found a gene mutation common to
the P2 region of the proline-rich PY motif at the COOH terminus of β and γ ENaC. In 1996, Staub et
al. [40] identified NEDD4 (neural precursor cell-expressed, developmentally, down-regulated 4) as
a ubiquitinating enzyme (E3) protein that binds to this PY motif. Subsequent studies showed that
NEDD4 ubiquitinates the Lys residue at the NH2 terminus by binding to the PY motif of ENaC, and the
ubiquitinated ENaC was internalized into the cells where it was transported to the proteasome and
was then degraded [41–43]. The post-translational modification and degradation of this protein is
critical for the expression of ENaC on the cell membrane surface, and its physiological half-life is
a maximum of one hour. A mutation of the PY motif results in impairments of ENaC ubiquitination
via Nedd4 inhibition, sustained ENaC expression on the cell surface membrane, and enhanced sodium
reabsorption; thus, a model of salt-sensitive hypertension was proposed. Snyder et al. concurrently
revealed a similar mechanism [44].

Sodium reabsorption mediated by ENaC in ASDN does not possess sufficient physiological
compensatory/feedback mechanisms such as TGF in the upstream nephron and the myogenic reaction
in afferent arterioles. Therefore, the sodium reabsorption mechanism fails due to a dysfunctional
ENaC-Nedd4 system, whether it is a gain or loss of function, and can eventually lead to abnormal
blood pressure, without effective intra-renal correction.

5. Background on NEDD4 and NEDD4L/Nedd4-2

The current paradigm of NEDD4L and salt-sensitive hypertension was confirmed, based on
the following—the discovery and naming of NEDD4L, ENaC as a binding factor with respect to
Liddle mutation, the discovery of KIAA0439 and NEDD4L (Nedd4-2), and our discovery of the human
NEDD4L C2 domain and the V13 G/A mutation [45] (Figure 2). These findings provide a basis for our
investigation, as described in the following.

Kumar et al. (1992) studied changes in gene expression during the development of neural precursor
cells, using subtraction cloning [46]. A group of discovered genes was named the “neural precursor
cell-expressed, developmentally, down-regulated” (NEDD) and the fourth among the molecules
numbered 1 to 10, in order of identification, was NEDD4, which Staub et al. (1996) found to be
associated with hypertension [40]. Using the yeast 2 hybrid method, they found that NEDD4 bound to
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the PY motif where the Liddle mutation of ENaC was concentrated, and that it was a specific ubiquitin
ligase of ENaC. Thereafter, NEDD4 was highlighted, but its significance shifted. With the discovery of
the mechanism of ENaC degradation and the failure of retrieval from the cell membrane during the
onset of Liddle syndrome, the gene encoding a protein related to this system is notable as a promising
candidate associated with salt-sensitive hypertension. However, NEDD4 was not a potential candidate
gene because, new findings came to light, which led to other insights into NEDD4/NEDD4L.
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Figure 2. Schematic presentation of exon usage of each human Nedd4L isoform is shown. Exon in dark
square shows the newly discovered exons through re-sequencing. Variant 13 (G→A) located at the end
of the newly discovered exon 1. Translation start codon (ATG) located in Exon 1 for isoform I, in Exon
1a for isoform II, and newly re-named Exon 6 for isoform III, respectively. (modified from [45]).

Ishikawa et al. (1997) sequenced and published 78 unknown cDNA sequences from a human brain
cDNA library [47]. Among these, Harvey and Kumar (2001) identified the KIAA0439 gene as having
a Hect domain with ubiquitin ligase activity, while analyzing a Nedd4-like gene in a database [48] and
found that it could ubiquitinate ENaC. Chen et al. also located a NEDD4L gene on human chromosome
18 with a 67% homology to human NEDD4 [49]. Around the same time, both Staub and Kamynina
et al. discovered Nedd4-2, which showed a high homology with Nedd4 (Nedd4-1) in mouse cultured
cells [31,50]. A comparison of binding between the WW domain and ENaC revealed that NEDD4-2
showed more ubiquitination activity, and that the endogenous ENaC negative regulator was likely to
be Nedd4-2 [50–52]. Thus, despite species differences between mice and humans, NEDD4-2 (NEDD4L)
was essentially established as the main ubiquitinating enzyme in contrast to NEDD4, which was
conventionally regarded as the first ubiquitinating enzyme of ENaC.

While the model of the ENaC-NEDD4 system continued to shift towards NEDD4L/NEDD4-2,
we clarified significant differences that led to further findings. We and other authors, compared
human/mouse NEDD4/Nedd4 with NEDD4L/Nedd4-2 and found that NEDD4 had a C2 domain unlike
NEDD4L/Nedd4-2, which was a critical difference between the two molecules. However, phylogenetic
analyses of gene homology showed that human/mouse NEDD4L/Nedd4-2 (KIAA0439) has a high
homology with NEDD4 in Xenopus, which has only one NEDD4, and the NEDD4L gene was thought
to have appeared early during the evolutionary process. Based on this finding, the apparent difference
between the two genes could not be explained.

6. Human NEDD4L Is a Causative Gene of Salt-Sensitive Hypertension

The ENaC-NEDD4L system plays an important role in post-translational modification through
ubiquitination, which regulates the ENaC expression on the cell membrane of the terminal nephron.
Genetic analyses of the Liddle syndrome and hereditary hypertension found that ENaC, which is
restricted to the terminal nephron and regulates sodium reabsorption, and its regulatory protein,
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NEDD4L, are promising candidate genes (NEDD4L) associated with salt-sensitive hypertension.
We focused on the importance of the ENaC-NEDD4L system and selected NEDD4L as a target in a
genetic analysis of salt-sensitive hypertension.

Based on a draft sequence of human chromosome 18 determined using genomic cDNA expression
sequence tag (EST) data such as KIAA0439, Xenopus Nedd4 cDNA extracted from GenBank, Human and
Mouse EST, and other databases, we performed Basic Local Alignment Search Tool (BLAST) and
cross-match analyses. We searched for SNP by analyzing common polymorphisms determined by
re-sequencing the genomic DNA of 48 normotensive persons whose DNA samples were registered in
the HyperGEN network. We also analyzed human NEDD4L gene transcripts using RT-PCR, 5′RACE,
and quantitative PCR targeting human RNA. In addition to known exon-introns, including the ATG
codon, two exons (1a and 1) for which the splice site on the genomic DNA sequence exon-end was
noted and an exon (exon 2) common to the transcription products from both, were discovered in
chromosome 18. Exon 2 had a high homology with the C2 domain of the ancestral Nedd4, such as that
in Xenopus and fugu and was thought to be a shared C2 domain that was conserved during molecular
evolution [45] (Figure 3).

The start codon ATG of KIAA0439 was found in exon 6 of the conventional gene and in exon
7 of the gene that we discovered. Genomic DNA re-sequencing revealed 38 SNP. Among these,
the 13th gene mutation (Variant 13 G/A) was found just before the exon 1 splice site. We spliced cDNA
synthesized from human RNA through RT-PCR, immediately after the G base in those with a G allele,
and the full-length C2 domain after exon 2 was encoded. In contrast, a frame shift occurred in those
possessing an A allele because the splice site moved downstream by 10 bases, ending at the stop codon
at exon 2. As a result, the gene product of exon 1 was knocked out (Figure 2). The results of the 5′RACE
analyses of mRNA from human kidney and adrenal tissues revealed six transcripts. Among these,
isoform I was a transcriptional product of exon 1, isoform II was a transcriptional product of exon 1a,
and isoform III was located between exons 2 and 3. Exon 2a encoded the transcription initiation site of
KIAA0439. Further analysis using quantitative PCR showed isoform I and II expression in the kidney
and lung, respectively, suggesting that it might be under tissue-specific transcriptional control [45].Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 7 of 13 
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These results showed that the human NEDD4L gene expresses two isoforms each with a C2
domain and another without a C2 domain. Among these, isoform I is a gene product resulting from a
G/A mutation, a common variant, and isoform I was hypothesized to be associated with salt-sensitive
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hypertension. Therefore, we studied variant 13 (G/A) in 367 Japanese persons. An analysis based
on genotype, alleles, and three inheritance patterns revealed that the GG and G alleles significantly
correlated with essential hypertension. We then assessed the significance of the two types of C2
domains in the human Nedd4L gene and six types of transcriptional diversity. The results of a
related study of Japanese patients revealed that a variant 13 (G/A) mutation correlated with essential
hypertension [53–55]. In summary, the human NEDD4L gene is likely to be a causative gene of
salt-sensitive hypertension in humans [56–58].

7. NEDD4L Is the Causative Protein of Salt-Sensitive Hypertension

We investigated the Nedd4L gene function in salt-sensitive hypertensive Dahl rats [59]. We initially
analyzed the transcriptomes of rat RNA using the 5 ‘RACE method, to determine whether or not the
Nedd4L gene in rats has a C2 domain. The results revealed an isoform with a C2 domain in rats and a
novel exon on rat genomic DNA. The C2 domain of rat Nedd4L was 100% identical to the human C2
domain. Northern blotting using a novel “isoform A” possessing a C2 domain and a probe of the WW
domain common to other isoforms, revealed the tissue-specific expression of Nedd4L gene transcription
products, especially of isoform A, the expression of which was localized in the kidneys, lung, brain,
and heart [59].

Changes in salt loading were examined by quantitative PCR and in situ hybridization. The results
showed that salt intake increased Nedd4L expression in normal DR rats, but did not alter Nedd4L
expression in salt-sensitive DS rats. The trend of Nedd4L expression determined by in situ hybridization
was similar in kidney tissues [59]. A study of human kidney tissues obtained under written
informed consent, showed that NEDD4L expression was restricted to late DCT and lower CNT,
CCD, and collecting renal tubules, as in rats, and this distribution was consistent with that of ENaC
expression, suggesting that NEDD4L is involved in the regulation of ENaC expression [60].

Subsequently, we performed in vitro functional experiments using heterologous gene expression
systems using Xenopus oocytes. Initially, we successfully cloned three isoforms of human NEDD4L
both with and without the C2 domain. A significant reduction in the amiloride-sensitive ENaC current
by isoform II and III with ENaC cRNA injected was observed, when either isoform II or III cRNAs were
injected into the Xenopus oocyte. The current was significantly restored when isoform I cRNAs were
coinjected with other isoforms, indicating the dominant negative effects of the isoform I product against
the downregulation of cell surface ENaC by isoforms II and III. Such interactions might abnormally
increase sodium reabsorption in ASDN, suggesting that the human NEDD4L gene, especially the
evolutionarily new isoform I, is a candidate gene for salt-sensitive hypertension in human [53,54,60,61].

8. Generation of Nedd4-2 C2 KO Mice and Discovery of Salt-Sensitive Hypertension with
Potential Contributions to Cardio-Renal Involvements

Lastly, we decided to develop genetic engineered model of salt-sensitive hypertension such as
Nedd4-2 (NEDD4L in human) using knockout mice and examined the detailed phenotypic manifestations
to determine the critical roles of Nedd4-2 in salt-sensitive hypertension. First, we determined genetic
variations of mice Nedd4-2 using in silico exploration of the transcriptional start site of the gene.
As reported previously, both human and rodent NEDD4L/Nedd4-2 showed molecular diversity,
with and without a C2 domain in their N-terminal. The NEDD4L/Nedd4-2 isoforms with a C2 domain
were hypothesized to be related closely to ubiquitination of ENaCs. In silico gene identification analysis
of mice Nedd4-2 C2 domain coding exon was performed using the BLAST and cross-match program.
Then, the sequences of EST and cDNA in the GenBank database (nr) were aligned and compared
with the sequence of mice Nedd4-2 exon 4, which was already known as the transcription start site of
mice Nedd4-2 without a C2 domain. Cross-match analyses were performed repeatedly between the
cDNA/EST sequences and genomic sequences, and the results were parsed with chromosome 18 of
C57Bl6/J, to form a consistent assembly of EST, cDNA, and a genomic sequence. Thus, the expressed
sequence tag and cDNA alignment and the results of the in silico bioinformatic database analysis of



Int. J. Mol. Sci. 2020, 21, 3871 8 of 13

Nedd4-2 on mouse chromosome 18q showed a newly identified exon2 coding the C2 domain of mice
Nedd4-2 [62].

Subsequently, we started to create a targeting vector for the newly discovered “exon 2”, which codes
the C2 domain of NEDD4-2 and generated genetically engineered mice without a C2 domain of
NEDD4-2 [62]. Mice without a NEDD4-2 C2 domain did not show any growth retardation or infertility.
We performed a detailed metabolic balance study and continuous blood pressure monitoring analyses,
using metabolic cages for individual mice and unrestrained telemetry systems. Under normal oral salt
intake, both the wild littermates and Nedd4-2 C2 KO mice did not show any phenotypic differences,
according to blood pressure, urinary sodium excretion, urinary osmotic pressure, urine volume,
and water intake. However, under high oral salt intake, Nedd4-2 C2 KO mice showed blood pressure
elevation with reduced urinary sodium excretion [62]. Detailed quantitative analyses for the mRNA
expressions levels along laser-captured urinary tubules showed a significant step-wise elevation of
ENaC mRNA expressions, in accordance with both their genetic background and oral salt intake,
which was abolished into the normal, through amiloride treatment [62]. ENaC mRNA expressions
were paradoxically enhanced, despite a high oral salt intake, with a condition of single exon ablation
for Nedd4-2 gene. These results suggested that ENaC itself act as a “sensor” of intra-tubular salt with
intra-tubular epithelial “excite-transcription coupling”, which might regulate ENaC gene expressions
paradoxically without the NEDD4-2 C2 domain [62]. This could be a pathological molecular mechanism
underlying the salt-sensitive hypertension.

As NEDD4-2 with C2 domain is expressed not only in renal tubular cells but also in cardiomyocytes
working as ubiquitinating enzyme for voltage-gated sodium-channel, SCN5a, we performed subsequent
experiments examining the electrophysiological change of the heart after myocardial infarction, in mice.
Additionally, to determine detailed characteristics of salt-sensitive hypertension of the mice, we
tried a mineral corticoid receptor antagonist treatment for Nedd4-2 C2 KO mice. Finally, us and
other authors [63,64], have previously found that Nedd4-2 C2 KO mice showed eplerenone-resistant
salt-sensitive hypertension [65] and enhanced electrophysiological abnormalities, after myocardial
infarction [66], suggesting a pivotal role of the Nedd4-2 isoform with C2 domain for cardio-renal
association, with regards to target-organ damages of the subjects with salt-sensitive hypertension.

9. Summary

In summary, from earlier detailed re-sequencing experiments for the human NEDD4L gene [45],
we performed gene targeting experiments for the newly discovered exon, which encoded a C2
domain of mice Nedd4-2 [62]. Other experiments were performed including the discovery of a rodent
NEDD4L gene C2 domain expressed along urinary tubules [59], heterologous gene expression in the
Xenopus oocytes experiments with dominant negative effects of newly discovered human isoform
I [60], the discovery of the NPC2 protein as a C2 domain binding protein in urinary tubules [61],
and a genetic association study for human hypertension [53–55]. Ultimately, we found that the lack
of single isoform of the gene caused a significant change in vivo, resulting in a higher oral salt intake
suppressing sodium excretion in urine and elevated blood pressures, the pathophysiology of which
is called “salt-sensitive” [62]. In accordance with human genetic studies, the impairment of tubular
sodium transport might be pivotal in the onset and development of salt-sensitive hypertension [65,66].

The author’s studies of NEDD4L were derived from a collaboration between 2000 and 2003 with
Professor Robert Weiss at the Eccles Institute of Human Genetics at the University of Utah. Professor
Robert Weiss is a bioinformatics expert who also participated in the Human Genome project, and some
of the results described herein were derived from in silico analyses. This is an example of the ability to
discover valuable information from vast databases using a desktop computer.

The Human Genome project was completed in 2003 which provided many insights, such as the fact
that only 30,000 to 40,000 genes are needed to create diverse humans, instead of the original prediction
of 100,000 to 120,000 genes. We found that one NEDD4L gene produces multiple transcripts. Thus,
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many genes might generate and maintain biological diversity via transcriptional diversity. The NEDD4L
gene is also notable as an example of transcriptome analysis after genomic and proteomic analyses.

Human NEDD4L might be the next candidate gene for salt-sensitive hypertension, following
angiotensinogen. Although there is currently insufficient evidence to fully support this hypothesis,
when the amount of information available about the NEDD4L gene becomes similar to that of
the angiotensinogen gene, the significance of the NEDD4L gene in the onset and progression of
salt-sensitive hypertension will surely be further clarified by investigating its functions in vitro, in vivo,
and clinically. Furthermore, therapeutic and diagnostic applications targeting the NEDD4L gene
should become available in the foreseeable future, including de-ubiquitination enzyme activating
agents for antagonizing human NEDD4L.

Funding: Tomoaki Ishigami was supported by a Grant-in-Aid for Scientific Research from the Ministry of
Education, Culture, Sports, Science, and Technology (MEXT) No. 17K09730, and the Life Innovation Platform
Yokohama (LIP.Yokohama).

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

ASDN Aldosterone Sensitive Distal Nephron
ENaC Epithelial Sodium Channel
EPL Eplerenone
DCT Distal Convoluted Tubule
CNT Conecting Tubule
CCD Cortical Collecting Duct
ROMK Renal outer medullary potassium channel
SGK1 Serum/glucocorticoid regulator kinase 1
MR Mineral corticoid receptor
PKA cAMP-dependent protein kinase A
PDK Phosphoinositide-dependent kinase 1

References

1. Intersalt Cooperative Research Group. Intersalt: An international study of electrolyte excretion and blood
pressure. Results for 24 hour urinary sodium and potassium excretion. BMJ 1988, 297, 319–328.

2. Mente, A.; O’Donnell, M.J.; Rangarajan, S.; McQueen, M.J.; Poirier, P.; Wielgosz, A.; Morrison, H.; Li, W.;
Wang, X.; Di, C.; et al. Association of urinary sodium and potassium excretion with blood pressure. N. Engl.
J. Med. 2014, 371, 601–611. [CrossRef] [PubMed]

3. O’Donnell, M.; Mente, A.; Rangarajan, S.; McQueen, M.J.; Wang, X.; Liu, L.; Yan, H.; Lee, S.F.; Mony, P.;
Devanath, A.; et al. Urinary sodium and potassium excretion, mortality, and cardiovascular events. N. Engl.
J. Med. 2014, 371, 612–623. [PubMed]

4. Elijovich, F.; Weinberger, M.H.; Anderson, C.A.; Appel, L.J.; Bursztyn, M.; Cook, N.R.; Dart, R.A.;
Newton-Cheh, C.H.; Sacks, F.M.; Laffer, C.L.; et al. Salt Sensitivity of Blood Pressure: A Scientific
Statement From the American Heart Association. Hypertension 2016, 68, e7–e46. [CrossRef] [PubMed]

5. Lifton, R.P.; Gharavi, A.G.; Geller, D.S. Molecular mechanisms of human hypertension. Cell 2001, 104,
545–556. [CrossRef]

6. Ishigami, T.; Umemura, S.; Iwamoto, T.; Tamura, K.; Hibi, K.; Yamaguchi, S.; Nyuui, N.; Kimura, K.;
Miyazaki, N.; Ishii, M. Molecular variant of angiotensinogen gene is associated with coronary atherosclerosis.
Circulation 1995, 91, 951–954. [CrossRef]

7. Ishigami, T.; Umemura, S.; Tamura, K.; Hibi, K.; Nyui, N.; Kihara, M.; Yabana, M.; Watanabe, Y.; Sumida, Y.;
Nagahara, T.; et al. Essential hypertension and 5’ upstream core promoter region of human angiotensinogen
gene. Hypertension 1997, 30, 1325–1330.

8. Ishigami, T.; Tamura, K.; Fujita, T.; Kobayashi, I.; Hibi, K.; Kihara, M.; Toya, Y.; Ochiai, H.; Umemura, S.
Angiotensinogen gene polymorphism near transcription start site and blood pressure: Role of a T-to-C
transition at intron I. Hypertension 1999, 34, 430–434. [CrossRef]

http://dx.doi.org/10.1056/NEJMoa1311989
http://www.ncbi.nlm.nih.gov/pubmed/25119606
http://www.ncbi.nlm.nih.gov/pubmed/25119607
http://dx.doi.org/10.1161/HYP.0000000000000047
http://www.ncbi.nlm.nih.gov/pubmed/27443572
http://dx.doi.org/10.1016/S0092-8674(01)00241-0
http://dx.doi.org/10.1161/01.CIR.91.4.951
http://dx.doi.org/10.1161/01.HYP.34.3.430


Int. J. Mol. Sci. 2020, 21, 3871 10 of 13

9. Lantelme, P.; Rohrwasser, A.; Gociman, B.; Hillas, E.; Cheng, T.; Petty, G.; Thomas, J.; Xiao, S.; Ishigami, T.;
Herrmann, T.; et al. Effects of dietary sodium and genetic background on angiotensinogen and Renin in
mouse. Hypertension 2002, 39, 1007–1014. [CrossRef]

10. Nakajima, T.; Jorde, L.B.; Ishigami, T.; Umemura, S.; Emi, M.; Lalouel, J.M.; Inoue, I. Nucleotide diversity
and haplotype structure of the human angiotensinogen gene in two populations. Am. J. Hum. Genet. 2002,
70, 108–123.

11. Rohrwasser, A.; Ishigami, T.; Gociman, B.; Lantelme, P.; Morgan, T.; Cheng, T.; Hillas, E.; Zhang, S.; Ward, K.;
Bloch-Faure, M.; et al. Renin and kallikrein in connecting tubule of mouse. Kidney Int. 2003, 64, 2155–2162.
[CrossRef] [PubMed]

12. Gociman, B.; Rohrwasser, A.; Lantelme, P.; Cheng, T.; Hunter, G.; Monson, S.; Hunter, J.; Hillas, E.; Lott, P.;
Ishigami, T.; et al. Expression of angiotensinogen in proximal tubule as a function of glomerular filtration
rate. Kidney Int. 2004, 65, 2153–2160. [CrossRef] [PubMed]

13. Nakajima, T.; Wooding, S.; Sakagami, T.; Emi, M.; Tokunaga, K.; Tamiya, G.; Ishigami, T.; Umemura, S.;
Munkhbat, B.; Jin, F.; et al. Natural selection and population history in the human angiotensinogen gene
(AGT): 736 complete AGT sequences in chromosomes from around the world. Am. J. Hum. Genet. 2004, 74,
898–916. [PubMed]

14. Rohrwasser, A.; Morgan, T.; Dillon, H.F.; Zhao, L.; Callaway, C.W.; Hillas, E.; Zhang, S.; Cheng, T.; Inagami, T.;
Ward, K.; et al. Elements of a paracrine tubular renin-angiotensin system along the entire nephron.
Hypertension 1999, 34, 1265–1274. [CrossRef] [PubMed]

15. Jeunemaitre, X.; Soubrier, F.; Kotelevtsev, Y.V.; Lifton, R.P.; Williams, C.S.; Charru, A.; Hunt, S.C.; Hopkins, P.N.;
Williams, R.R.; Lalouel, J.M.; et al. Molecular basis of human hypertension: Role of angiotensinogen. Cell
1992, 71, 169–180. [CrossRef]

16. Kimura, S.; Mullins, J.J.; Bunnemann, B.; Metzger, R.; Hilgenfeldt, U.; Zimmermann, F.; Jacob, H.; Fuxe, K.;
Ganten, D.; Kaling, M. High blood pressure in transgenic mice carrying the rat angiotensinogen gene. Embo.
J. 1992, 11, 821–827.

17. Tanimoto, K.; Sugiyama, F.; Goto, Y.; Ishida, J.; Takimoto, E.; Yagami, K.; Fukamizu, A.; Murakami, K.
Angiotensinogen-deficient mice with hypotension. J. Biol. Chem. 1994, 269, 31334–31337.

18. Inoue, I.; Nakajima, T.; Williams, C.S.; Quackenbush, J.; Puryear, R.; Powers, M.; Cheng, T.; Ludwig, E.H.;
Sharma, A.M.; Hata, A.; et al. A nucleotide substitution in the promoter of human angiotensinogen is
associated with essential hypertension and affects basal transcription in vitro. J. Clin. Invest. 1997, 99,
1786–1797. [CrossRef]

19. Yanai, K.; Saito, T.; Hirota, K.; Kobayashi, H.; Murakami, K.; Fukamizu, A. Molecular variation of the human
angiotensinogen core promoter element located between the TATA box and transcription initiation site
affects its transcriptional activity. J. Biol. Chem. 1997, 272, 30558–30562.

20. Davisson, R.L.; Ding, Y.; Stec, D.E.; Catterall, J.F.; Sigmund, C.D. Novel mechanism of hypertension revealed
by cell-specific targeting of human angiotensinogen in transgenic mice. Physiol. Genomics 1999, 1, 3–9.
[CrossRef]

21. Jeunemaitre, X.; Inoue, I.; Williams, C.; Charru, A.; Tichet, J.; Powers, M.; Sharma, A.M.;
Gimenez-Roqueplo, A.P.; Hata, A.; Corvol, P.; et al. Haplotypes of angiotensinogen in essential hypertension.
Am. J. Hum. Genet. 1997, 60, 1448–1460. [PubMed]

22. Ishigami, T.; Iwamoto, T.; Tamura, K.; Yamaguchi, S.; Iwasawa, K.; Uchino, K.; Umemura, S.; Ishii, M.
Angiotensin I converting enzyme (ACE) gene polymorphism and essential hypertension in Japan. Ethnic
difference of ACE genotype. Am. J. Hypertens 1995, 8, 95–97. [CrossRef]

23. Ishigami, T.; Kino, T.; Chen, L.; Minegishi, S.; Araki, N.; Umemura, M.; Abe, K.; Sasaki, R.; Yamana, H.;
Umemura, S. Identification of bona fide alternative renin transcripts expressed along cortical tubules and
potential roles in promoting insulin resistance in vivo without significant plasma renin activity elevation.
Hypertension 2014, 64, 125–133. [PubMed]

24. Guyton, A.C. Blood pressure control—Special role of the kidneys and body fluids. Science 1991, 252,
1813–1816. [CrossRef] [PubMed]

25. O’Shaughnessy, K.M.; Karet, F.E. Salt handling and hypertension. J. Clin. Invest. 2004, 113, 1075–1081.
[CrossRef] [PubMed]

26. Peti-Peterdi, J.; Warnock, D.G.; Bell, P.D. Angiotensin II directly stimulates ENaC activity in the cortical
collecting duct via AT(1) receptors. J. Am. Soc. Nephrol. 2002, 13, 1131–1135.

http://dx.doi.org/10.1161/01.HYP.0000016177.20565.A0
http://dx.doi.org/10.1046/j.1523-1755.2003.00302.x
http://www.ncbi.nlm.nih.gov/pubmed/14633138
http://dx.doi.org/10.1111/j.1523-1755.2004.00635.x
http://www.ncbi.nlm.nih.gov/pubmed/15149328
http://www.ncbi.nlm.nih.gov/pubmed/15077204
http://dx.doi.org/10.1161/01.HYP.34.6.1265
http://www.ncbi.nlm.nih.gov/pubmed/10601129
http://dx.doi.org/10.1016/0092-8674(92)90275-H
http://dx.doi.org/10.1172/JCI119343
http://dx.doi.org/10.1152/physiolgenomics.1999.1.1.3
http://www.ncbi.nlm.nih.gov/pubmed/9199566
http://dx.doi.org/10.1016/0895-7061(94)00184-D
http://www.ncbi.nlm.nih.gov/pubmed/24777979
http://dx.doi.org/10.1126/science.2063193
http://www.ncbi.nlm.nih.gov/pubmed/2063193
http://dx.doi.org/10.1172/JCI200421560
http://www.ncbi.nlm.nih.gov/pubmed/15085183


Int. J. Mol. Sci. 2020, 21, 3871 11 of 13

27. Komlosi, P.; Fuson, A.L.; Fintha, A.; Peti-Peterdi, J.; Rosivall, L.; Warnock, D.G.; Bell, P.D. Angiotensin I
conversion to angiotensin II stimulates cortical collecting duct sodium transport. Hypertension 2003, 42,
195–199. [CrossRef] [PubMed]

28. Beutler, K.T.; Masilamani, S.; Turban, S.; Nielsen, J.; Brooks, H.L.; Ageloff, S.; Fenton, R.A.; Packer, R.K.;
Knepper, M.A. Long-term regulation of ENaC expression in kidney by angiotensin II. Hypertension 2003, 41,
1143–1150.

29. Gormley, K.; Dong, Y.; Sagnella, G.A. Regulation of the epithelial sodium channel by accessory proteins.
Biochem. J. 2003, 371, 1–14.

30. Booth, R.E.; Johnson, J.P.; Stockand, J.D. Aldosterone. Adv. Physiol. Educ. 2002, 26, 8–20.
31. Kamynina, E.; Staub, O. Concerted action of ENaC, Nedd4-2, and Sgk1 in transepithelial Na(+) transport.

Am. J. Physiol. Renal. Physiol. 2002, 283, F377–F387. [CrossRef]
32. Meneton, P.; Loffing, J.; Warnock, D.G. Sodium and potassium handling by the aldosterone-sensitive distal

nephron: The pivotal role of the distal and connecting tubule. Am. J. Physiol. Renal. Physiol. 2004, 287,
F593–F601. [CrossRef] [PubMed]

33. Wilson, F.H.; Disse-Nicodeme, S.; Choate, K.A.; Ishikawa, K.; Nelson-Williams, C.; Desitter, I.; Gunel, M.;
Milford, D.V.; Lipkin, G.W.; Achard, J.M.; et al. Human hypertension caused by mutations in WNK kinases.
Science 2001, 293, 1107–1112. [CrossRef] [PubMed]

34. Vallon, V.; Wulff, P.; Huang, D.Y.; Loffing, J.; Volkl, H.; Kuhl, D.; Lang, F. Role of Sgk1 in salt and potassium
homeostasis. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2005, 288, R4–R10. [CrossRef] [PubMed]

35. Bhargava, A.; Wang, J.; Pearce, D. Regulation of epithelial ion transport by aldosterone through changes in
gene expression. Mol. Cell. Endocrinol. 2004, 217, 189–196. [CrossRef] [PubMed]

36. Chang, S.S.; Grunder, S.; Hanukoglu, A.; Rosler, A.; Mathew, P.M.; Hanukoglu, I.; Schild, L.; Lu, Y.;
Shimkets, R.A.; Nelson-Williams, C.; et al. Mutations in subunits of the epithelial sodium channel cause
salt wasting with hyperkalaemic acidosis, pseudohypoaldosteronism type 1. Nat. Genet. 1996, 12, 248–253.
[CrossRef] [PubMed]

37. Hansson, J.H.; Nelson-Williams, C.; Suzuki, H.; Schild, L.; Shimkets, R.; Lu, Y.; Canessa, C.; Iwasaki, T.;
Rossier, B.; Lifton, R.P. Hypertension caused by a truncated epithelial sodium channel gamma subunit:
Genetic heterogeneity of Liddle syndrome. Nat. Genet. 1995, 11, 76–82. [CrossRef]

38. Shimkets, R.A.; Warnock, D.G.; Bositis, C.M.; Nelson-Williams, C.; Hansson, J.H.; Schambelan, M.; Gill, J.R., Jr.;
Ulick, S.; Milora, R.V.; Findling, J.W.; et al. Liddle’s syndrome: Heritable human hypertension caused by
mutations in the beta subunit of the epithelial sodium channel. Cell 1994, 79, 407–414. [CrossRef]

39. Schild, L.; Lu, Y.; Gautschi, I.; Schneeberger, E.; Lifton, R.P.; Rossier, B.C. Identification of a PY motif in the
epithelial Na channel subunits as a target sequence for mutations causing channel activation found in Liddle
syndrome. EMBO J. 1996, 15, 2381–2387. [CrossRef]

40. Staub, O.; Dho, S.; Henry, P.; Correa, J.; Ishikawa, T.; McGlade, J.; Rotin, D. WW domains of Nedd4 bind to
the proline-rich PY motifs in the epithelial Na+ channel deleted in Liddle’s syndrome. EMBO J. 1996, 15,
2371–2380. [CrossRef]

41. Plant, P.J.; Yeger, H.; Staub, O.; Howard, P.; Rotin, D. The C2 domain of the ubiquitin protein ligase Nedd4
mediates Ca2+-dependent plasma membrane localization. J. Biol. Chem. 1997, 272, 32329–32336. [CrossRef]
[PubMed]

42. Staub, O.; Gautschi, I.; Ishikawa, T.; Breitschopf, K.; Ciechanover, A.; Schild, L.; Rotin, D. Regulation of
stability and function of the epithelial Na+ channel (ENaC) by ubiquitination. EMBO J. 1997, 16, 6325–6336.
[CrossRef] [PubMed]

43. Abriel, H.; Loffing, J.; Rebhun, J.F.; Pratt, J.H.; Schild, L.; Horisberger, J.D.; Rotin, D.; Staub, O. Defective
regulation of the epithelial Na+ channel by Nedd4 in Liddle’s syndrome. J. Clin. Invest. 1999, 103, 667–673.
[CrossRef] [PubMed]

44. Goulet, C.C.; Volk, K.A.; Adams, C.M.; Prince, L.S.; Stokes, J.B.; Snyder, P.M. Inhibition of the epithelial Na+

channel by interaction of Nedd4 with a PY motif deleted in Liddle’s syndrome. J. Biol. Chem. 1998, 273,
30012–30017. [CrossRef] [PubMed]

45. Dunn, D.M.; Ishigami, T.; Pankow, J.; von Niederhausern, A.; Alder, J.; Hunt, S.C.; Leppert, M.F.; Lalouel, J.M.;
Weiss, R.B. Common variant of human NEDD4L activates a cryptic splice site to form a frameshifted
transcript. J. Hum. Genet. 2002, 47, 665–676. [CrossRef] [PubMed]

http://dx.doi.org/10.1161/01.HYP.0000081221.36703.01
http://www.ncbi.nlm.nih.gov/pubmed/12835330
http://dx.doi.org/10.1152/ajprenal.00143.2002
http://dx.doi.org/10.1152/ajprenal.00454.2003
http://www.ncbi.nlm.nih.gov/pubmed/15345493
http://dx.doi.org/10.1126/science.1062844
http://www.ncbi.nlm.nih.gov/pubmed/11498583
http://dx.doi.org/10.1152/ajpregu.00369.2004
http://www.ncbi.nlm.nih.gov/pubmed/15590995
http://dx.doi.org/10.1016/j.mce.2003.10.020
http://www.ncbi.nlm.nih.gov/pubmed/15134817
http://dx.doi.org/10.1038/ng0396-248
http://www.ncbi.nlm.nih.gov/pubmed/8589714
http://dx.doi.org/10.1038/ng0995-76
http://dx.doi.org/10.1016/0092-8674(94)90250-X
http://dx.doi.org/10.1002/j.1460-2075.1996.tb00594.x
http://dx.doi.org/10.1002/j.1460-2075.1996.tb00593.x
http://dx.doi.org/10.1074/jbc.272.51.32329
http://www.ncbi.nlm.nih.gov/pubmed/9405440
http://dx.doi.org/10.1093/emboj/16.21.6325
http://www.ncbi.nlm.nih.gov/pubmed/9351815
http://dx.doi.org/10.1172/JCI5713
http://www.ncbi.nlm.nih.gov/pubmed/10074483
http://dx.doi.org/10.1074/jbc.273.45.30012
http://www.ncbi.nlm.nih.gov/pubmed/9792722
http://dx.doi.org/10.1007/s100380200102
http://www.ncbi.nlm.nih.gov/pubmed/12522688


Int. J. Mol. Sci. 2020, 21, 3871 12 of 13

46. Kumar, S.; Tomooka, Y.; Noda, M. Identification of a set of genes with developmentally down-regulated
expression in the mouse brain. Biochem. Biophys. Res. Commun. 1992, 185, 1155–1161. [CrossRef]

47. Ishikawa, K.; Nagase, T.; Nakajima, D.; Seki, N.; Ohira, M.; Miyajima, N.; Tanaka, A.; Kotani, H.; Nomura, N.;
Ohara, O. Prediction of the coding sequences of unidentified human genes. VIII. 78 new cDNA clones from
brain which code for large proteins in vitro. DNA Res. 1997, 4, 307–313. [CrossRef]

48. Harvey, K.F.; Dinudom, A.; Cook, D.I.; Kumar, S. The Nedd4-like protein KIAA0439 is a potential regulator
of the epithelial sodium channel. J. Biol. Chem. 2001, 276, 8597–8601. [CrossRef]

49. Chen, H.; Ross, C.A.; Wang, N.; Huo, Y.; MacKinnon, D.F.; Potash, J.B.; Simpson, S.G.; McMahon, F.J.;
DePaulo, J.R., Jr.; McInnis, M.G. NEDD4L on human chromosome 18q21 has multiple forms of transcripts
and is a homologue of the mouse Nedd4-2 gene. Eur. J. Hum. Genet. 2001, 9, 922–930. [CrossRef]

50. Kamynina, E.; Debonneville, C.; Hirt, R.P.; Staub, O. Liddle’s syndrome: A novel mouse Nedd4 isoform
regulates the activity of the epithelial Na(+) channel. Kidney Int. 2001, 60, 466–471. [CrossRef]

51. Kamynina, E.; Debonneville, C.; Bens, M.; Vandewalle, A.; Staub, O. A novel mouse Nedd4 protein suppresses
the activity of the epithelial Na+ channel. FASEB J 2001, 15, 204–214. [CrossRef] [PubMed]

52. Kamynina, E.; Tauxe, C.; Staub, O. Distinct characteristics of two human Nedd4 proteins with respect to
epithelial Na(+) channel regulation. Am. J. Physiol. Renal Physiol. 2001, 281, F469–F477. [CrossRef] [PubMed]

53. Ishigami, T.; Araki, N.; Umemura, S. Human Nedd4L rs4149601 G allele generates evolutionary new isoform
I with C2 domain. Hypertension 2010, 55, e11. [CrossRef] [PubMed]

54. Ishigami, T.; Araki, N.; Minegishi, S.; Umemura, M.; Umemura, S. Genetic variation in NEDD4L, salt sensitivity,
and hypertension: Human NEDD4L rs4149601 G allele generates evolutionary new isoform I with C2
domain. J. Hypertens. 2014, 32, 1905. [CrossRef] [PubMed]

55. Ishigami, T.; Umemura, M.; Araki, N.; Hirawa, N.; Tamura, K.; Uchino, K.; Umemura, S.; Rohrwasser, A.;
Lalouel, J.M. NEDD4L protein truncating variant (v13(G/A):rs4149601) is associated with essential
hypertension (EH) in a sample of the Japanese population. Geriatrics Geront. Int. 2007, 7, 114–118.
[CrossRef]

56. Dahlberg, J.; Nilsson, L.O.; von Wowern, F.; Melander, O. Polymorphism in NEDD4L is associated with
increased salt sensitivity, reduced levels of P-renin and increased levels of Nt-proANP. PLoS ONE 2007, 2,
e432. [CrossRef]

57. Fava, C.; von Wowern, F.; Berglund, G.; Carlson, J.; Hedblad, B.; Rosberg, L.; Burri, P.; Almgren, P.;
Melander, O. 24-h ambulatory blood pressure is linked to chromosome 18q21-22 and genetic variation of
NEDD4L associates with cross-sectional and longitudinal blood pressure in Swedes. Kidney Int. 2006, 70,
562–569. [CrossRef]

58. Svensson-Farbom, P.; Wahlstrand, B.; Almgren, P.; Dahlberg, J.; Fava, C.; Kjeldsen, S.; Hedner, T.; Melander, O.
A functional variant of the NEDD4L gene is associated with beneficial treatment response with beta-blockers
and diuretics in hypertensive patients. J. Hypertens 2011, 29, 388–395. [CrossRef]

59. Umemura, M.; Ishigami, T.; Tamura, K.; Sakai, M.; Miyagi, Y.; Nagahama, K.; Aoki, I.; Uchino, K.;
Rohrwasser, A.; Lalouel, J.M.; et al. Transcriptional diversity and expression of NEDD4L gene in distal
nephron. Biochem. Biophys. Res. Commun. 2006, 339, 1129–1137. [CrossRef]

60. Araki, N.; Umemura, M.; Miyagi, Y.; Yabana, M.; Miki, Y.; Tamura, K.; Uchino, K.; Aoki, R.; Goshima, Y.;
Umemura, S.; et al. Expression, transcription, and possible antagonistic interaction of the human Nedd4L
gene variant: Implications for essential hypertension. Hypertension 2008, 51, 773–777. [CrossRef]

61. Araki, N.; Ishigami, T.; Ushio, H.; Minegishi, S.; Umemura, M.; Miyagi, Y.; Aoki, I.; Morinaga, H.; Tamura, K.;
Toya, Y.; et al. Identification of NPC2 protein as interaction molecule with C2 domain of human Nedd4L.
Biochem. Biophys. Res. Commun. 2009, 388, 290–296. [PubMed]

62. Minegishi, S.; Ishigami, T.; Kino, T.; Chen, L.; Nakashima-Sasaki, R.; Araki, N.; Yatsu, K.; Fujita, M.;
Umemura, S. An isoform of Nedd4-2 is critically involved in the renal adaptation to high salt intake in mice.
Sci. Rep. 2016, 6, 27137. [CrossRef] [PubMed]

63. Henshall, T.L.; Manning, J.A.; Alfassy, O.S.; Goel, P.; Boase, N.A.; Kawabe, H.; Kumar, S. Deletion of Nedd4-2
results in progressive kidney disease in mice. Cell Death Differ. 2017, 24, 2150–2160. [CrossRef] [PubMed]

64. Manning, J.A.; Shah, S.S.; Henshall, T.L.; Nikolic, A.; Finnie, J.; Kumar, S. Dietary sodium modulates
nephropathy in Nedd4-2-deficient mice. Cell Death Differ. 2019, 27, 1832–1843. [CrossRef]

http://dx.doi.org/10.1016/0006-291X(92)91747-E
http://dx.doi.org/10.1093/dnares/4.5.307
http://dx.doi.org/10.1074/jbc.C000906200
http://dx.doi.org/10.1038/sj.ejhg.5200747
http://dx.doi.org/10.1046/j.1523-1755.2001.060002466.x
http://dx.doi.org/10.1096/fj.00-0191com
http://www.ncbi.nlm.nih.gov/pubmed/11149908
http://dx.doi.org/10.1152/ajprenal.2001.281.3.F469
http://www.ncbi.nlm.nih.gov/pubmed/11502596
http://dx.doi.org/10.1161/HYPERTENSIONAHA.109.146738
http://www.ncbi.nlm.nih.gov/pubmed/20038744
http://dx.doi.org/10.1097/HJH.0000000000000293
http://www.ncbi.nlm.nih.gov/pubmed/25098785
http://dx.doi.org/10.1111/j.1447-0594.2007.00382.x
http://dx.doi.org/10.1371/journal.pone.0000432
http://dx.doi.org/10.1038/sj.ki.5001590
http://dx.doi.org/10.1097/HJH.0b013e3283410390
http://dx.doi.org/10.1016/j.bbrc.2005.11.120
http://dx.doi.org/10.1161/HYPERTENSIONAHA.107.102061
http://www.ncbi.nlm.nih.gov/pubmed/19664597
http://dx.doi.org/10.1038/srep27137
http://www.ncbi.nlm.nih.gov/pubmed/27256588
http://dx.doi.org/10.1038/cdd.2017.137
http://www.ncbi.nlm.nih.gov/pubmed/28862701
http://dx.doi.org/10.1038/s41418-019-0468-5


Int. J. Mol. Sci. 2020, 21, 3871 13 of 13

65. Kino, T.; Ishigami, T.; Murata, T.; Doi, H.; Nakashima-Sasaki, R.; Chen, L.; Sugiyama, M.; Azushima, K.;
Wakui, H.; Minegishi, S.; et al. Eplerenone-Resistant Salt-Sensitive Hypertension in Nedd4-2 C2 KO Mice.
Int. J. Mol. Sci. 2017, 18, 1250. [CrossRef]

66. Minegishi, S.; Ishigami, T.; Kawamura, H.; Kino, T.; Chen, L.; Nakashima-Sasaki, R.; Doi, H.; Azushima, K.;
Wakui, H.; Chiba, Y.; et al. An Isoform of Nedd4-2 Plays a Pivotal Role in Electrophysiological Cardiac
Abnormalities. Int. J. Mol. Sci. 2017, 18, 1268.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3390/ijms18061250
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Sodium Reabsorption in Terminal Nephrons 
	ENaC and Regulation of ENaC Expression in Renal Tubular Epithelial Cells 
	Liddle Syndrome and ENaC 
	Background on NEDD4 and NEDD4L/Nedd4-2 
	Human NEDD4L Is a Causative Gene of Salt-Sensitive Hypertension 
	NEDD4L Is the Causative Protein of Salt-Sensitive Hypertension 
	Generation of Nedd4-2 C2 KO Mice and Discovery of Salt-Sensitive Hypertension with Potential Contributions to Cardio-Renal Involvements 
	Summary 
	References

