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Abstract: NEDD4L is a candidate gene for hypertension, both functionally and
genetically. Recently, studies showed evidence for the association of NEDD4L with
obesity, a key intermediate phenotype in hypertension. To further investigate the
relationship between NEDD4L and body mass-related phenotypes, we genotyped three
common variants (rs2288774, rs3865418 and rs4149601) in a population-based study of
892 unrelated Han Cantonese using the Sequenom MALDI-TOF-MS platform. Allele
frequencies and genotype distribution were calculated in lean controls and
overweight/obese cases and analyzed for association by the Chi-squared test and Logistic
regression. Linear regression analysis was used to analyze the effect of individual
genotypes on quantitative traits. Multivariate analyses demonstrated that the minor allele of
rs4149601(A = 20.9%) was associated with a 2.60 kg, 2.78 cm and 0.97 kg/m? decrease per
allele copy in weight, waist and BMI, respectively. Carriers of this allele also had a
significant lower risk of overweight/obesity (p < 0.0001, OR = 0.52, 95% CI: 0.37-0.74) as
compared to non-carriers. However, no significant association between genotypes at
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rs2288774 and rs3865418 and covariate-adjusted overweight/obesity or any related
phenotypes was observed. These results suggested that the functional variant of NEDD4L,
154149601, may be associated with obesity and related phenotypes, and further genetic and
functional studies are required to understand its role in the manifestation of obesity.
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1. Introduction

Numerous linkage studies have indicated NEDD4L as a candidate gene for essential hypertension
among different populations [1-4]. Although the precise pathways and biological mechanisms
underlying these associations have yet to be established, according to recent research [5,6], two
potential separate mechanisms are worthy of consideration: first, acting directly via the epithelial Na"
channel (ENaC)-NEDD4L-proteasome system [7], NEDD4L is the key link of this system [8], which
plays an important role in the regulation of blood pressure (BP) [9]; second, acting indirectly via key
intermediate phenotypes of BP, such as obesity [10] and salt sensitivity [6], both of which are major
risk factors for the development of hypertension [11,12]. Given the complex etiology and
pathophysiology of hypertension, dissecting the intermediate phenotype of BP and unraveling
intermediate mechanisms has been suggested to be more comprehensible [13,14].

Recently, a common polymorphism located at exon 1 (rs4149601) of the NEDD4L gene was shown
to be associated with obesity in Kazakh [10] and to not be associated in the same group for another
common polymorphism located at intron 12 (rs3865418) [15]. No other studies and replications are
available on the issue of whether NEDD4L genetic variation is a contributing factor to the risk of
obesity. These common variants may also become involved in obesity-related phenotypes. Particularly,
BMI is a highly heritable phenotype, but robust associations of genetic polymorphisms to BMI or other
obesity-related phenotypes have been difficult to establish. However, the effect of the NEDD4L
genetic variation on obesity-related phenotypes remains unclear, and there was no association analysis
of common variants in NEDD4L with BMI in non-Asian populations.

Our study, therefore, focused on the association of genetic variation in NEDD4L with obesity and
11 related phenotypes in a genetically isolated Han Chinese population, which we have previously
used successfully to identify single-nucleotide polymorphisms (SNPs) associated with obesity-related
phenotypes. In this study, three common variants (rs4149601, rs3865418 and rs2288774) were selected
from dbSNP and from NCBI, based on their position in the gene, minor allele frequency and
previous studies.

2. Results and Discussion

A test for Hardy-Weinberg Equilibrium (HWE) suggested that the genotypes for all the SNPs were
in Hardy-Weinberg proportions, and there was no deviation from HWE among normal weight subjects
(p = 0.79, 0.71 and 0.49 for rs2288774, 1s3865418 and rs4149601, respectively). The frequencies of
minor alleles in the whole study group were 20.9% for rs4149601, 35.3% for rs3865418 and 38.9% for
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1s2288774, respectively. It is in good agreement with the Han Chinese in Beijing (20.0%, 35.6% and
32.2%, respectively). However, blacks and Caucasians have quite different frequencies (Table 1).
Linkage disequilibrium (LD) analysis using Haploview revealed that the three SNPs spanned three
different LD blocks (D’ = 0.09-0.72, #* = 0.001-0.44). As the SNPs can’t substitute each other, we
decided to describe in “Results” the findings for all three SNPs.

Table 1. Interethnic comparisons of allele frequencies for three common single-nucleotide
polymorphisms (SNPs) of NEDD4L in our subjects with HapMap data.

dbSNPID  Allele Presentstudy HCB™" Japanese” Caucasians” Blacks”

Rs4149601 G 1369 (79.1%) 80.0% 87.5% 63.3% 63.3%
A 361 (20.9%) 20.0% 12.5% 36.7% 36.7%
Rs3865418 C 1129 (34.7%) 64.4% 76.7% 55.0% 32.5%
T 615 (35.3%) 35.6% 23.3% 45.0% 67.5%
Rs2288774 T 1071 (61.1%) 67.8% 69.3% 48.3% 33.3%
C 683 (38.9%) 32.2% 30.7% 51.7% 66.7%

“HCB, Han Chinese in Beijing, China; ° data from HapMap Data.
2.1. Association Analysis of Genetic Variants in NEDDA4L with Overweight/Obesity

Allele frequencies at rs4149601 showed significant difference between healthy lean controls and
overweight/obese cases, with the p-value being 0.0002. The difference remained statically significant
even after correction for multiple testing by Bonferroni correction (%3, p-value 0.0006) (Table 2).
Correspondingly, rs4149601 was significantly associated with overweight/obesity (p < 0.0001,
OR = 0.51, 95% CI: 0.37-0.71). Significant values were also obtained in the additive model analysis
after adjustment for age, sex, smoking, hypertensive status, alcohol consumption and exercise habit
(p <0.0001, OR = 0.52, 95% CI: 0.37-0.74). None of the other two selected SNPs showed any significant
association with overweight/obesity. Results of association analysis are summarized in Table 3.

Table 2. Difference in allele frequency of three selected NEDD4L SNPs between cases

and controls.

. . MAF * b [
dbSNP ID Allele major/minor P°/P
Control Case
Rs2288774 T/C 38.7% 39.6% 0.70/NS ¢
Rs3865418 C/T 34.3% 37.6% 0.18/NS ¢
Rs4149601 G/A 23.1% 15.3% 0.0002/0.0006

* MAF, minor allele frequency; ° p-value calculated by Chi-squared test; ¢ p-value after Bonferroni

correction; ¢ NS, Not significant.
2.2. Analysis of Obesity Related Phenotypes and Genotypes at Genetic Variants in NEDD4L

Tables 4, S1, and S2 present the relationship of three selected SNPs with 11 obesity-related phenotypes.
One of the three SNPs, rs4149601, had a significant association with weight, waist and BMI
(» = 0.0003, 0.0015 and 0.0012, respectively) with an allele-dose effect. Carriers of the minor allele
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had, on average, 2.60 kg decreased weight, 2.78 cm decreased waist and 0.97 kg/m” decreased BMI
per allele copy, respectively. For the other explored obesity-related quantitative traits, such as BP, log
serum triglycerides (TG), total cholesterol (TC), low-density lipoprotein cholesterol (LDL-c),
high-density lipoprotein cholesterol (HDL-c) and glucose levels and the anthropometric variables of
height, we observed no evidence for an association with the rs4149601 genotype (Table 4). There were
no associations between any of the obesity-related phenotypes and the rs2288774 polymorphism
(Table S1) and the rs3865418 polymorphism (Table S2).

Table 3. Association analysis of three common SNPs in NEDD4L with overweight/obesity.

dbSNP ID  Genotype n (%) OR (95%CI) * OR (95%CI) " P*PP
Controls Cases

Rs2288774 TT 234 (37.4%) 96 (38.2%) 1.00 1.00
TC 300 (47.9%) 111 44.2%) 0.96 (0.71-1.30)  0.95 (0.70-1.29) 0.81/0.73
CC 92 (14.7%) 44 (17.5%)

Rs3865418 CC 266 (42.8%) 99 (39.4%) 1.00 1.00
CT 284 (45.7%) 115(45.8%) 1.15(0.85-1.55) 1.14(0.84-1.55) 0.36/0.39
TT 71 (11.4%) 37 (14.7%)

Rs4149601 GG 367 (59.6%) 185 (74.3%) 1.00 1.00
GA 213 (34.6%) 52 (20.9%) 0.51 (0.37-0.71)  0.52 (0.37-0.74) <0.0001/<0.0001
AA 36 (5.8%) 12 (4.8%)

OR, odds ratio; CI, confidence interval; ® results from the logistic regression using an additive genetic model;

® results from the logistic regression after adjustment for age, sex, smoking, hypertensive status, alcohol consumption and

exercise habit using an additive genetic model.

NEDDA4L is a member of the homologous to the E6AP carboxyl terminus (HECT) class of E3
ubiquitin ligases, which plays an important role in the development of lipid disorders [16], central
obesity [17] and hypertension [18]. NEDD4L is, thus, an attractive candidate gene for susceptibility to
hypertension and intermediate blood pressure phenotypes (e.g., obesity [10] and salt sensitivity [6]).
The present study is the first population-based study reporting an association between NEDD4L
genetic variation and obesity or related phenotypes in an independent Han Chinese population. In this
study, we first used a case-control approach for analyzing three common SNPs in NEDD4L for
association with overweight/obesity. Furthermore, we also investigated 11 obesity-related quantitative
traits for their association with selected SNPs. We provide evidence that genetic variation of NEDD4L
may be implicated in the prevalence of overweight/obesity and related phenotypes in Chinese Hans.

Recently published genetic studies in the Kazakh general population corroborate our findings that
no significant associations were found between the rs2288774 and rs3865418 polymorphisms and any
of the obesity-related phenotypes as quantitative traits [1]; nor was there any association between
rs3865418 genotype and obesity when considered as an affection status [15]. However, exploratory
evidence for an association of rs4149601 with the decreased risk of being overweight/obese was
detected in both the Kazakh and Han Chinese population. As revealed by the odds ratio, carriers of the
minor allele (A) of rs4149601 tend to be associated with a decreased susceptibility for being overweight
or obese ([OR = 0.52, 95% CI: 0.37-0.74] in our subjects and [OR = 0.67, 95% CI: 0.50-0.91] in the
Kazakh population [10]) when compared with subjects who do not carry this allele.
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Table 4. Genotype and obesity-related phenotypes association at rs4149601.

7437

Phenotypes Genotype n (%) Mean+SD  Estimate * (95%CI) p-value
Height, cm GG 552 (63.8%) 161.04+0.40 —0.50(—1.49 to 0.49) 0.33
GA 265 (30.6%) 161.24+0.54
AA 48 (5.6%) 161.02 +1.58
Weight, kg GG 552 (63.8%) 56.35+0.50 —2.60(—4.01to—1.19) 0.0003
GA 265 (30.6%) 54.40+0.68
AA 48 (5.6%) 54.19 £1.52
Waist, cm GG 552 (63.8%) 81.66+0.47 —2.78(—4.29 to —1.28) 0.0015
GA 265 (30.6%) 79.17+0.68
AA 48 (5.6%) 78.81 £1.61
BMI, kg/m2 GG 552 (63.8%) 23.42+0.19 -0.97(-1.56 to —0.38) 0.0012
GA 265 (30.6%) 22.51+0.24
AA 48 (5.6%) 22.48 +£0.48
SBP, mmHg GG 552 (63.8%) 138.20+0.88 —0.84(—3.67 to 1.99) 0.56
GA 265 (30.6%) 137.20+1.23
AA 48 (5.6%) 137.02 +£2.93
DBP, mmHg GG 552 (63.8%) 80.99+0.49  —1.29(-2.80to 0.23) 0.097
GA 265 (30.6%) 80.10+0.59
AA 48 (5.6%) 77.48 £1.59
TG, mmol/L ° GG 552 (63.8%) 2.53+0.37 —0.22(-1.20 t0 0.76) 0.66
GA 265 (30.6%) 2.27+0.11
AA 48 (5.6%) 2.47+0.36
TC, mmol/L ° GG 552 (63.8%) 5.35+0.05 0.14(—0.05 to 0.32) 0.14
GA 265 (30.6%) 5.52+0.09
AA 48 (5.6%) 5.31+0.23
LDL-¢c, mmol/L ° GG 552 (63.8%) 3.12+0.03 0.02(—0.09 to 0.13) 0.75
GA 265 (30.6%)  3.12+0.05
AA 48 (5.6%) 3.23+0.13
HDL-c, mmol/L ° GG 552 (63.8%) 1.33+£0.02 0.04(—0.02 to 0.10) 0.23
GA 265 (30.6%) 1.38 £0.03
AA 48 (5.6%) 1.31+0.04
Glucose, mmol/L GG 552 (63.8%) 5.75+0.06 0.12(—0.08 to 0.33) 0.24
GA 265 (30.6%)  5.80+0.09
AA 48 (5.6%) 6.26+0.26
BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; TG, triglycerides;

TC, total cholesterol; LDL-c, low-density lipoprotein cholesterol; HDL-c, high-density lipoprotein cholesterol;  effect of
one copy of the minor allele in the additive genetic model as determined by linear regression; ° log 10-transformed with

age, sex, smoking, presence of cardiovascular medications, alcohol consumption and exercise habit as covariates.

Because no functional studies are available to understand the underlying biological mechanisms of
the observed genetic associations, we cannot conclude from our data whether the decreased risk of
overweight/obesity that we observed in carriers of the minor allele of rs4149601 is associated with
increased or decreased NEDD4L activity. However, based on the known functions of the NEDD4L
gene, one can speculate that the effects of E3-ubiquitin ligase activity on lean mass, as well as fat mass
may explain more or less the relation with obesity that we observed [19]. In line with these findings,
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we also observed that the minor allele (A) of rs4149601 is associated with a decreased weight, waist
and BMI. Further studies are needed to investigate the relation between NEDD4L genetic variants and
human body composition traits and muscle strength. Yet, the strong association with the waist that we
found makes a predominant effect on lean mass unlikely, since obesity is associated more strongly
with excess adipose tissue than with excess muscle mass [20].

The G—A variant of rs4149601 is a common variant of NEDD4L, which encodes a new protein
(novel C2-domain) that lacks a full length C2-domain [21,22]. It has been speculated that NEDD4L,
lacking the functionally crucial C2-domain, downregulates ENaC more potently than the protein
variants with the intact C2-domain [23]. Consequently, many researchers estimated that the A allele
would decrease BP by downregulating Na™ re-absorption [6,24]. However, unlike NEDD4, one
functional study showed that NEDD4L, both with and without the C2-domain, can strongly reduce
ENaC activity [25]. Furthermore, in this case, ubiquitination of the epithelial sodium channel could be
reduced, due to the novel C2-domain, and the activity of the epithelial sodium channel-Na transport
and blood pressure are expected to be increased. Correspondingly, controversial results had been
observed in the relationship between SNP rs4149601 and essential hypertension [3,24]. Notably, recent
functional studies identified a great extension to the knowledge surrounding NEDD4L. First, in
addition to targeting sodium channels, NEDD4L has also been shown to negatively regulate TGF-
signaling by targeting Smad2 and Smad3 for degradation [26]. Second, dysregulation of TGF-f
signaling has been implicated in diseases, such as type 2 diabetes, obesity and cancer [27]. Our results
may thus build on a small, but growing body of literature suggesting that the functional variant of
154149601 in NEDD4L may also participate in the regulation of metabolism and be associated with the
development of obesity and related phenotypes.

Obesity has become a worldwide epidemic and represents a major risk factor for type 2 diabetes,
hypertension, cardiovascular disease and stroke. Few, if any, effective options for treatment and
prevention are available. The findings of our study are in line with the initial hypothesis that
modulators of NEDD4L activity may be associated with obesity and related phenotypes and may thus
provide a valuable new strategy for treatment and prevention of obesity and its related diseases.
Another attractive aspect of our findings is that the SNP of rs4149601 is a functional variant within the
NEDDA4L gene. However, we have little information on the functional effects of the genetic variants of
NEDDA4L on obesity and related phenotypes; we cannot conclude from our data whether the lower
weight, waist and BMI that we observed in carriers of the minor allele of the rs4149601 is associated
with increased or decreased NEDD4L protein activity. Thus, further studies into underlying
mechanisms and body composition are also needed, as well as prospective studies on the relation
between NEDD4L variants and obesity or related phenotypes.

Beyond these findings, our study also has certain limitations. First of all, analyses were performed
in a moderately sized sample, which is underpowered to detect moderate or small effects, underlining
the necessity to conduct larger studies. In the present study, for the sample of 256 cases and 636
controls, the power estimates were larger than 90% to detect a log-additive genotype relative risk of
0.65. For the quantitative analyses in the sample of 892 subjects, the power estimate was larger than
85% to detect an additive effect of 0.24 in units of SD of a standard normal distribution (standardized
effect size). Thus, all samples were well powered to detect strong effect sizes of disease predisposing
variants; moderate or smaller effects might have been missed. However, additional analyses with
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larger samples are necessary. Indeed, while this manuscript was in preparation, as part of the Genetic
Research in Isolated Han Chinese Populations Program in Southern China, similar studies are being
carried out in another Han Chinese population. We expect that the findings from the present study will
be replicated.

Second, note that our control and case group are both older than 50 years, which might be able to
reduce the chances of misclassification errors as opposed to the use of children and adolescents,
because younger men might become overweight or obese later on in life. However, it is reasoned that
older individuals have longer exposure to putative environmental and genetic influences. Thus, further
studies are needed to replicate our findings among young subjects. Third, plasma leptin [28] and
insulin [29] levels are important obesity-related phenotypes, which may contribute to the
understanding of the physiopathology of the associations among genetic variants and obesity. These
data will be collected in the next phase of our study. Finally, in this study, we focused on the
relationship between three common variants and obesity or related phenotypes. It is necessary to
clarify whether other variants of NEDD4L have any effects on obesity and related phenotypes in
the future.

3. Experimental Section
3.1. Ethics Statement

The studies were approved by the Ethical Committees of both the Canton Center for Disease
Control and Prevention (Canton CDC) and South Medical University and adhered to the principles of
the Declaration of Helsinki. Written informed consent was obtained from each individual enrolled
before entry into the study, and all of the procedures were in accordance with institutional guidelines.

3.2. Subjects

All of the DNA samples and clinical data for participants in this study were collected from the
Genetic Research in Isolated Han Chinese Populations Program in Southern China. The aim of this
program was to identify genetic risk factors in the development of chronic disabling disease. For this
program, the participants were restricted to local permanent residents of Han Chinese with no mixed
marriages within the past three generations, ensuring a completely homogeneous ethnic background. In
the present study, we focused on 892 participants, randomly recruited from screening during the
ten-month period from March to December 2011 in seven districts of Canton, for whom complete
phenotypic, genotypic and genealogical information was available.

The case group was comprised of 256 overweight and obese subjects (mean age + SD: 53.05 + 7.83
years; 156 females (60.1%); mean BMI: 27.85 + 2.66 kg/m®). The control group was comprised of
636 healthy lean individuals (mean age + SD: 56.52 + 8.18 years; 378 females (59.4%); mean BMI:
21.10 + 2.65 kg/m?). Moreover, our controls reported to have never been overweight or obese earlier in
their lives.
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3.3. Measurements

Weight and height were measured by the same two investigators. Height was measured to the
nearest 0.5 cm on a standardized height board. Weight was determined in light underwear and no shoes
to the nearest 0.1 kg on a standard physician’s beam scale. BMI was computed as weight in kilograms
divided by height in meters squared (kg/m’). Overweight and obesity were defined according
to the criteria of WHO: normal weight, 18.5 kg/m® < BMI < 25 kg/m’ overweight,
25 kg/m® < BMI < 30 kg/m?); and obesity, BMI >30 kg/m®. Waist circumference was measured to the
nearest centimeter with a flexible steel tape measure while the subjects were in a standing position at
the end of gentle expiration. All of the participants were asked to avoid alcohol, smoking, coffee, tea
and exercise for 30 min before the BP measurements. A standardized mercury sphygmomanometer
and appropriate cuff size (regular adult, large or thigh) were used by trained nurses to measure the BP
in the subjects’ right arm. The sitting BP was measured 3 times, 30 s apart after 5 min of rest, and the
average was defined as the BP level. The average blood pressure of the last two measurements
>140/90 mmHg or a self-report diagnosis of hypertension was defined as hypertensive.

Blood specimens were drawn after overnight fasting and analyzed for triglycerides (TG), total
cholesterol (TC), low-density lipoprotein cholesterol (LDL-c), high-density lipoprotein cholesterol
(HDL-c) and glucose. The intra- and inter-assay coefficient variations of these variables were all less
than 5%.

3.4. SNP Selection and Genotyping

The inclusion criteria of candidate SNPs selection are SNPs among the NEDD4L gene, and
previous literature has reported the association with essential hypertension and its related phenotypes;
SNPs data from the Han Chinese Population included in the HapMap were also used as referred to.
Furthermore, SNPs that failed in the assay design were excluded. A total of 3 frequency-validated
SNPs were selected for genotyping.

The experimental procedures mentioned in this article have been previously described [30-32].
Briefly, three selected common variants (rs4149601, rs3865418 and rs2288774) were genotyped
using the Sequenom MassARRAY matrix-assisted laser desorption ionization-time of flight mass
spectrometry platform (Sequenom, San Diego, CA, USA) on genomic DNA isolated from peripheral
leukocytes. The first step was to amplify the genomic sequence containing the SNP by a standard PCR
protocol, which would produce amplicons 80—120 bp in length. Subsequently, the single-base
extension (SBE) reaction was performed on the genomic amplification product using iPlex enzyme and
mass-modified terminators. The products of the iPlex reaction were desalted and transferred onto a
SpectroCHIP by the MassARRAY nanodispenser. The SpectroCHIP was then analyzed by the
MassARRAY Analyzer Compact. All primers used are available on request. For the validity of
genotypes, 78 individuals were genotyped in duplicate; concordance was 100%.

3.5. Statistical Analyses

Power calculations were performed using the software QUANTO Version 1.2.4 [33] (University of
Southern California, Los Angeles, CA, USA; http://hydra.usc.edu/gxe) for all common variants, using
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an estimated minor allele frequency (MAF) of 0.2 and a = 0.05 (two-sided). A Hardy-Weinberg
Equilibrium test was done for each SNP by Pearson’s goodness-of-fit Chi-square test before further
analysis, and a p-value <0.05 was considered to show significant deviation of the observed genotypes
from the Hardy-Weinberg proportions. Linkage disequilibrium (LD) between SNPs was assessed by
D’ and #* values using Haploview version 4.2 [34]. A value of 0 for D’ indicates that the examined loci
are in fact independent of one another, while a value of 1 demonstrates complete dependency [35].

The odds ratio of being overweight and obese compared with normal weight was assessed using
logistic regression. Obesity-related phenotypes of interest were examined for normality and
log-transformed in the case of blood parameters (TG, TC, HDL-C, LDL-C and glucose) to achieve an
approximately normal distribution. Analyses of all quantitative variables (waist circumference, weight,
height, BMI, blood pressure and the log-transformed blood parameters) were performed using a linear
regression with SNPStats [36]. The covariates, age, sex, smoking (graded current/former/never),
hypertensive status, presence of cardiovascular medications, alcohol consumption (in units per week)
and exercise habit (graded non-regular/1- or 2-times per week/three- or more times per week) were
considered. Unless otherwise stated, all analyses were performed using a additive genetic model, and
all reported p-values are nominal, two-sided and not adjusted for multiple testing. Correction for
multiple testing was done by Bonferroni’s inequality method wherever applicable and was defined as
the p-value (single tests) X number of tests. Bonferroni correction was not done for multiple traits, due
to the lack of any significant association. Statistical significance was established at a two-tailed value
of p <0.05.

4. Conclusions

In conclusion, we analyzed three common variants in NEDD4L, namely rs2288774, rs3865418 and
rs4149601, for association with overweight/obesity and 11 related phenotypes. We found that carriers
of the minor allele (A) of 14149601 have lower weight, waist and BMI and a decreased risk of being
overweight/obese. Together with results from the recent studies, these consistent findings warrant
research into a potential role for NEDD4L modulators in the prevention and treatment of
human obesity.
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