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Preface to ”Role of Genomics in the Management of

Hypertension”

Arterial hypertension, affecting about 1 billion people worldwide, is the strongest modifiable

risk factor for cardiovascular disease and related disability, leading to 9.4 million deaths each

year. Notwithstanding major advances in understanding the etiology of hypertension, it remains

largely underdiagnosed and often undertreated in the general population. The pathophysiology of

hypertension involves the complex interplay between environmental (such as high sodium intake,

excess alcohol consumption, and mental stress) and genetic factors, which, in turn, result in the

disruption of factors involved in blood pressure control.

Monogenic forms of hypertension are rare conditions, due to loss or gain of function mutations

in genes ultimately involved in salt and water homeostasis. The identification of the molecular basis

of Mendelian forms of hypertension has provided important insights into the pathophysiology of

blood pressure regulation and enabled effective etiological therapy.

Twin and family studies have demonstrated that 30–50% of the individual risk comes from

genetic factors and a family history of hypertension increases the risk of developing high blood

pressure levels by four times. However, genome-wide association studies demonstrated that

hypertension-associated variants can only explain 2–3% of blood pressure variance and the effect

size for each identified SNP was about 1 mmHg for SBP and 0.5 mmHg for DBP.

Additionally, genome science is providing new tools for understanding variability in drug

response and can be applied to patients affected by arterial hypertension, with the ultimate goal

of improving drug efficacy and reducing toxicity.

This book focuses on recent advances in genetic and genomic alterations in patients affected by

arterial hypertension and their potential clinical and therapeutic implications.

Paolo Mulatero, Silvia Monticone

Editors
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Abstract: Mice lacking the core-clock components, cryptochrome-1 (CRY1) and cryptochrome-2
(CRY2) display a phenotype of hyperaldosteronism, due to the upregulation of type VI
3β-hydroxyl-steroid dehydrogenase (Hsd3b6), the murine counterpart to the human type I
3β-hydroxyl-steroid dehydrogenase (HSD3B1) gene. In the present study, we evaluated the role of
CRY1 and CRY2 genes, and their potential interplay with HSD3B isoforms in adrenal pathophysiology
in man. Forty-six sporadic aldosterone-producing adenomas (APAs) and 20 paired adrenal samples
were included, with the human adrenocortical cells HAC15 used as the in vitro model. In our cohort
of sporadic APAs, CRY1 expression was 1.7-fold [0.75–2.26] higher (p = 0.016), while CRY2 showed a
20% lower expression [0.80, 0.52–1.08] (p = 0.04) in APAs when compared with the corresponding
adjacent adrenal cortex. Type II 3β-hydroxyl-steroid dehydrogenase (HSD3B2) was 317-fold [200–573]
more expressed than HSD3B1, and is the main HSD3B isoform in APAs. Both dehydrogenases
were more expressed in APAs when compared with the adjacent cortex (5.7-fold and 3.5-fold,
respectively, p < 0.001 and p = 0.001) and HSD3B1 was significantly more expressed in APAs
composed mainly of zona glomerulosa-like cells. Treatment with angiotensin II (AngII) resulted in
a significant upregulation of CRY1 (1.7 ± 0.25-fold, p < 0.001) at 6 h, and downregulation of CRY2
at 12 h (0.6 ± 0.1-fold, p < 0.001), through activation of the AngII type 1 receptor. Independent
silencing of CRY1 and CRY2 genes in HAC15 cells resulted in a mild upregulation of HSD3B2 without
affecting HSD3B1 expression. In conclusion, our results support the hypothesis that CRY1 and CRY2,
being AngII-regulated genes, and showing a differential expression in APAs when compared with
the adjacent adrenal cortex, might be involved in adrenal cell function, and in the regulation of
aldosterone production.

Keywords: aldosterone-producing adenoma; CRY1; CRY2; HSD3B1; HSD3B2

1. Introduction

Primary aldosteronism (PA), affecting 6% of the general hypertensive population [1], and up
to 20% of patients referred to hypertension units [2,3], is widely recognized as the leading cause of
endocrine hypertension. Aldosterone-producing adenoma (APA) and bilateral adrenal hyperplasia
(BAH) are the most frequent underlying causes of PA, while unilateral adrenal hyperplasia (UAH)
is less common. The last few years witnessed major advances in the understanding of the molecular
determinants leading to autonomous aldosterone overproduction in both sporadic and familial

Int. J. Mol. Sci. 2018, 19, 1675; doi:10.3390/ijms19061675 www.mdpi.com/journal/ijms1
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PA. In particular, the introduction of next-generation sequencing allowed the identification of
somatic mutations in four genes differently involved in Ca2+ homeostasis (KCNJ5, ATP1A1, ATP2B3,
and CACNA1D), unraveling the genetic basis of approximately 50% of sporadic APAs [4–7].
Similarly, new insight was gained from mice lacking the core-clock components, cryptochrome-1
(CRY1) and cryptochrome-2 (CRY2) (Cry-null mice) [8]. Mammals, as well as many other organisms
including plants, adapt most of their physiologic processes to a 24-h time cycle, generated by an internal
molecular oscillator referred to as the circadian clock [9]. At the cellular level, circadian oscillations are
generated by a series of genes, whose proteic products form a transcriptional autoregulatory feedback
loop, where clock circadian regulator (CLOCK) and aryl hydrocarbon receptor nuclear translocator-like
protein 1 (ARNTL, also known as BMAL1) act as positive regulators, while period (PER) and CRY
act as negative regulators [10]. Cry-null mice displayed salt-sensitive hypertension due to chronic
and autonomous aldosterone overproduction by the adrenal glands, as a consequence of the massive
upregulation of type VI 3β-hydroxyl-steroid dehydrogenase (Hsd3b6), the murine counterpart to the
human type I 3β-hydroxyl-steroid dehydrogenase (HSD3B1) gene [8]. HSD3B catalyzes the conversion
of pregnenolone to progesterone, an enzymatic reaction required for aldosterone biosynthesis [11];
two different HSD3B isoforms are expressed in man—HSD3B1 is mainly expressed in the placenta,
while HSD3B2 localizes primarily in adrenals and gonads [12]. Immunohistochemistry studies in
normal human adrenals showed that HSD3B2 is the predominant isoform, expressed through the
zona glomerulosa and the zona fasciculata (ZF), while HSD3B1 displays faint immunoreactivity,
predominantly in the outermost layer zona glomerulosa (ZG) [8,13,14]. Moreover, in APA samples,
HSD3B1 expression was significantly correlated with the expression of the rate-limiting enzyme for
aldosterone production—aldosterone synthase (CYP11B2) [15]. Despite much knowledge being gained
from the Cry-null animal model, the significance of CRY1 and CRY2 in human adrenal function and
aldosterone production is still unknown. So far, few reports have investigated the roles of HSD3B1 and
HSD3B2 in sporadic PA. Therefore, in this study we aimed to (I) evaluate the expressions of HSD3B1
and HSD3B2 in a large cohort of 46 adrenal glands, removed from patients in whom a final diagnosis
of unilateral PA was achieved; and (II) investigate the expression of CRY1 and CRY2 in unilateral
sporadic PA, and their roles in aldosterone production in the HAC15 human adrenocortical cell model.

2. Results

2.1. Expression of CRY1, CRY2, HSD3B1, and HSD3B2 in Adrenal Tissues

The expression levels of CRY1, CRY2, HSD3B1, and HSD3B2 were determined by real-time
PCR in a cohort of 46 sporadic APAs, and 20 paired adjacent adrenal tissues. Within the same
sample, the median expression of CRY1 was 2.1-fold [1.45–2.87] higher than that of CRY2, consistently
in both APA and UAH (Figure 1A). In our cohort, the expression of both CRY genes was neither
associated with the cellular composition of the APAs (CRY1 expression in ZG-like APAs: 1.46
[0.45–2.59], CRY1 expression in ZF-like APAs: 0.96 [0.49–1.58], p-value 0.291; CRY2 expression in
ZG-like APAs: 1.24 [0.57–2.05], CRY2 expression in ZF-like APAs: 0.84 [0.62–1.28], p-value 0.170) nor
with the mutational status (CRY1 expression in wild-type APAs: 1.39 [0.58–2.7], CRY1 expression
in KCNJ5 mutant APAs: 0.89 [0.42–1.70], CRY1 expression in ATP1A1-ATP2B3 mutant APAs: 0.89
[0.49–1.09], CRY1 expression in CACNA1D mutant APAs: 1.4 [0.64–2.61], p-value = 0.417; CRY2
expression in wild-type APAs: 1.08 [0.61–1.98], CRY2 expression in KCNJ5 mutant APAs: 0.98
[0.54–1.41], CRY2 expression in ATP1A1-ATP2B3 mutant APAs: 0.89 [0.62–1.06], CRY2 expression in
CACNA1D mutant APAs: 1.61 [0.80–2.87], p-value = 0.170). While the median expression of CRY1
was 1.7-fold [0.75–2.26] higher in APA tissues when compared with that in the adjacent adrenal cortex
(p = 0.016), CRY2 showed a 20% lower expression [0.80, 0.52–1.08] in the nodule when compared with
the corresponding surrounding tissue (p = 0.04) (Figure 1B). Representative immunohistochemistry
staining of frozen tissue sections showing the expression of CRY1 and CRY2 in APA and adjacent
adrenal cortex is illustrated in Figure 2A–F.
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In both APA and UAH samples, HSD3B2 was the main isoform, with an overall median expression
317-fold [200–573] higher than that of HSD3B1 (p < 0.001) (Figure 1C). HSD3B1 transcription was
significantly more abundant (median fold change 5.2, p < 0.001) in APAs that were composed mainly
of ZG-like cells when compared with APAs that had a ZF-like morphology (Figure 1D). A tendency
towards a higher HSD3B2 expression in APAs composed mainly of ZG-like cells was observed,
but the difference did not reach statistical significance (median fold change 1.8, p = 0.051) (Figure 1E).
In addition, the median HSD3B1/HSD3B2 relative ratio was 1.9-fold higher in APA samples composed
mainly of ZG-like cells (p = 0.003) when compared with APAs composed mainly of ZF-like cells
(Figure 1F). No differences in the expression of HSD3B1 or HSD3B2, according to the mutational
status (HSD3B1 expression in wild-type APAs: 1.37 [0.42–4.5], HSD3B1 expression in KCNJ5 mutant
APAs: 0.51 [0.30–1.97], HSD3B1 expression in ATP1A1-ATP2B3 mutant APAs: 0.66 [0.27–1.63], HSD3B1
expression in CACNA1D mutant APAs: 2.27 [1.40–3.12], p-value = 0.212; HSD3B2 expression in
wild-type APAs: 1.0 [0.75–2.37], HSD3B2 expression in KCNJ5 mutant APAs: 1.01 [0.68–2.18], HSD3B2
expression in ATP1A1-ATP2B3 mutant APAs: 0.69 [0.46–0.93], HSD3B2 expression in CACNA1D
mutant APAs: 2.82 [1.16–3.19], p-value = 0.147) or the final diagnosis (HSD3B1 expression in APAs:
1.37 [0.30–3.00], HSD3B1 expression in UAHs: 0.66 [0.42–3.61], p-value 0.899; HSD3B2 expression in
APAs: 1.17 [0.66–2.63], HSD3B2 expression in UAHs: 0.99 [0.71–1.63], p-value 0.523), were observed.
Notably, both HSD3B1 and HSD3B2 were significantly more expressed in the main nodule when
compared with adjacent adrenal tissue (5.7- and 3.5-fold, respectively, p < 0.001 and p = 0.001)
(Figure 1G). Representative immunohistochemistry staining of frozen tissue sections showing the
expression of HSD3B1 and HSD3B2 in APAs, according to the cellular composition, is illustrated in
Figure 3A–D.

Figure 1. Cont.
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Figure 1. (A) Relative quantification of cryptochrome-1 (CRY1) mRNA over cryptochrome-2 (CRY2)
messenger RNA (mRNA) in the total cohort, in aldosterone-producing adenoma (APA) samples (n = 35)
and in unilateral adrenal hyperplasia (UAH) samples (n = 11). (B) Relative quantification of CRY1
and CRY2 mRNA in APA samples over that in the corresponding adjacent adrenal cortex (n = 20).
(C) Relative quantification of type II 3β-hydroxyl-steroid dehydrogenase (HSD3B2) mRNA over type I
3β-hydroxyl-steroid dehydrogenase (HSD3B1) mRNA in the total cohort, in APA samples (n = 35) and
in UAH samples (n = 11). (D) HSD3B1 mRNA expression according to the cellular composition in the
total cohort of adrenal samples. (E) HSD3B2 mRNA expression according to the cellular composition
in the total cohort of adrenal samples. (F) Relative quantification of HSD3B1 mRNA over HSD3B2
mRNA according to the cellular composition. (G) Relative quantification of HSD3B1 and HSD3B2
mRNA in APA samples over that in the corresponding adjacent adrenal cortex. For each box plot,
the horizontal line represents the median, and the box and bar indicate the 25th to 75th and 5th to 95th
percentiles, respectively.

2.2. Regulation of CRY1, CRY2, HSD3B1, and HSD3B2 Expression in HAC15 Cells

To investigate the potential roles of CRY1 and CRY2 genes in adrenal cell function and aldosterone
production, we used HAC15 adrenocortical cells as an in vitro model. CRY1 and CRY2 genes were
transcribed in HAC15 cells to a level comparable to that of a pooled set of APA samples, while HSD3B2
was 35-fold (25–61, p < 0.001) more expressed than HSD3B1.
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Figure 2. (A–C) Representative immunohistochemistry staining for CRY1 in APAs. (D–F) Representative
immunohistochemistry staining for CRY2 in APAs. Magnifications in (B,C), and in (E,F) correspond to
the boxed sections in (A,D), respectively.

Figure 3. Representative immunohistochemistry staining for HSD3B1 (A,B) and HSD3B2 (C,D) in
APAs, according to the cellular composition.
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HAC15 cells, which were previously reported to express the AngII type 1 receptor [16],
were stimulated with AngII (±1 μM irbesartan) or forskolin for 6, 12, and 24 h, and were then
harvested for RNA extraction and gene-expression studies.

As expected, treatment with AngII (100 nM) resulted in a significant increase in CYP11B2
expression at 12 h (68 ± 20-fold over basal, p < 0.001).

Treatment with AngII significantly increased the expression of CRY1 mRNA within 6 h
(1.7 ± 0.25-fold, p < 0.001). Following a peak in expression, the levels of CRY1 mRNA returned
to basal levels after 12 h of AngII treatment (Figure 4A). With respect to CRY2 expression, stimulation
with AngII resulted in a significant downregulation (0.6 ± 0.1-fold, p < 0.001) at 12 h (Figure 4B),
followed by a return to basal levels at 24 h.

Treatment with forskolin, which mimics adrenocorticotropin (ACTH)-mediated elevation of
intracellular cyclic adenosine monophosphate (cAMP), resulted in a downregulation of CRY1 at 6, 12,
and 24 h, and a downregulation of CRY2 and at 12 and 24 h (Figure 4A,B).

Additionally, AngII and forskolin treatment positively regulated the transcription of both HSD3B1
and HSD3B2. Following a 6-h stimulation with AngII, we observed that HSD3B1 was 3.2 ± 2.4-fold
(p = 0.035) more expressed when compared with basal conditions, while the maximum upregulation of
HSD3B2 was observed at 12 h (3.7 ± 0.4-fold, p = 0.002) (Figure 4C,D). Similarly, forskolin treatment
induced a significant upregulation of both HSD3B1, with a peak at 6 h, and HSD3B2, with a peak at
12 h, (2.1 ± 1.2-fold and 5.1 ± 2.1-fold, p = 0.03 and p = 0.001, respectively).

Consistently, after 6 h of AngII stimulation, we detected a 1.5 ± 0.2-fold upregulation of PER1,
that acts as a negative regulator of the core clock together with CRY, followed by a 42% reduction at
12 h, when compared with basal levels (Figure 4E).

Pre-treatment with irbersartan (1 μM) reverted the effects of AngII on PER1, CRY1, and CRY2
expression (Figure 4F–H), indicating that the observed effects on gene expression were mediated by
the activation of the AngII type 1 receptor.

2.3. Effect of CRY1 and CRY2 Silencing in HAC15 Cells

Our observation of the regulation of CRY genes by AngII, together with the experimental evidence
available from Cry-null mice [8], prompted us to investigate the effect of CRY silencing on gene
expression in HAC15 cells.

Silencing CRY genes by transfection of siRNA resulted in a 62% reduction in CRY1 mRNA
levels, and a 70% reduction in CRY2 mRNA levels, measured by real-time PCR (Figure 5A,B).
Notably, silencing CRY1 induced a significant upregulation of CRY2 (1.3 ± 0.2-fold, p = 0.005)
(Figure 5B), which resulted in less efficient CRY2 silencing when the double CRY1 and CRY2 siRNA
assay was performed, for this reason simultaneous silencing of both genes was not allowed.

The expression of mRNA-encoding key enzymes involved in the production of aldosterone was
examined. Transfection with CRY1 siRNA resulted in a significant upregulation of HSD3B2 expression
(1.30 ± 0.23-fold, p = 0.009) (Figure 5F), and a trend toward the upregulation of HSD3B1 (1.20 ± 0.5-fold,
p = not significant) (Figure 5E), while the transfection with CRY2 siRNA did not affect the expression
of either HSD3B1 or HSD3B2. Similarly, the expression of CYP11B2, and its main transcriptional
factor NR4A2 were not significantly modified at the evaluated timepoint (42 h post-transfection)
(Figure 5C,D).
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Figure 4. (A) Real-time PCR analysis of CRY1 gene expression. * p-Value < 0.001, # p-value = 0.007,
and § p-value = 0.017 when compared with basal. (B) Real-time PCR analysis of CRY2 gene expression.
* p-value < 0.001 and # p-value = 0.003 when compared with basal. (C) Real-time PCR analysis of
HSD3B1 gene expression. * p-value = 0.022, # p-value = 0.03, § p-value < 0.001, and ¥ p-value = 0.023
when compared with basal. (D) Real-time PCR analysis of HSD3B2 gene expression. * p-value < 0.001,
# p-value = 0.001, and § p-value = 0.009 when compared with basal. (E) Real-time PCR analysis of
period (PER1) gene expression. * p-value = 0.001 and # p-value < 0.001 when compared with basal.
(A–E) Each point expresses the mean fold change over basal expression in at least three independent
experiments. (F) Real-time PCR analysis of PER1 gene expression at 6 h, after stimulation with 100 nM
AngII ± 1 μM irbesartan. (G) Real-time PCR analysis of CRY1 gene expression at 6 h, after stimulation
with 100 nM AngII ± 1 μM irbesartan. (H) Real-time PCR analysis of CRY2 gene expression at 12 h,
after stimulation with 100 nM AngII ± 1 μM irbesartan. (F–H) Each bar represents the mean ± SD of
relative fold change of gene expression in three independent experiments.
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Figure 5. Effect of silencing CRY1 and CRY2 on gene expression in HAC15 adrenocortical cells.
Real-time PCR analysis of CRY1 (A), CRY2 (B), HSD3B1 (C), HSD3B2 (D), NR4A2 (E), and CYP11B2
(F) gene expression. Each bar expresses the mean ± SD fold change over the expression in cells
transfected with a control small interfering RNA (siRNA; Ctrl siRNA) of at least five independent
experiments. No significant differences were detected between the cells transfected with Ctrl siRNA,
and electroporated cells (Nucleofected).

3. Discussion

Over the last few years, significant knowledge about the molecular mechanisms that regulate
aldosterone overproduction was gained from both next-generation sequencing studies [17], and murine
models of primary aldosteronism [18]. The Cry-null mice, lacking the core-clock components CRY1
and CRY2 [8], displayed hyperaldosteronism and salt-sensitive hypertension, most likely sustained by
the upregulation of the type VI 3β-hydroxyl-steroid dehydrogenase (Hsd3b6), corresponding to the
human type I 3β-hydroxyl-steroid dehydrogenase (HSD3B1) gene.

Immunohistochemistry studies in normal human adrenals showed that HSD3B2 was the
predominant isoform, while HSD3B1 localized mainly in the outermost layer zona glomerulosa [8,13,14].
In adrenal pathology, HSD3B1 appeared to be strongly expressed in the hyperplastic zona glomerulosa
cells of BAH samples, while its expression was low in a series of eight APAs, composed predominantly of
zona fasciculata-like cells [13]. Based on these results, it was hypothesized that HSD3B1 overexpression
might represent the molecular mechanism responsible for autonomous aldosterone overproduction in
BAH [19].
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So far, the role and clinical significance of CRY1 and CRY2 genes in the regulation of aldosterone
production and APA development, together with their potential interplay with HSD3B isoforms,
were not explored in humans.

In this study, we demonstrated, for the first time, that CRY1 is overexpressed, while CRY2
is downregulated in APA tissue, when compared with the paired adjacent adrenal cortex,
which represents the optimal control tissue, given the multiplicity of factors that influence the
transcription of the core-clock genes [9]. In agreement with previous reports [15], we observed
that HSD3B2, being over 300-fold more expressed than HSD3B1, is the principal isoform in APAs.
A previous study showed that HSD3B1 (evaluated as H-score) was more expressed in APAs
carrying somatic mutations in the KCNJ5 gene [15], while in our cohort we did not detect any
significant association between the expression of HSD3B1 (evaluated by real-time PCR) and the
mutational status of the samples. On the contrary, we observed that both HSD3B1 expression and
the relative HSD3B1/HSD3B2 ratio were significantly more elevated in APAs composed mainly of
zona glomerulosa-like cells (while APAs carrying a mutation in KCNJ5 are composed mainly of zona
fasciculata-like cells [20]).

Additionally, this study demonstrated, for the first time, that the expression of both CRY1 and
CRY2 genes is modulated by AngII through activation of the AT1R. Similarly, the negative regulator
PER1 showed an AngII-dependent regulation. It was previously reported that stimulation with AngII
for three hours induced the negative regulator of the core-clock protein PER1 in H295R adrenocortical
cells [21]. Additionally, overexpressing PER1 in H295R cells was able to induce CYP11B1 and CYP11B2
promoter activity [21]. A role for the circadian-clock protein PER1 in the regulation of aldosterone
production was recently reported in both in vitro and in vivo studies. Per1 knock-out mice displayed
lower aldosterone levels when compared with wild-type animals, and also a lower expression of
Hsd3b6 in adrenal gland tissue [22]. Silencing PER1 in H295R cells was able to decrease the expression
of HSD3B1 isoform by 58%, supporting the hypothesis that PER1 is involved in the modulation of
serum aldosterone levels [22].

In the presented study, we showed that AngII stimulation triggers the expression of both HSD3B1
and HSD3B2 in HAC15 cells; our results differ from those reported by Ota T. et al. [23], showing that
AngII can induce the expression of HSD3B1, but not HSD3B2 in H295R cells.

To further investigate the potential role of CRY1 and CRY2 in the regulation of HD3B isoforms,
we transfected HAC15 cells with CRY1 and CRY2 siRNA. Contrary to what was expected from the
Cry-null and the Per knock-out murine models, silencing CRY genes did not modify the expression
of HSD3B1; however, we observed a mild upregulation of HSD3B2 in HAC15 cells transfected
with CRY1 siRNA. However, as previously described [24], silencing CRY1 resulted in a significant
upregulation of CRY2, which did not allow us to perform an efficient double silencing, and could,
therefore, have affected the results, representing a limitation of the presented study.

4. Materials and Methods

4.1. Patients Selection

A total of 46 adrenal adenomas and 20 paired adjacent adrenal samples were included in the
presented study. The adrenal glands were removed from patients affected by unilateral PA, diagnosed
in our tertiary referral hypertension centre (Division of Internal Medicine 4—Hypertension Unit,
at the University of Torino, Italy). The diagnostic work-up for PA was performed according to
the recommendations of the Endocrine Society clinical practice guideline [25]. After withdrawal of
interfering medications, the ratio of aldosterone to plasma renin activity was used as a screening
test for PA. To confirm the diagnosis, either an intravenous (i.v.) saline load test or a captopril
challenge test (when acute plasma volume expansion was contraindicated) was performed. All patients
with confirmed PA underwent adrenal computed tomography (CT) scanning and adrenal vein
sampling (AVS), as previously described [26]. All patients showing lateralization upon AVS underwent
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unilateral laparoscopic adrenalectomy. The diagnosis of unilateral PA was confirmed based on clinical
benefit and a complete biochemical outcome after adrenalectomy, as defined according to a recent
consensus (Primary Aldosteronism Surgical Outcome, PASO) [27]. Clinical and biochemical parameters
(before and after adrenalectomy) of the included patients are summarized in Table S1. Normal adrenal
glands were obtained from normotensive patients who underwent unilateral nephrectomy for renal
carcinoma. For all samples, any adrenal gland showing involvement in the tumor lesion was excluded
upon histological examination. All patients gave their written informed consent for the use of samples
and clinical data, and the protocol of the study was approved by our local ethics committee, (Comitato
etico interaziendale A.O.U. Città della Salute e della Scienza di Torino), Project ID CEI/28, date of
approval 14 May 2007).

4.2. DNA Sequencing for KCNJ5, ATP1A1, ATP2B3, and CACNA1D

DNA fragments from KCNJ5, ATP1A1, ATP2B3, and CACNA1D were amplified by PCR as
previously reported [28,29]. The validity of novel mutations was confirmed by sequencing both
strands of an independently amplified PCR fragment. Of the presented cohort of adrenal samples,
36 were included in the study by Fernandes-Rosa et al. [29]. Of the included samples, 16 adrenal
nodules carried a mutation in the KCNJ5 gene, six in the ATP1A1 or ATP2B3 genes, and five in the
CACNA1D gene, while 19 samples had no mutations in any of these genes.

4.3. Pathological Analysis

Histological examination was performed by an experienced pathologist (I.C.). All adrenal
glands included in the study were embedded in paraffin, cut into 3-μm-thick slices, and stained
with hematoxylin and eosin (H&E). After accurate macroscopical and microscopical analysis, the final
diagnosis of APA was established when a single nodule was present, while the final diagnosis of
unilateral adrenal hyperplasia (UAH) was established in the presence of several nodules of varying
sizes (with or without a dominant one). In the case of UAH, the dominant nodule was used for
gene-expression studies, provided that it was the one identified with CYP11B2 expression upon
immunohistochemistry analysis.

After examination for the known features of ZF (large, lipid-laden clear cells with round to oval
vesicular nuclei), ZG (small, compact cells with a high nuclear/cytoplasmic ratio, and a moderate
amount of lipids), and zona reticularis (lipid-sparse cytoplasm, and compact cells) cells [20,30],
the tumors were categorized as ZF-like when the percentage of large vacuolated cells was greater
than 50%, and ZG-type when the percentage of ZF-like cells was ≤50% and the ZG-like cells were
the prevalent cell type. Of the analyzed samples, 36 were previously included in the study by
Monticone et al. [31].

The final histopathological diagnosis was APA in 35 cases, and multinodular hyperplasia in
11 cases. Twenty-five samples (23 APA samples and two UAH samples) were composed mainly
of ZG-like cells, and 21 samples (19 APA samples and 3 UAH samples) were composed mainly of
ZF-like cells.

4.4. Immunohistochemistry Analyses

Immunohistochemistry analysis was performed using the following primary antibodies: CYP11B2
(CYP11B2-41-17) [32], HSD3B1 (Abnova), HSD3B2 (KALKG619) [13], Cry1 (Abgent), and Cry2 (Abcam),
as detailed in Table S2.

Formalin-fixed paraffin-embedded tumor samples were cut into sequential 2-μm-thick sections,
and deparaffinized and stained at the Pathology Department using a fully automated Ventana
BenchMark ULTRA stainer (Ventana, Tucson, AZ, USA), according to the manufacturers’ instructions.
Binding of peroxidase-coupled antibodies was detected using the ultraView Universal DAB Detection
Kit as a substrate, and the sections were counterstained with hematoxylin.
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4.5. Cell Culture and Transfection

HAC15 adrenocortical cells were cultured as previously reported [33]. For experiments, cells were
plated at a density of 4 × 105 cells/well in a 12-well plate for 48 h. After overnight incubation in
low-serum medium (DMEM/F-12 containing 0.1% cosmic calf serum, and antibiotics), cells were
stimulated with 100 nM AngII (reference value in normotensive individuals 24 ± 17 pM [34])
(Sigma #A9525) ± 1 μM irbesartan (Sigma #I2286) or forskolin (10 μM, Sigma #F6886) for 6, 12,
and 24 h, and then harvested for RNA extraction, and gene-expression studies.

CRY1 and CRY2 gene silencing was performed using the Amaxa technology (Program X-005).
One million cells were electroporated in 100 μL of Nucleofector solution R, using 2 μL of a 100-μmol/L
solution of Silencer Select predesigned small interfering RNA (siRNA) (Thermo Fisher Scientific,
Waltham, MA, USA). After electroporation, cells were plated in a six-well plate, and recovered for
24 h. The medium was then changed to experimental low-serum medium (0.1% cosmic calf serum),
and the cells were starved overnight. The following morning, cells were harvested for RNA extraction,
and gene-expression studies.

4.6. RNA Extraction, and Gene-Expression Studies

RNA isolation from adrenal tissue and cultured cells, and subsequent reverse transcription
were both performed as previously reported [33]. Real-time PCR was performed in triplicate using
TaqMan gene-expression assays (Thermo Scientific) for CRY1, CRY2, HSD3B1, HSD3B2, PER1, NR4A2,
and CYP11B2. Gene-expression levels were analyzed using the 2−ΔΔCt relative quantification method,
using 18S RNA or GAPDH as endogenous reference genes.

4.7. Statistical Analyses

IBM SPSS statistics v. 24 was used for the statistical analysis. Data were expressed as mean
± standard deviation or median [25◦–75◦]. Differences between variables were evaluated using
one-way ANOVA followed by Bonferroni’s or Dunnett’s post-hoc tests, when appropriate, and paired
(to compare the expression between the adrenal nodule and the corresponding adjacent adrenal
cortex) or unpaired t-tests or Mann–Whitney tests. A probability of less than 0.05 was considered as
statistically significant.

5. Conclusions

Our results supported the hypothesis that CRY1 and CRY2, being AngII-regulated genes,
and showing a differential expression in APAs when compared with the adjacent adrenal cortex,
might be involved in adrenal cell function, and in the regulation of aldosterone production.
However, silencing CRY1 and CRY2 expression in HAC15 adrenocortical cells resulted only in a modest
upregulation of the HSD3B2 gene, which was not consistent with the experimental observations in
the Cry-null animal model. Species differences should be considered when studying the role of these
genes in adrenal function, and further exploration in this research area is warranted to elucidate the
complex role of the circadian clock in adrenal aldosterone production.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/6/
1675/s1.
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Abstract: Hypertension is the leading cause of cardiovascular disease in the United States, affecting
up to one-third of adults. When compared to other ethnic or racial groups in the United States, African
Americans and other people of African descent show a higher incidence of hypertension and its
related comorbidities; however, the genetics of hypertension in these populations has not been studied
adequately. Several genes have been identified to play a role in the genetics of hypertension. They
include genes regulating the renin-aldosterone-angiotensin system (RAAS), such as Sodium Channel
Epithelial 1 Beta Subunit (SCNN1B), Armadillo Repeat Containing 5 (ARMC5), G Protein-Coupled
Receptor Kinase 4 (GRK4), and Calcium Voltage-Gated Channel Subunit Alpha1 D (CACNA1D).
In this review, we focus on recent genetic findings available in the public domain for potential
differences between African Americans and other populations. We also cover some recent and
relevant discoveries in the field of low-renin hypertension from our laboratory at the National
Institutes of Health. Understanding the different genetics of hypertension among various groups is
essential for effective precision-guided medical therapy of high blood pressure.

Keywords: genetics; hypertension; African American; low-renin; ARMC5; SCNN1B; GRK4; CACNA1D;
endocrine hypertension

1. Introduction

Hypertension is the leading cause of cardiovascular disease in the United States, affecting 29% of
adults, or approximately 75 million people [1]. The economic burden of hypertension in America is
enormous [2], often raising concerns about its major impact on health disparity [3–5]. When compared
to other ethnic or racial groups in the United States, African American and others of African descent
show a higher incidence of hypertension and its related comorbidities, including cardiovascular
and end-stage renal diseases [2]. Moreover, African Americans and others of African descent may
have higher blood pressure beginning in childhood, as well as a higher incidence and prevalence
of hypertension across the lifespan [6–11]. The age-adjusted prevalence of hypertension in African
Americans is ~45%, significantly higher than in other ethnicities, including ~32% among non-Hispanic
whites and ~30% among Hispanics [2].

Major predictors of hypertension in African Americans exist. For example, impaired arterial
elasticity [12–14] has been demonstrated to be more prevalent than in whites [5,15–17]. Brown et al.
found in a large cohort study of untreated normotensive participants (Multi-Ethnic Study of
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Atherosclerosis) that subjects who were found to have a suppressed renin phenotype were more likely
to be African Americans, and had higher systolic blood pressure [18]. In a recent observational study
on normotensive African Americans, aldosterone sensitivity (magnitude of the association between
plasma aldosterone concentration and blood pressure) increased with age and was associated with
plasma aldosterone concentration and the aldosterone-to-renin ratio, suggesting that mineralocorticoid
receptor activity may increase with age, especially in African Americans [19]. Other factors that
distinguish hypertension in African Americans from other ethnicities include increased awareness
of diagnosis, increased intensity of treatment, poor BP control, and more resistant hypertension [20].
On the other hand, hypertensive diagnostic inertia, defined as a failure to investigate the underlying
cause of hypertension, is an ongoing issue in African Americans with cardiovascular disease [21,22].
Moreover, adrenocortical hyperplasia was found to be more common in African Americans and other
patients of African descent [23], suggesting the possibility of aldosterone and/or cortisol excess as an
important contributor to the pathogenesis of hypertension in this ethnic group.

The regulation of blood pressure is complex. Research that examines the association of the
various pathophysiological factors with incident hypertension among African Americans and others
of African descent is limited, as detailed in Table 1. Despite heredity contributing 40–50% to the
pathogenesis of essential hypertension and genome-wide association studies identifying ~6% of the
genetic contribution [24,25], little is known about the genetic diversity of hypertension in African
American populations, particularly in relation to the factors listed in Table 1. Some researchers have
focused on genes implicated in altered renal sodium handling in the kidneys and volume loading,
which are key players in the development of low-renin hypertension in this at-risk population [26,27].
Studies that failed to discover any relationship between African American and hypertension were
limited by several factors, including variation in allele frequency, small statistical power, and the
possibility of weak ancestral effects [28–30]. Large sample size studies could exclude > 95% of the
genome as harboring risk loci of > 1.3 due to African or European ancestry, further suggesting the
complexity of understanding the underpinning of hypertension across various ethnicities. Ongoing
studies are examining genetic susceptibility and environmental factors as determinants of hypertension
in African Americans [31].

Table 1. Examples of pathophysiological mechanisms of hypertension in individuals of African descent.

Mechanism

Psychosocial factors [32]
Endothelial dysfunction [33,34]
Kidney injury and function [35]

Renin-angiotensin system activation [36]
Insulin resistance [37]

Impaired baroreflex [38]
Oxidative stress [39]
Genetic factors [20]

Adrenomedullary/cortical hormones [23]
Blood volume [40]

Salt retention [20,41]
Socioeconomic determinants [42]

Diversity may exist within African descent population. Clinical and genetic data of African-
Americans and others of African descent should be interpreted and compared with caution. Chor et al.
studied blood pressure profiles of 15,103 civil servants in Brazil and found a high prevalence of
high blood pressure among browns (38.2%) and blacks (49.3%) [11]. Importantly, they found that
hypertensive characteristics of Brazilian brown populations were like that seen in the individuals of
African descent.

Genetic sequencing has gained enormous popularity in the scientific field. Affordability and
fast throughput are promising to deliver “Genetic Health Risk and Carrier Status” for as little as $99,
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through direct-to-consumer salivary collection kits [43]. However, the clinical interpretation of an
individual’s genome, its utility in clinical practice, and the overall cost has yet to be implemented as
a standard of care approach in universal clinical management guidelines. One of the major goals of
understanding the genetics of hypertension includes the transfer of genomic knowledge into daily
clinical practice [10], for potential gene-targeted medical therapies [5], among other useful utilities.

In this review, we briefly highlight the mechanistic and genetic underpinnings of hypertension in
African Americans and other populations of African ancestry. We have focused our discussion on the
biologically plausible hypertension candidate gene loci in African Americans [44]

2. Hypertension in African Americans: Clinical Differences and Genetics

2.1. Renin and Aldosterone

African Americans excrete a sodium load more slowly and less completely than whites [45]. This
results in suppression of the renin-aldosterone-angiotensin system (RAAS) due to volume-loading that
typically begins in childhood [46–49]. Ultimately, a low-renin state, which compensates for the relative
tendency to retain sodium, ensues [50]. Low-renin hypertension is a frequent cause of hypertension,
with a prevalence of 20%–30%, and higher in African Americans [51–53]. One study demonstrated
lower levels of plasma renin activity and aldosterone in normotensive African Americans across
all ages, with BP positively correlating with plasma aldosterone, an effect that increased as plasma
renin activity decreased [48]. Thus, a typical biochemical profile in an African American person
with hypertension is a low or high plasma aldosterone concentration, a low or suppressed plasma
renin activity or direct renin concentration, and suppressed angiotensin I and II [36,50,54,55]. This
results in a normal or elevated aldosterone-to-renin ratio, which can be categorized into two broad
hypertension phenotypes: low or suppressed renin and elevated aldosterone (primary aldosteronism
type, or hyporeninemic hyperaldosteronism) and low renin and low aldosterone (Liddle syndrome
type, or hyporeninemic hypoaldosteronism) [56]. The threshold set to diagnose a low renin state
is assay specific but generally defined as a plasma renin activity < 0.65 ng/mL/h or a direct renin
concentration < 15μU/mL [52].

2.2. Regulation of Sodium Reabsorbtion

It has been speculated that several genes implicated in the regulation of sodium reabsorption
in the kidneys were likely selected as an adaptation to high temperature environments, particularly
in people from Sub-Saharan Africa [20,57]. These include genes regulating RAAS, such as (Sodium
Channel Epithelial 1 Beta Subunit (SCNN1B) and Neural Precursor Cell Expressed, Developmentally
Down-Regulated 4 (NEDD4) that alter sodium retention from the kidneys, and possibly armadillo
repeat containing 5 (ARMC5) that might be responsible for increased aldosterone production from the
adrenal cortex (see below).

These genetic factors may have played an important physiological adaptation (“natural selection”)
to the low sodium environments and survival of African Americans during their passage from
Africa to America on ships [20,57], where they witnessed extreme conditions including severe heat,
hyperhidrosis, and fluid loss through sickness. Indeed, this selection process may have contributed to
the increased prevalence of hypertension in this population [58,59]. In this section, we cover the most
important known genetic contributions to hypertension in African Americans.

2.3. ENaC Function

The amiloride-sensitive epithelial sodium channel (ENaC) is in the distal nephron and responsible
for regulating the amount of sodium reabsorbed by the kidneys, primarily through the action of
aldosterone. ENaC is composed of 3 homologous subunits of similar structure and encoded by separate
genes: Sodium Channel Epithelial 1 Alpha Subunit (SCNN1A) on 12p13.31, Sodium Channel Epithelial
1 Beta Subunit (SCNN1B) on 16p12.2, and Sodium Channel Epithelial 1 Gamma Subunit (SCNN1G) on
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16p12.2. There are two transmembrane domains (TM1 and TM2) and two short intracellular domains
(C- and N-terminus); the C-termini contain a binding site for Nedd4 (neural precursor cell expressed,
developmentally down-regulated 4), a ubiquitin E3 ligase protein encoded by NEED4 on 15q21.3 and
responsible for the internalization and the proteasomal degradation of ENaC [60–62].

2.3.1. Liddle’s Syndrome

Constitutive activation variants of SCNN1B or SCNN1G result in salt-sensitive hypertension
known as Liddle’s syndrome, an autosomal dominant form of monogenic hypertension that is
characterized by early-onset of low-renin hypertension [63]. Patients with Liddle’s syndrome
are resistant to mineralocorticoid antagonist therapy but respond to an ENaC inhibitor, such as
amiloride therapy [63,64]. Gain-of-function variants in the genes encoding for ENaC are in the
carboxyterminal cytoplasmic tail of the protein, which is involved in down-regulation of channel
number or activity [50,65]. This area of the nephron is the final regulator of sodium balance and
activating variants in ENaC leads to sodium retention, potassium excretion, low renin/aldosterone
(hyporeninemic hypoaldosteronism), and volume overload [20,66].

2.3.2. Hyporeninemic Hypoaldosteronism (Liddle Phenotype)

Hyporeninemic hypoaldosteronism not due to Liddle’s syndrome, also referred to as the
Liddle phenotype, is more common in African Americans for multiple reasons, including the
interplay of certain genes that lead to ethnic differences in proximal and distal tubular sodium
reabsorption [67]. Tu et al. confirmed this association between ENaC overreactivity and hypertension
in African Americans by demonstrating increased retention of sodium and water after stimulation
with 2 weeks of 9-α fludrocortisone [48]. Moreover, ENaC over-activation could also be due to altered
internalization and degradation by NEDD4 and acquired or inherited causes of aldosterone excess. On
the other hand, loss-of-function variants in other segments of ENaC cause pseudohypoaldosteronism,
an autosomal recessive condition that is characterized by salt-loss and mineralocorticoid resistance [68].

2.3.3. SCNN1B and NEED4

Activation of ENaC, either due to structural variants of the channel subunits (e.g.,: SCNN1B) or
altered activity of regulatory processes (including NEED4), could underlie low-renin hypertension in
African Americans. One study showed that ENaC channel activity, as assessed by nasal transmucosal
electrical potential difference, was greater in African Americans than in whites [69]. In a mixed
ancestry population of South Africans, a variant in SCNN1B (p.R563Q) was present in 18 people,
of whom 17 were hypertensive [50]. In another study, this variant was present in 6% of Africans
from urban South Africa that responded to treatment with amiloride therapy [70]. This variant was
associated with a resistant form of hyporeninemic hypoaldosteronism hypertension, analogous to
Liddle syndrome. Moreover, the p.T594M but not p.G442V (which causes lower aldosterone secretion,
suggesting increased ENaC activity) variants in SCNN1B may also contribute to hypertension in
African Americans [71]. In another study, individuals with variants in NEDD4 were linked to increased
BP and adverse cardiovascular outcomes [20,72,73].

2.3.4. ENaC Function, CYP4A11 and Responsiveness to Amiloride Therapy

Individuals with variants affecting ENaC function and hypertension may respond preferentially
to amiloride therapy. Studies from salt-sensitive hypertensive rodent models showed decreased
expression of Cyp4a and increased ENaC activity responsive to amiloride [74,75]. Human studies on
African American patients with resistant hypertension demonstrated homozygosity for the C allele
at rs3890011 of Cytochrome P450 Family 4 Subfamily A Member 11 (CYP4A11) (1p33), which has
been previously associated with blood pressure in various populations [30,76], and a positive response
to amiloride therapy [77]. A large high-density admixture scan in 1670 African Americans with
hypertension identified this locus as a candidate gene for hypertension [30]. CYP4A11 encodes
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a member of the cytochrome P450 superfamily of enzymes, a monooxygenase which catalyze
reactions involved in the synthesis of cholesterol, steroids, and other lipids and localized to the
endoplasmic reticulum. Several lines of evidence suggest that this gene serves as a modulator
of ENaC function [75,77], likely through decreased epoxygenase activity and renal synthesis of
epoxyeicosatrienoic acids [20,77]. Collectively, although these variants are more frequent in African
Americans, their association with hypertension has been weak and/or inconsistent [50,78,79]. Further
studies with a larger population size are required to study their effects on hypertension in the African
American populations.

2.4. Adrenocortical Hyperplasia, Tumors, and Primary Aldosteronism

2.4.1. KCNJ5, CACNA1D, ATP1A1, ATP2B3, and CTNNB1

Primary aldosteronism is the most common cause of endocrine hypertension [80]. Autonomous
secretion of aldosterone from the adrenal glands suppresses endogenous renin production, which
results in an increased volume status. The most frequent cause of primary aldosteronism is bilateral
adrenal hyperplasia [81], often referred to as idiopathic adrenal hyperplasia. Recent evidence
suggests that these lesions harbor areas of hyperplasia due to cytochrome P450 family 11 subfamily B
member 2 (CYP11B2)-expressing cells from an unknown germline variants, and at least 1 CYP11B2-
positive aldosterone-producing cell cluster (APCC, that typically develops with aging) or micro-
aldosterone-producing adenomas, in part due to calcium or potassium channel variants (Calcium
Voltage-Gated Channel Subunit Alpha1 D (CACNA1D), 58%; Potassium Voltage-Gated Channel
Subfamily J Member 5 (KCNJ5), 1%) [82].

Recently, Nanba et al. studied the genetic characteristics of 73 aldosterone-producing adrenocortical
adenomas in 79 subjects of African American decent who had primary aldosteronism; 65 subjects
had somatic alterations in driver genes. The genetic landscape of these tumors was different than
in non-African Americans: alteartions in CACNA1D (n = 42%), KCNJ5 (34%), ATPase Na+/K+
Transporting Subunit Alpha 1 (ATP1A1) (8%), and ATPase Plasma Membrane Ca2+ Transporting
3 (ATP2B3) (4%) represented the spectrum [83]. No variants in ARMC5 were found in this study.
These results suggest that CACNA1D could be one of the most frequently mutated aldosterone-driver
gene in African Americans, suggesting a possible primary role for calcium channel blockers in the
management of these individuals.

Familial or inherited causes of primary aldosteronism are rare and caused by disease-causing
germline activating variants in several genes as detailed elsewhere [81].

2.4.2. Bilateral Adrenocortical Hyperplasia

Bilateral adrenocortical hyperplasias are grossly divided into the micronodular and macronodular
disease. The micronodular subtypes are usually diagnosed in children and young adults and are
either pigmented (primary pigmented nodular adrenocortical disease [PPNAD] as seen in Carney
complex) or not pigmented. The macronodular subtypes, which are usually diagnosed in adults
over the age of 40, may be sporadic or familial and caused by disease-causing variants in ARMC5,
Adenomatous Polyposis Coli (APC), Multiple Endocrine Neoplasia type 1 (MEN1), and Fumarate
Hydratase (FH) [84–86]. African Americans with hypertension and a biochemical phenotype of
hyporeninemic hyperaldosteronism are more likely to have bilateral adrenal hyperplasia, with or
without nodules [84,85,87–91].

2.4.3. ARMC5

The ARMC5 gene is a putative tumor-suppressor that is located on chromosome 16p11.2 and
belongs to the family of armadillo (ARM)-repeat-containing proteins. In humans, ARMC5 consists
of 8 exons and has an unknown function. The ARMC5 gene has been recently implicated in
endogenous hypercortisolemia due to a rare form of adrenocortical hyperplasia, termed primary
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bilateral macronodular adrenal hyperplasia (PBMAH) [84,92,93]. This condition is characterized
by multiple macronodules (>1 cm) in the adrenal cortex and hypercortisolemia; it is also rarely
associated with primary aldosteronism [85]. Biallelic inactivating variants in ARMC5 (germline
and somatic) are required for the development of adrenocortical hyperplasia, which is consistent
with the two-hit hypothesis of tumorigenesis [84,85,92]. Most variants in ARMC5 are frameshift
and/or nonsense, and lead to loss of function of the gene. Our group has recently shown that
Armc5 knockout mice died during early embryonic development, while a third of heterozygotes
developed hypercorticosteronemia at 18 months of age [94]. Several pathways may be involved in
Armc5 haploinsufficiency, including cyclic AMP (protein kinase A, its catalytic subunit Cα) and the
Wnt/β-catenin pathways [94].

Our laboratory has recently identified an association between biallelic variants of ARMC5 in
African Americans and primary aldosteronism [85]. We hypothesized that these variants likely act as a
selective advantage for people of African descent to excrete water more slowly as a survival mechanism
in hot climates through enhanced excretion of aldosterone from the adrenal cortex [95]. Our initial
studies showed that 20 unrelated and two related study subjects (39.3%) harbored 12 germline ARMC5
variants that were predicted to be damaging by in silico analysis. Interestingly, all patients carrying a
variant predicted to be damaging were African Americans (Table 2).
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In a different study, we investigated a large cohort of African Americans in the Minority Health
Genomics and Translational Research Bio-Repository Database (MH-GRID) study. The MH-GRID
genomic database comprises a large group of subjects with hypertension, both resistant and severe
subtypes. We hypothesized that a direct association between ARMC5 variants and increased risk
of hypertension in African American exists. 1377 subjects (mean age: 48.25 (SD ± 6.06), controls
43.35 (SD ± 7.23), P = 1.17×10-40) and 44 variants within ARMC5 (3 common, 4 low frequency
and 37 rare variants) were considered for analysis. ARMC5 variant rs116201073 reached nominal
significance (P = 0.044) and odds ratio (OR) = 0.7, suggesting a protective effect for this variant. A set
of 16 rare variants significantly associated with hypertension was identified and combined with the
common variant, associated with hypertension in the single-variant analysis, representing a variant set
associated with hypertension (P = 0.0121). These results confirmed our previous report of increased
germline ARMC5 variants that may be associated with hypertension. Further genetic and molecular
studies are needed to confirm these findings [103].

2.5. Other genes

This section highlights several variants in genes that have been associated with hypertension in
African Americans, which are also listed in Table 2.

2.5.1. GRK4

G protein-coupled receptor kinases (GRKs) participate in the desensitization of G protein-coupled
receptors, including D1 receptors, in the proximal renal tubules; variants in GRK4 (4p16.3) were
shown to improperly excrete sodium in rodents and humans with hypertension [104]. A recent report
using genetic sequencing of genes implicated in sodium and water retention in African Americans
revealed variants associated with amino acid changes were implicated with low renin resistant
hypertension [105]. Three variants in GRK4 (pR65L, p.A142V, and p. A486V) were 94.4% predictive
of salt-sensitive hypertension. Additionally, the number of GRK4 variants was inversely related to
salt excretion [105], suggesting that GRK4 is an important gene in the regulation of the hyporeninemic
hypoaldosteronism phenotype in African Americans with hypertension. In this study, other variants
that were reported in association with hypertension in the same population included CYP11B2, which
encodes for aldosterone synthase.

2.5.2. SCG2, PHOX2A and PHOX2B

Wen et al. reported on the association between a regulatory variant in secretogranin II (SCG2) in
African Americans [96]. They sequenced the entire gene from 180 diverse ethnic group and showed
that variant 736 was common among subjects of African descent. Two transactivating factors were
identified, including ARIX (PHOX2A) and PHOX2B, while a positive selection of the protective
allele within the human lineage was observed [96]. In another study, a single variant that converts
methionine to threonine at amino acid 235 (M235T) of the angiotensinogen gene (AGT) was found to
be associated with hypertension in Caucasians [106]. Kumar et al. reported an A/G polymorphism
at position -217 of the AGT gene promoter and found that the frequency of allele A is increased in
African Americans [97].

2.5.3. GPR25 and SMOC1

The Family Blood Pressure Program, which included 10,798 participants in 3320 families (3962
African Americans) observed a significant linkage on chromosome 7 (logarithm of odds [LOD] = 3.1)
in African Americans people from the GenNet Network [98]. Sherva et al. identified loci contributing
to arterial stiffness in a cohort 1251 Black people (HyperGEN study) [13]. Scientists identified two
regions which were highly suggestive of linkage on chromosome 1 (LOD = 3.08), and another one on
chromosome 14 (LOD = 2.42). Two candidate genes ((G Protein-Coupled Receptor 25 (GPR25), SPARC
Related Modular Calcium Binding 1 (SMOC1)) were in the linked regions [13].

23



Int. J. Mol. Sci. 2019, 20, 1081

2.5.4. SLC24A4 and CACNA1H

The Howard University Family Study studied a panel of over 800,000 variants from 1,017 African
Americans from the Washington, D.C., metropolitan region and found two genes (Solute Carrier
Family 24 Member 4 (SLC24A4) and Calcium Voltage-Gated Channel Subunit Alpha1 H (CACNA1H))
as potential candidates for blood pressure regulation [99].

2.5.5. CYP11B2

The CYP11B2 gene encodes for a cytochrome P450 protein, a monooxygenase which catalyzes the
synthesis of cholesterol, steroids, and other lipids in the inner mitochondrial membrane; also known
as aldosterone synthase, this enzyme has an 18-hydroxylase activity to synthesize aldosterone and
18-oxocortisol as well as steroid 11 beta-hydroxylase activity and is the rate limiting step in aldosterone
production [107].

The largest study to date from 3 African countries examined several variants of genes implicated
in low renin-resistant hypertension in Africans with suppressed renin and increased aldosterone.
Six candidate genes were sequenced, including CYP11B2, SCNN1B, NEDD4L, GRK4, Uromodulin
(UMOD), and Natriuretic Peptide A (NPPA) based on the renin-aldosterone status [105]. Fourteen
nonsynonymous variants of CYP11B2 were found, with 3 previously described and associated with
alterations in aldosterone synthase production (R87G, V386A, and G435S) [105]. Further studies are
required to ascertain these findings.

Apparent mineralocorticoid excess (AME) refers to a rare autosomal recessive disorder leading to
low renin hypertension due to alterations in HSD11B2 (16q22.1), which encodes for the corticosteroid
11-beta-dehydrogenase. This is a microsomal enzyme complex responsible for the interconversion of
cortisol and cortisone in the kidneys, thus preventing the activation of the mineralocorticoid receptor
by glucocorticoids. Variants in this gene have been associated with essential hypertension [108–110],
likely through decreased cortisol inactivation to cortisone which is seen with aging, and biochemically
confirmed as elevated urinary tetrahydrocortisol (THF, A-ring-reduced cortisol metabolite) +
alloTHF to tetrahydrocortisone (THE, cortisol metabolite) [(THF+alloTHF)/THE] [111]. One study
demonstrated an association between microsatellite markers close to the HSD11B2 gene and
hypertension in African Americans that also suffered from end-stage renal disease likely due to
hypertension [53,112]. Further studies are required to confirm this association with the increased
predisposition of African Americans to low-renin, salt-sensitive hypertension.

2.5.6. Other Genetic Variants

Zhu et al. performed admixture mapping for hypertension loci with genome-scan markers from
individuals of African descent and European Americans (Family Blood Pressure Program). They
found that chromosome 6q24 and 21q21 may contain genes associated with risk of hypertension in
African Americans [27]. Another admixture mapping in African Americans was done in the Dallas
Heart Study [100]. Researchers genotyped a panel of 2270 variants in a random sample of 1743
African Americans and found a missense variant in Vanin 1 (VNN1) (rs2272996) that was significantly
associated with hypertension in African Americans. In the Candidate Gene Association Resource
(CARe) consortium, a novel variant (rs7726475) on chromosome 5 (between the SUB1 Homolog,
Transcriptional Regulator (SUB1) and Natriuretic Peptide Receptor 3 (NPR3) genes) and rs7726475
was found to be associated with both systolic and diastolic hypertension [101].

Finally, in the International Consortium for Blood Pressure Genome-Wide Association (19,775
subjects of African ancestry) [102], scientists identified a large number of variants associated with
either systolic or diastolic hypertension in Africans, including: rs13082711 (SLC4A7) (SBP/DBP);
rs419076 (MECOM), (SBP); rs13107325 (SLC39A8) (SBP/DBP); rs13139571 (GUCY1A3-GUCY1B3)
(SBP/DBP); rs1173771 (NPR3-C5orf23) (SBP); rs11953630 (EBF1) (SBP/DBP); rs805303 (BAT2-BAT5)
(DBP); rs7129220 (ADM) (SBP/DBP); rs633185 (FLJ32810/TMEM133) (SBP); rs2521501 (FURIN-FES)
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(SBP/DBP); rs17608766 (GOSR2) (SBP/DBP); rs1327235 (JAG1) (SBP/DBP); rs6015450 (GNAS-EDN3)
(SBP/DBP); rs17367504 (MTHFR-NPPB) (SBP/DBP); rs3774372 (ULK4) (SBP/DBP); rs1458038 (FGF5)
(SBP/DBP); rs1813353 (CACNB2) (SBP/DBP); rs11191548 (CYP17A1-NT5C2) (SBP/DBP); rs381815
(PLEKHA7) (SBP/DBP); rs3184504 (SH2B3) (SBP/DBP); rs1378942 (CYP1A1-ULK3) (SBP): rs12940887
(ZNF652) (SBP/DBP).

3. Genetic Counselling

To date, the identification of genetic variants that predispose to hypertension in African Americans
has not enabled genetic diagnosis and early identification of patients and their at-risk family members.
Thus, genetic testing is not currently routine in clinical practice. Indeed, with the exception of ARMC5
and CACNA1D (as outlined above), the other genes discussed in this review have no current clinical
implications for the management of hypertension in African Americans. When a clinician encounters
a patient with a pathogenic and damaging ARMC5 variant, screening for Cushing syndrome and
primary aldosteronism is encouraged. From our experience, ARMC5-related adrenal pathology does
not clinically present in early childhood. ARMC5-related endocrine hypertension diseases typically
develop in adulthood as either subclinical Cushing syndrome, with or without primary aldosteronism,
or overt Cushing syndrome. Carriers may not show signs of these conditions until later in adulthood,
typically over 40 years of age. Genetic testing and counselling of family members should be considered
as the conditions associated with ARMC5 follow an autosomal dominant inheritance pattern with
decreased penetrance.

4. Conclusions

Hypertension in African Americans is the leading cause of cardiovascular disease in this
population. The complex interactions between genetic and environmental determinants are yet to be
identified. Several genes implicated in RAAS activation have been studied in African American
populations and have revealed a surprising number of novel variants and pathways possibly
implicated in the pathogenesis of hypertension. Among them, variants in the ARMC5 gene appear to
be a rare but inherited cause of primary aldosteronism and consequently low-renin hypertension in
African Americans. Further studies are needed to determine the significance of the genes discussed in
this review and respective pathways, which will guide personalized precision therapy for hypertension.
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Abstract: The endogenous ouabain (EO) is a steroid hormone secreted by the adrenal gland with
cardio-tonic effects. In this article, we have reviewed and summarized the most recent reports about
EO, particularly with regard to how it may interact with specific genetic backgrounds. We have
focused our attention on the EO’s potential pathogenic role in several diseases, including renal
failure, essential hypertension and heart failure. Notably, these reports have demonstrated that
EO acts as a pro-hypertrophic and growth-promoting hormone, which might lead to a cardiac
remodeling affecting cardiovascular functions and structures. In addition, a possible role of EO in the
development of acute kidney injury has been hypothesized. During the last decays, many important
improvements permitted a deeper understanding of EO’s metabolisms and functions, including the
characteristics of its receptor and the effects of its activation. Such progresses indicated that EO has
significant implications in the pathogenesis of many common diseases. The patho-physiological role
of EO in the development of hypertension and other cardiac and renal complications have laid the
basis for the development of a new selective compound that could selectively modulate the genetic
and molecular mechanisms involved in EO’s action. It is evident that the knowledge of EO has
incredibly increased; however, many important areas remain to be further investigated.

Keywords: cardio-tonic steroids; endogenous ouabain; adducin; hypertension; renal damage

1. Introduction

The cardiac glycosides are a class of drugs derived from the leaves of the Digitalis purpurea with a
positive inotropic effect on the heart. For a very long time, they were successfully used as a primary
treatment for congestive heart failure and arrhythmias [1]. The mechanism of action of the cardiotonic
steroids in the human heart has been widely studied, and it is now accepted that it consists in the
inhibition of the Na+/K+-ATPase—a transmembrane enzyme that regulates the gradient of sodium and
potassium across the plasma membrane. It was assessed that the inhibition is made through the binding
to a highly conserved extracellular recognition sequence of the Na+/K+ pump [2]. The favorable
result of the use of the plant-derived cardiotonic steroids led to hypothesizing the existence of an
endogenous cardiac glycoside counterpart in mammals and to assuming that its functional receptor
might be the Na+/K+-ATPase [3]. This enzyme consists of an α- and a β-subunits. The α-subunit
is made of 10 transmembrane segments that include, on the extracellular loops, the binding region
for the cardiac glycoside, known as the ouabain-binding site. This region is highly conserved in the
evolution among species from drosophila to rodents, sheep and humans [2,4].
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2. Endogenous Ouabain (EO) and Na+/K+-ATPase Interaction

The hypothesis of the existence of an endogenous cardiac glycoside became solid, when several
animals [5–10] and human [11,12] studies showed that, in the context of a volume-expanded condition,
it was possible to find an endogenous humoral substance that could counterbalance the increased
renal reabsorption of sodium and water by the inhibition of Na+ transport through vascular and
tubular cell membranes. The volume expansion might be a stimulus for the release of this substance,
called natriuretic hormone, which could control sodium homeostasis through the inhibition of the
key enzyme in the process of its tubular reabsorption, the Na+/K+-ATPase [13,14]. The effect of the
endogenous cardiac glycoside is not limited to the kidney, but also involves the Na+/K+ pumps in other
regions, such as the neuro-vascular system. The consequence of this enzyme’s inhibition is the increase
of the intracellular sodium concentration, which is exchanged for calcium through the Na+/Ca+

exchanger, particularly active in cardiac mussels and smooth vascular muscles [15]. The increase of the
intracellular concentration of these two ions, promoted by elevated levels of this endogenous inhibitor,
might augment vascular tone determining peripheral vasoconstriction and might lead to a rise in
blood pressure [16,17]. Notably, increased levels of cardiotonic glycosides were found in low renin
(i.e., volume expanded) hypertension [18]. The vasopressor effect of the cardiotonic steroids has acute
and chronic aspects. The acute pressor effect is mediated by the increase in the calcium concentration
that causes vasoconstriction, when the short-term cardio-vascular reflexes are blocked. In the case of
sustained and chronic elevation of circulating cardiotonic steroids, the pressor effect is maintained
by the activation of a signaling pathway that up-regulates the expression of several ion transports in
arterial myocytes [19]. It was initially hard to demonstrate that an endogenous digitalis actually exists,
and during past years, many research groups have tried to identify it, particularly under physiological
and pathological conditions, such as hypertension, pregnancy and neonatal period. Consistent findings
obtained over the years suggested that it was possible to isolate different candidate inhibitors of
the Na+-pump in mammalian tissues, urine and plasma, and several natriuretic substances able to
inhibit sodium pumps were identified [4]. Among this compound, it was isolated and characterized
the one presenting the majority of the functional properties of the plant-derived cardiac glycoside.
Hamlyn’s and Haupert’s groups were the first to describe the presence of a cardiotonic steroid
indistinguishable from ouabain in human plasma in 1991 [20]. The endogenous ouabain (EO) was
then isolated from bovine adrenal glands [21], human adrenal glands [22], bovine hypothalamus [23],
rat adrenomedullary cells [24] and biological fluids [25,26] by using the high performance liquid
chromatography (HPLC) and immunoassay methods. The presence of EO was finally demonstrated
with mass spectrometry, nuclear magnetic resonance (NMR) and chromatography, confirming its
existence and its identicalness to the plant-derived ouabain [27,28]. Furthermore, it was possible to
identify the most important production site of EO in the adrenal cortex [29,30]. All this evidence led
to the identification in mammals of numerous endogenous cardiotonic steroids as cardenolides and
bufodienolides (as marinobufagenine) [31]. However, these endogenous compounds are different from
each other and it is fair to assume that they could play a distinct patho-physiological role, acting as
tissue-specific regulators of different isoforms of the Na+/K+-pump [19].

3. Endogenous Ouabain Pressor Mechanism and Genes Involved in the Pathogenesis
of Hypertension

During the past years, many research groups investigated the molecular basis of essential
hypertension, focusing their attention on renal, endocrine, nervous and humoral dysfunction.
In particular, they hypothesized that alterations in renal sodium management could have a key role in
its pathogenesis. The Na+/K+-ATPase activity in the kidneys is regulated by hormonal and genetic
factors including EO and the gene coding for α-adducin (ADD1). Adducin is a cytoskeletal protein
consisting of two heterodimers (α/β or α/γ). ADD1, ADD2 and ADD3 are the three coding genes for
these subunits. It was shown that a polymorphism in the gene ADD1 (determining the presence of a
tryptophan instead of a glycine in the amino-acid position 460, Gly460Trp) was associated with a higher
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expression of Na+/K+-ATPase in the surface of the cell and an enhancement of its activity. To better
comprehend the mechanisms undergoing primary hypertension, researchers developed several rat
models of genetic hypertension, including the Milan hypertensive strain (MHS) of rats that represents
a suitable model for a subgroup of human patients with hypertension. It was shown, in both MHS
rats and humans, that increased concentrations of EO corresponded to an increased tubular sodium
reabsorption and, consequently, hypertension [32]. Furthermore, a prolonged infusion of low doses of
plant-derived ouabain in normotensive rats and rat renal tubular cultured cells was associated to an
enhanced expression and activity of the Na+/K+ pump, leading to a reversible form of hypertension.
Starting from these evidences, it was hypothesized that ouabain itself may be considered as a pressor
agent in vivo. The same phenomenon was documented in cells transfected with genetic variants of
the MHS adducin [33]. In the following years, researchers also tried to understand the mechanism, by
which both ouabain and mutated adducin could modify the expression of the Na+/K+-ATPase in the
kidneys. Under these two conditions, it was possible to evidence a slower recycling of the sodium
pump from the surface of the cell and, consequently, an excessive expression of the Na+/K+-ATPase
in light of a tighter anchoring to the cytoskeletal proteins. This is the biochemical alteration present
in both the ouabain- and adducin-dependent forms of hypertension [34]. These findings apparently
contradict the traditional natriuretic hypothesis that considers the cardiotonic steroids as inhibitors of
the Na+/K+-ATPase. According to this hypothesis, volume expansion conditions might induce the
release of an endogenous hormone (EH) able to promote natriuresis. High levels of EO should lead to a
decrease, rather than an increase, of Na+/K+-ATPase activity. To clarify this issue, the relation between
EO and changes in sodium balance was studied in both rats and patients with essential hypertension.
The results showed that an acute and chronic restriction of salt intake (but not the acute salt loading)
was associated with a significant rise in EO plasmatic levels [35]. Consequently, conditions of salt
and water reductions might provoke the elevation of the EO humoral concentration, meaning that
EO does not act as a natriuretic hormone in vivo [4,36,37]. An important augmented EO level during
physical exercise was demonstrated, which is a state characterized by an increased sympathetic activity
and a decline in renal blood flow [4,38], and is found in patients undergoing cardiac surgery [39].
These results evidenced that EO induces a variety of important mechanisms, which augment vascular
tone promoting renal sodium retention [4]. It might be a fair assumption that EO, through the
enhancement of the renal Na+/K+-ATPase activity, plays a role in body sodium homeostasis and
in the re-establishment and maintenance of the hydro-saline equilibrium [3,19]. Previous studies
demonstrated that adducin has a direct role in the modulation of the renal Na+/K+-ATPase (Figure 1).
Following this evidence, it was important to understand whether adducin polymorphism (Gly460Trp)
might influence EO’s response of the adaptation to a low-salt diet.

In hypertensive patients with mutated ADD1 gene (Trp-460), a chronic low-salt diet is associated
to an important augment of EO plasmatic concentration. Contrarily, it is not possible to recognize the
same condition in wild-type patients (Gly-460), thus counteracting the hypotensive effect of the low-salt
diet. Similarly, there is an increase of EO levels in MHS rats and the congenic rat strain NA (obtained
by the introgression of the MHS ADD1 locus into the normotensive genetic background), but not in
normotensive rats. A high-salt diet does not modify plasma EO in rats, nor in humans. These data
suggest that adducin genotype might predict the changes of EO plasmatic levels under salt restriction
conditions [40,41]. Another study examined the linkage between EO and blood pressure in the general
population obtaining several new evidences. Notably: (1) people with the Gly460Trp polymorphism of
α-adducin have higher EO plasmatic levels compared to the carriers of the wild-type genotype; (2) the
EO plasmatic concentration is directly proportional to urinary potassium excretion; and (3) there is an
important interaction between blood pressure, EO levels and urinary sodium excretion [42]. We can
finally affirm that EO acts as a positive regulator of blood pressure during chronic low-salt diet, whilst
it prevents high salt-induced blood pressure when the salt intake is elevated. There is a correlation
between EO and genetics in the homeostatic regulation of blood pressure in response to changes in
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salt intake (Figure 2). However, this complex relationship requires further investigation in order to be
fully clarified.

Figure 1. Effect of α-adducin of Na+/K+-ATPase pump. The mutated form of α-adducin reduces
endocytosis, leading to an over-expression of the Na+/K+ pump molecules on the basolateral
membrane and to an increased sodium reabsorption. In the basal condition, the association between
phosphatase A2 (PPA2) and adducin is reduced in tubular cells transfected with mutated adducin.
The impairment of this cycle may represent the molecular mechanism underlying the reduced
endocytosis observed in the presence of mutated adducin (figure adapted from Bianchi et al.,
Hypertnsion 2005) [3].

Figure 2. Physio-pathological interaction between Endogenous Ouabain (EO) and of α-adducin.
This interaction can lead to the development of hypertension and organ maladaptive remodeling and
potential target of an anti-ouabain compound (as rostafuroxin) (figure adapted from Ferrandi et al.,
JBC 2004) [43].
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4. The Correlation between Endogenous Ouabain and Organ Damage

4.1. Endogenous Ouabain and Cardiovascular Disease

Studies on rat (normotensive, MNS and MHS rats) and human models have demonstrated that
EO contributes not only to the pathogenesis of hypertension, but also to the development of cardiac
complications, such as ventricular hypertrophy, heart failure and acute myocardial infarction [12–14].
Approximately half of patients affected by essential hypertension have high circulating levels of EO,
and previous studies demonstrated a direct relation between increased EO levels, left ventricular
mass indices and stroke volumes, whilst a negative correlation of increased EO levels with heart rates
was seen [15–17]. EO might be actually considered as a growth-promoting hormone. Indeed, many
authors showed that EO is involved in pro-hypertrophic and pro-fibrotic pathways that lead to cardiac
remodeling with a negative impact on both cardiac structures and cardiovascular functions [30,44].
The authors also tried to understand how EO might perform the role of a signal transducer. Studies
on cultured vascular cells showed that EO, after the binding to its receptor (Na+/K+-ATPase), could
trigger a tyrosine-kinase protein starting an intracellular-signaling cascade that constitutes a stimulus
for the epidermal growth factor receptor (EGFR). This pathway finally permits the transcription
of gene encoding for pro-fibrotic factors [45], promoting cardiac hypertrophy. Relevant evidences
showed that a chronic activation of this complex protein-kinase cascade could finally lead to heart
failure [46]. It was hypothesized that the molecular pathway that leads to organ hypertrophy in vivo
was similar to the one described in cultured vascular cells [16]. In a study conducted on more
than 800 patients undergoing elective cardiac surgery, it was supposed that EO might be also used
as a valuable biomarker of heart failure. This study confirmed the already hypothesized negative
relation that intercourses between increased EO levels and left ventricular ejection fraction and the
positive correlation between EO levels and cardiac end-diastolic diameters. EO were dosed in all
of these patients after and before the surgery, and it was seen that higher EO circulating levels both
in the pre-operation and the immediate post-operation were associated with worst cardiovascular
presentation, higher morbidity and increased risks of perioperative mortality after cardiac surgery [47].

4.2. Endogenous Ouabain and Renal Disease

The main actor in cardiac glucosides’ metabolism is the liver; however, it is now clear that kidneys
also have an important role in their clearance. To validate this evidence, experiments conducted on
the rat demonstrated that partial nephrectomy was associated with higher EO circulating levels [12].
Similarly, it was seen that the progression of kidney disease, in particular the end-stage renal failure,
was associated with an increase of EO levels [19]. High concentrations of EO are comparable to
an excessive and not controllable digitalization that might lead to a vasopressor effect and other
important cardiac side effects. Indeed, studies on patients with Chronic Kidney Disease (CKD) or
undergoing dialysis demonstrated that elevated levels of EO were strongly associated with alterations
in ventricular mass and geometry [48,49], independently from blood pressure and other determinants
of left ventricular hypertrophy. The comorbidities that characterize patients with severe renal diseases
and dialyzed patients, such as hypertension and cardiac hypertrophy, might thus be potentially related
to EO. These data stimulated the interest of the impact of EO on the renal function. To understand
this aspect, a selective podocyte marker protein called nephrin was used. Studies on rats showed that
a prolonged exposure to high levels of EO was associated with a less expression of nephrin in the
podocyte, a reduction in creatinine clearance and increased proteinuria. This last finding was also
replicated ex vivo with the incubation of low dose of ouabain in podocyte primary cell cultures [50].
EO modulates the Na+/K+-ATPase that is involved in tubular ischemic damage, and it is responsible
for the initial nephrinuria and the glomerular damage. The EO’s promotion of kidneys’ damage shown
in rat models suggested a possible role of EO in acute kidney injury (AKI). In a recent observational
study, a blood sample for the dosage of EO was taken during the induction of anesthesia in patients
destined to elective cardiac surgery. Interestingly, patients with higher preoperative levels of EO
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were characterized by worst renal outcomes and higher mortality rates [47,50,51]. Starting from these
evidences, it is a fair assumption that EO might be considered to be a valuable biomarker of individual
susceptibility to the development of AKI after cardiac surgery [52,53].

Recent studies individuated an additional effect of EO, showing that it might also act as a
pro-cystogenic agent in the development of autosomal dominant polycystic kidney disease (ADPKD).
It was shown that the Na+/K+-ATPase of ADPKD cells has an increased affinity with EO, and even if
the mechanism undergoing this abnormal affinity remains uncertain, it might enhance ADPKD cell’s
susceptibility to circulating EO. The exposure of primary cultures of cells isolated from renal cysts of
ADPKD patients to nanomolar concentrations of EO provokes the proliferation of cyst epithelial cells.
In contrast, similar concentrations of EO had a pour influence on the proliferation of normal human
kidney cells [52,53].

4.3. Endogenous Ouabain and Brain Disease

The presence of EO inside the central nervous system (CNS) is well-known since the
early 1990s [54,55]. It was demonstrated that it is an integrated component of a hypothalamic
renin-angiotensin-aldosterone system (RAAS) and also plays an important role in regulation of
systemic Blood Pressure (BP) [37,40,56]. The relation between the central and peripheral RAASes
with central and peripheral EO is still not completely understood [55], but it was discovered that
EO-induced signaling in neurons had positive and direct consequences on rat brain in terms of
brain cells survival [57]. Similarly, in mouse models, the reduction of endogenous steroids seems
to have a protective effect on oxidative stress for CNS [58]. Endogenous steroids, in particular
EO-like compounds, were also described as potential risk factors involved in the etiology of bipolar
disorder [59], mania [60] and depression [61]. Moreover, the use of anti-ouabain antibodies showed a
reduction of maniac [60], as well as depressive [62] status. The development of EO associated behavior
disorders seems directly associated with a dys-regulation of Na+/K+-ATPase inside CNSes [59,60].

4.4. Endogenous Ouabain as Therapeutic Target

As already said in this review, several studies during the last decays individuated a central core
in the increased EO levels that could connect the pathogenesis of several cardiac and renal diseases,
including hypertension, cardiac hypertrophy, heart failure, renal failure and ADPKD. This fundamental
evidence stimulated the birth of a new research branch aiming to individuate a selective competitor
of EO, paving the way for the formulation of new antihypertensive agents that could selectively
correct the molecular mechanisms behind. On this basis, authors’ research groups developed a new
digitoxigening-derived compound, called Rostafuroxin. Its mechanism of action expects to display EO
from its specific binding sites on the Na+/K+-ATPase, modulating its abnormal expression in the cell
surface without inhibiting other renal sodium transporters and without influencing other hormonal
pathways [19,43,63]. As already mentioned, the interaction between EO and its receptor triggers a
complex cascade of intracellular second-messengers that ends with the generation of hypertrophic
stimuli. It was seen that nanomolar concentrations of Rostafuroxin could antagonize the interaction
between EO and the Na+/K+ pump, normalizing this signal response and blocking the excessive
activation of EGFR [19]. In both normotensive and MHS rat models, low oral doses of Rostafuroxin
could normalize the up-regulation of renal Na+-pump, leading to a reduction of blood pressure
levels [19,63]. A similar effect was obtained with the use of Rostafuroxin in other rat models, such as the
deoxycorticosterone acetate–salt rat and the reduced-renal-mass hypertensive rat. Both models were
characterized by a condition of low plasmatic renin, volume expansion and increased levels of EO [64].
In contrast, it was interesting to evaluate that Rostafuroxin does not act as an antihypertensive agent
in these models, in which EO and α-adducin polymorphism are not implicated in the pathogenesis of
hypertension, such as the normotensive control rats and spontaneous hypertensive rats. Moreover,
preliminary results suggest that this molecule, used at oral doses of 7–10 μg/kg/day, might revert
the ouabain-induced hypertrophic activity [35,37]. In a trial of unselected patients, it was shown that
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Rostafuroxin does not influence blood pressure in these patients with no elevated EO levels, assuming
that its effect on blood pressure is strictly related to the genetic background that regulates the synthesis
and the clearance of EO. It was assessed that in Rostafuroxin-sensitive patients, there is a decline of
systolic blood pressure of 14 mmHg after 4 weeks of treatment [65]. Nowadays, we do not have data
about the effect of Rostafuroxin on the treatment of renal failure and the effects of hypertension on
patients with end-stage renal disease, but this compound might have the effect of amelioration of the
grade of hypertrophy and heart failure [46]. The pharmacological profile and the selective mechanism
of action of Rostafuroxin make it the prototype of a compound devoid of the cardiovascular and
hormonal side effects associated with digitalis and diuretic. Indeed, there was no evidence of intrinsic
cardiac inotropic effects or arrhythmogenic activity.

5. Conclusions

During the last years, numerous important advances have led to a better understanding of EO’s
metabolisms and functions, including the characteristics of its receptor and the molecular effects of its
activation. Although many important areas need to be further investigated, compelling data reinforce
the concept that high EO plasmatic levels and adducin polymorphism (Gly460Trp) are associated with
an increased risk of developing diseases including hypertension, ADPKD and organ complications,
such as podocyte injury, cardiac and kidney hypertrophy. It also contributes to the development and
the maintenance of AKI in critically ill patients.

The importance of these evidences is that the understanding of the patho-physiological mechanism
undergoing complex diseases represents a valid substrate to individuate specific pharmacological
targets. This is mainly important in complex multifactorial disease, when a tailored approach based
on individuals’ phenotypes and genotypes should be chosen to treat individual patients carrying
a specific genetic background. Rostafuroxin might be considered to be a revolutionary therapy for
hypertension when increased EO circulating levels and adducin polymorphism exert a pathogenetic
role. Rostafuroxin perfectly fits the new concept of personalized medicine, and it can be considered to
be a safe drug without the most common side effects of previous used compounds.
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Abstract: Fibromuscular Dysplasia (FMD) is “an idiopathic, segmental, non-atherosclerotic and
non-inflammatory disease of the musculature of arterial walls, leading to stenosis of small and
medium-sized arteries” (Persu, et al; 2014). FMD can lead to hypertension, arterial dissections,
subarachnoid haemorrhage, stroke or mesenteric ischemia. The pathophysiology of the disease
remains elusive. While familial cases are rare (<5%) in contemporary FMD registries, there is
evidence in favour of the existence of multiple genetic factors involved in this vascular disease.
Recent collaborative efforts allowed the identification of a first genetic locus associated with
FMD. This intronic variant located in the phosphatase and actin regulator 1 gene (PHACTR1) may
influence the transcription activity of the endothelin-1 gene (EDN1) located nearby on chromosome 6.
Interestingly, the PHACTR1 locus has also been involved in vascular hypertrophy in normal subjects,
carotid dissection, migraine and coronary artery disease. National and international registries of
FMD patients, with deep and harmonised phenotypic and genetic characterisation, are expected
to be instrumental to improve our understanding of the genetic basis and pathophysiology of this
intriguing vascular disease.

Keywords: fibromuscular dysplasia; non atherosclerotic vascular stenosis; PHACTR1;
genetic association; cervical artery dissection; spontaneous coronary arteries dissection

1. Definition and Main Features of Fibromuscular Dysplasia (FMD)

Fibromuscular Dysplasia (FMD) has been defined as “an idiopathic, segmental,
non-atherosclerotic and non-inflammatory disease of the musculature of arterial walls, leading to
stenosis of small and medium-sized arteries” [1]. In the last years, the perception of FMD has evolved
from a rare cause of secondary hypertension involving renal arteries to a more diffuse vascular disease,
affecting also cervico-cephalic, visceral, coronary and iliac arteries [1,2].

Renal and cervico-cephalic arteries are the most frequently affected vascular beds, and both
lesions often coexist (65% in the US registry) [3]. In the Assessment of Renal and Cervical Artery
Dysplasia (ARCADIA) Belgian-French registry [4], systematic, state of the art exploration of the main
arterial beds in 469 patients with FMD revealed that 48% of patients have focal or multifocal FMD
lesions of two vascular beds or more and 15% of three vascular beds or more (multivessel FMD).
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According to the affected arterial bed, FMD can lead to hypertension (renal artery FMD), as well as
to severe complications including arterial aneurysms and dissections, subarachnoid haemorrhage,
stroke or mesenteric ischemia [1,5]. While FMD was initially considered as a rare disease, silent FMD
lesions have been detected in 3–6% of potential kidney donors [6,7].

Recently, multifocal FMD lesions of extracoronary vascular beds have been also identified in up
to 75–80% of patients with spontaneous coronary artery dissection (SCAD). Patients who have had
a SCAD share many similarities with FMD patients, including female predominance (>90%), age at
diagnosis (≈50 years old) and few cardiovascular risk factors [8]. FMD affects predominantly women:
91% in the US registry [3], 84% in the ARCADIA study [4], and 83% in the European registry (A. Persu,
personal communication). In contemporary cohorts, the age at diagnosis is in the range of 50–55 years,
with a wide distribution from small infants [9] to octogenarians [4,5].

Based on angiographic patterns two subtypes have been defined for renal FMD [1,5,10],
and subsequently for cervico-cephalic FMD [1,11], i.e., (i) multifocal FMD: “string-of-beads”
appearance, alternation of stenosis and aneurysmal dilations (>80% of cases), corresponding to the
medial form according to the former histological classification [12]; and (ii) focal FMD: isolated stenosis,
whatever its length, in young patients (usually <40 year old) with few or no cardiovascular risk factors,
in the absence of atherosclerotic or inflammatory lesions. While the pattern of multifocal FMD is
almost pathognomonic, in order to establish the diagnosis of focal FMD, it is necessary to rule out early
localized atherosclerosis, as well as a series of inflammatory and genetic arteriopathies (see Table 1).

Table 1. Differential diagnosis of focal Fibromuscular Dysplasia (FMD) in a nutshell (modified from [1]).

Focal atherosclerotic lesions

Inflammatory arterial diseases:

• Takayasu arteritis;
• Giant cell arteritis.

Arterial diseases of monogenic origin:

• Type 1 neurofibromatosis;
• Alagille syndrome;
• Williams syndrome.

Until recently, the aetiology of FMD remains elusive. The classical aetiological hypothesis are
summarized in the next section.

2. Classical Aetiological Hypothesis

2.1. Female Hormones

In view of the predominance of women among FMD patients, a role for female hormones has
been assumed. In particular, it has been hypothesized that the estrogen-induced production of
extracellular matrix proteins from vascular fibroblasts and vascular smooth muscle cells [13], may be
responsible for some typical histopathological alterations of FMD [12,14]. Unfortunately, up to now,
we lack consistent and powerful data to assess for associations between FMD and e.g., the number of
pregnancies, age at menarche, history of hysterectomy, gynaecological problems, spontaneous abortion
and/or oral contraceptive therapy [12,15]. In addition, all available studies are retrospective, small and
underpowered. Therefore, large prospective registries are needed to test the female hormonal
environment hypothesis.

2.2. Traumatic Theory

Other triggers of FMD may include arterial wall stress [12,14], as it was observed that cyclic
vascular wall stretch increased synthesis of matrix components by smooth muscle cells [16,17]. It has
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also been hypothesized that FMD might result from renal artery traction due to nephroptosis [15]
or repetitive micro-traumas of the vascular wall induced by excessive arterial pulsatility [18].
However, longitudinal studies that would allow proving or disproving these hypotheses are lacking.

2.3. Intramural Ischemia

In 1970s, it was proposed that the first determinant of FMD lesions is occlusion of the vasa
vasorum, which may induce hypoxia in the arterial wall and transformation of smooth muscle
cells into myofibroblasts, typically found in histopathological samples of arteries affected by
FMD [19,20]. In particular, Sottiurai and co-workers demonstrated an increase in myofibroblasts
and extra-cellular connective tissue of the media, as a result of vasa vasorum obliteration by injection
of a thrombine–gelatine mixture into dog femoral arteries [19]. Furthermore, the extracranial internal
carotid and external iliac arteries have fewer vasa vasorum than other muscular arteries of similar size,
which may make them more susceptible to intramural ischemia [12,15]. However, occlusion of vasa
vasorum in patients with FMD has not been demonstrated [20].

2.4. Smoking

Since 1979, smoking has been associated with genesis of FMD and/or its progression in at least 6
studies [15,21–25]. In particular, in a French cohort including 337 patients with FMD, the proportion of
current and ever smokers was 30% and 50%, respectively, compared to 18% and 37% in 337 essential
hypertensive controls (p ≤ 0.001) [24]. Furthermore, current smoking compared to non-current smoking
was associated with an earlier FMD onset (43 vs. 51 years, p < 0.001) [24], and a higher proportion of
renal asymmetry (21% vs. 4%, p = 0.001) and number of renal artery revascularization interventions
(57% vs. 31%, p ≤ 0.001) [24]. Finally, in the US Registry, ever smokers were characterized by an
increased proportion of aortic (4.8% vs. 1.5%, p < 0.01) [26] but also intracerebral (4.8% vs. 1.7%,
p < 0.01) aneurysms [25] compared to never smokers.

3. FMD as a Genetic Disease

3.1. Familial Forms of FMD

Since 1960s to 1970s, a number of cases of familial FMD, i.e., occurrence of FMD in two or more
siblings or relatives, have been reported [26–31]. We report a case of 3 siblings affected by hypertension
and renal artery FMD followed at the Grand Hôpital de Charleroi, Gilly, Belgium (Figure 1), as an
illustration. Interestingly, while two of them had typical string-of-beads lesions, the third had an
isolated stenosis compatible with focal FMD.

In the absence of systematic exploration of first-degree relatives of patients with FMD,
the prevalence of familial FMD remains unclear. In a French cohort of 100 unrelated patients with
renal artery FMD, FMD lesions were documented by angiography in at least one first-degree relative
in 11% of patients [32]. In the first report of the US registry, 7.3% of 447 patients reported a history of
FMD in at least another 1st or 2nd degree relative [3]. However, in recent reports this percentage tends
to be substantially lower: 2.9% in the ARCADIA study [4] and 2.8% in European registry (A. Persu,
personal communication). The prevalence of familial FMD may be higher in paediatric than in adult
patients (17.2% of 29 children vs. 4.7% of 864 adult patients with FMD in a recent report of the US
registry) [33].
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Figure 1. Example of familial FMD from Belgian Multicentric FMD Cohort (BEL-FMD). Patient II.2
came to clinical attention at the age of 64 years for de novo arterial hypertension. The abdominal
Computed Tomography Angiogram showed an aspect compatible with multifocal FMD of both renal
arteries, significant on the right side. She underwent right percutaneous transluminal renal angioplasty
(PTRA), and the hypertensive crises regressed. Patient II.4 was hypertensive from the age of 53 years
and was referred at the age of 59 years for worsening of blood pressure control, associated to decreased
renal function. Abdominal Magnetic Resonance Angiography (MRA) showed mild irregularities
suggestive of FMD in the right renal artery, in the absence of significant stenosis. Patient II.6 came to
clinical attention at the age of 58 years for renal asymmetry (kidney length: 9.5 cm on the right side
vs. 12 cm on the left). The abdominal MRA identified a focal stenosis of 70% of the right renal artery.
Patient II.6 underwent renal arteriography, which disclosed an irregular aspect of the arterial wall
on the left side and only a 30% stenosis on the right side. Notably, none of these three patients had
lesions of cervico-cephalic or others vascular beds. Estimated Glomerular Filtration Rate (eGFR) was
calculated using the Modification of Diet in Renal Disease (MDRD) equation.

3.2. Genetic Susceptibility to FMD

While clear Mendelian familial presentation of FMD appears to be rare, genetic factors may be
involved in the pathophysiology of the more common, apparently sporadically occurring forms of
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FMD. Already in 1980, Rushton suggested a familial pattern of FMD in 12 out of 20 unrelated FMD
patients, with indication of autosomal dominant inheritance [34]. Nevertheless, the presence of FMD
in relatives was assumed on the basis a history of vascular diseases occurring before 50 years, many of
which may have been due to atherosclerosis [34].

More than 20 years later, using high resolution echotracking, Boutouyrie and co-workers described
typical abnormalities of the arterial wall of the carotid bifurcation and radial artery of patients
with renal artery FMD, including a characteristic “triple signal” pattern [23]. Interestingly, these
abnormalities were significantly more frequent in patients with FMD (echotracking arterial score 4.02)
but also in apparently healthy first-degree relatives of patients with FMD (echotracking arterial score
4.17) compared to unrelated normotensive controls (echotracking arterial score 2.52), with a pattern of
inheritance suggesting once again an autosomal-dominant transmission [35]. Beyond the existence of a
small proportion of clearly familial forms, these data suggest the existence of an inherited component
in FMD at large, and provide a rationale for recent studies aiming at identifying susceptibility genes.

3.3. Overlap with Genetic Syndromes

Vascular abnormalities associated with FMD include arterial stenosis, tortuosity, aneurysms and
dissections in one or more arterial beds [1]. Patients with rare inherited arteriopathies and connective
tissue diseases (CTD) may harbour similar lesions. Furthermore, a proportion of patients with FMD
harbour non-vascular features associated with CTD, suggesting an overlap between these entities and
a possible role of the corresponding genes in non-syndromic FMD. In a cohort of 47 multifocal FMD
patients, without family history of CTD, 95.7% of subjects presented radiological features, such as
cerebral aneurysm (12.8%), early onset degenerative spine disease (95.7%), increased incidence of
Arnold-Chiari I malformation (6.4%) and dural ectasia (42.6%) [36]. However, genetic screening failed
to identify mutations in genes involved in hereditary CTD (COL3A1, FBN1, PLOD1, TGFβR1, TGFβR2,
TGFβ2, SMAD3, ACTA2, and COL5A1) [36]. The most frequent clinical CTD features in a cohort of 139
female patients with FMD from the US registry were early onset (before age 50) osteoarthritis (15.6%),
palatal abnormalities (56.1%), moderately severe myopia (29.1%), pectus excavatum or carinatum
(7.2%), and dental crowding (29.7%) [37]. However, the prevalence of classical CTD features was
estimated at 18.7%, similar to the general female population [37]. Finally, no mutation in TGFβR2,
COL3A1, FBN1, ACTA2, or SMAD3 gene was detected in a series of 35 FMD patients, again from the
US registry. In this cohort, two distinct variants were identified in transforming growth factor beta
receptor 1 (TGFβR1) gene in two unrelated patients. Both variants induced an amino acid substitution
in a highly conserved region of TGFβR1, however their role is unknown [38]. Still, these findings
may be relevant in view of the identification of increased plasma transforming growth factor beta-1
(TGF-β1) and transforming growth factor beta-2 (TGF-β2) secretion in dermal fibroblast lines from
patients with FMD compared to age and gender-matched controls [36]. Overall, while FMD and CTD
share some similarities, arguments in favour of a common genetic basis are scarce.

4. Challenges of the Genetic Investigation of FMD

Several reasons make genetic investigation of FMD challenging and limit access to
multi-generational families or large cohorts of patients: (i) as most patients are no longer operated
nowadays, histopathologic confirmation of the diagnosis is lacking; (ii) the surrogate “gold standard”,
catheter-based angiography, which was at the basis of the current angiographic diagnostic criteria and
classification cannot be proposed as a first-line screening test, in view of its invasiveness and potential
risks [1]; (iii) while the string of beads is almost pathognomonic for multifocal FMD, the diagnosis
of focal FMD requires exclusion of a number of FMD mimics, such as localized atherosclerosis,
and inflammatory or inherited arteriopathies (Table 1), which implies a risk of misclassification and
subsequent decrease in statistical power in case-control studies; (iv) in the absence of systematic
exploration of controls and relatives of FMD patients, study results may be unreliable, as it has been
estimated that 3–6% of subjects from the general population may harbour silent FMD lesion [6,7];
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and (v) few large, multigenerational families are currently available for analysis. These hurdles may
be partly overcome by the development of large national and international registries [3,4,39] including
well characterized patients, with image archiving and biobanking, and the use of standardized,
state-of-art imaging, as well as identification and validation of specific biomarkers, such as subtle
changes in the arterial wall detected by high resolution echography [23,35,40,41].

5. Current Knowledge from Genetic Studies

5.1. Candidate Gene Studies

Literature on the genetics of FMD is scarce and, when available, studies are generally
underpowered to assess the role of the tested genes. The main reason is the lack of large pedigrees to
perform linkage analyses or large cohorts of well-characterized FMD patients for association studies.
Variants in genes belonging to pathways related to the extracellular matrix of the arterial wall failed to
show significant or even promising associations with FMD. Single Nucleotide Polymorphisms (SNPs)
in the elastin gene (ELN), which harbours causative mutations for supravalvular aortic stenosis in
Williams–Beuren syndrome (OMIM reference: #194050) (Perdu & Jeunemaitre, Unpublished data),
as well as in the alpha1-antitrypsin gene (AAT) [42], were distributed evenly in patients with FMD and
healthy controls or patients with essential hypertension. The modest sample size (N cases = 161) and
lack of comprehensive coverage of the genes of interest, including regulatory regions, may partially
explain these negative findings. Screening for causative mutations in the actin α-2 gene (ACTA2),
involved in rare cases of aortic aneurysms was also negative [43]. Finally, as indicated above,
screening for mutations involved in rare vascular syndromes such as Marfan, Loeys-Dietz and vascular
Ehlers-Danlos Syndrome, in the TGFβ signalling pathway and/or extracellular matrix components
(e.g., fibrillin and collagen genes) was disappointing [26,37]. Fortunately, the development of Next
Generation Sequencing (NGS) opened the possibility to conduct hypothesis free experiments, such as
exome sequencing, to explore families.

5.2. Exome Studies

5.2.1. Genetic Investigation of FMD Using Exome Sequencing in Families

The first exome sequencing study published on FMD was conducted in 16 related patients from
7 families including at least two first-degree relatives with confirmed FMD recruited in the French
database of the Rare Vascular Diseases Referral Centre of the European Hospital Georges Pompidou
(HEGP), Paris, France [31]. Under the hypothesis of implication of rare variants, the authors applied a
filter on minor allele frequency <0.01, and only analysed coding variants that changed amino acids.
Affected siblings share 50% of their genetic variants by chance. However, if several genetic variants
located in the same gene are shared by siblings from several families, one can argue for genetic causality
for this gene. A threshold of three families sharing variants in the same gene was arbitrary chosen
in order to consider a gene as a putative candidate for FMD. Unfortunately, this condition has not
be satisfied by any of the 3971 genes analysed [31], suggesting the lack of major common genetic
determinant for FMD, at least under the assumption of classical Mendelian inheritance.

In the same study, the authors selected some genes harbouring rare coding variants without
intra-familial segregation, and looked for the frequency of variants in these genes in 249 unrelated FMD
patients, also ascertained from the Rare Vascular Diseases Referral Centre, HEGP and 689 controls
from the SUpplémentation en VItamines et Minéraux AntioXydants (SU.VI.MAX) study, a national
sample of healthy volunteers. They applied a gene-based collapsing analysis named Optimal Sequence
Kernel Association Test (SKAT-O), which is recommended for measuring association of multiple rare
variants in a given gene instead of testing each individual variant separately, thereby providing more
power [43]. Despite overall negative findings, this study unravelled nominally significant association
between multifocal FMD and myosin light chain kinase (MYLK; previously involved in thoracic aortic
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aneurysms), dynein cytoplasmic heavy chain 1 gene (DYNC2H1), obscurin (OBSCN; a sarcomeric
protein) and RNF213, previously associated with Moyamoya disease (p = 0.01) [43]. While these
findings need replication, they highlight the importance of accurate phenotyping and classification, to
distinguish multifocal FMD from focal FMD, which may have different pathophysiologies, and/or to
avoid including phenocopies/FMD mimics.

5.2.2. Potential Genetic Link between the Grange Syndrome and FMD

Recently, Guo and co-workers [44] conducted a whole-exome-sequencing analysis on DNA from
two affected siblings of the first reported family affected by Grange syndrome. This is a unique
autosomal recessive syndrome, characterized by arterial stenosis that is similar to focal FMD in
angiographic appearance and distribution, congenital cardiac defects, brachydactyly, syndactyly,
bone fragility and learning disabilities [45]. Using very stringent filtering criteria, and by retaining
only loss-of-function mutations, whole exome sequencing led to the identification of two compound
heterozygous loss-of-function mutations in the YY1 associated protein 1 gene (YY1AP1) in the two
siblings [44]. Sanger sequencing confirmed the presence of both YY1AP1 mutations in the third affected
sibling. Interestingly, their mother, who harboured one of the variants, had a stenosis of the proximal
renal artery without other syndromic manifestations. Finally, three other unrelated patients with the
Grange syndrome were found to harbour distinct YY1AP1 mutations at the homozygous state.

The YY1AP1 gene encodes a 88 kDa protein that is part of the INO80 chromatin-remodelling
complex, and may play a role in transcriptional regulation and cell cycle control. The authors showed
that YY1AP1 expression is induced during smooth muscle cell differentiation in vitro and that its
knockdown prevents the expression of smooth muscle markers and the differentiation of smooth
muscle cells. YY1AP1 loss-of-function mutations may thus lead to an increased presence of proliferating
smooth muscle cell precursors and reduced amounts of differentiated quiescent, contractile smooth
muscle cells. In view of these elements, the authors hypothesized that heterozygous YY1AP1 variants
may be a rare predisposing allele of FMD [44]. While analysis of whole-exome-sequencing data of 282
patients with FMD and 286 matched controls failed to show an increased burden of YYAP1 variants in
FMD cases vs. controls, a single heterozygous YY1AP1 frameshift mutation was identified in one out
of the 282 cases—a female patient with involvement of both renal and carotid arteries—and none in
the controls subjects [44]. Further genetic studies are required to determine the possible contribution
of YYAP1 variants in non-syndromic FMD.

5.3. Non-Hypothesis Driven Genetic Association Study

After the limited success of whole-exome-sequencing in related FMD patients and poor yield
of screening for rare variants [31,44], alternative hypotheses needed to be explored. Using a genetic
association study in 1154 patients with (mostly renal artery) FMD and 3895 controls of European
ancestry, Kiando and co-workers reported the first consistent and replicated association. They found
that allele A of a genetic variant (rs9349379) of the phosphatase and actin regulator 1 gene (PHACTR1),
highly prevalent in the general population (~60%), was associated with a 40% increase in relative risk of
FMD (OR = 1.39, p < 7.36 × 10−10) [46]. Moreover, in 2458 healthy volunteers, the authors documented
an association between the PHACTR1 at-risk allele and increased carotid intima-media thickness (IMT)
(p < 1.65 × 10−4) and wall-to-lumen ratio (p = 0.002) [46]. Furthermore, while expression of PHACTR1
did not differ in cultured human fibroblasts from 51 patients with FMD compared to 39 controls,
stratification by rs9349379 genotype indicated increased expression in subjects with the at-risk allele,
rs9349379[A] (p < 0.003) [46]. Finally, zPhactr1 knockdown was associated with a mild (~8%) but
significant (p < 0.05) vessel dilatation in zebrafish [46].

Already in 2015, the Cervical Artery Dissections and Ischemic Stroke Patients (CADISP) study,
a consortium dedicated to the genetics of cervical artery dissection (CeAD), had identified PHACTR1
as a risk locus for stroke in young adults. In particular, the rs9349379[A] allele was associated
with a higher CeAD risk (OR = 1.33, p = 4.46 × 10−10) [47]. Furthermore, in a meta-analysis of
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29 genome-wide association studies (GWAS), including a total of 23285 individuals with migraine
and 95,425 population-matched controls, rs9349379[A] was associated with an increased risk of
migraine without aura (p < 2.81 × 10−10) [48], clinical presentation shared by FMD and CeAD.
These findings are of interest in view of the overlap between FMD, carotid artery dissection and
migraine. Indeed, in a sample of 732 patients with CeAD, the prevalence of documented FMD
was 5.6%, with a significant difference between patients with multiple and single CeAD (15% vs.
3.8%, p < 0.0001) [49]. Furthermore, headaches are a common symptom in patients with FMD
(60% of patients in the US registry, with classical migraine-type headaches reported in 32%) [3].
More intriguingly, in a meta-analysis of four large genome-wide association studies including 15420
individuals with coronary artery disease (CAD) and 15,062 controls, the same allele, rs9349379[A],
was associated with a decreased risk of CAD (p = 5.8 × 10−19) [50]. The associations of the rs9349379
locus with cardio- and cerebrovascular diseases are summarized in Figure 2.

Figure 2. Association of rs9349379 locus with PHACTR1 and Endothelin-1 expression, cardio- and
cerebrovascular diseases [46,51].

5.4. Insights and Limitations from Functional Genomics at PHACTR1 Locus

Although rs9349379 is seemingly positioned in a PHACTR1 intron, it is actually located about
54 kbp upstream of PHACTR1 transcription start site used in endothelial and smooth muscle cells
of the arteries, and about 265 kbp upstream of another PHACTR1 transcription start site used in
macrophages [52]. The homozygous A allele at rs9349379 was associated with higher PHACTR1
expression in skin fibroblasts and macrophages in healthy donors [46,53] (Figure 2). Publicly available
datasets show an enrichment of histone acetylation marks (H3K27ac) close to rs9349379 in arteries,
but not in other analysed tissues, suggesting that the region may serve as a tissue-specific enhancer [51].
The rs9349379[G] allele is predicted to disrupt a bona fide binding site for myocyte enhancer factor
2 (MEF2) transcription factors, and binding of MEF2s to this site was indeed shown in vitro [54].
However, knockdown of either MEF2A or MEF2C in human umbilical vein endothelial cells did not
result in a decrease of PHACTR1 expression.

A recent study used induced pluripotent stem cells and CRISPR-Cas9 modification to study the
effect of homozygous rs9349379[A] or [G] on gene expression [51]. Modified cells were differentiated
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into vascular endothelial or vascular smooth muscle cell lineages, and gene expression was analysed
using microarrays and qPCR. The results suggested that the rs9349379[G] genotype increases the
expression of endothelin-1 (ET-1), whose precursor is encoded by the EDN1 gene, located about
600 kbp upstream of rs9349379. This observation was corroborated by the finding of higher levels of
Big ET-1, a precursor of endothelin-1, in the plasma of healthy subjects harbouring G allele, at least
at the homozygous state. ET-1 is a potent vasoconstrictor, which acts on smooth muscle cells to
favour their contraction, proliferation and migration. It also plays a role in vascular relaxation
through endothelial cells [36]. Accordingly, endothelin-1 imbalance may play a role in the association
of rs9349379 to various cardiovascular diseases, although further exploration of the mechanisms
specifically involved in FMD is still required.

6. Ongoing Studies

Current efforts to improve diagnostics of FMD aim to identify screening methods that would
have a high sensitivity and specificity for FMD, and be easy to use, cost-effective, and available in
the clinical practice. Preliminary analysis of the very high-Frequency Ultrasonography for arterial
phenotyping in patients with Cervico-cerebral artery dissection, Hypertension, Spontaneous coronary
artery dissection and fibromuscular dysplasIA (FUCHSIA) study showed an eutrophic remodelling of
the radial artery wall in 11 hypertensive female FMD patients with a peculiar “blurred” pattern [41].
Similar images have also been identified in 5 female SCAD patients [55]. New information is also
expected from the Pathophysiological Mechanisms of Fibromuscular Dysplasia (MeDyA) study
(ClinicalTrials.gov Identifier: NCT01935752), a pathophysiology study designed to assess endothelial
function in patients with FMD compared to hypertensive and healthy controls, and to identify
possible plasmatic biomarkers (circulating microparticles, circulating microRNAs, endothelial proteins),
and vascular echo-tracking abnormalities related to the FMD.

From a genetic and pathophysiologic point of view, the Defining the Basis of Fibromuscular
Dysplasia (DEFINE) study (ClinicalTrials.gov Identifier: NCT01967511) is in the process of recruitment.
The researcher’s aim is to establish functional, molecular and genetic profiles of fibroblasts from FMD,
SCAD and CeAD patients as compared to matched control subjects, in order to dissect the core biologic
mechanisms underlying these disorders. Such data should allow to identify similarities and differences
in pathophysiology, which could help stratify patients by using biological markers.

7. Future Research Directions and Clinical Perspectives

In view of the relatively modest association of rs9349379[A] with FMD [46], compatible with
polygenic inheritance, and the poor yield of screening for mutations in genes involved in CTD [36–38],
genetic testing has currently no place in the diagnosis and management of the disease outside a
research context [1]. Still, progressive dissection of the genetic basis of FMD paves the way for a
better understanding of the disease, which may hopefully lead to identification of accurate prognostic
biomarkers and novel preventive and therapeutic options.

The association of FMD with the intronic variant in PHACTR1 needs to be replicated in large and
independent cohorts of patients with more balanced representation of renal and cervico-cephalic
FMD, and tested in related conditions, such as SCAD. Whether this association is restricted to
multifocal FMD or is also present in patients with focal FMD, and whether it is modulated by
gender, ethnic background, tobacco exposure and/or other environmental factors remains to be
demonstrated. More studies are also needed to better understand the dichotomic effect of the PHACTR1
locus on FMD and related vascular diseases on one side, and on atherosclerotic coronary artery
disease on the other side. Larger cohorts obtained through international collaborations should also
facilitate identification of other susceptibility loci associated with FMD. Unveiling of genetic factors
underlying FMD and their interactions with environmental factors may allow (i) to propose a more
accurate classification of the disease; (ii) to identify subsets of patients with FMD associated with a
higher risk of progression/complications; and (iii) to ascertain or not the dysplastic nature of arterial
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aneurysms and/or dissections occurring in patients without typical string-of-beads or focal FMD
stenosis. Such advances in our understanding of the genetic basis of FMD are critically dependent on
ongoing efforts to develop large scale registries including patients with FMD and related diseases,
such as the US and European/International registries [3,39].
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Abstract: Left ventricular hypertrophy (LVH) is an independent risk factor for adverse cardiovascular
events and is often present in patients with hypertension. Treatment to reduce blood pressure and
regress LVH is key to improving health outcomes, but currently available drugs have only modest
cardioprotective effects. Improved understanding of the molecular mechanisms involved in the
development of LVH may lead to new therapeutic targets in the future. There is now compelling
evidence that the transcription factor Kruppel-like factor 15 (KLF15) is an important negative regulator
of cardiac hypertrophy in both experimental models and in man. Studies have reported that loss or
suppression of KLF15 contributes to LVH, through lack of inhibition of pro-hypertrophic transcription
factors and stimulation of trophic and fibrotic signaling pathways. This review provides a summary
of the experimental and human studies that have investigated the role of KLF15 in the development
of cardiac hypertrophy. It also discusses our recent paper that described the contribution of genetic
variants in KLF15 to the development of LVH and heart failure in high-risk patients.

Keywords: Kruppel-like factor 15; left ventricular hypertrophy; cardiac hypertrophy; heart failure;
genetics of left ventricular hypertrophy

1. Introduction

Left ventricular hypertrophy (LVH) is an independent and potent risk factor for cardiovascular
events [1] and is often present in patients with hypertension. LVH is diagnosed by electrocardiography,
echocardiography or cardiac magnetic resonance imaging. The prevalence of LVH in the general
population is 10% [1] but rises to 40–70% in those with risk factors such as hypertension, aortic
stenosis, diabetes and chronic kidney disease [2–5]. As LVH per se causes no symptoms (preclinical),
it is often only diagnosed after patients present with symptoms such as heart failure [1]. Treatment
to regress LVH is key to improving health outcomes [6,7], but currently available drugs have only
modest cardioprotective effects [8]. Improved understanding of the molecular mechanisms that
contribute to the development of LVH provides an opportunity to identify pathways that may be new
therapeutic targets.

Our group is interested in the function and regulation of transcription factors in the development
of LVH. To date, studies have mainly focused on factors that induce hypertrophy such as GATA
binding protein 4 (GATA4), myocyte enhancer factor 2 (MEF2) and serum response factor (SRF) [9]
(Figure 1). However, there are also transcriptional repressors of hypertrophy such as Kruppel-like
factor 15 (KLF15) [10], and compelling experimental evidence that suppression of KLF15 contributes
to LVH through lack of inhibition of pro-hypertrophic transcription factors [9]. This review provides
a summary of experimental and human studies that have investigated the role of KLF15 in the
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development of cardiac hypertrophy. It also discusses our recent paper that described the contribution
of genetic variants in KLF15 to the development of LVH and heart failure in high-risk patients.

Figure 1. Schema illustrating how loss of the inhibitory effect of KLF15 on pro-hypertrophic cardiac
transcriptional regulators may contribute to the development of LVH and heart failure. ↑ Increased;
X in red font represents the inhibitory effect; GATA4, GATA binding protein 4; KLF15, Kruppel-like
factor 15; MEF2, myocyte enhancer factor 2; SRF, serum response factor.

2. Kruppel-Like Factor 15 and Cardiac Hypertrophy

KLF15 is one member of a family of 18 Kruppel-like factors (KLF). The KLFs are a subclass of the
zinc-finger family of DNA-binding transcriptional regulators, homologous to the Drosophila gap gene
Kruppel [11]. KLF15 is expressed in myocytes and fibroblasts [12]. Both in vitro and in vivo studies
support a role for KLF15 as a repressor of pathological cardiac hypertrophy and fibrosis [10,12,13].
Cardiac KLF15 expression is low during development and increases after birth to reach high levels in
the adult rat and mouse heart [13,14]. The action of KLF15 to repress hypertrophy occurs through the
inhibition of the activity of pro-hypertrophic transcriptional regulators, which affect atrial natriuretic
peptide (ANP) and brain natriuretic peptide (BNP) promoter activity [13]. Expression of KLF15
is unchanged during physiologically induced LVH (i.e., exercise) but is decreased in pathological
LVH [15].

Table 1 summarizes the results from in vivo studies that have explored KLF15 in experimental
models of cardiac hypertrophy. Overall, regardless of the model used, the results have consistently
shown that loss of KLF15 contributes to the development of cardiac hypertrophy. The approaches
used to induce LVH include cardiac KLF15 null (−/−) mice, high blood pressure (angiotensin (Ang)
II infusion [10], transgenic TGR(mRen2)27 rat (Ren-2) [15], high salt diet in Dahl salt-sensitive rats,
isoproterenol infusion [16]) and surgical methods such as transaortic constriction [13], ascending aortic
constriction [12,13], and aortic banding [17].

2.1. Mouse Models of KLF15 Gene Deletion, Overexpression and Cardiac Hypertrophy

KLF15 null mice are viable with increased heart cavity size and reduced left ventricular (LV)
fractional shortening, but no increase in wall thickness [13]. Under conditions of pressure–overload
due to ascending aortic constriction, KLF15 (−/−) null mice had marked LV cavity dilation, reduced
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systolic function, and increased cardiac mass compared to KLF15 wildtype (+/+) mice. Morphometric
studies indicated that cardiomyocytes from KLF15 null mice were larger and longer compared to
cardiomyocytes from wildtype mice with ascending aortic constriction. Others have reported that
ascending aortic constriction in KLF15 null mice led to increased profibrotic factor connective tissue
growth factor (CTGF) expression compared to sham operated KLF15 null mice [12]. Similar effects
were seen in the study by Halder et al. [10] in which Ang II infusion led to impaired LV dysfunction
and cavity dilation with increased cardiac mass in KLF15 null mice; the observed effects were not
related to differences in blood pressure between wild type and null mice. Isoproterenol infusion also
increased cardiac mass, cardiomyocyte cross-sectional area and led to significant fibrosis in KLF15 null
mice compared to vehicle treated KLF15 null mice [16], with no effect in wildtype KLF15 mice [16].
Pressure-overload in mice with genetic deletion of KLF15 also led to a parallel increase in the cardiac
expression of hypertrophic markers ANP, BNP and CTGF [10,12,13,16].

Halder et al. [10] examined the effect of restoring KLF15 levels on cardiac hypertrophy.
The authors hypothesized that p53, a protein known to regulate the expression of genes involved in
growth and apoptosis and activated by Ang II, played a role in cardiac decompensation. They reported
that KLF15 null mice had a significant increase in p53 expression after Ang II infusion, and that
KLF15 deficient hearts were rescued by p53 deletion or with curcumin, a potent p300 acetyltransferase
inhibitor [10]. The p300 acetyltransferase inhibitor is an important regulator of p53 function and
involved in acetylating GATA4, MEF2 and the Smads. Curcumin also ameliorated heart failure in
KLF15 null mice, reduced cardiac mass, improved LV systolic function and decreased p53 abundance in
heart tissue. The authors also investigated the effects of adenoviral KLF15 overexpression in neonatal
rat ventricular cardiomyocytes (NRVM), which did not reduce p300 abundance or acetyltransferase
activity [10].

The therapeutic potential of KLF15 overexpression on LVH in mice was examined using
recombinant adenovirus (AAV9) to overexpress KLF15 and Ang II infusion to stimulate cardiac
hypertrophy [18]. As expected Ang II infusion increased LV mass and cardiomyocyte size in AAV-
green fluorescent protein (GFP, control vector) mice, with a blunted increase in LV mass and no change
in cardiomyocyte size in Ang II infused mice infected with AAV9-KLF15. Ang II infusion increased
interstitial fibrosis and LV mRNA expression of hypertrophic marker genes ANP and alpha skeletal
actin (αSKA) in AAV9-GFP mice, but this effect was not modulated in the AAV9-KLF15 mice despite
the reduction in LV mass. This result suggests that collagen deposition may occur through pathways
independent of KLF15 and its effect to inhibit cardiac hypertrophy.

2.2. Rat Models of Cardiac Hypertrophy and KLF15

KLF15 expression was examined in 2 models of hypertension—the transgenic TGR(mRen2)27 rat
(Ren-2) [15] and the high salt fed Dahl salt-sensitive rat [19]. The Ren-2 rat is characterized by severe
hypertension, LVH, suppression of the kidney renin-angiotensin system and unchanged or suppressed
levels of plasma renin, Ang I and II and angiotensinogen compared to wildtype rats [20]. Cardiac
KLF15 expression was reduced at an early stage of LVH. In an elegant series of experiments, cardiac
biopsies were taken from the rats with a similar degree of cardiac hypertrophy and normal systolic
function, and followed over time. KLF15 mRNA expression decreased more in the hypertrophied
hearts that progressed to heart failure compared to control and compensated rats, suggesting that
expression of KLF15 may play a role in the prevention of heart failure.

Dahl salt-sensitive rats fed a high salt diet developed hypertension-induced LVH at 11 weeks,
with LV dilatation and heart failure at 17 weeks [19]. Cardiac KLF15 mRNA was significantly reduced
with LVH and decreased further with the development of heart failure. This change was associated
with increased ANP gene expression with LVH and a further increase in levels with the development
of heart failure [19].

Aortic stenosis is a common cause of LVH and KLF15 expression has been examined in two
experimental models of aortic constriction—transaortic constriction and aortic banding. In adult
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Sprague-Dawley rats, KLF15 mRNA expression was non-significantly reduced at 2 days post
transaortic constriction with a significant reduction by 7 days post transaortic constriction [13].

Yu et al. [17] conducted studies in rats with pressure overload secondary to aortic banding and
examined the effect of debanding and unloading pressure at 3 and 6-weeks. Aortic banding increased
ejection fraction and LV pressure compared to the sham group, and both improved after debanding.
At both 3 and 6-weeks after aortic banding, rats had decreased KLF15 mRNA, and increased CTGF,
transforming growth factor-β (TGFβ) and myocardin-related transcription factor A (MRTF-A) with
fibrosis and increased collagen I and III mRNA compared to sham-operated rats. KLF15 levels dropped
further in the 6-week banded animals. Aortic debanding resulted in a decrease in collagen mRNA,
increased KLF15 and reduced TGFβ mRNA.

2.3. In Vitro KLF15 and LVH Studies

Table 2 summarizes the results of in vitro studies of KLF15 which have been mainly conducted
in NRVM, and include KLF15 gene silencing [15], KLF15 overexpression [13,15], and cardiomyocyte
hypertrophy induced with pro-hypertrophic factors [13,15]. Two studies were conducted in cardiac
fibroblasts [12,17].

2.4. KLF15 Knock Down or Overexpression

In rat cardiomyocytes treated with KLF15 siRNAs, there were significant increases in
cardiomyocyte size and ANP mRNA expression [15]. The loss of KLF15 alone was sufficient to
induce cell hypertrophy [13]. Two studies explored overexpression of KLF15 in cardiomyocytes [13,15].
In contrast to the gene knock down study, overexpression of KLF15 reduced cardiomyocyte ANP and
BNP mRNA [13,15] and led to reduced cardiomyocyte size in one study [13] but not the other [15].

Two studies examined KLF15 levels in cardiac fibroblasts. KLF15 inhibited the expression of CTGF
in cardiac fibroblasts [12,17]. Adenoviral overexpression of KLF15 in neonatal rat ventricular fibroblasts
(NRVF) inhibited both basal and TGFβ induced CTGF expression. Similar to TGFβ treatment
in cardiomyocytes [15], TGFβ reduced KLF15 gene expression and induced CTGF in NRVF [12].
Co-immunoprecipitation and mobility shift experiments showed KLF15 inhibited recruitment of a
co-activator P/CAF (a potent transcriptional co-activator of Smad3 target genes) to the CTGF promoter
with no effect on Smad3 binding. KLF15 mediated repression of CTGF promoter was rescued by
overexpressing P/CAF [12].

In primary neonate rat cardiac fibroblasts in which hypertrophy was also induced with TGFβ,
silencing of the KLF15 gene with KLF15-shRNA significantly decreased KLF15 protein. In contrast,
KLF15 overexpression with a recombinant adenovirus increased KLF15 protein expression. Fibroblasts
stimulated with TGFβ alone showed increased collagen mRNA. TGFβ stimulated fibroblasts with
KLF15 overexpression had less fibrosis and hypertrophy, reduced CTGF and myocardin related
transcription factor A (MRFT-A) mRNA, all of which were increased in KLF15-shRNA infected
fibroblasts [17].
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2.5. Hypertrophy Induced by Stimulation with Pro-Hypertrophic Factors

KLF15 mRNA expression is low in NRVM but induced with serum starvation with an expression
pattern that is antiparallel to that of ANP and BNP gene expression [13]. Treatment of NRVM with the
pro-hypertrophic stimuli, endothelin-1 and phenylephrine, decreased KLF15 mRNA expression and
induced ANP and BNP expression. Similarly, in cultured neonatal rat cardiomyocytes, stimulation with
phenylephrine, endothelin-1 and TGFβ significantly reduced KLF15 expression levels [15]. However
KLF15 expression was unchanged when cardiomyocyte growth was induced with physiological
hypertrophy stimuli (i.e., insulin, insulin-like growth factor 1 or 2). These results support a role
for the involvement of KLF15 in pathological hypertrophy but not in physiological hypertrophy.
TGFβ-mediated down regulation of KLF15 was abolished with knockdown of the TGFβ receptor 1 [15].
TGFβ-mediated activation of p38 mitogen-activated protein kinase was also necessary and sufficient
to decrease KLF15 expression. Adenoviral overexpression of an upstream p38 kinase (MKK6)
that induced increased p38 phosphorylation led to an 80% decrease in KLF15 mRNA and the
induction of BNP. No other studies have explored TGFβ stimulated hypertrophy and KLF15 levels
in cardiomyocytes.

3. Human Studies of KLF15

3.1. KLF15 Expression in Human Cardiac Tissue

Consistent with the observation in experimental studies, there is evidence that loss of cardiac
KLF15 expression may contribute to pathological LVH in humans (Table 3). Three separate studies
investigated KLF15 expression in LV tissue obtained from patients undergoing cardiac surgery.
In patients with LVH secondary to aortic stenosis, KLF15 protein was reduced in myocardial needle
biopsy samples taken from the anterior LV of patients undergoing open heart surgery (n = 8) compared
to patients undergoing coronary bypass grafting (n = 6) [13]. These patients were selected from a larger
group of patients from an earlier study [21]. The characteristics of the subgroup of patients used in
the paper by Fisch et al. [13] were not provided. KLF15 mRNA was also significantly reduced in LV
samples of patients with non-ischaemic cardiomyopathy (n = 36) compared to control tissue from
non-failing hearts deemed unsuitable for transplantation (n = 30) [10].

In patients with end-stage heart failure undergoing implantation and explantation of a
left ventricular assist device (LVAD) as a bridge to transplantation, pre-device implantation LV
KLF15 mRNA expression was reduced in the failing heart compared to control non-failing hearts,
with significant recovery of KLF15 expression after mechanical unloading [14]. The latter study used
3–4 samples per group, collected as part of a larger study (36 pre-LVAD, 30 post-LVAD) [22].

3.2. Genetic Studies of KLF15 in Patients with LVH

Conventional risk factors do not explain all the variability in LVH [23], and a heritable component
underlying LVH is recognized. We recently explored the genetic association of KLF15 single nucleotide
polymorphisms (SNP) in patients with type 2 diabetes and an echocardiographic assessment of LV
mass [2]. The intronic KLF15 SNP rs9838915 A allele was significantly associated with LV mass and
the association was replicated in an independent cohort of >5000 type 2 diabetes patients (Table 3).
The KLF15 rs9838915 A allele predicted the first hospitalization with heart failure [24]. No other
genetic studies have been conducted in this area. Analysis of the GTEx data, [25], identified 84
expression quantitative trait loci downstream of KLF15 as highly significant (p values 0.00011 to
3.810−8, false discovery rate <5%, alternative allele effect sizes from 0.12–0.16) modifiers of KLF15
gene expression in transformed fibroblasts. Although the rs9838915 SNP was not examined in GTEx,
the data suggest that KLF15 SNPs have the functional potential to influence KLF15 expression. Recently,
Ferreira et al. [26] conducted a bioinformatics analysis focused on non-synonymous variants in KLF
genes using algorithms to predict the effect of variants on the genes structure and function. Two KLF15
intronic variants, one located in the conserved Zinc-finger domain and the other in a non-conserved
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region was predicted to affect DNA binding or protein destabilization and hence may lead to disrupted
KLF15 protein function. The frequency of these variants is <0.0001 in the population and therefore
unlikely to contribute to LVH in the general population.

Table 3. Human studies of KLF15.

Population Group and Sample Size
(n)

Summary of Main Findings References

LV tissue from patients with LVH due
to aortic stenosis (n = 8) and control
subjects undergoing CABG without

LVH (n = 6).

KLF15 protein detected in nuclei of
myocytes from control patients.

↓ cardiac KLF15 protein in
LVH due to aortic stenosis

Fisch S et al. 2007 [13]

LV tissue from heart transplant
patients with systolic heart failure

(non-ischemic cardiomyopathy, n = 36)
and non-failing control hearts (n = 30).

↓ cardiac KLF15 mRNA in failing
hearts Halder et al. 2010 [10]

LV tissue taken pre- and post-LVAD
implantation/explantation in

end-stage heart failure patients and
non-failing hearts. (n = 3–4/group)

↓ cardiac KLF15 mRNA pre-LVAD
compared to control non-failing hearts.
↑ cardiac KLF15 mRNA expression

post LVAD

Prosdocimo et al. 2014 [14]

Type 2 diabetes patients (n = 318) with
LVH and heart failure outcomes;
replication LVH cohort (n = 5631)

↑ LV mass and LVH with KLF15 SNP
rs9838915 A allele; finding replicated

in independent cohort.
KLF15 rs9838915 A allele predicted
development of first hospitalization

with heart failure

Patel et al. 2017 [24]

↑ Increased; ↓ decreased. CABG, coronary artery bypass graft; mRNA, messenger ribonucleic acid; LV, left ventricle;
LVAD, left ventricular assisted device; LVH, left ventricular hypertrophy; KLF15, Kruppel-like factor 15; SNP, single
nucleotide polymorphism.

4. Proposed Mechanisms: KLF15 and Cardiac Hypertrophy

A number of mechanisms by which KLF15 contributes to cardiac hypertrophy have been proposed.
Gene reporter studies show that KLF15 inhibits MEF2 and GATA4 DNA-binding transcriptional
activation and that KLF15 negatively regulates cardiac hypertrophy by preventing DNA-binding of
MEF2 and GATA4 to their transcriptional targets [13]. KLF15 activation represses the acetyltransferase
p300 mediated acetylation of p53 to maintain normal heart function [10]. Conversely, KLF15 deficiency
leads to hyperacetylation of p53 in the mice hearts and in human hearts. This action of KLF15 is
important as p300 acetylates several pro-hypertrophic markers involved in pathogenic remodeling
including GATA4, MEF2 and Smad. Furthermore, p300 is a direct transcriptional target of TGFβ
in fibroblasts and its levels are elevated in experimental models of fibrosis [27]. The KLF15 protein
domain map shows highly conserved regions between residues 140–160 in the putative p300-interacting
transactivation domain and conserved sequences in this region between species [14]. In the same
study, KLF15 deficient mice were rescued by p53 deletion or p300 inhibition by curcumin. The authors
propose that loss of KLF15 is not a response to heart failure but that loss of KLF15 contributes to
progression to heart failure by removing the ability to repress key cardiac transcription factors that
enable growth [10].

KLF15 competitively inhibits SRF binding to the transcriptional co-activator myocardin thus
preventing expression of cardiotrophic genes such as ANP [15]. GST-pulldown assays revealed no
direct interaction between KLF15 and SRF or MEF2 [15] suggesting previous interactions reported
may be indirect [13]. KLF15 also competitively inhibits binding of MRTF-A and MRTF-B to SRF,
repressing SRF-dependent cardiotrophic gene expression [18]. CTGF, a key mediator of fibrosis in
pathological cardiac hypertrophy [28], is negatively regulated by KLF15 and increased TGFβ levels
activate p38-MAPK signaling which downregulates KLF15 leading myocardin to bind to SRF and
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to activation of cardiotrophic genes [15]. Therefore, KLF15 acts as a negative repressor of cardiac
hypertrophy via inhibitory competitive binding to myocardin [15,18].

Tandler et al. [29] postulated that KLF15 deficiency could impair the mitochondrial division
process, creating enlarged mitochondria that contribute to hypertrophic cardiomyocytes. KLF15
deficient mice had sparse dispersions of megamitochondria within LV tissue on electron
microscopy [29]. Although normal morphological mitochondria were more frequently observed,
megamitochondria were up to three times wider and significantly longer in length with morphological
features suggestive of inability to undergo fission. Others reported no differences in mitochondrial
ultrastructure in wild-type and knock-out KLF15 mice on electron microscopy [14]. A role for KLF15
in cardiac metabolism has also been suggested. KLF15 positively influences the energetics of cardiac
metabolism and KLF15 null mice have impaired mitochondrial fatty acid [14].

5. Summary

In the past decade, there has been increasing evidence from both experimental and human
studies that KLF15 is an important regulator of cardiac hypertrophy. The studies clearly support a
pathological role of KLF15 in the development of cardiac hypertrophy and identify KLF15 as part
of a transcriptional pathway regulating the cardiac response to hypertrophic stimuli. Thus, loss of
KLF15 leads to transcription repression and stimulates fibrotic signaling pathways. Overexpression
studies suggest KLF15 inhibits hypertrophy and reduces cardiomyocyte size and pro-hypertrophic
and pro-fibrotic markers such as ANP, BNP and CTGF. Genetic variants in KLF15 may also contribute
to the development of LVH and predict heart failure outcomes in those with LVH. The genetic findings
complement the human studies which reported reduced KLF15 expression in the hearts of patients
with LVH and heart failure. The only suggested therapeutic pathway for preventing loss of KLF15 and
transition to heart failure thus far has been inhibition of the p53 and p300 pathway.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Systemic hypertension, which eventually results in heart failure, renal failure or stroke,
is a common chronic human disorder that particularly affects elders. Although many signaling
pathways involved in the development of hypertension have been reported over the past decades,
which has led to the implementation of a wide variety of anti-hypertensive therapies, one half of all
hypertensive patients still do not have their blood pressure controlled. The frontier in understanding
the molecular mechanisms underlying hypertension has now advanced to the level of epigenomics.
Particularly, increasing evidence is emerging that DNA methylation and histone modifications play
an important role in gene regulation and are involved in alteration of the phenotype and function
of vascular cells in response to environmental stresses. This review seeks to highlight the recent
advances in our knowledge of the epigenetic regulations and mechanisms of hypertension, focusing
on the role of DNA methylation and histone modification in the vascular wall. A better understanding
of the epigenomic regulation in the hypertensive vessel may lead to the identification of novel target
molecules that, in turn, may lead to novel drug discoveries for the treatment of hypertension.

Keywords: DNA methylation; histone modifications; vascular smooth muscle cells; endothelial
cells; hypertension

1. Introduction

Systemic hypertension (or Hypertension in this review) refers to a condition of high blood
pressure (BP) in the systemic arteries, the vessels that carry blood from the heart to the body’s tissues,
which distinguishes the condition from a local high BP such as in pulmonary (lung) hypertension.
Hypertension has been defined as a BP reading of 140/90 mm Hg or higher in adults for many
years. However, the latest report (2017) from the American College of Cardiology/American Heart
Association (ACC/AHA) provides an updated guideline that classifies hypertension as a BP reading of
130/80 mm Hg or higher [1]. Hypertension remains a major risk factor for myocardial infarction, heart
failure, end-stage renal disease, and stroke despite extensive research for decades and many therapeutic
approaches [2]. Hypertension affects nearly one third of all adults in the US and only one half of the
hypertensive patients have their BP under control [3]. The ACC/AHA report also notes that males are
more likely to develop hypertension compared to women at the pre-menopausal ages, suggesting a role
for hormone signaling in the management of BP [1]. Although the causes of hypertension have not been
fully outlined, certain chronic conditions may increase the risk of the development of hypertension
which include general risk factors such as aging, smoking, low socioeconomic and educational status,
overweight/obesity, unhealthy diet, and physical inactivity as well as other secondary disorders
such as chronic kidney disease (CKD), genetic family history, diabetes mellitus, obstructive sleep
apnea and psychosocial stress [1]. Current nonpharmacological therapy focuses on maintaining
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a healthy diet, exercise, and other lifestyle changes, while pharmacological treatment includes:
thiazide or thiazide-type diuretics, angiotensin-converting enzyme (ACE) inhibitors, dihydropyridines,
aldosterone receptor blockers (spironolactone and derivatives), beta blockers, and vasodilators, direct
renin inhibitors, and alpha-1 blockers [1]. Despite the plethora of treatment options, the high BP of
16.1 million hypertensive patients remains uncontrolled [3].

While many signaling pathways involved in the development of hypertension have been
discovered, the molecular mechanisms related to the epigenomic regulation underlying vascular
dysfunction are still not well understood. Epigenomics refers to the genome-wide study of gene
regulation that alters gene activity without changing the DNA sequence [2]. Epigenomic regulation
provides a link between the genotype and phenotype and is essential for many normal cellular
functions, and inappropriate regulation at the epigenomic level may lead to some major adverse
effects on cellular function of a tissue or organ which may lead to the development of diseases.
Different epigenetic regulations have been identified in hypertension, including methylation,
acetylation, phosphorylation, ubiquitination, and sumolyation.

It has been well-known that the renin-angiotensin-aldosterone system (RAAS), a hormone system
that is integral to the physiological regulation of BP, plays a crucial role in the development of
hypertension, thus, the epigenomic alterations of RAAS-regulated genes and their effects have been
extensively tested in hypertensive models [4]. Increasing evidence is emerging that epigenomics
also plays an important role in gene expression which may alter the phenotype and function of the
vascular wall or cells in response to environmental stresses [5], underscoring our need to consider
the contribution of epigenomic regulation of the vascular walls to hypertension. This review seeks
to highlight recent advances in our knowledge of the changes in DNA methylation and histone
modification which occur during the development of hypertension, as summarized in Table 1.
Despite the well-known importance of RAAS in the development of hypertension, we have only
briefly summarized them in this present manuscript since the relative epigenomic alterations of RAAS
have been extensively discussed in a recent review [4]. To concentrate on the updated information,
our present review focuses on the contribution of alterations to the vasculature in the development of
systemic hypertension. An increased understanding of the epigenomic regulation of these vascular
cells will lead to the identification of novel target molecules that may, in turn, lead to novel drug
discoveries for the treatment of hypertension.

Table 1. DNA methylation and histone modification associated with hypertension.

Genes Mark Status Species Models Tissues/Cells Function Ref

DNA methylation

Atgr1α 5mC Hypo Rat SHR Aorta and mesentery
artery

Increased
expression of
receptor and

effect of RAAS

[6]

Atgr1β 5mC Hypo Rat Maternal low
protein rat RAAS [7]

Ace-1 5mC Hypo Mice
Maternal
protein

deficient mice
RAAS [8]

ACE-1 5mC Hyper Human
Human PBMCs; cell

culture (HepG2,
HT29, HMEC-1, SUT)

RAAS [9]

HSD11B2 5mC Hyper Human Glucocorticoid
treatment Human PBMCs Renal sodium

balance [10]

Sslc12a2
(NKCC1)

5mC Hypo Rat SHR Aorta and heart Ionic balance [11]
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Table 1. Cont.

Genes Mark Status Species Models Tissues/Cells Function Ref

ESR1
(ERα)

5mC Hyper Sheep Uterine artery vasodilation [12]

SRF,
MYOCD,
MYH11

5mC Hyper Human Human coronary
artery SMCs

contraction
phenotype [13]

ADD1 5mC Hypo Human Human PBMCs Ionic balance [14]

SCNN1A 5mC Hyper Human Human PBMCs Ionic balance [15]

SCNN1B 5mC CpG1 Hyper,
CpG2 Hypo Human Human PBMCs Ionic balance [16]

TLR2 5mC Hypo Human Human PBMCs Chronic
inflammation [17]

EHMT2 5mC Hypo Human Human PBMCs Chronic
inflammation [18]

Histone modification

Ace1
H3Ac,

H3K4me3,
H3K9me2

Hyper,
Hyper,
Hypo

Rat SHR Heart, kidney RAAS [19]

SM22 H3Ac Hyper Mouse 10T1/2 cells Contractile
phenotype [20]

Nlrp3 H3K9Ac Hyper Rat SHR VSMCs Chronic
inflammation [21]

NOS3
(eNOS)

H3K9Ac,
H4K12

H3K4 me2,
H3K4me3

Hyper Human
Cell culture; HUVEC,

HMVEC, VSMC,
HEPG2, HeLa, JEG-3

Vasodilation
in endothelial

cells
[22]

Slc12a2
(NKCC1)

H3Ac
H3K27me3

Hyper,
Hypo Rat Angiotensin II

delivery Aorta Ionic balance [23]

Abbreviations: 5mc—5-methylcytosine, RAAS—Renin-angiotensin-aldosterone system, PBMC—peripheral blood
mononuclear cell, SHR—spontaneously hypertensive rats, VSMC—vascular smooth muscle cell, HUVEC—human
umbilical vein endothelial cell, HMVEC—human dermal microvascular endothelial cells, H3Ac—Histone
3 acetylation, H3K4me2—dimethylation of histone 3 lysine 4, H3K4me3—trimethylation of histone 3 lysine 4.

2. Discovery, Development, and Detection

2.1. DNA Methylation

DNA methylation involves the addition of methyl groups to the cytosine residues of DNA [24].
Initial studies of X-chromosome inactivation in mice provided the evidence that DNA could be silenced
without changes in the DNA sequence itself [25,26]. Later studies showed that DNA methylation can
act as a mechanism through which this silencing may occur [27,28]. Importantly, DNA methylation
marks can be copied from the parent strand to the daughter strand. Another notable finding is the
identification of the main methylation target: the sequence of CpG, shorthand for 5′-C-phosphate-G-3′,
that is, cytosine and guanine separated by only one phosphate group [27,28]. These findings eventually
led to the development of methylation-sensitive restriction enzymes, which became important tools in
epigenetic analyses [29,30].

DNA methlytransferases are responsible for moving methyl groups from S-adenosyl methionine
(SAM) to CpG islands on DNA. For example, DNA methlytransferases 1, 3A, and 3B (DNMT1/3A/3B)
add methyl groups to the carbon at position 5 of cytosine resides which are adjacent to guanine
residues to produce 5-methylcytosine (5mC) [31,32]. While CpG is the main target, methylation
may occur on CpHpG, where H may be A, T, or C [31]. The methylation mark 5mC is generally
associated with gene repression within the gene promoter [31,33]. Alternatively, actively transcribed
genes may be methylated within the transcriptional region which includes parts actually translated
into protein (exons) and parts that will be cut out of the mRNA and are not translated into protein
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(introns) [31]. The methylation pattern of a cell may vary in response to stress, as different genes are
turned on and off. For example, it was shown that in the nuclei of mouse cardiomyocytes, 127 genes
gained methylation and 313 lost methylation of their transcriptional region during the postnatal
period [34]. While methylation at transcription start sites represses transcription, it is yet unclear
whether methylation within exons serve clear functions, as high methylation seems to be positively
correlated with transcription. One suggestion is that DNA methylation within exons may affect
alternative splicing [35].

Methylation patterns can also change under stress and disease, as shown in the methylation of
promoters of tumor suppressor genes in cancer [36]. Importantly, DNA methylation is reversible, with
the removal reaction catalyzed by histone lysine demethylases (KDM) [37], providing therapeutic
potential to prevent or change the pathological DNA methylation that may be related to the diseases.

Initial methylation detection assays utilized restriction endonucleases with known methylation
sensitive CpG sites and their methylation insensitive isoschizomers [30]. Genomic DNA was
then subjected to cleavage by both sets of restriction enzymes, and the differences between the
fragments would outline where the methylated cytosines were, as revealed by Southern blot
analysis, 2-dimensional gel electrophoresis, polymerase chain reaction (PCR), and, more recently,
next-generation sequencing [31]. Alternatively, methylated cytosines may be targeted using specific
antibodies by a process known as methylated DNA immunoprecipitation (MeDIP) or affinity
enrichment [38]. One of the most common current methods of detecting epigenetic modifications is
bisulfite sequencing. Unmethylated cytosine residues are converted to uracil using sodium bisulfite
and alkaline treatment, while methylated cytosines are left intact. The bisulfite-treated DNA is then
sequenced to reveal the methylated cytosines [31].

In addition to DNA methylation (5mC), other DNA modifications include hydroxymethylation
(5hmC) and formylcytosine (5fC) [39]. Ten eleven translocation (TET) enzymes oxidize 5mCs to 5hmCs,
and further catalyze the conversion to 5fC and 5-carboxylcytosine (5-caC) which can then be replaced
by unmethylated cytosine after undergoing thymine DNA glycosylase (TDG)-mediated base excision
and DNA base excision repair [33,40]. The TET enzymes may be significant to future therapies as
they allow exploitation of the oxidation of 5mCs as a means of reversing gene repression by DNA
methylation, should the repression of signature genes be identified.

2.2. Histone Modification

Histones are important proteins responsible for maintaining the structure of chromatin and play
a role in the dynamic and long term regulation of genes. The N-terminal tail of histone 3 (H3), one of
the five histones found in eukaryotic nuclei, is subject to methylation or acetylation of lysine and
arginine residues as well as phosphorylation of serine and threonine residues [41]. Histones are
acetylated by histone acetyltransferases (HAT) and deacytelated by histone deacetylases (HDAC).
These modifications may have opposing effects based on which residue is modified or which moiety is
added. For example, methylation of H3 lysine 4 (H3K4) is a hallmark of actively transcribed DNA while
methylation of H3 lysine 9 (H3K9) is associated with repressed gene expression [42,43]. Acetylation of
histones is associated with transcriptionally active DNA, as the N-terminal of the histone tails become
neutralized and their affinity for DNA reduced, so loosening the conformation of the chromatin [44].
Interestingly, while methylation at H3K9 allows for the binding of heterochromodoman protein 1 (HP1),
leading to the repression of transcription, methylation at H3K4 blocks the binding of transcriptional
repressor, nucleosome remodeling and deacetylase (NuRD), leading to transcription. Acetylation of
lysines allows for the binding of bromodomain proteins, such as histone acetyltransferase, GCN5 [43].

The most common histone modification assay is the chromatin immunoprecipitation (ChIP),
which uses antibodies against site-specific epigenetic marks to identify histone-DNA complexes with
that mark [45]. Following fragmentation, histone-DNA complexes that showcase specific modifications
are immunoprecipated using an antibody against that modification. Enriched and purified DNA
fragments can then be detected by quantitative PCR (ChIP-qPCR), microarray analysis (ChIP-on-chip)
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or deep sequencing (ChIP-seq) [46]. ChIP-seq uses next-generation sequencing instead of amplifying
purified DNA that was hybridized to a DNA microarray [47]. Importantly, ChIP-seq allows for
mapping of the newly sequenced DNA to the reference genome, enabling researchers to determine the
genome-wide distribution of particular modifications [46].

Conventional epigenomic analyses require large amounts of starting material due to the low
DNA recovery efficiency after bisulfite conversion and enzyme digestion [48]. However, using
large sample sizes masks cell to cell heterogeneity which may be important to the disease state.
As molecular technology progresses to the single-cell level, many new approaches are being developed
to study the single-cell epigenome, albeit with limited efficiency and scalability [39,48], including:
single-cell bisulfite sequencing [49], single-cell reduced representation bisulfite sequencing [50], DNase
I sequencing [51], single-cell DamID sequencing [52] and single-cell ATAC-seq [53]. Drawbacks of these
methods include low coverage of CpG islands as compared to bulk methods, but the methodology
is expected to grow to meet these challenges [54]. One such recent development is single cell
combinatorial indexing for methylation analysis (sci-MET) which boasts of a 69% alignment rate
to bulk methods [55].

3. Epigenomic Regulation in Hypertensive Vasculature

While numerous studies have outlined the epigenetic mechanisms in pulmonary hypertension
(reviewed in [56–59]), the epigenomic regulation in systemic hypertension remains largely undescribed.
Due to the well-known involvement of the renin-angiotensin-aldosterone system (RAAS) system on
arterial pressure regulation, the effects of epigenomic regulation of the RAAS system have been
extensively tested in animal models of systemic hypertension [4]. For example, it has been shown that
the angiotensin 1α receptor (AT1aR), encoded by Atgr1α, is significantly increased in spontaneously
hypertensive rats (SHR) compared to its counterpart, the Wistar-Kyoto rats (WKY), which may be
responsible for the increased BP in SHR [6]. Bisulfite sequencing further revealed that the Atgr1α
promoter is hypomethylated at its CpG islands in SHR at 20 weeks compared to WKY rats, implicating
that the methylation of Atgr1α CpG islands reduces its expression, leading to normotensive BP [6].
In addition, hypomethylation of the promoter regions of the angiotensin II type 1β receptor (AT1bR)
gene, (Atgr1β), in the adrenal glands of the maternal low protein rat exhibited hypertension in
response to salt intake [7]. A similar effect was seen in another study in mice where maternal protein
deficiency during pregnancy reduced methylation of promoter regions of the angiotensin I converting
enzyme gene (Ace-1), which is responsible for converting angiotensin I to the active angiotensin II,
eventually leading to hypertension in offspring [8]. In human cell lines, the luciferase activity of the
ACE-1 promoter/reporter constructs of somatic ACE (sACE) was inhibited by DNA methylation and
subsequent inhibition of DNA methylation and/or histone deacetylation by 5-aza-cytidine injections
in rats restored sACE expression in the lung and liver, highlighting the epigenetic regulation of sACE
in hypertension [9].

The hydroxysteroid dehydrogenase-11β2 enzyme (HSD11B2) is responsible for degrading cortisol
to biologically inert cortisone. Cortisol can be found in the blood at concentrations 2-3 orders of
magnitude higher than aldosterone, the key mineralocorticoid in the RAAS [60]. Although cortisol
and aldosterone bind mineralocorticoid receptors with similar affinity, degradation of cortisol to
cortisone by the HSD11B2 enzyme in mineralocorticoid target tissues ensures that aldosterone is able
to bind to the mineralocorticoid receptors [61]. In normal situations, aldosterone regulates sodium
reabsorption due to the inactivation of cortisol to cortisone by the 11β HSD enzyme. Thus cortisol only
has effects in the absence of this enzyme. Hypermethylation of the HSD11B2 gene promoter impairs
HSD11B2-mediated degradation of cortisol to cortisone, leading to an altered tetrahydrocortisol (THF)
to tetrahydrocortisone (THE) ratio [10,62]. A high concentration of cortisol in mineralocorticoid target
tissues and enables cortisol to regulate sodium reabsorption by the kidney, and ultimately arterial
pressure. The hypermethylation of the HSD11B2 promoter may also contribute to the development of
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apparent mineralocorticoid excess (AME) [63]. This presents a case where both genetic and epigenetic
regulation may be present.

Interestingly, in addition to the reports of the regulation of DNA methylation on RAAS, SHR
aortas also showed higher enrichment of H3Ac and H3K4me3, while enrichment of H3K9me2 was
reduced on the angiotensin-converting enzyme 1 (ACE1) promoter [19]. Thus, both the regulation of
DNA methylation and histone modification exist on RAAS system.

Despite the importance of epigenetic regulation in the RAAS system on arterial pressure
regulation, the blood vessels are the end-effect targets of RAAS and the function of blood vessels,
particular the arteries, play a determinant role in the control of BP. Thus, in addition to the epigenetic
regulation in the RAAS system described above, we will outline the recent studies on the epigenomic
regulation in vascular tissue and cells, focusing on DNA methylation and histone modification
in hypertension.

3.1. Epigenomic Regulation in the Whole Vessel

Several epigenomic studies have been conducted at the level of the whole vessel in animals.
The Na+–K+–2Cl− cotransporter 1 (NKCC1), which is encoded by Slc12a2, regulates the exchange of
sodium, potassium, and chlorine ions across cells of various types, including VSMCs and endothelial
cells, regulating ionic balance and cell volume [64]. It has been showed that NKCC1−/− mice displayed
a >15 mmHg reduction in systolic BP compared to wild-type and reduced ability to maintain vascular
tone [65]. Pharmacological inhibition of NKCC1 by bumetanide led to an immediate 5% reduction in
BP, highlighting its importance in BP regulation [66]. Combined bisulfite restriction assay and bisulfite
sequencing revealed that the Slc12a2 promoter was hypomethylated in SHR aorta and heart compared
to WKY, which resulted in an upregulation of NKCC1 in both mRNA and protein levels detected by
PCR and western blots in SHR vs WKY [11].

Furthermore, DNA methylation has been also linked to the estrogen receptor-mediated vascular
regulation. Estrogen induces vasodilation as well as inhibits the response of blood vessels to
injury, by interacting directly with the vasculature [67]. Two estrogen receptors have been identified:
estrogen receptor α (ERα) and estrogen receptor β (ERβ). In uterine arteries of pregnant sheep,
hypermethylation of the ERα (ESR1) promoter during hypoxia reduced its expression, leading to
preeclampsia and impaired cardiovascular homeostasis [12]. Promoter hypermethylation inhibited
transcription factor binding and promoter activity, leading to gene repression [12]. Although these
mechanisms need to be confirmed in the human, this evidence suggests that the protective nature of
estrogen signaling may be regulated through epigenetic mechanisms, which may also contribute to
the gender disparity in hypertensive patients.

Moreover, histone modification has been found to be involved in the regulation of vascular
function in hypertension. Additionally, NKCC1 can also be regulated by histone modification.
Angiotensin II (Ang II) was delivered in rats, in vivo, to increase BP and the changes in NKCC1 mRNA,
protein and epigenetic modifications at the slc12a2 promoter were measured in the aorta [23].
Real-time PCR and western blot revealed a progressive increase in NKCC1 expression over the
period of Ang II delivery. Interestingly, H3Ac levels were consistently increased in Ang II infused
rats whereas H3K27me3 (a repressive histone code) levels were decreased as compared to sham [23].
These results together suggest that NKCC1 might be regulated by both DNA methylation and histone
modification [4].

Overexpression of SIRT1, a histone deacetylase, reduced angiotensin-II induced hypertrophy,
in vitro, and vascular remodeling and hypertension, in vivo [68,69]. Among the affected parameters
were reduced reactive oxygen species (ROS) generation, vascular inflammation, and collagen synthesis
in arterial walls. SIRT1 overexpression also decreased the association between nuclear factors on
specific binding sites on TGF [69].
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In addition to these studies on the whole vascular wall in hypertensive animal models, many
observations on the epigenomic regulation have been done on specific cells of the vascular wall or
the cells interacting with vessels such as the blood cells circulating around the body. We next outline
these investigations.

3.2. Epigenomic Regulation in Vascular Smooth Muscle Cells (VSMCs)

Vascular smooth muscle cells (VSMCs) play an integral role in the regulation of peripheral
resistance by modulating vascular tone. Autonomic nervous activity as well humoral agents are able to
regulate contraction of VSMCs, leading to changes in BP [70]. It has been noted that VSMCs play a key
role in the pathophysiology of hypertension due to their remarkable ability to dedifferentiate, allowing
them to switch between contractile and synthetic states, in response to environmental cues or stress [71].
Studies have shown that this phenotypic switch between contractile and synthetic states in VSMCs
could be governed by epigenetic modifications [71,72]. In addition, our recent studies also showed
the alteration of intrinsic VSMC stiffness contributes to the development of hypertension [68,69].
A thorough understanding of epigenetic regulatory mechanisms in the VSMCs is mandatory as we
develop new antihypertensive therapies.

Ten-eleven translocation-2 (TET2), a key enzyme in the DNA demethylation pathway, is a major
governor of SMC plasticity and is highly expressed in VSMCs [13]. TET2 knockdown leads to a
decreased expression of contractile markers such as myocardin (MYOCD), serum response factor (SRF),
and myosin heavy chain 11(MYH11) and an increase in proliferative markers such as kruppel like factor
4 (KLF4) and myosin heavy chain 10 (MYH10), while TET2 overexpression restored contractile markers
and inhibited synthetic genes, suggesting that TET2 serves as an important switch in VSMCs [13].
Importantly, it was shown that TET2 binds to the promoters of MYOCD, SRF, and MYH11, implicating
its role in demethylating contractile genes [13]. Stimulation of the TET proteins may offer therapeutic
potential in hypertension and atherosclerosis where pathological VSMC switching have been described,
and re-differentiation of VSMCs is needed.

In addition to DNA methylation, histone modifications are also found to be able to modulate
gene expression in VSMCs. Serum response factor (SRF), a key mediator of SMC transcription, binds
to highly conserved domains near gene promoters known as the SRF binding sites or CArG boxes.
Recruitment of SRF to the CArG boxes of SMC marker genes has been implicated to be associated with
hyperacetylation of H3 and H4 in SMC-differentiated cells [20]. SRF complexes with cAMP-response
element-binding protein (CREB)-binding protein on the hyperacetylated SM22 gene promoter, leading
to its expression [73]. Moreover, p300 mediated-acetylation of myocardin is critical for its dissociation
from the inhibitory effects of histone deacetylase 5 (HDAC5) [74,75]. Myocardin’s acetylation enhances
its binding of SRF and the CArG boxes and is required for VSMC gene transcription [76]. Interestingly,
our recent studies showed that upregulation of SRF/myocardin in VSMCs mediates the intrinsic
VSMC and aortic stiffness in hypertension [77,78], indicating the key role of this signaling pathway in
the regulation of BP. The further investigation of the epigenetic regulation of SRF/myocardin signaling
may be a promising target for future studies.

It is generally accepted that oxidative stress and mild chronic vascular inflammation contribute
to the pathophysiology of hypertension [79]. Activation of the nucleotide-binding oligomerization
domain-like receptor protein 3 (NLRP3) inflammasome, a cytosolic complex for early inflammatory
responses, generates proinflammatory cytokines such as interleukin 1 β (IL-1β) and interleukin 18
(IL-18) through the activation of caspase-1 [80]. These cytokines have been implicated in hypertension
and consideration should be given to their therapeutic potential [81]. Recently, the NLRP3 gene
promoter was shown to have increased acetylation at lysine 9 of histone 3 and HAT expression in
SHR VSMCs [21]. Importantly, inhibition of NFκβ and HAT by curcumin prevented the activation
of the NLRP3 inflammasome, VSMC phenotypic switching, and proliferation in VSMCs of SHR [21].
These findings imply that inhibition of the inflammasome, IL-1β, IL-18, and HAT by reducing histone
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acetylation at the NLRP3 gene promoter may prove effective in controlling chronic inflammation in
hypertension and reducing the pathology of the disease.

3.3. Epigenomic Regulation in Endothelial Cell Dysregulation

While VSMCs comprise a major part of the medial layer of vascular wall, the endothelial cells
which line the walls are in direct contact with circulating stimuli and their contribution to the BP
control has been extensively studied. It has been widely accepted that endothelial dysfunction plays
an important role in systemic hypertension. Both DNA methylation and histone modification have
been implicated in the regulation of endothelial cells in hypertension.

The endothelium releases various vasoactive factors, some of which are vasodilatory, e.g., nitric
oxide (NO), prostacyclin (PGI2), and endothelium derived hyperpolarizing factor (EDHF); while some
of which are vasoconstrictive, e.g., thromboxane (TXA2) and endothelin-1 (ET-1) [82]. The endothelial
nitric oxide synthase (eNOS), which is expressed primarily in endothelial cells, is the primary
mechanism by which NO is produced in the vessel. Disturbances in the NO pathway have been
linked to the predominance of vasoconstrictors which feed vicious cycles to maintain high BP [83].
Notably, the expression of eNOS may be controlled by cell-specific histone modifications as acetylated
histone H3 lysine 9, histone H4 lysine 12, and di- and tri-methylated lysine 4 of histone H3 are
all present in the NOS3 gene promoter in human umbilical vein endothelial cells (HUVEC) and
human dermal microvascular endothelial cells (HMVEC) but are absent in non-eNOS expressing
cells like VSMCs and HeLa cells [22]. This mechanism was further explained by the discovery of
HDAC1 selectively bound to the NOS3 gene promoter in VSMCs, thus reducing the histone acetylation
and transcription of eNOS in SMC [22]. Epigenetic regulation of eNOS expression is key to the tissue
specificity observed in NO and dysregulation of epigenetic signaling during disease may contribute to
increased vascular tone as a result of decreased NO synthesis in vessels.

In addition, an experiment in the deoxycorticosterone acetate (DOCA) salt-sensitive hypertension
model of the Wistar rat, showed that animals treated with resveratrol, a known antihypertensive
agent, increased the total antioxidant capacity and hydrogen sulfide levels which are independent
of the change NO levels in circulation [84]. It also showed that resveratrol altered the staining of the
H3K27me3 pattern of the aorta and renal artery sections, suggesting that its protective effects may be
due to its effects of epigenetic modifications of the vessels [84].

4. Clinical Application of Epigenomic Studies in Human Systemic Hypertension

Although VSMCs and ECs are the main components of the vascular wall, inflammatory cells and
circulating blood cells also play essential roles in the development of hypertension, and their epigenetic
regulation should be reported. As human studies increase and biomedical technology advances, many
researchers have opted to use peripheral blood to isolate DNA and measure epigenetic programming.
While one can speculate that there may be cell to cell or tissue to tissue variation within the human, these
studies offer a powerful tool in exploring differences in epigenetic patterns from patient to patient and
identifying potential risk factors and key marks. One of the first questions that researchers asked was
whether there was a difference in the DNA methylation of hypertensive patients from normotensive
individuals that can be detected in blood cells. Interestingly, the total 5mC level was shown lower in
the peripheral blood cells of patients with essential hypertension, and even lower in patients with
Stage 1 hypertension [85]. This finding indicates that some epigenomic signatures in hypertensive
patients can be detected in the peripheral blood at an early stage of hypertension, thus providing a
predictive biomarker for the development of hypertension. While initial DNA methylation studies
focused on the global level of 5mC, subsequent research has shown that the epigenetic regulation of
specific DNA sequences in peripheral blood cells can contribute to the hypertensive state.

Since hypertension is a multifactorial disease which may be mediated by alterations in
multiple biological pathways, research continues to identify possible targets whose manipulation
may have effects on systemic BP. It has been shown that DNA variation is correlated with DNA
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methylation. Genome-wide linkage and association studies (GWAS) have identified single nucleotide
polymorphisms (SNPs), which influence BP. SNPs that create CpG sites may be targets for epigenetic
modifications, just as loss of these sites will prevent DNA methylation. For example, a recent
trans-ancestry genome-wide association study identified genetic variants at 12 new loci which
have been differently DNA methylated in hypertension, four of these genes encoded proteins that
participate in the regulation of vascular tone and VSMC plasticity, including: insulin like growth
factor binding brotein 3 (IGFBP3), potassium two pore domain channel subfamily K member 3
(KCNK3), phosphodiesterase 3A (PDE3A), and PR domain-containing protein 6 (PRDM 6) [86]. It is
remarkable that a two-fold enrichment between sentinel BP single nucleotide polymorphisms (SNPs)
and DNA methylation was observed, highlighting the importance of genetic variation and providing
an additional hypothesis for the racial disparity observed in the incidence of hypertension [86].
While additional studies are needed to confirm whether DNA methylation of these specific genes
is enough to cause changes in BP, it is exciting to note that DNA methylation explains part of the
relationship between sentinel SNPs and BP (r = 0.52; p = 0.005) [86].

In a study of the DNA methylation levels of 5 CpG dinucleotides in 62 patients, reduced promoter
methylation of the α-adducin (ADD1) gene was been shown to be linked to an increased essential
hypertension risk [14]. Females were shown to have higher methylation of the ADD1 promoter,
with a sharp decline in post-menopausal women, suggesting that estrogen signaling may also
influence epigenetic regulation of the ADD1 gene [14]. Although α-adducin is a cytoskeletal protein,
an ADD1 variant has been implicated in stimulation of renal sodium reabsorption and, subsequently,
hypertension [87].

Epithelial sodium channel (ENaC), a nonvoltage-gated sodium channel, comprises three
homologous subunits (α, β, and γ), with the alpha subunit (SCNN1A) being indispensable for
channel activity [15]. The ENaC plays a critical role in maintaining extracellular fluid volume and
BP. Hypermethylation of SCNN1A at CpG islands within the transcriptional region was associated
with increased risk of developing hypertension. Importantly, the methylation level was regulated
by age, gender, and antihypertensive therapy [15]. Hypermethylation of CpG islands within exons
is typical of expressed genes, suggesting that SCNN1A gene is highly expressed in hypertension.
Furthermore, CpG1 hypermethylation and CpG2 hypomethylation of the gene promoter of the
amiloride-senstive sodium channel beta subunit (SCNN1B) were linked to hypertension, with the
tested antihypertensive therapy only affecting CpG1 levels [16].

Toll-like receptors (TLRs) contribute to chronic inflammation, a mechanism that has be
shown to play a role in the development of hypertension [17]. Hypomethylation of the TLR2
promoter at CpG6 was shown to be associated with an increased risk of systemic hypertension [17].
Notably, an important link between environmental cues, such as alcohol consumption and smoking,
and specific CpG islands were identified as the risk factors of hypertension [17]. The identification of
methylation patterns as a result of behavior is significant since hypertension has often been described
as a lifestyle disease but precise mechanisms by which chronic inflammation through TLRs contribute
to hypertension are still unclear.

Euchromatic histone-lysine in methyltransferase 2 (EHMT2; also called G9a) is a lysine histone
methytransferase found in leukocytes which regulates the expression of IL-17 through methylation
pattern H3K9me2 [88,89]. In a longitudinal genome wide methylation study of Roux-en-Y bypass
patients, the EHMT2 promoter was found to be hypomethylated in hypertension, suggesting that
epigenetic regulation of EHMT2 contributes to vascular pathophysiology [18]. It remains to be explored
whether IL-17 has effects in human hypertension and whether epigenetic regulation of EHMT2 is alter
the hypertensive state.

Together, all of the evidence indicates that, although epigenetic regulations of systemic
hypertension in the vasculature are far from fully understood, the study of epigenetic regulation
in systemic hypertension holds valuable potential for the identification of biomarkers and may provide
for useful therapeutic targets. The discovery of new drugs based on the epigenomic regulation of the
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hypertensive vasculature, both synthetic and natural, offers new hope to protect ourselves against the
silent killer.

5. Mechanisms Underlying Epigenetic Alterations in Hypertension

It is well known that hypertension can be influenced by genetic and environmental factors.
Although the mechanisms underlying the epigenetic alterations during the development of
hypertension have not been completely elucidated, epigenetic programming caused by adverse
fetal environments, in utero, has been shown to be strongly correlated with the hypertension in adult
offspring [90]. For example, intrauterine exposure to a maternal low-protein diet in the rat results in
the development of hypertension in adult offspring rats which is associated with hypomethylated
Atgr1β gene promoters along with increased adrenal expression of AT1bR [7,91–93]. In addition,
prenatal inflammation exposure due to the maternal inflammatory diseases is highly associated
with adult hypertension in the offspring [94–97]. It has been also showed that prenatal exposure
to lipopolysaccharide (LPS), a nonspecific immune-inflammatory stimulant, led to hypertension in
adult offspring rats, correlating with the augmentation of histone H3 acetylation (H3AC) on the
angiotensin-converting enzyme 1 (ACE1) promoter, which induced the upregulation of the (ACE1)
expression in renal cortex tissues [98–100]. Importantly, prenatal anti-inflammatory treatment is able
to prevent offspring from fetal programming hypertension [100]. These results together indicate that
epigenetic alterations induced during the fetal development are crucial contributors to the development
of hypertension.

In addition to these “congenital” effects, the epigenetic alterations can be acquired during the early
period of life due to the increased vulnerability of the reprogramming cells to environmental stress,
such as malnutrition, toxic chemicals, infections and mental stress. This concept is further supported by
the epidemiological investigations on human population which showed that social and environmental
stresses during the early period of life influence epigenetic processes that contribute to the adult
race-based US health disparities in diseases including hypertension [101]. Furthermore, several
lines of evidence suggest that environmentally-induced epigenomic alterations can be transmitted
to subsequent generations with disease phenotypes [102]. These observations, together, indicate the
interaction of the genetic and environmental factors on the epigenomic alterations in the development
of hypertension. On the other hand, it has been shown that increased hemodynamic forces are
able to induce DNA methylation and histone modification in VSMCs and ECs [103]. In accordance
with these understandings, it is important to note that while the epigenomic alterations are a part
of the mechanisms involved in blood pressure elevation, they can also be a consequence of blood
pressure alterations. Additional studies are therefore needed to determine causative agents of human
epigenomic manipulation and their roles in development of hypertension.

Despite this evidence, the mechanisms by which DNA demethylation or histone modification are
involved in the gene specific regulation of hypertension have not been fully elucidated. One mechanism
suggests that the cell specific DNA demethylation is linked to a unique response to hormone
stimulation [104]. Several studies suggest that interactions with sequence-specific DNA binding
proteins and co-repressor complexes can target certain proteins to histones in a gene-specific
manner [105,106]. Furthermore, other studies have shown that in addition to histone methylases,
there are multiple histone demethylases, such lysine-specific demethylase 1-(LSD1), which removes
mono- or di-methyl groups from H3K4 and the Jumonji C-(JmjC) domain-containing demethylases 5,
which removes the tri-methylated modification and demethylates histones in a gene-specific manner
by interactions between demethylases and DNA sequence specific nuclear factor complexes. Moreover,
recent studies have shown that specific histone demethylases may regulate androgen-mediated
transcriptional responses [107–109]. However, further studies are needed to confirm these mechanisms
in the hypertensive individuals.
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6. Conclusions

The root cause of hypertension is still to be elucidated, but there is little doubt that epigenomic
changes in the vessels make a contribution to the disease. As illustrated in Figure 1, epigenetic
regulation participates in the development of hypertension through a comprehensive mechanism
which targets different levels of complexity including the RAAS system, the vascular wall and specific
cell types within the vessels. Epigenetic regulation may also affect the circulating blood cells that
interact with vessels. While regulators of the RAAS system are a current key focal point, more focus
should be given to the components of blood vessels themselves and their regulation.

Figure 1. The illustration of the regulation DNA methylation and histone modification in hypertension.
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Abstract: Primary aldosteronism is the most common form of endocrine hypertension with a
prevalence of 6% in the general population with hypertension. The genetic basis of the four familial
forms of primary aldosteronism (familial hyperaldosteronism FH types I–IV) and the majority of
sporadic unilateral aldosterone-producing adenomas has now been resolved. Familial forms of
hyperaldosteronism are, however, rare. The sporadic forms of the disease prevail and these are
usually caused by either a unilateral aldosterone-producing adenoma or bilateral adrenal hyperplasia.
Aldosterone-producing adenomas frequently carry a causative somatic mutation in either of a number
of genes with the KCNJ5 gene, encoding an inwardly rectifying potassium channel, a recurrent target
harboring mutations at a prevalence of more than 40% worldwide. Other than genetic variations, gene
expression profiling of aldosterone-producing adenomas has shed light on the genes and intracellular
signalling pathways that may play a role in the pathogenesis and pathophysiology of these tumors.

Keywords: primary aldosteronism; aldosterone; aldosterone-producing adenoma; transcriptome profiing

1. Introduction

Primary aldosteronism (PA) is the most common potentially curable form of hypertension with
a prevalence of 5–10% in patients with hypertension [1–3] and is characterized by the excessive
production of aldosterone. Aldosterone excess has detrimental effects independent of blood pressure
control as demonstrated by the increased risk of cardiovascular and cerebrovascular events and target
organ damage in patients with PA relative to matched patients with essential hypertension. PA is
mainly caused by either an aldosterone-producing adenoma (APA) or bilateral adrenal hyperplasia
(BAH). The diagnosis of an APA is appealing because hypertension can be cured or markedly improved
by unilateral adrenalectomy and resolve the aldosterone excess in the majority of cases [4]. In contrast,
patients with BAH are usually treated with a mineralocorticoid receptor antagonist but plasma renin
levels should be monitored as a therapeutic response (as well as blood pressure) because suppressed
renin, independent of blood pressure control, is associated with an increased risk of cardiometabolic
events and death relative to patients with essential hypertension [5]. A landmark in PA research was
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the discovery of germline and somatic mutations that drive the aldosterone overproduction in patients
with PA, discoveries that were made possible by the application of next-generation sequencing [6–12].
The genetic basis of four familial forms of PA has now been described as well as somatic mutations in
APAs and these are discussed in more detail below.

Herein, we outline novel contributions and major discoveries that have been made in the
field of PA research over the last few years. We describe the genetic basis of familial forms of
hyperaldosteronism and the identification of somatic mutations that lead to excess aldosterone
production. Differential gene expression profiles between APAs and reference tissues are highlighted,
as well as key signalling pathways and molecular mechanisms that may drive cell proliferation and
constitutive aldosterone production in APAs. Additionally, the possible influence of genetics and
genomics on surgical outcome and the potential application of next-generation sequencing methods
and transcriptome profiling as possible prognostic tools are described.

2. Synthesis of Aldosterone

The primary function of aldosterone is to maintain fluid and electrolyte balance for the control
of blood pressure. The main physiological regulators of aldosterone synthesis are angiotensin
II, potassium and adrenocorticotropic hormone. Aldosterone synthesis is restricted to the zona
glomerulosa (ZG), the outer layer of the adrenal cortex (Figure 1) where aldosterone synthase converts
deoxycorticosterone to aldosterone by three successive steps of 11β-hydroxylation, 18-hydroxylation
and 18-oxidation by a single enzyme, aldosterone synthase (encoded by CYP11B2). CYP11B2 displays
a high level of intron and exon sequence homology to the CYP11B1 gene localized in the zona fasciculata
(ZF) that encodes 11β-hydroxylase that catalyses the final step in the conversion of 11-deoxycortisol to
cortisol (Figure 1). Angiotensin II and potassium regulate aldosterone production via Ca2+ signalling
which also plays a key role in the aldosterone excess in PA due to the somatic and germline mutations
in ion channels and transporters.

Figure 1. Aldosterone synthesis in the adrenal cortex. Aldosterone is synthesized in the zona glomerulosa
(ZG) distinct from the synthesis of cortisol in the zona fasciculata (ZF). Aldosterone synthase encoded by
CYP11B2 performs all three enzymatic steps in the conversion of deoxycorticosterone to aldosterone.
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3. Familial Forms of Hyperaldosteronism

There are currently 4 recognised forms of familial hyperaldosteronism (FH types I–IV) and the
genetic basis of each type is summarized in Table 1.

Table 1. Familial forms of hyperaldosteronism.

Subtype of Primary Aldosteronism Genetic Variant Encoded Protein Brief Description

FH Type I CYP11B1/CYP11B2
hybrid gene CYP11B2 Ectopic expression in ZF;

regulated by ACTH

FH Type II CLCN2 mutations CIC-2 Chloride voltage-gated
channel 2

FH Type III KCNJ5 mutations GIRK4
Potassium Voltage-Gated
Channel Subfamily J
Member 5

FH Type IV CACNA1H mutations Cav3.2 Calcium Voltage-Gated
Channel Subunit α1H

3.1. Familial Hyperaldosteronism Type I

Familial hyperaldosteronism type I (FH type I or GRA, glucocorticoid remediable aldosteronism)
is caused by a hybrid CYP11B1/CYP11B2 gene inherited as an autosomal dominant trait. The hybrid
gene results from an asymmetrical crossing over between the highly homologous CYP11B1 (encoding
11β-hydroxylase) and CYP11B2 (encoding aldosterone synthase) genes and comprises 5′ sequences of
CYP11B1 (including the promoter region) and 3′ sequences of CYP11B2 (including the coding region
of aldosterone synthase). Thus, in FH type I, aldosterone synthase is ectopically expressed in the ZF
under the control of adrenocorticotropic hormone (ACTH) rather than restricted to the ZG under the
control of angiotensin II [13,14].

3.2. Familial Hyperaldosteronism Type II

Familial hyperaldosteronism type II (FH type II) was first described by Stowasser et al. [15] in
a kindred with an autosomal dominant form of PA. Other kindreds were subsequently described
and a linkage with a locus on chromosome 7p22 was reported in some but not all families but
sequencing the entire linked locus did not identify the genetic cause [16]. In 2018, Scholl et al. [17]
identified the genetic variant responsible in the original kindred with FH type II described by
Michael Stowasser as a heterozygous variant of the CLCN2 gene that caused early-onset primary
aldosteronism and hypertension often with hypokalaemia. CLCN2 encodes CIC-2, a homodimer
voltage-gated chloride channel expressed in the adrenal gland predominantly in the ZG [17]. In the
original family with FH type II, eight individuals were carriers of the CLCN2 mutation (resulting
in the CIC-2 p.Arg172Gln substitution) and of these, seven tested positive with a screening test for
primary aldosteronism (elevated aldosterone-to-renin ratio). One carrier for the CIC-2 p.Arg172Gln
variant had a normal aldosterone-to-renin ratio, and therefore did not have primary aldosteronism,
indicating an incomplete penetrance of the allele. Scholl et al. found the p.Arg172Gln substitution
in an additional kindred and two further cases of p.Arg172Gln mutations (1 occurring de novo) in
2 unrelated patients with early-onset PA [17] as well as other CLCN2 variants encoding 4 different
mutations in CIC-2 (a de novo p.Met22Lys mutation, p.Tyr26Asn, p.Ser865Arg and p.Lys362del).
At the same time, Fernandes-Rosa et al., reported a de novo heterozygous p.Gly24Asp mutation in
the CIC-2 chloride channel associated with PA [18]. Electrophysiological recordings showed that the
mutated CIC-2 channels display modified gating resulting in increased chloride efflux compared with
wild-type CIC-2 channels. The increased chloride efflux leads to depolarization of adrenocortical cells,
activation of voltage-dependent Ca2+ channels, Ca2+ influx, increased CYP11B2 gene expression and
aldosterone production.
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3.3. Familial Hyperaldosteronism Type III

Choi et al. identified the genetic basis of familial hyperaldosteronism type III (FH type III) in
2011 by next-generation sequencing [6]. A gain-of-function mutation in the KCNJ5 gene (encoding the
G-protein-coupled inwardly rectifying potassium channel GIRK4) was identified in the male index case
and his two daughters. The mutation results in the substitution of a threonine residue (p.Thr158Ala)
located just above the selectivity filter of the channel pore which interferes with the Thr158-Pro128
hydrogen bonding [6]. Patch clamp recordings of human embryonic kidney cells expressing the
mutated GIRK4 p.Thr158Ala channel showed that the mutation results in a loss of selectivity for K+

and permissively allows the passage of Na+ resulting in membrane depolarization [6]. In adrenal
cells, membrane depolarization leads to the opening of voltage gated Ca2+ channels and Ca2+ influx
activating the Ca2+ signalling pathway and aldosterone production. Expression of GIRK4 p.Thr158Ala
in the human adrenocortical carcinoma cell line (HAC15) caused a marked increase in aldosterone
secretion that was dependent on membrane depolarization and Na+ and Ca2+ influx [19]. Until 2017,
22 patients with FH type III were described in the literature from 12 families [20]. Notable is that over
half of the patients described with FH type III (14 of 22 cases occurring in 7 of 12 families) carried
mutations of the Gly151 residue (p.Gly151Glu or p.Gly151Arg) in the GlyTyrGly motif implicated in
K+ selectivity [21].

3.4. Familial Hyperaldosteronism Type IV

Familial hyperaldosteronism type IV (FH type IV) is caused by gain-of-function mutations in
Cav3.2, a T type Ca2+ channel encoded by CACNA1H. FH type IV was first identified in 2015 by
exome sequencing of 40 unrelated subjects with early-onset hyperaldosteronism and hypertension
(<10 years of age) [22]. Scholl et al. identified five subjects with the same heterozygous mutation
in CACNA1H encoding the Ca2+ voltage gated channel (Cav3.2) resulting in a Cav3.2 p.Met1549Val
substitution [16]. Comparisons of whole cell patch clamp recordings of Cav3.2 p.Met1549Val and
wild-type Cav3.2 expressed in human embryonic kidney cells showed that the p.Met1549Val mutation
causes an impairment of channel activation and inactivation. The mutant channel displayed slightly
slower activation and much slower inactivation time constants compared with the wild-type channel
as well as a tail current indicating that a proportion of the mutated channels remain non-inactivated.
These properties would lead to an increase in Ca2+ influx in adrenal ZG cells and signal an increase
in aldosterone production. Validation of this concept was subsequently demonstrated by the same
group by expression of the Cav3.2 p.Met1549Val mutation in human adrenocortical (HAC15) cells
which resulted in an increase in CYP11B2 gene transcription and aldosterone secretion relative to cells
expressing the wild-type channel [23]. Following the discovery by Scholl, additional mutations in
CACNA1H were described involving a substitution of the same Met1549 residue (Met1549Ile) or other
amino acid residues (Ser196Leu, Val1951Glu and Pro2083Leu) [24].

4. Somatic Mutations in Aldosterone-Producing Adenomas

The most frequent genetic variation in APA is a somatic mutation of the KCNJ5 gene [25].
First identified by Choi et al. in 2011 by exome sequencing, mutations in KCNJ5 were identified
in 8 of 22 APA resulting in GIRK p.Gly151Arg or p.Leu168Arg mutations [6]. Both mutations were
demonstrated to interfere with the selectivity filter of the channel pore and result in membrane
depolarization causing the opening of voltage gated Ca2+ channels in adrenal glomerulosa cells and
Ca2+ influx [6]. Somatic KCNJ5 mutations are found at a prevalence of 40–50% [26–30] although
a higher prevalence has been reported in populations from Japan and China [31,32]. Following
the description of the KCNJ5 mutations, the application of next generation sequencing rapidly
identified additional somatic mutations associated with aldosterone overproduction in sporadic
PA. These include heterozygous gain-of-function mutations in Cav1.3 (the α1D subunit of the
L-type voltage-dependent calcium channel) encoded by CACNA1D [8,9] and the ion transporters,
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Na+/K+-ATPase (encoded by ATP1A1) and Ca2+-ATPase (encoded by ATP2B3) [7,8]. These mutations
result in an increase in intracellular Ca2+ concentration thereby causing an increase in transcription of
the CYP11B2 gene that encodes aldosterone synthase. Activating mutations in exon 3 of CTNNB1 that
encodes β-catenin have been identified in APAs as well as in other adrenal tumours [33]. Despite these
major advances, the mechanisms underlying the deregulated cell growth of APAs are probably not
explained by somatic mutations and the GIRK4 Thr158Ala mutation does not enhance proliferation of
adrenal cells in vitro [19]. Herein we discuss the transcriptome studies that have identified genes and
signalling pathways that may function in the pathophysiology and pathogenesis of APA.

5. Gene Expression Profiling

Gene expression studies have identified genes with a potential role in the pathogenesis and
pathophysiology of APAs (Table 2). Despite inter-study heterogeneity of gene expression data, which
may be accounted for by the use of different reference tissues (adjacent cortex or normal adrenal tissue
or, in some cases, non-functioning adrenocortical adenomas) and different diagnostic criteria [34–38],
such studies have proven valuable in the identification of genes and signalling pathways with a
potential role in the pathogenesis and pathophysiology of APAs.

Gene expression studies employing microarrays have shown a higher expression of CYP11B2
in APA compared with normal adrenals [39–41] and by SAGE (serial analysis of gene expression) in
an APA compared with adjacent cortical tissue [42]. However, another study of APA transcriptomes
reported two distinct and opposing expression profiles for genes encoding steroidogenic enzymes
with CYP11B2 displaying increased or decreased expression levels with respect to normal adrenal
tissue [43]. This apparent paradoxical decrease of the gene expressing aldosterone synthase in a
tumour that overexpresses aldosterone may be accounted for by sampling areas of the normal adrenal
reference tissue. In fact, these may contain aldosterone-producing cell clusters (APCC) that express
high levels of CYP11B2 with somatic CACNA1D, ATP1A1 or ATP2B3 mutations [44–46]. Conversely
large APA with low expression of CYP11B2 that give rise to inappropriate aldosterone production
might occur. Another possibility is that non-APA nodules were used in the study due to non-selective
diagnostic criteria.

Many studies have described an association of somatic APA mutations with histological
phenotype. APAs carrying KCNJ5 mutations have been widely reported to comprise predominantly
large lipid-rich ZF-like cells (Figure 2) [8,47–50]. Some studies have also described a predominance of
small compact ZG-like cells in APA harbouring CACNA1D, ATP1A1 or ATP2B3 mutations [8,27,49,51]
and somatic APA genotype is associated with plasma steroid profiles [52]. Such genotype-phenotype
associations indicate that APA genotype may influence transcriptome signatures. Histological
differences between large lipid-rich ZF-like cells and small compact ZG-like cells in APA are shown in
Figure 2.

Figure 2. Histopathological phenotype of aldosterone-producing adenomas. Haematoxylin and eosin
staining of an aldosterone-producing adenoma showing large lipid-rich cells of the ZF type (indicated
with arrows) (panel A) or a predominance of smaller compact cells of the ZG type (indicated with
arrows) (panel B).
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No differences in the transcriptome profiles of APA with and without KCNJ5 mutations were
initially described [26]. However, later studies reported distinct expression profiles of APA with KCNJ5
mutations compared with APA without KCNJ5 mutations (with higher CYP11B2 expression in the
tumours with KCNJ5 mutations) [53]. Different expression profiles were reported in APA with ATP1A1
and ATP2B3 mutations relative to APA with KCNJ5 mutations (with higher CYP11B2 expression
in the tumors with ATP1A1 and ATP2B3 mutations) [54]. Azizan et al. [35] demonstrated marked
differences in CYP17A1 gene expression from microarrays, validated by real-time PCR, in APA with
a ZF phenotype compared to those APA with a ZG phenotype [47]. If CYP17A1 and CYP11B2 are
expressed in the same cell then cortisol can be metabolized further to produce the hybrid steroids
18-hydroxycortisol and 18-oxocortisol [55]. Higher levels of these hybrid steroids are associated with
FH type I and FH type III (although not in all cases) and in patients with an APA with a KCNJ5
mutation [12,52].

CYP17 expression in APA has been shown to be associated with APA phenotype with marked
upregulation in adenomas comprising predominantly ZF-type cells [47]. NURR1 (NR4A2, encoding
Nur-related factor 1) and NGFIB (NR4A1, encoding nerve growth factor IB), genes that encode
transcription factors playing a key role in the regulation of CYP11B2 gene transcription [56],
are upregulated in APA. Also, genes encoding the nuclear receptor transcription factors SF-1 (NR5A1)
and DAX1 (NR0B1) that are essential for adrenal development and steroidogenesis, are upregulated in
APA [39]. Although low DAX1 expression in adrenocortical tumours is associated with aldosterone
production [57]. A target gene of SF-1, VSNL1 [58], is upregulated in APA and VSNL1 in vitro
overexpression in the NCI H295R cell line results in an increase in aldosterone production under both
basal and angiotensin II-stimulated conditions [59].

Several genes encoding G-protein-coupled receptors are among the genes upregulated in APA,
including those encoding the luteinizing hormone receptor (LH-R encoded by LHCGR), gonadotropin
releasing hormone receptor (GnRHR encoded by GNRHR), serotonin receptor 4 (HTR4), melanocortin
2 receptor (MC2R), and the angiotensin II type 1 receptor (AGTR1) [60]. Overexpression of LH-R
in the adrenocortical carcinoma NCI H295R cell line causes a concentration-dependent increase in
CYP11B2 expression after stimulation with luteinizing hormone [40]. Accordingly, the expression of
LH-R and GnRHR in APAs has been proposed to be related to increased aldosterone production during
pregnancy [61]. Therefore, the presence of activating APA CTNNB1 mutations might contribute to an
abnormal receptor activation [60].

NEFM, encoding the medium neurofilament protein, is highly upregulated only in APAs without
KCNJ5 mutations and is selectively expressed in the ZG and in APA comprised of predominantly ZG
cells [62,63]. Dopamine regulates aldosterone production via activation of its G-protein-coupled
receptor (GPCR) subtypes and silencing of NEFM amplified aldosterone stimulation by a DR1
(dopamine receptor subunit 1) agonist and aldosterone secretion in response to the DR1 agonist
was greater in primary cultures of APAs composed of primarily ZF cells compared with cultures
of APAs with ZG cells. These data indicate a role for NEFM in aldosterone production and cell
proliferation [63].

Analysis of the methylome of APAs demonstrated hypomethylation of GPCR genes and a strong
association of promoter hypomethylation of the HTR4 and PTGER1 genes with the upregulation of
mRNA levels, validated by real-time PCR, was demonstrated in APAs compared with non-functioning
adrenocortical adenomas [64]. Methylation of HTR4 and PTGER1 was significantly inversely correlated
with their respective mRNA expression levels [64]. The most hypomethylated promoter in APA is
the PCP4 (encoding purkinje cell protein 4) promoter with demethylation associated with enhanced
gene transcription [65]. CYP11B2 was also extensively hypomethylated in APAs [64] but although
hypomethylation was not associated with gene expression levels in this study it could facilitate gene
transcription [64]. In contrast, Howard et al., reported hypomethylation of APAs with hypomethylation
and overexpression of CYP11B2 [64].
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Calcium is a key intracellular messenger for aldosterone production and the intracellular Ca2+

signaling pathway is independent of the renin–angiotensin–aldosterone system in APAs [66]. A number
of genes involved in Ca2+ signaling or Ca2+ sequestration have been reported as upregulated in
APAs and are described in more detail below. VSNL1 that encodes a Ca2+-sensor protein and a
target of the nuclear receptor SF-1 [58] was one of several upregulated genes in APAs by microarray
analysis compared with normal adrenals validated by real-time PCR [41]. In NCI H295R adrenal
cells, overexpression of VSNL1 resulted in an upregulation of CYP11B2 gene expression under both
basal and angiotensin II-stimulated conditions thereby implicating a role for VSNL1 in aldosterone
production. Analysis of a larger sample set of tumours showed that VSNL1 was overexpressed in
APAs carrying a KCNJ5 mutation compared with those APA without a KCNJ5 mutation. A potential
role for the calcium sensor in the protection of cells in an adenoma via Ca2+-related anti-apoptotic cell
death mechanisms was hypothesized [59]. The expression of the VSNL1 protein in an APA (carrying a
KCNJ5 mutation) that displays strong CYP11B2 immunostaining is shown in Figure 3.

Figure 3. VSNL1 and CYP11B2 immunohistochemistry. An aldosterone-producing adenoma with
a KCNJ5 mutation stained with haematoxylin and eosin panels (A,B); immunostained for VSNL1,
panels (C,D); and for CYP11B2 panels (E,F). The VSNL1 antibody was from Merck and the CYP11B2
was a kind gift from Prof Celso Gomez-Sanchez, University of Mississippi, Oxford, MS, USA.
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The CALN1 gene, that encodes the Ca2+ binding protein calneuron 1, has been reported as
upregulated in APA in two transcriptome studies [41,67]. CALN1 was shown to potentiate aldosterone
production and silencing CALN1 led to a decrease in Ca2+ storage in the endoplasmic reticulum and
abrogated angiotensin II-mediated aldosterone secretion in an adrenocortical carcinoma cell line [41].

CALM2 encoding calmodulin 2 is a Ca2+-binding protein expressed in a wide-range of tissues
involved in signalling, cell cycle progression and proliferation. CALM2 was highly upregulated in
a transcriptome comparison of APAs with the adjacent ZG [42]. The increased expression of PCP4
in APA cells is likely to play a role in APA pathophysiology because PCP4 modulates Ca2+-binding
by calmodulin and activates the calcium-calmodulin cascade leading to an increased expression of
CYP11B2 [68].

GSTA1 (encoding glutathione-S-transferase, an enzyme that protects cells from reactive oxygen
species, ROS) gene expression is inversely correlated with the level of aldosterone production in APAs
with a KCNJ5 mutation and appears to regulate aldosterone secretion via ROS and Ca2+ signalling [69].
GSTA1 overexpression suppressed aldosterone biosynthesis, while silencing of GSTA1 increased
aldosterone production through increasing ROS, superoxide, H2O2 levels, Ca2+ influx and the
expression of CAMK1 (encoding Ca2+/calmodulin dependent protein kinase 1) and the transcription
factors NR4A1 (also called NGFIB) and NR4A2 that regulate CYP11B2 gene expression [69].

The epidermal growth factor-like teratocarcinoma-derived growth factor-1 gene (TDGF1) was
identified as the most highly expressed gene in APAs compared with normal adrenals by microarray
analysis [41]. TDGF1 was also identified as upregulated in an APA relative to the paired adjacent
cortex by serial analysis of gene expression [41]. Overexpression of TDGF1 in NCI H295R adrenal cells
activated the PI3K-Akt signalling pathway and led to an increase in aldosterone production, indicating
a potential role in APA pathophysiology [41]. The activation of PI3K/Akt mTOR signalling, a pathway
with a known role in cell proliferation, was also reported in patients with PA [41].

Wnt plays a key role in the development of the adrenal cortex and the dysregulation of this
signalling pathway is associated with tumorigenesis [70]. The Wnt/β-catenin pathway is constitutively
activated in around 70% of APAs [71] with the decreased expression on the Wnt inhibitor SFRP2
(encoding secreted frizzled related protein 2) likely playing a role in the deregulated Wnt/β-catenin
signalling [72]. SFRP2 was also four-fold down-regulated in APAs compared with normal adrenals
in an oligonucleotide microarray [72]. Mice with an ablation of Sfrp2 display enhanced aldosterone
production [72]. β-catenin appears to mediate aldosterone production by increasing the transcription of
several genes including AT1R, CYP21 and CYP11B2 as well as upregulating expression of transcription
factors NURR1 (NR4A2) and NUR77 (NR4A1) [72].

NPNT (nephronectin), a secreted matrix protein, was most highly expressed in APAs with a ZG
phenotype with CTNNB1 mutations. Thereby it may represent a potential biomarker to recognize a
subtype of APAs and indicates a further mechanism by which the Wnt/β-catenin signalling pathway
may upregulate aldosterone production [72]. These studies show that aberrant Wnt/β-catenin pathway
activation is associated with APA development and suggests that the Wnt/β-catenin signalling
mediates aldosterone production at multiple levels [71].
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Table 2. Differentially expressed genes in aldosterone-producing adenomas and their reference tissues
used in transcriptome studies.

Gene Encoded Protein and Description Reference Tissue Ref.

Upregulated Genes

CYP11B2 Aldosterone synthase- steroid hydroxylase cytochrome P450 enzyme
with 11β-hydroxylase, 18-hydroxylase and 18-oxidase activities AAC; NLA [34,39–41]

Calcium Signaling

VSNL1 Visinin-like 1, calcium sensor protein of visinin/recoverin subfamily NLA [59]

CALN1 Calneuron 1, calcium-binding protein with high similarity to
calmodulin family NLA [41,67]

CALM2 Calmodulin 2, calcium-binding protein of calmodulin family. Adjacent ZG [42]

PCP4 Purkinje cell protein 4, regulates calmodulin activity by modulating
calcium binding by calmodulin NFA [68]

Nuclear receptor Transcription Factors

NR4A1 Nuclear receptor subfamily 4 group A member 1; steroid-thyroid
hormone-retinoid receptor superfamily. WT-KCNJ5-APAs [56]

NR4A2 Nuclear receptor subfamily 4 group A member 2; steroid-thyroid
hormone-retinoid receptor superfamily. WT-KCNJ5-APAs [56]

NR5A1 Nuclear receptor subfamily 5 group A member 1 (SF1); transcriptional
activator of sex determination. AAC [39]

NR0B1 Nuclear receptor subfamily 0 group B member 1 (DAX1); functions in
proper formation of adult adrenal gland formation. AAC [39]

G-protein-coupled Receptors

LHCGR Luteinizing hormone/choriogonadotropin receptor NLA [60]

GNRHR Gonadotropin releasing hormone receptor NLA [60]

HTR4 5-hydroxytryptamine receptor 4 NLA; NFA [60,64]

PTGER1 Prostaglandin E receptor 1 NFA [64]

MC2R Melanocortin 2 receptor NLA [60]

AGTR1 Angiotensin II receptor type I NLA [60]

Others

NEFM Medium neurofilament protein- biomarker of neuronal damage KCNJ5-mut APAs; ZF-like
APAs [62,63]

TDGF1 Teratocarcinoma-derived growth factor 1- signaling protein that
functions in development and tumor growth NLA [41]

NPNT Nephronectin, a secreted matrix protein NLA [72]

Downregulated Genes

GSTA1 Glutathione S-transferase alpha 1- member of a family of enzymes that
protect cells from reactive oxygen species WT-KCNJ5-APAs; NLA [69]

SFPR2 Secreted frizzled related protein 2- agonist of Wnt signaling NLA [72]

AAC: adjacent adrenal cortex; APAs: aldosterone-producing adenomas; KCNJ5-mut APAs: APAs with KCNJ5
mutations; NFA: non-functioning adrenocortical adenomas; NLA: normal adrenals; WT-KCNJ5 APAs: APAs with
wild type KCNJ5 gene; ZF: zona fasciculata; ZG: zona glomerulosa.

6. Single Nucleotide Polymorphisms

Single nucleotide polymorphisms (SNPs) are the most frequent genetic variation in the human
genome. A rare nonsynonymous SNP (rs7102584) resulting in a GIRK4.p.Glu282Gln substitution
was identified in 12 of 251 patients (5%) with sporadic PA (9 with bilateral and 3 with unilateral PA)
compared with a prevalence of 2% in the 1000 genomes cohort [73]. Five common SNPs of the KCNJ5
gene (rs6590357, rs4937391, rs3740835, rs2604204, and rs11221497) were found in patients with sporadic
PA and essential hypertension and a significant association of the rs2604204 variant with sporadic PA
in Chinese males was found indicating a potential role for this polymorphism in the pathogenesis of
sporadic PA in this specific subgroup of patients [74].

7. Influence of Genetics and Genomics on Surgical Outcome

High blood pressure may persist after adrenalectomy due to contributory factors other than PA
and the surgical cure rate of patients with APAs varies widely. Comparison of the transcriptomes
of APAs with normal adrenals identified two subgroups of APAs based on their expression profiles
(low versus high mRNA levels) of genes encoding steroidogenic enzymes. APAs with a low level of
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CYP11B2 gene transcription are associated with a longer known duration of hypertension and a lower
rate of long-term cure [43].

Microarray analysis identified differentially expressed genes in a comparison of the transcriptomes
of APAs from patients with persistent hypertension after adrenalectomy with that of patients with
APA who were cured by surgery [75]. The differentially expressed genes were associated with five
different pathways that included lipid metabolism and cell differentiation and indicate the possibility
of using genomic approaches to identify drug targets and prognostic markers [75].

A number of studies have investigated the effect of KCNJ5 mutational status as a marker for
surgical outcome. In a prospective study by the TAIPAI (Taiwan Primary Aldosteronsim Investigation
study group) of 108 patients that were divided into KCNJ5 mutated and non-mutated groups, patients
with an APA carrying a KCNJ5 mutation aged between 37 and 60 years may have an advantage in
blood pressure response to surgery but mutation status is not associated with an improvement in
arterial stiffness [76].

Cardiovascular complications before and after unilateral adrenalectomy in patients harboring
APAs with and without KCNJ5 gene mutations were evaluated in a Japanese population.
The KCNJ5-mutated group displayed a significant improvement in left ventricular mass index which
was independently associated with the presence of APA KCNJ5 mutations whereas the group without
KCNJ5 mutations had no such improvement [77]. A higher left ventricular mass index and plasma
aldosterone concentration in patients with APA KCNJ5 mutations relative to those without KCNJ5
mutations has also been reported [35]. Despite the increased cardiac damage, patients with KCNJ5
mutations exhibited a decrease of blood pressure and plasma aldosterone concentrations and a
regression of left ventricular mass index similar to the KCNJ5 wild type group after adrenalectomy [35].
Another study reported an association of APA KCNJ5 mutations with lower blood pressure and
the higher likelihood of cure of PA by adrenalectomy relative to patients with APA without KCNJ5
mutations [36].

8. Conclusions and Perspectives

Major discoveries have been made in the field of PA research over the last few years mainly due
to the application of next-generation sequencing methods. Four familial forms of hyperaldosteronism
are now recognized with the genetic basis of three of these uncovered by exome sequencing.
Somatic mutations have been identified in ion channels and transporters that alter intracellular ion
homeostasis and drive the constitutive aldosterone production in over half of aldosterone-producing
adenomas. Differential gene expression studies have further highlighted key signalling pathways
and molecular mechanisms that may drive cell proliferation and aldosterone overproduction in
aldosterone-producing adenomas. Transcriptome analysis methods may have a future application in
the identification of prognostic markers to identify post-operative cardiovascular events.
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Abstract: Hypertension is a complex, multifactorial disease that involves the coexistence of multiple
risk factors, environmental factors and physiological systems. The complexities extend to the
treatment and management of hypertension, which are still the pursuit of many researchers. In the
last two decades, various genes have emerged as possible biomarkers and have become the target
for investigations of specialized drug design based on its risk factors and the primary cause. Owing
to the growing technology of microarrays and next-generation sequencing, the non-protein-coding
RNAs (ncRNAs) have increasingly gained attention, and their status of redundancy has flipped to
importance in normal cellular processes, as well as in disease progression. The ncRNA molecules
make up a significant portion of the human genome, and their role in diseases continues to be
uncovered. Specifically, the cellular role of these ncRNAs has played a part in the pathogenesis of
hypertension and its progression to heart failure. This review explores the function of the ncRNAs,
their types and biology, the current update of their association with hypertension pathology and the
potential new therapeutic regime for hypertension.

Keywords: non-coding RNA; micro RNA; hypertension

1. Introduction

Hypertension is a major risk factor for the development of cardiovascular disease (CVD).
According to a report in 2016 of population-based studies on the global disparities of hypertension,
between 2000 and 2010, globally, 31.1% or 1.39 billion people were estimated to suffer from
hypertension [1,2]. In 2017, the American College of Cardiology (ACC) and the American Heart
Association (AHA) presented new guidelines that further lowered the definition of high blood pressure
at 130/80 mmHg rather than 140/90 mmHg, which further highlights the importance of the early
detection and intervention of hypertension [3]. There are two major types of systemic hypertension:
essential hypertension, which accounts for 95% of all cases, and secondary hypertension [4]. Essential
hypertension, also referred to as primary hypertension, is a multifactorial disease where environmental
factors and genetic factors coexist. Essential hypertension is characterized by high blood pressure
mainly developed at middle or elderly age, while in childhood, essential hypertension is becoming
more common due to the obesity epidemic [4]. Secondary hypertension on the other hand has a
younger disease onset, with an absence of family history and underlying causes such as endocrine,
or renal disorder, or an iatrogenic trigger, or from different medications, including oral contraceptives,
steroids, nonsteroid anti-inflammatory drug (NSAIDs) and cyclosporine [5].

The development of hypertension is complex and multifactorial, attributed to both or either
of the genetic and/or environmental factors involving at least the renin-angiotensin-aldosterone
system, thrombogenesis, impaired platelet function and the sympathetic nervous system [6–10].
The therapeutic drug designs have been based on genes and their encoded proteins that are involved
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in these signaling pathways. Although pharmacotherapies using various classes of drugs have
been shown to have some efficacy in reducing cardiovascular mortality (by 33%), major adverse
cardiovascular events (by 29%) and heart failure (by 37%), hypertension remains one of the world’s
great public health problems [11]. There is a greater need to further understand the disease mechanism
of hypertension and targeted therapeutic treatment [12]. Due to the growing technology of genomics,
such as microarrays and next-generation sequencing, the non-protein-coding RNA (ncRNAs) have
increasingly gained attention in normal cellular processes, as well as in disease progression. ncRNA is
a functional RNA molecule that is transcribed from DNA, but not translated into proteins and has been
shown to be involved in regulating gene expression and inhibiting the translation and degradation of
messenger RNAs [13]. Two major types of ncRNA, namely microRNAs (miRNAs) and long non-coding
RNAs (lncRNAs), have been extensively studied in both hypertensive patients and animal models as
outlined in a number of review papers [14,15]. This review will present an update of the most recent
progress in both miRNAs and lncRNA focusing on their links to the physiological regulation and
therapeutic potential in systemic hypertension.

2. Discovery and Application of Non-Coding RNAs

Since the 1950s, various types of ncRNAs have been uncovered in eukaryotic cells, including
transfer RNAs (tRNAs), which make up the greatest number of RNA molecules with 10 tRNAs per
ribosomal RNA (rRNA), rRNA, messenger RNA (mRNA), small nucleolar RNA (snoRNA), small
nuclear RNA (snRNA), miRNA, the RNA component of the signal recognition particle (7SL RNA),
other lncRNAs, circular RNA, heterogeneous nuclear RNA (hnRNA) and X-inactive-specific transcript
RNA (Xist RNA) [16,17]. The ncRNAs could be classified based on size: small (around 20 base
pairs (bp)), intermediate (less than 200 bp) and long (longer than 200 bp). Small ncRNAs have
attracted many investigations such as: piwi-interacting RNAs, small interfering RNAs (siRNAs) and
miRNAs [14]. Intermediate ncRNAs include small nuclear RNAs that are involved in splicing during
protein synthesis, nucleolar RNAs that modify ribosome RNA, transcription start site (TSS)-associated
RNAs and promoter-associated small RNAs [14]. The rest of the ncRNAs that are greater than 200 bp
have been grouped as lncRNAs. The research on lncRNAs has gained momentum, and these partake
in the epigenetic regulation of transcripts and inactivation of X-chromosomes [14].

Historically, the discovery of tRNA and rRNA began in the 1950s, and the existence of other
ncRNA such as snRNAs and 7SL was uncovered from the late 1970s. However, it was in the 1980s
that the transcription regulatory function of miRNA began to emerge. It began with the first discovery
of micF RNA in Escherichia coli [18–20]. Following this, in the 1990s, the first regulatory miRNA,
lin-4, in eukaryotes was discovered in Caenorhabditis elegans (C. elegans) [21]. Within the same decade,
the lncRNA, Xist, became known as the regulator of the X-chromosome [22]. It was not until in
2000 when the second C. elegans miRNA, let-7, was discovered with sequence conservation amongst
humans and animals, that the research into miRNAs in Drosophila and human cell lines increased
exponentially [23,24]. In 2002 was the first report of human miRNAs miR-15a and miR-16-1 that were
downregulated or deleted in B cell chronic lymphocytic leukemia cases [25]. Following this finding
was the first human oncogenic miRNAs, miR-17-92 cluster and miR-155, which were overexpressed in
other cancers and B cell lymphomas, as well as in hematological malignancies, respectively [26–28].

The various functions of ncRNAs, in particular, miRNAs and lncRNAs, have unlocked
opportunities and developments in clinical trials for RNA interference (RNAi) as the next medical
therapy. RNAi medicine is currently via the utilization of siRNAs and miRNA mimics. Strategies
of therapeutic design using miRNAs could be in the form of repressing/inhibiting the upregulated
miRNA by using antagomirs, which are synthetic antisense 21–23-base pair (bp) oligonucleotides.
Alternatively, deficient miRNAs could be replaced or enhanced by the overexpression of miRNAs
or utilizing synthetic miRNAs. The antisense technologies have also been trialed to repress lncRNA.
The advantages that miRNAs provide over the conventional drug molecules are their potency, action
on any gene of interest and accessibility to repression, which some traditional drug molecules could
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not access due to the encoded protein’s folding conformation and/or, the protein’s lack of enzymatic
function [29,30].

There are promising prospects of therapeutic miRNA in the pharmaceutical industry. According to
a recent review on therapeutic miRNA and siRNA, there are currently 10 existing miRNA therapeutics
in pre-clinical trials [31]. Only one miRNA therapy has proceeded to the phase II clinical trials,
miravirsen, utilizing LNA, an antisense oligonucleotide, against miR-122 for hepatitis C infection
treatment [32,33]. A therapeutic miRNA, known as MRX34, was developed for cancerous cells, but also
other disorders, such as: Alport syndrome, myocardial infarction on remodeling, cardiac fibrosis,
abnormal red blood cell production, cardiometabolic disease and chronic heart failure [31]. The MRX34
miRNA therapy is a miRNA mimic, introducing miR-34, which is suppressed in tumor cells. MRX34
therapy is the only one that had entered a phase I clinical trial, but due to the severe adverse immune
responses, further progress was halted. The treatment for remodeling in post-myocardial infarction,
known as an anti-miR candidate drug named MGN-1374, targets miR-15 and miR-195, has entered into
the preclinical stage. For more information on the ongoing or completed clinical trials, the National
Institute of Health (NIH), USA, has provided an accessible database (http://www.clinicaltrials.gov).

3. Recent Progress of miRNAs in Hypertension

miRNAs (18–24 bp) are master gene regulators controlling the expressions of specific genes by
their binding to the 3′ untranslated region (UTR) of a messenger RNA (mRNA), which triggers either
repression or degradation of the translation mechanism, and thus gene expression. A single miRNA
regulates one to several hundred genes, and a single gene could be regulated by more than one
miRNA. miRNAs can be sourced from tissues, urine, serum, plasma and blood cells (which include
peripheral blood mononuclear and vascular endothelial cells). The accessibility of miRNA from serum,
plasma or urine stems from studies that validated the presence of circulating miRNAs packaged in
exosomes, microvesicles or apoptotic bodies [34–37]. The functions of the circulating miRNAs are
mainly to communicate to neighboring or remote target cells and to provide gene expression regulation.
An example for this is the communication between endothelial cells and the VSMCs, via the circulating
miRNAs in these mentioned extracellular vesicles [34]. The various miRNAs that will be described are
also listed in Table 1.

3.1. miRNAs in the Regulation of the Renin-Angiotensin Aldosterone System

The renin-angiotensin aldosterone system (RAAS) is a hormonal system that is paramount in the
regulation of blood pressure by its influence on cardiac contractility, blood volume and resistance in
the vasculature. The RAAS is a collaboration of the physiological workings of various organs and
systems: the renal system, the cardiovascular system, the central nervous system and adrenal glands [38].
The RAAS involves a number of molecular players: peptides (angiotensin II), substrate (angiotensinogen
(AGT), enzymes (angiotensin converting enzymes 1 and 2 (ACE1 and ACE2, respectively), aldosterone
and vasopressin (known as anti-diuretic hormone (ADH)) and receptors (angiotensin II receptor type 1
and type 2 (AT1R and AT2R encoded by AGTR1 and AGTR2 mRNAs, respectively), bradykinin receptor
2 (B2R) and thromboxane A2 receptor (TBXA2R)). Hypertension develops when this well-balanced
system of RAAS is over-activated. A number of microRNAs interact with the major players of RAAS in
the hypertensive human cases and animal and in vitro experiments, as shown in Table 1.
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It has been shown that many major players of RAAS are regulated by miRNAs. From single-nucleotide
polymorphism (SNP) datasets, the AGTR1 gene, which encodes for angiotensin II receptor type 1, is regulated
by miR-155 by its preferential binding to the A allele at position +1166 of the 3′UTR of AGTR1 [40].
Interestingly, in hypertension cases, there is a higher prevalence for the C allele than the A allele, which
reduces the ability of miR-155 to bind to AGTR1 [40], and individuals who were homozygous for the C
allele showed lower miR-155 expression and higher AGTR1 expression, which resulted in elevated blood
pressure [39]. The role of miR-155 in repressing AGTR1 was tested and confirmed in rat cardiomyocytes,
which also reduced cardiac hypertrophy [74]. Furthermore, within a hypertensive cohort, SNPs found in the
miRNA binding sites of the RAAS protein genes were associated with elevated blood pressure (in AVPR1A)
or lower blood pressure (in BDKRB2 and TBXA2R). This finding suggests the role of miRNAs in blood
pressure regulation via the genes of RAAS [41]. There has been a collection of reports of SNPs identified in
miRNA binding sites, as well the miRNA promoter, and these have modified the binding proficiency of
miRNAs to the corresponding target gene and are associated with elevated blood pressure [75–77]. The most
recent SNP in the 3′UTR gene is found in the Chinese Han population, within the miRNA miR-495 binding
site. The mutant C allele has increased the hypertension susceptibility, but further tests are required to
determine if this SNP has altered the miRNA binding efficiency [78]. Another report of an association study
of hypertensives (156) and normotensives (187) has discovered SNP rs4705342 in the miRNA promoter
with a lower frequency of minor C allele among the hypertensive group. However, no further tests have
been done to verify the effect of the SNP on miR-143 expression or binding [79]. A list of more of these
SNPs that alter miRNA binding sites is provided in Table 2. In addition, microarray data from human,
rat and mice showed that miR-483-3p can downregulate AT2R, AGT, ACE1 and ACE2 [42]. Moreover,
the cluster of miR-143/145 has been shown to increase under shear stress by activation of the AMPK-p53
pathway, which in turn downregulates the ACE expression [43]. Interestingly, an earlier study has found
that expression of miR-143/145 is vital for the maintenance of the VSMC contractile phenotype [80]. A recent
study showed that knockout of miR-143/145 in mice resulted in them developing the loss of myogenic tone,
and under induction of AngII for increased blood pressure, these knockout mice developed severe vascular
inflammation and fibrosis, compared to their wildtype littermates [44].

Table 2. SNPs associated with hypertension.

SNPs ncRNA Gene SNP site Ref.

rs3749585 miR-495 CORIN miR-495 site [78]
rs10757274,
rs2383207,
rs10757278,
rs1333049

CDKN2B-AS1 (lncRNA) - 9p21.3 [81]

rs4705342 - - miR-143 promoter [79]
rs17228616 - ACHE miR-608 [77]

rs5068 - NPPA miR-425 site [76]
rs938671 - ATP6V0A1 miR-637 site [75]

rs5186 (A1166C) miR-155 AGTR1 miR-155 site [39,
40]

rs11174811 miR-526, miR-578 AVPR1A miR-536, miR-578 sites

[41]rs5225, rs2069591 miR-34a, miR-34c-5p,
miR-449b BDKRN2 miR-34a, miR-34c-5p,

miR-449b sites
rs13306046 miR-571, miR-765 TBXA2R miR-571, miR-765 sites
ss52051869 miR-122 SLC7A1 miR-122 site [51]

On the other side, the increase of AngII as a vasoconstrictor that induces the release of aldosterone
and vasopressin has also altered miRNA expression. A study on Sprague-Dawley rats showed that
10 days of AngII intravenous infusion induces cardiac hypertrophy and fibrosis and increases miR-132
and miR-212 expression in rat hearts, aortas and kidneys [45]. When applied to the human setting,
blocking AngII activity by AGTR1 blocker treatment in hypertensive patients reduces the expression
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of miR-132 and miR-212 in the internal mammalian artery compared to the control group [45].
The β-blocker drug was also trialed, but the AGTR1 blocker was more potent in its attenuating effect.
These studies suggest that miR-132 and miR-212 assist AngII-induced hypertension. Within the
in vitro setting, AngII treatment in human adrenocortical cell lines increases miR-21 expression.
This releases aldosterone secretion, but not cortisol. This result suggests the possibility that miR-21
could influence the abnormal aldosterone secretion in the hypertension setting and contribute to
primary aldosteronism [46].

A number of studies has reported changes in the expressions of miRNAs and its possible use
as a biomarker in connection with sodium homeostasis, blood pressure and renin expression. In a
small cohort study (n = 10) that evaluated, using a microarray, the correlation of salt intake and
blood pressure, 45 differentially-expressed miRNAs were found with miR-4516 displaying the highest
expression change across salt intake variation [47]. Interestingly, the exosomes from the urine samples
showed a reduction of miR-4516 expression in the inverse salt-sensitive (mean arterial pressure (MAP)
decreases ≥7 mmHg with high salt intake) vs. the salt-resistant subjects (control; <7 mmHg MAP
change with high salt intake) and, conversely, an increase in the expression in the salt-sensitive
(≥7 mmHg increase in MAP) vs. the salt-resistant group [47]. Similarly, a recent report showed
other miRNAs, miR-361-5p and miR-362-5p, being associated with salt sensitivity. Both of these
miRNAs were downregulated in the salt-sensitive hypertensive group, compared to the salt-resistant
essential hypertensive group [48]. Within another cohort of white hypertensive European subjects,
microarray profiling on the medulla and cortex of kidney tissues along with qPCR validation showed:
downregulation of miR-638 and let-7c, in the medulla, and in the renal cortex, downregulation of
miR-181a, miR-638 and miR-663 and upregulation of miR-21, miR-126, miR-196 and miR-451 [49].

The above findings of the downregulation of miR-181a and miR-663 in the hypertensive human
cohort can be correlated further to some in vitro and animal studies. In the human embryonic
kidney cell cline (HEK293), miR-181a and miR-663 regulate the endogenous renin expression by
targeting the 3′UTR of the human renin (REN) mRNA, and specifically also apoptosis-inducing factor
mitochondrion-associated 1 (AIFM1) and apolipoprotein (APO E), respectively [49]. In the BHP/2J
mouse circadian hypertension model [50], they found downregulation of miR-181a and increased
renin expression in the active period [50].

3.2. miRNAs in Endothelial Dysfunction

Vascular endothelial dysfunction is highly associated with hypertension. Endothelial cells function
to release vasodilators into the blood stream to reduce vascular resistance. As these cells face continuous
hemodynamic forces with shear stress and stretch, they play an important role in development,
regulation and remodeling of the vasculature. Increased blood pressure can alter the phenotype and
function of the endothelial cells [82]. With endothelial dysfunction, there is a reduced vasodilatation,
activation and release of inflammatory factors, an increase of reactive oxygen species (ROS), a reduction
of nitric oxide, which then develops into increased vascular tone, increased vascular stiffness and
pulse pressure, and sustained elevated blood pressure [83]. The maintenance of the endothelial cell
phenotype involves a number of molecular players such as protein kinases, integrins, endothelial nitric
oxidase synthase (eNOS) and NO, vascular endothelial growth factor (VEGF) and miRNAs [84,85].
Evidence has emerged that miRNAs are involved in angiogenesis, the proliferation and function of
endothelial cells and their dysfunction.

Several human studies have shown the association of miRNAs and hypertension in the aspect of
endothelial dysfunction. In experimental models, change in expression of an L-arginine transporter
gene, SLC7A1, alters NO production and induces endothelial dysfunction. An SNP of a novel C/T
polymorphism in the 3′UTR of SLC7A1 is found in 278 essential hypertensive subjects (T allele
frequency: 13.3%), compared with the 498 normotensive subjects (T allele frequency: 7.6%) [51].
The impact of the T allele is such that it disrupts the binding of transcription factor SP1, extends
the 3′UTR length to increase the binding site of miR-122, which in turn reduces SLC7A1 expression.
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A tumor-suppressive miRNA, miR-505, was found to be increased in hypertensive patients from
three independent cohorts [52]. The increase of miR-505 represses fibroblast growth factor 18 (FGF18),
a proangiogenic factor in the endothelial cells that promotes endothelial migration and thus disables
the migration and tube formation of endothelial cells [53]. Another study shows that vascular
endothelial cells release circulating miRNAs to combat pathogenic virus. From plasma collection of a
hypertensive and normotensive Chinese population, three significant miRNAs were isolated: human
cytomegalovirus (HCMV) miRNA (hcmv-miR-UL112), miR-296-5p and let-7e. Based on in vitro
transfection of HEK293 cells with the reporter gene constructs, the interferon regulatory factor 1 has
been reported to be the target of hcmv-miR-UL112 [54]. Interestingly, hypertensive patients showed
increased HCMV seropositivity and quantitative titers (52.7% vs. 30%, p = 0.0005; 1870 vs. 54 copies per
1 mL plasma, p < 0.0001), which suggest that cytomegalovirus causes the release of hcmv-miR-UL112
from vascular endothelial cells. The group suggested a possible new link between HCMV infection
and essential hypertension [54].

There is some evidence of the involvement of miRNA and eNOS production in hypertension and
in endothelial dysfunction. eNOS is responsible for the production of NO within the endothelium.
Inhibition of eNOS decreases NO availability and increases oxidative stress, endothelium dysfunction
and hypertension. A study reported that inflammatory release of tumor necrosis factor-α (TNF-α)
induces the transcription of miR-155, which targets the 3′UTR of eNOS to inhibit its expression.
Inhibition of miR-155 reverses the effect of eNOS downregulation [55]. Furthermore, the miR-221/222
cluster, known as the sensitive regulator in the endothelium, regulates the NO release by its
binding to the 3′UTR of eNOS mRNA in endothelial cells, as well as other genes, such as activator
STAT5a, transcription factors Ets1, Es2 and cyclin-dependent kinase cell cycle regulators p21Cip1 and
p27Kip1 [56–58]. Recently, it was found that the presence of pro-inflammatory cytokines upregulates
miR-146a and miR-146b. Their upregulation not only inhibits endothelial activation and represses
NF-κB and MAP kinase pathways, but also targets HuR, which is an RNA binding protein that
suppresses eNOS [59].

Interestingly, Dicer, the RNaseIII enzyme, not only plays a role in processing the premiRNA
sequence into a shorter double-stranded miRNA, but also contributes to angiogenesis. The absence
of Dicer in both the in vitro and in vivo system causes dysregulation in angiogenesis. There is a
number of miRNAs that are also involved in angiogenesis. One of them is the endothelial-specific
miR-126. The role of miR-126 includes: influencing the integrity and regulation of the growth of the
vasculature by controlling the endothelial response to VEGF, inhibiting the negative regulators of
the VEGF pathway and controlling the level of the vascular cell adhesion molecule (VCAM-1) for
inflammatory adhesion [60–62].

3.3. miRNAs Involved in VSMCs and Other Cells in Hypertension

Understanding the role of vascular smooth muscle cells (VSMC) and the factors that influence their
function is important for clarity on the pathogenesis and treatment of hypertension. Within the
blood vessels, there is a complex interplay of neurotransmitters, circulating hormones and
endothelium-derived factors for vasodilation and vasoconstriction. VSMC influences the vascular tone
and regulates blood pressure, vascular resistance and tissue perfusion. Various antihypertensive agents
have been designed to target the VSMCs (such as the ACE inhibitor, calcium channel blockers) [86].
miRNAs have been found to be involved in the function of VSMC, the development of arterial stiffness
and the progression to hypertension [87]. The miRNA miR-21, which has been known to regulate arterial
fibrosis, was reported to have a correlation with improvement in arterial stiffness [88,89]. A study
with 95 essential hypertensive patients that underwent antihypertensive treatment showed a negative
correlation between miR-21 and the pulse wave velocity readings [63]. A study involving 89 individuals,
of which 60 had essential hypertension and 29 were normotensive [64], showed that lower miR-143,
miR-145 and miR-133, but higher miR-21 and miR-1 were found in peripheral blood mononuclear cells
from the hypertensive group, compared to the normotensives. Negative correlation of the diastolic blood
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pressure (DBP) was found with miR-143, miR-145 and miR-21, but there was a positive correlation with
miR-133. Interestingly, the miR-145 expression level was also overexpressed in 22 human atherosclerotic
plaques (15 hypertensive and seven control) [90]. Furthermore, miR-145 was reported to have dual
role in its binding to TGFβ receptor II (TGFBR2) [65]. The modulation of TGFβ receptor 2 signaling
affects the downstream expression of the matrix genes in VSMC [65]. The same group that investigated
the hypertensive cohort also compared the expression of miR-9 and miR-126 in peripheral blood
mononuclear cells between the hypertensive and normotensive group [66]. There was a significant
lower expression found in both miR-9 and miR-126 in the hypertensive group, and their expression
level showed positive correlation with the 24-h mean pulse pressure [66]. The expression level of miR-9
showed a positive correlation with the left ventricular mass index. Another study reported that both
miR-126 and miR-223 are involved in regulating vascular inflammation by repressing vascular cell
adhesion molecule-1 (VCAM-1) and intercellular adhesion molecule-1 (ICAM-1), respectively [67,68].
The VSMC proliferation has also been found to be influenced by the level of miR-34b. Through qPCR,
in silico analysis and the luciferase assay, miR-34b was found to target cyclin-dependent kinase 6
(CDK6), which controls cell cycle progression and proliferation [69].

Recently, a number of miRNAs has been detected to be differentially expressed in essential
hypertensive individuals, compared to the healthy individuals. Increased expression of circulating
miR-29a/b/c and miR-510 by qPCR was found in hypertensive individuals, compared to the
normotensive individuals [70,71]. Another group has reported two sets of data of the upregulation
of miRNAs: let-7 and miR-92a, in correlation with the increase in carotid intima-media thickness
(CMIT), compared to the normal CMIT [72,73]. This shows that the miRNA levels could reveal the
development of subclinical atherosclerosis with the thickening of the CMIT. Thus, here is another piece
of evidence for the possibilities of miRNAs to be used as biomarker and in this case for the detection
of end-organ damage in hypertension.

A summary of the miRNAs associated with essential hypertension is further tabulated based on
species (see Table 3), and the essential miRNAs with their targets are presented in Figure 1.

 

Figure 1. The miRNAs involved in essential hypertension, their association with the RAAS, EC
and VSMC and their known target genes. The big central arrows indicate a system/cell type’s
influence on another and on the increase in blood pressure (BP). Small arrows in the tables indicate the
upregulated (up arrow) or downregulated (down arrow) miRNA expression. Red droplets represent the
biomarker potential from detectability in blood samples. EC: endothelial cells; RAAS: renin-angiotensin
aldosterone system; VSMC: vascular smooth muscle cells.
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4. Recent Progress of lncRNAs in Hypertension

lncRNAs are typically greater than 200 bp in length. Though they are transcribed, 3′polyadenylated,
5′ capped and spliced, lncRNAs do not translate into proteins. There are four different types of
lncRNAs based on their relative genomic location to the coding region, including: intergenic lncRNAs
(or lincRNAs), intronic lncRNAs, sense lncRNAs and antisense lncRNAs [14]. Unlike miRNA, lncRNAs
have numerous functions in regulating gene expression with transcription and translation (upregulating
and downregulating), in splicing, imprinting and cell cycle development. lncRNAs can silence multiple
genes through their interaction with chromatin, or even recruit promoters to a target gene and induce
transcription. lncRNAs could also be detected in urine and blood, providing a promising future as
biomarkers for disease [92].

Although the molecular mechanisms of lncRNAs are not fully understood, some studies showed
that they play a role in normal physiology, as well as the development of hypertension and cardiovascular
diseases. Recent studies showed that there were 68 lncRNA upregulated and 167 lncRNAs downregulated
in spontaneously hypertensive rats (SHR) compared to their normotensive control (Wistar-Kyoto (WKY)
rats) [93]. One particular lncRNA, XR007793, was validated to be upregulated in vitro in VSMC of
hypertension. Reciprocally, knocking down of XR007793 attenuated VSMC proliferation and migration.
Absence of XR007793 also inhibited interferon regulatory factor 7 (irf7), signal transducers and activators
of transcription 2 (stat2) and LIM only domain 2 (limo2) [93]. Furthermore, the different expressions
of 749 lncRNAs were identified between Dahl salt-sensitive vs. spontaneously hypertensive rats [94].
From these, four candidate target lncRNA-mRNA-associated genes were selected: Ankyrin repeat and
SPCS box containing 3 (Asb3), cation transport regulator homolog 2 (Chac2), peroxisomal membrane
11B (Pex11b) and Sp5 transcription factor (Sp5) [94]. The lncRNAs that are specific for these genes were
upregulated, while the protein of these candidate genes was downregulated. Recently, lncRNA AK098656
was detected to be upregulated in the plasma of hypertensive patients [95]. This lncRNA mediates
the VSMC synthetic phenotype, which is a common characteristic in hypertension pathophysiology.
A human genome-wide association study (GWAS) presented a strong association between systolic
mean arterial blood pressure and lncRNA H19 locus [96]. The H19 lncRNA is expressed only during
embryonic development, but it is upregulated in cardiovascular conditions [96]. In addition, a group
genotyped a hypertensive vs. a normotensive cohort for SNPS that were found in a long non-coding
RNA, CDKN2B-AS1 [81]. CDKN2B-AS1 is noted to contribute in some ways to regulating the cell
cycle and senescence. The genotyping performed in this population showed a significant difference in
the genotype frequency of the SNPs between the hypertensive and normotensive groups and strong
association between rs10757274 and rs2383207 (AA) and SBP [81].

MALAT1 [97] has been reported to control vessel growth and endothelial cell function. A vascular
cell-rich lncRNA, SENCR, has been shown to play a part in the smooth muscle cell phenotype [98].
Furthermore, growth arrest-specific 5 (GAS5) was found to regulate artery remodeling in caudal,
renal, thoracic and carotid arteries [99]. GAS5 was also found to be downregulated, which affected
endothelial proliferation and activation in hypertensive condition in the rats [99]. Interestingly, a study
reported on the effects of goji berries (Lycium barbarum L.) on lncRNA in rats with a high salt diet.
The consumption of the berries ameliorated the hypertensive condition on the borderline hypertensive
rats and reduced the sONE lncRNA, which then reciprocally improved the eNOS expression [100].
The lncRNAs that have been found to be associated with essential hypertension are summarized in
Table 4.
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5. Detection of Non-Coding RNAs

miRNAs and lncRNAs have the potential to be biomarkers and targets for therapy design. Drug
design on miRNA and lncRNA replacement, modulation and enhancement is a promising outlook.
In the last decade, studies have reported that miRNAs and lncRNAs are packaged in microvesicles,
exosomes, apoptotic bodies, high-density lipoproteins (HDL) or Ago2 as RNA-binding proteins and
carried in the bloodstream [34–37,92,101,102]. This makes the miRNAs protected from degradation by
RNase activity in the blood. The functions of these circulating ncRNAs are mainly to communicate
to neighboring or remote target cells and to provide gene expression regulation. An example for
the existence of the transfer of miRNAs in extracellular microvesicles is the communication between
endothelial cells and the VSMCs of miRNAs such as miR-143 and miR-145 [34]. The facts that miRNAs
and lncRNAs can be detected in circulation (serum and plasma) and urine and that they are stable in
blood during transportation and storage enable sample collection to be simpler, faster and non-invasive
with no requirement of tissue collection. Despite this promising advantage, more research is required
to detect the origin (cell/tissue type) of these circulating miRNAs.

6. Non-Coding RNAs in the Treatment of Hypertension

As mis-expression or mutation of miRNAs has been implicated in various diseases, including
hypertension, treatments utilizing ncRNAs are still in their infancy. However, there is a promising
outlook with the progress in understanding their molecular mechanism. In an animal experimental
model, miR-22 antagomir (LNA oligonucleotide) was administered intraperitoneally in SHR and
WKY rats [91]. This administration reduced the SBP and DBP by about 18 mmHg in the SHR.
Furthermore, in human microRNAome screening, miR-25 was significantly upregulated, and its
upregulation delays calcium uptake kinetics specifically for SERCA 2a, in both human and mice
failing cardiomyocytes [103]. When miR-25 was overexpressed by in vivo administration using
adeno-associated virus 9 (AAV9), there was a confirmation of the loss of contractile function.
Interestingly, using antagomirs against miR-25 in a mouse model, cardiac function improved with
increased survival compared to the animals that received a control antagomir oligonucleotide [103].
According to a previously-mentioned review on miRNA therapeutics, there are two therapeutic
miRNAs correlated with vasculature disorders that are currently in the pipeline of the development
phase. The miRagen Therapeutics company has in the pipeline MGN-2677 for the treatment of
vascular disease, which involves miR-143/145 [31]. For peripheral arterial disease treatment, mirage
Therapeutics utilizes the function of miR-92 for the MGN-6114 therapy design [31].

lncRNAs have not fallen behind with respect to the interest in their use for therapeutic
purposes. To overexpress lncRNA, adeno-associated viral vectors have been selected due to their low
pathogenicity [104]. The inhibition or downregulation of cytosolic lncRNA has been explored using
siRNA or aptamers with antisense oligonucleotide (ASO)-mediated knockdown [105–107]. Nuclear
lncRNAs, on the other hand, could be downregulated using the GapmeRs system, by heteroduplex
formation with the target lncRNAs for cleavage by RNase H [108,109].

Although the accessibility of these ncRNAs in circulation has promising biomarker potential,
their efficiency and safe delivery for therapy still remain as challenges. The drug design utilizing
these small RNA molecules has so far met the challenges of low serum stability, non-specific targeting,
innate immune responses and poor pharmacological properties. Developments have emerged in the
design of various delivery systems for greater bioavailability: biodegradable polymers, PEGylated
liposomes and lipidoids [31]. Furthermore, the vesicles (50–500 nm) have been designed for protection
from the kidney filtering system for more efficient intracellular delivery [110].

Despite the promising outlook for therapy utilizing the biology of miRNA, there are some
limitations that need to be overcome and considered. As previously mentioned, a single miRNA
can target several other genes, and the suppression of one gene may/may not be by more than one
miRNA. A treatment using one miRNA may affect other genes that need not be dysregulated in their
expression. Development of techniques for detecting microvesicles membrane markers to determine
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where the circulating miRNAs came from will be useful to ascertain the cell/tissue source of the miRNA.
Furthermore, there are racial differences in the miRNA profiling in the disease and non-disease state.
A recent study profiled the miRNA expression between the hypertensive and normotensive African
American and white American cohorts [111]. There were significant mRNA/miRNA pair expression
differences between the AA and white female hypertensives.

7. Conclusions

Owing to whole genome sequencing and RNA sequencing technologies, greater information of
the non-coding sequences in the genome has been uncovered. Various pharmacotreatment strategies
have been employed for hypertension, but due to the complexity of the disease, there still exists room
for greater understanding of the disease mechanism and better therapeutic drug treatment. There are
more studies that have been performed to elucidate the role of miRNAs in normal vasculature,
the development of hypertension and cardiovascular disease. The current findings of miRNA have
shown that there is a promising way to modulate the miRNA expression and its repressing action.
The understanding of lncRNA is still in its infancy and requires greater work to understand its
molecular mechanism. However, both miRNAs and lncRNAs could be detected in urine, blood and
plasma, which allows them to be used as biomarkers for disease diagnosis. More research is needed to
overcome the listed limitations for the miRNA mechanism for usage in future therapy.
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Abstract: Liddle syndrome is an inherited form of low-renin hypertension, transmitted with an
autosomal dominant pattern. The molecular basis of Liddle syndrome resides in germline mutations
of the SCNN1A, SCNN1B and SCNN1G genes, encoding the α, β, and γ-subunits of the epithelial
Na+ channel (ENaC), respectively. To date, 31 different causative mutations have been reported in
72 families from four continents. The majority of the substitutions cause an increased expression
of the channel at the distal nephron apical membrane, with subsequent enhanced renal sodium
reabsorption. The most common clinical presentation of the disease is early onset hypertension,
hypokalemia, metabolic alkalosis, suppressed plasma renin activity and low plasma aldosterone.
Consequently, treatment of Liddle syndrome is based on the administration of ENaC blockers,
amiloride and triamterene. Herein, we discuss the genetic basis, clinical presentation, diagnosis and
treatment of Liddle syndrome. Finally, we report a new case in an Italian family, caused by a SCNN1B
p.Pro618Leu substitution.

Keywords: hypertension; hypokalemia; low renin hypertension; monogenic hypertension; Liddle
syndrome; SCNN1A; SCNN1B; SCNN1G

1. Introduction

Arterial hypertension, affecting about one billion people worldwide, is the most prevalent
modifiable risk factor for cardiovascular diseases and related disability [1]. Essential hypertension is a
multifactorial condition, resulting from a complex interaction between lifestyle and genetic factors.
A positive family history increases the overall risk of developing high blood pressure and genetic
factors account for 30–50% of the individual risk [2]. A minority of the hypertensive patients are affected
by an inherited disease, resulting from single gene germline mutations affecting mineralocorticoid,
glucocorticoid or sympathetic pathways [2,3]. Among these diseases, Liddle syndrome (LS) is caused
by point mutations of the epithelial sodium channel (ENaC), that cause renal aldosterone-independent
sodium reabsorption. The aim of this review is to provide an update on the current knowledge of LS,
including the genetic and pathophysiological basis, the clinical features, the diagnostic and medical
management and a new case is reported.
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2. Liddle Syndrome

2.1. Historical Description

The first family affected by a new clinical syndrome that mimicked primary aldosteronism was
reported by Liddle et al. [4,5] in 1963 (pseudoaldosteronism, subsequently named Liddle syndrome,
OMIM #177200). The index case was a 16-year-old Caucasian girl, who presented with low renin
resistant hypertension (180/110 mmHg), severe hypokalemia (2.8 mmol/L) and metabolic alkalosis.
These features could resemble those of primary aldosteronism, but this disease was ruled out on
the basis of suppressed plasma aldosterone. At the time, Liddle et al. conducted many clinical and
biochemical analyses in order to further characterize this peculiar disorder. Under the condition
of low sodium intake, aldosterone secretion did not increase and urinary sodium excretion rate
decreased, but not to the level that would have been expected in a normal subject. Instead, the urinary
sodium levels fell maximally after the administration of exogenous aldosterone. These pieces of
evidence suggested an inadequate level of plasma aldosterone rather than an intrinsic renal defect
in sodium reabsorption as a cause of the incapability to maximally retain sodium. Compared with
patients affected by Addison’s disease, subjects with LS presented a lower urinary Na+ excretion,
indicating a greater renal reabsorption due to a mechanism different from mineralocorticoid activity.
Urinary mineralocorticoid and glucocorticoid metabolites resulted within the physiologic range.
Notably, spironolactone administration neither modified urinary electrolytes excretion nor corrected
hypokalemia, hence an intrinsic renal defect was hypothesized. Instead, the index case responded to
the administration of triamterene, an inhibitor of the epithelial Na+ channel, that induced an increase
in urinary sodium and a reduction in urinary potassium excretion [4,5]. Moreover, the association
of triamterene (100 mg every 8 h) and a low sodium diet normalized blood pressure (diastolic blood
pressure dropped to 80 mmHg) and hypokalemia (serum K+ rose to 5 mmol/L) [4,6]. Considering
the biochemical profile and the response to triamterene, Liddle et al. hypothesized that the distal
nephron could be the site of sodium retention. The index case developed chronic renal failure due
to hypertensive nephrosclerosis and she underwent renal transplantation in 1989. This intervention
corrected the disorder, normalizing blood pressure (140/79 mmHg) and the kalemia (4.2 mmol/L).
After the transplantation, a regimen of low salt intake resulted in a normal increase in plasma
renin activity and in plasma aldosterone concentration [6]. In 1994, Botero-Velez et al. described
the extended pedigree of the family reported by Liddle et al., thus, demonstrating the autosomal
dominant inheritance of the disorder [6]. Indeed, in the original manuscript, Liddle et al. described the
index case and her two siblings while Botero-Velez et al. studied the index case again at the age of
49 (20 months after kidney transplantation), in addition to 43 family members. They considered as
affected 18 relatives presenting with arterial hypertension, as unaffected 15 normotensive subjects with
an affected parent and ten not-at-risk subjects (partners and offspring of unaffected parents) [6]. A great
variability in clinical features (hypertension severity, age at onset, plasma potassium concentration,
urinary aldosterone excretion levels) suggested a variable penetrance of the disease [7]. Considering the
clinical response to epithelial sodium channel inhibitor triamterene and the lack of improvement using
mineralocorticoid receptor antagonist and a low sodium diet, it was hypothesized that the candidate
gene could be involved in the pathway of sodium handling in the distal nephron. Thus, in 1994,
a complete linkage of LS to the SCNN1B gene (encoding the β subunit of epithelial sodium channel,
ENaC) was demonstrated and the first causative mutation was identified in Liddle’s original kindred
as a premature stop codon, p.Arg566* (originally referred as p.Arg564* according to the homologous rat
sequence) [7]. In the following years, several different germinal mutations in the SCNN1A, SCNN1B
and SCNN1G genes, encoding, respectively, for the α, β and γ subunits of ENaC were identified,
as described below.
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2.2. Pathophysiology and Genetics

ENaC is a amiloride-sensitive epithelial sodium channel, localized in the apical portion
of epithelial cells of distal nephron, distal colon, lung and ducts of exocrine glands [8].
Under physiological conditions, its expression and activity in the distal nephron are positively
regulated by aldosterone and antidiuretic hormone and they are influenced by numerous extracellular
factors, such as sodium, chloride, protons and proteases [9,10]. This channel is crucial, together with
ROMK (renal outer medullary K+) channels and Na+/K+ ATPase, for Na+ reabsorption and, thus,
for electrolytes homeostasis [9] (Figure 1A). The channel is a heteromeric complex constituted of
three homologous subunits, α, β and γ [8,11,12], encoded by the SCNN1A, SCNN1B and SCNN1G
genes, respectively. SCNN1A is located on chromosome 12p13.31, while SCNN1B and SCNN1G are
located on chromosome 16p12.2 [9]. Although the α subunit alone is sufficient to induce a Na+ current,
the expression of the three subunits induces a maximal amiloride-sensitive Na+ current [8]. The amino
acid sequences of the three homologous subunits share 30–40% identity [8,9] and the protein structures
are very similar, composed of two short intracellular N-terminus and C-terminus, two transmembrane
domains (identified as TM1 and TM2) and a big extracellular loop [9,13]. Within the C-terminus
of all three ENaC subunits, there is a highly conserved sequence, named the PY (Proline Tyrosine)
motif [14]. This proline-rich sequence, PPxY, is a binding site for a member of the ubiquitin ligase
family, Nedd4 (Neural precursor cell expressed, developmentally down-regulated 4), that mediates
the internalization and the proteasomal degradation of the channel [9,14–16].

 
(A) 

 
(B)

Figure 1. Cont.
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(C) 

Figure 1. (A) Physiopathology of ENaC. Under physiological conditions, the epithelial Na+ channel
(ENaC) is expressed on the luminal side of distal nephron epithelium. ENaC is positively regulated by
aldosterone and antidiuretic hormone and allows the passage of Na+ ions from lumen toward cytoplasm.
The proline-rich sequence (indicated as PY), located at the C-terminus of each subunit, regulates
channel internalization and degradation, through Nedd4 binding and ubiquitination. ENaC function is
combined with K+ channel ROMK (green triangles) and Na+/K+ ATPase (blue ovals) and it is crucial
for hydroelectrolytic homeostasis, consisting in sodium renal reabsorption and potassium excretion;
(B) β and γ subunits mutations. The germline mutations of the SCNN1B and SCNN1G genes causes
the loss or disruption of proline-rich sequence that has a pivotal role in negative regulation of the
channel. These mutations are gain-of-function and determine an increased membrane density of ENaC
and a consequent increase in renal Na+ reabsorption; (C) α subunit mutation. The germline mutation
of the SCNN1A gene affects the extracellular domain, causing the disruption of a disulphide bridge.
It is a gain-of-function mutation that leads to an increase of the open probability of the channel and a
consequent increase in Na+ current, without affecting the PY motif.

Liddle syndrome results from germline mutations in SCNN1A, SCNN1B or SCNN1G genes.
The first mutation to be identified was the nonsense p.Arg566* substitution of the β subunit, in the
large kindred described by Liddle et al. and subsequently by Botero-Velez et al. [4,6,7,17]. This mutation
causes a truncation of the C-terminus of the β subunit with loss of the PY motif.

The first germinal mutation in the SCNN1G gene, resulting in the nonsense substitution p.Trp573*,
was identified by Hansson et al. in 1995 [18]. Again, this mutation erases the γ subunit’s C-terminus,
causing the loss of the PY motif. In the following years, 24 different mutations of the β subunit and six
different mutations of the γ subunit were identified in 72 families from different countries (Table 1).
The vast majority of the reported cases are determined by missense (ten different in 30 families),
nonsense (eight in 21 families) or frameshift mutations (12 in 20 families) in SCNN1B or SCNN1G genes,
that cause loss or disruption of the PY motif [9,19]. The loss of the proline-rich sequence prevents the
internalization and degradation of the channel via the ubiquitination-proteasomal pathway and allows
the accumulation of ENaC in the distal nephron apical membrane leading to an increase in sodium
reabsorption [9,20,21]. The mutations are in fact responsible for an augmented apical membrane channel
density and a subsequent increase in amiloride-sensitive inward sodium current, as demonstrated by
in vitro studies in Xenopus laevis oocytes (Figure 1B) [21]. In 1996, Firsov et al. developed a quantitative
method, based on the binding of a monoclonal antibody against a FLAG epitope inserted in the
extracellular domain of α, β and γ subunits, and demonstrated a significant correlation between the
entity of Na+ inward current and the number of ENaC on the cellular membrane [22].

Interestingly, additional mechanisms have been implicated in the augmented Na+ reabsorption,
including an increase in channel open probability [23], an increase in the fraction of proteolitically cleaved
channel (active) [24], together with a reduced feedback inhibition of ENaC by intracellular Na+ [25].
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As an example, the reported mutation p.Asn530Ser in the γ subunit [44] which is located in the
TM2 segment and does not affect the PY motif, causes a two-fold increase in amiloride-sensitive Na+

current, that was not associated to an increase in cell surface expression of the channel [44].
Recently, a germline mutation in the α subunit (p.Cys479Arg) was identified in a Caucasian

family affected by Liddle syndrome (Table 1) [26]. This missense mutation is localized in the highly
conserved extracellular domain of the subunit and leads to the disruption of a disulphide bridge.
The p.Cys479Arg substitution increases the open conformation of the channel, resulting in a two-fold
increase in Na+ current, without affecting channel density at the plasma membrane [26].

In vivo studies conducted on mice homozygous for the SCNN1B p.Arg566* mutation, indicate that
the transition zone between the late distal convoluted tubule and the connecting tubule, is the main
nephron site of ENaC hyperactivity in LS [69], where its activity is largely aldosterone independent [70].
However, ENaC is also expressed in several brain structures, including the supraoptic nucleus,
magnocellular paraventricular nucleus, hippocampus, choroid plexus, ependyma, and brain blood
vessels [71]. Mice lacking Nedd4-2 (Nedd4−/−) develop a phenotype of LS and display an increased
ENaC expression in the central nervous system together with an increased blood pressure response
after the infusion of Na+-rich cerebrospinal fluid compared to wild-type animals [72]. Similarly,
Nedd4-2−/− mice display a marked increase in cerebrospinal fluid Na+ concentration, following a
high sodium diet. Both effects were largely prevented by the intra-cerebro-ventricular infusion of the
ENaC blocker benzamil, raising the question as to whether a similar mechanism could be implicated
in the pathogenesis of arterial hypertension in patients affected by LS as well [72].

Interestingly, specific β ENaC single nucleotide polymorphisms (SNPs) have been associated with
arterial hypertension. In particular, the SNP rs3743966 in intron 12 (c.1543-112A>T) was significantly
associated with essential hypertension in Chinese hypertensive families [73] and the intronic variants
rs7205273 (c.-9+11091C>T) and rs8044970 (c.311+1599T>G) were associated with blood pressure in
a large Korean population [74]. The missense SNPs (rs1799979, rs149868979 and rs1799980 leading
to the substitutions p.Thr594Met, p.Arg563Gln and p.Gly442Val), have been found to be associated
with arterial hypertension and with increased markers of Na+ channel activity [75–78]. In particular,
the p.Thr594Met substitution was highly prevalent in a large population of black African origin,
its frequency increased with the severity of hypertension [77] and was significantly associated with low
plasma renin activity [76].The association of α ENaC polymorphisms (rs2228576, rs11542844, rs3741913)
(resulting in the substitutions p.Thr663Ala, p.Ala334Thr and p.Cys618Phe) have been associated with
high blood pressure in some studies, but not in others [79]. Functional studies in Xenopus laevis oocytes
showed that the p.Cys618Phe and p.Ala663Thr polymorphisms (but not the p.Thr633Ala) increased
channel activity by 3.3 and 1.6-fold, respectively [79]. Similarly, after different studies showed an
association between SCNN1G locus and blood pressure variation [80,81], four SCNN1G intronic SNPs,
rs13331086 (c.914-468T>G), rs11074553 (c.1077+2571G>A), rs4299163 (c.1077+3271C>G) and rs5740
(c.1176+14A>G) resulted to be associated to systolic blood pressure in the general Australian white
population, after adjustment for age, sex and body mass index [82]. In particular, the association of
rs13331086 was confirmed in a much larger cohort including more than 8000 individuals and the minor
allele of this SNP was associated with a 1 mmHg increase in systolic blood pressure and 0.52 mmHg
increase in diastolic blood pressure [83].

2.3. Diagnosis Prevalence and Phenotypes

The prevalence of Liddle syndrome across the general hypertensive population is unknown.
In two recent studies, including 330 and 766 Chinese patients affected by arterial hypertension, after
the exclusion of the most common secondary forms, the prevalence of Liddle syndrome resulted to be
1.52% (5/330) [32] and 0.91% (7/766) [27], respectively. Through genome-wide analysis, Pagani et al.
demonstrated the presence of a common ancestor for three apparently unrelated Italian families
carrying the p.Pro617Leu β mutation. Estimating the number of generations intervening between LS
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patients reported as unrelated, the authors suggested a much higher prevalence of LS than currently
estimated [84].

The diagnosis of Liddle syndrome is based on SCNN1A, SCNN1B and SCNN1G gene sequencing.
The genetic test is appropriate in the presence of early onset hypertension, hypokalemia, low renin
and low aldosterone, with or without a positive family history. Genetic screening has to be performed
also in first-degree relatives of a mutation carrier given the autosomal dominant inheritance (50% risk
of transmission) and the variable phenotype reported in some families.

The typical clinical feature is resistant, early onset salt-sensitive arterial hypertension, often
associated with a family history for early onset hypertension and sudden death. Biochemically,
the characteristic findings are hypokalemia, metabolic alkalosis, suppressed PRA (plasma renin activity)
and low serum aldosterone levels (Table 1). Hypertension results from increased Na+ reabsorption
at the distal nephron level, leading to volume expansion, which is also responsible for the observed
biochemical phenotype of low renin and low serum aldosterone. At the cellular level, following
ENaC opening, 3 Na+ ions are actively exchanged for 2 K+ ions across the basolateral membrane
by the Na+/K+-ATPase (Figure 1A), which exit the apical membrane through different K+ channels
and are lost in the urine (resulting in hypokalemia and metabolic alkalosis) [85]. Other signs and
symptoms frequently reported arise as a consequence of hypokalemia and include muscular weakness,
polyuria (as low K+ concentrations in the tubular fluid prevent the Na+/2Cl−/K+ pump of the thick
ascending limb of the loop of Henle and the Na+/K+ pump of the collecting duct from working
properly [86] and downregulate aquaporin-2 channels [87]), polydipsia (secondary to polyuria), and as
a consequence of hypertension, including headache, dizziness, retinopathy, chronic kidney disease, left
ventricular hypertrophy and sudden death (supposed to be caused by malignant arrhythmias elicited
by severe hypokalemia).

However, extremely severe phenotypes and mild forms can coexist, with some patients carrying
a causative mutation who are normotensive (Table 1) or in whom a clinical diagnosis of LS was made
in old age [88]. Systematic review of the reported cases revealed that hypertension is present in 92.4%
of the patients, hypokalemia (defined as serum K+ <3.5 mmol/L) in 71.8% and hypoaldosteronemia
(defined as serum aldosterone <5 ng/dL) in 58.2% of the cases. As reported for other forms of
monogenic hypertension [89,90], this variability is not only observed between kindreds carrying
different mutations, but also between affected members of the same family (Table 1). It is likely that
both environmental and genetic factors, including Na+ intake and polymorphisms in genes involved
in Na+ handling could influence the phenotypic manifestation of the disease [63].

The variable expression of the clinical phenotype can hamper the diagnosis of Liddle syndrome,
that might be overlooked in patients with a mild clinical manifestation.

The specific treatment of LS is represented by K+-sparing diuretics amiloride and triamterene,
that are ENaC blockers. According to the pathophysiology, the efficacy of the ENaC blockers is
enhanced by dietary low salt intake (2 g NaCl/day) [54]; indeed, the competition between these
molecules and sodium at the level of the ENaC ionic pore is well known [17]. ENaC blockers are
effective in normalizing both blood pressure and the typical biochemical alterations (hypokalemia,
suppressed PRA and low aldosterone level). Monitoring serum electrolytes during therapy is
worthwhile, although the incidence of hyperkalemia is rare if renal function is normal and potassium
intake is not excessive [17]. In most countries these drugs are commercialized only in association with
thiazide or loop diuretic and the fixed doses could be a disadvantage in titrating therapy. Amiloride
appears to be a safe and effective medication in pregnancy in reaching optimal blood pressure values
and normal kalemia [42,50]. Neither hypertension nor hypokalemia improve under treatment with
spironolactone (since activation of the mineralocorticoid receptor is not implicated in Na+ reabsorption)
and this might represent an additional clinical criterion to suspect Liddle syndrome [91].
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3. Description of a New Case of Liddle Syndrome

The index case is a 13-year-old Caucasian boy referred to our Hypertension Unit by the Pediatric
Endocrinology Department for arterial hypertension that had been diagnosed six months before. His
mother was normotensive and in general good health. His father, affected by arterial hypertension
and hypokalemia, died at the age of 38 of sudden cardiac death. The patient was born at term from an
uneventful pregnancy to non-consanguineous parents and his past medical history was unremarkable,
with no clinical signs of abnormal sexual development. On physical examination, his height and
weight were 165 cm (86th percentile for age and sex) and 55 kg (80th percentile for age and sex),
respectively. At diagnosis, blood pressure was 184/109 mmHg (>99th percentile for age, gender and
height (SBP, 90th percentile: 125 mmHg; 95th percentile: 129 mmHg; 99th percentile: 136 mmHg. DBP,
90th percentile: 79 mmHG; 95th percentile: 83 mmHg; 99th percentile: 91 mmHg) [92] and serum
potassium was 3.2 mmol/L (normal range 3.5–5.0 mmol/L). Assessment of target organ damage
revealed neither left ventricular hypertrophy nor microalbuminuria.

The patient was investigated to exclude secondary forms of hypertension. Low PRA (<0.1 ng/mL/h)
and low serum aldosterone were detected on different occasions (1.0–5.9 ng/dL). 17-OH-progesterone,
dehydroepiandrosterone, 4-δ-androstenedione, urinary cortisol and urinary androgen catabolites
resulted in normal range for sex and age. The urinary steroid profile for apparent mineralocorticoid
excess syndrome resulted negative (tetra-hydrocortisol + allo-tetra-hydrocortisol/tetra-hydrocortisone
= 1.45). After three months of therapy with spironolactone (50 mg daily) without clinical and
biochemical response, Liddle syndrome was hypothesized. The patient was treated with amiloride
(5 mg daily) that successfully controlled blood pressure (120/65 mmHg) and normalized plasma K+

(4.8 mmol/L). The diagnosis of Liddle syndrome was confirmed by genetic analysis that identified
the β ENaC germline mutation p.Pro618Leu. Considering the clinical presentation of the index case’s
father, the inheritance of the mutation by paternal lineage is highly probable. However, a DNA sample
from his father was not available.

4. Conclusions

Liddle syndrome is genetic autosomal dominant form of low renin arterial hypertension caused
by germline mutations in the SCNN1A, SCNN1B and SCNN1G genes, encoding, respectively, the α, β
and γ subunits of the epithelial sodium channel ENaC. Despite the typical phenotype presenting with
severe hypertension and hypokalemia, the disease can be clinically heterogeneous, even with mild
phenotypes. Herein, we report a new case caused by the germline p.Pro618Leu mutation of the gene
SCNN1B. The index case presented with high blood pressure and hypokalemia at the age of 13 and a
family history of sudden death. Hypertension and hypokalemia were well controlled by amiloride.

Considering the frequency of early-onset hypertension and severity of correlated complications,
a well-timed diagnosis of LS is very important in order to administer the proper therapy.

In conclusion, further studies are needed to better define the clinical manifestations and the real
prevalence of LS, an example of actionable genetic disease that warrant a proper therapy in order to
prevent target organ damage and associated cardiovascular complications.
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Abstract: Worldwide, hypertension still represents a serious health burden with nine million
people dying as a consequence of hypertension-related complications. Essential hypertension
is a complex trait supported by multifactorial genetic inheritance together with environmental
factors. The heritability of blood pressure (BP) is estimated to be 30–50%. A great effort was
made to find genetic variants affecting BP levels through Genome-Wide Association Studies
(GWAS). This approach relies on the “common disease–common variant” hypothesis and led to
the identification of multiple genetic variants which explain, in aggregate, only 2–3% of the genetic
variance of hypertension. Part of the missing genetic information could be caused by variants too
rare to be detected by GWAS. The use of exome chips and Next-Generation Sequencing facilitated
the discovery of causative variants. Here, we report the advances in the detection of novel rare
variants, genes, and/or pathways through the most promising approaches, and the recent statistical
tests that have emerged to handle rare variants. We also discuss the need to further support rare
novel variants with replication studies within larger consortia and with deeper functional studies to
better understand how new genes might improve patient care and the stratification of the response to
antihypertensive treatments.

Keywords: essential hypertension; blood pressure; genome-wide association studies; exome
microarray; next-generation sequencing; rare variants; rare-variants association testing; burden
test; sequence kernel association test

1. Introduction

Systemic hypertension is a consistently elevated systolic or diastolic blood pressure in the systemic
arteries. Systolic blood pressure (SBP) is generated by the contraction of the ventricles and represents
the highest blood pressure (BP) level. Diastolic blood pressure (DBP) is the BP remaining during the
relaxation of the ventricles and represents the lowest BP level. The term Pulse Pressure (PP) refers
to the difference (in mmHg) between the systolic and diastolic pressures, while the Mean Arterial
Pressure (MAP) is the average BP during a single cardiac cycle [1–3]. Clinicians consider 140 mmHg
as the maximum normal adult SBP value, and 90 mmHg as the upper limit for normal DBP value,
as suggested by the World Health Organization (WHO) [4]. Usually, high SBP is caused by the
narrowing of the arterioles. This narrowing raises the peripheral resistance to blood flow, which
requires a greater workload for the heart and raises arterial pressure [1]. Elevated BP levels still
represent a huge public health issue worldwide, being the major risk factor for cardiovascular disease,
including coronary heart disease, stroke, and heart failure. Each year, 17 million people prematurely
die because of cardiovascular disease, and, among these, nine million deaths occur as a consequence
of hypertension-related complications [5].
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Ninety-five percent of hypertensive patients presents a type lacking an obvious identifiable cause
(Essential or Primary Hypertension). Investigations of twin and family studies revealed a moderate
heritability ranging between 30% and 50% [6,7]. Hypertension is a heterogeneous disease; besides
genetic variation, several factors such as age, sex, and ethnicity influence this trait, in addition to other
environmental factors (e.g., lipid levels and obesity).

So far, the study of hypertension has mostly been based on Genome-Wide Association Studies
(GWAS). GWAS represent a valuable approach to type hundreds of thousands of Single Nucleotide
Polymorphisms (SNPs) in very large cohorts. During the last ten years, many studies have been published
thanks to the setting of very large consortia, including the International Consortium for Blood Pressure
Genome-Wide Association Studies, Cohorts for Heart and Aging Research in Genomic Epidemiology
(CHARGE) and Global BPgen, the Wellcome Trust Case Control Consortium Studies, the UK Biobank, the
PBCHARGE-EchoGen consortium, the CHARGE-HF consortium [8–12], leading to the identification of
more than 100 SNPs implicated in BP levels, as recently reviewed by Seidel and Scholl [13].

The cause of a complex trait, like essential hypertension, remains elusive if examined in the light
of the GWAS results. There has been a step forward compared to the classic GWAS analyses thanks to
system genetics approaches and related statistical methods [14]. These approaches use intermediate
phenotypes, such as transcript, protein, or metabolite levels, and quantify and integrate them with
several traits of interest. Several genes pathways and networks underlying common human diseases
have been discovered using systems genetics studies.

For example, data derived from GWAS were integrated with expression data to provide a measure
of functional variation, i.e., the expression Quantitative Trait Loci (eQTL). When one of these loci
is located within ≤1 Mb from the gene encoding the transcript, it is termed a cis-eQTL. When an
eQTL affects the expression level of a distal gene, it is called trans-eQTL. Disease susceptibility
can be regulated by a plethora of genes controlled by trans-eQTLs which, for this reason, are very
informative [15].

Thanks to studies based on rat, mouse, or human cells and tissues, it has been calculated that
about 30% of mammalian genes are under the control of eQTLs and they heavily contribute to complex
disease susceptibility [16]. Moreover, using comparative genomics between established rat models of
hypertension and humans, several studies have shown that human genes found to be associated with
hypertension through GWAS, when conserved in the rat, are likely to form both cis- and trans-acting
eQTLs in multiple tissues [17]. These studies have also taken advantage of a statistical methods known
as Weighted Gene Co-Expression Network Analysis (WGCNA) that studies biological networks based
on pairwise correlations between variables and is often used to highlight clusters (modules) of highly
correlated genes [18].

At the heart of the GWAS-based approaches lies the “common variant–common disease”
hypothesis. However, when considering all the detected high-frequency variants in aggregate, the
percentage of BP variability explained by genetic variants accounts for only 2–3%. Moreover, blood
pressure changes related to different genotypes at these loci are estimated to be modest, approximately
1.0 and 0.5 mmHg for SBP and DBP, respectively [19]. Considering the moderate effects and the scarce
genetic control ascribable to high-frequency variants, two possible scenarios came forward: a wrong
heritability was estimated, or alleles are more likely to be heterogeneous and uncommon. Furthermore,
array-based technologies were infrequently conducted for the detection of causal polymorphisms.
These observations implicated strong limits in exploiting GWAS to identify druggable targets with
high confidence and supported the idea that rare (frequency < 1%) and uncommon (frequency between
1% and 5%) functional variants may explain a greater fraction of hypertensive individuals. The arrival
of Next-Generation Sequencing (NGS) technologies facilitated a shift in focus from common to rare
variants and provided the opportunity to unravel the genomic architecture underlying hypertension
risk. Along with the development of even more advanced laboratory methodologies, statistical genetic
models must also evolve to meet the challenge of using rare variants to link previously unidentified
genome loci to BP changes [20,21].
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In this review, we first present an overview of the most recent findings regarding the role of
rare and uncommon variants in BP alteration identified through the currently available technologies,
moving from the candidate-gene approach to the high-throughput exome chips, and then to NGS
solutions; next, we report the statistical methods proposed so far for rare variants analysis. Finally, we
draw conclusions on the contribution ascribable to rare and low-frequency variants in the improvement
of cardiovascular risk assessment.

2. Results

2.1. Results from Studies on Selected Single Nucleotide Variants and Genes

Conducting studies based on a candidate-gene approach is the easiest and cheapest way to
investigate genetic variation. FBN1, a gene that is thought to be causative of vascular damage and
whose mutations have been previously detected only in relation to Marfan syndrome, was selected by
Jeppesen and colleagues [22] as their research focus. A sample of 4839 Danish subjects was genotyped
for the rs11856553 rare variant (Minor Allele Frequency, MAF, of A allele = 0.2%, 1000 Genomes)
using a PCR-based method. In the Health 2006 study, an unadjusted risk of hypertension of 2.67 (95%
Confidence Interval, CI, 1.14–6.18) for the G/A genotype was reported. The adjusted risk of moderate
to severe hypertension (grade 3) for the A/A–G/A genotypes (homozygous and heterozygous carriers
were grouped) was 8.01 (95% CI, 3.27–19.58), p < 0.0001). No significant differences in BP between
G/A and G/G variant carriers were described within the MONICA10 study, however, the adjusted
risk of moderate to severe hypertension (grade 2) for A/A-G/A variants was 6.54 (2.12–20.2); p < 0.01.
It is still undefined how this intronic mutation could functionally affect hypertension [22].

The cytokine Interleukin-6 (IL-6) is a fundamental mediator of the acute-phase response to
endothelial injury and regulates the production of C Reactive Protein (CRP) in hepatocytes [23];
therefore, both IL-6 and CRP genetic variants have been evaluated in relation to hypertension [2,20].
In the paper from Karaman et al. [24], IL-6 rs1800795 and rs1800796 SNPs (MAF = 14.12% and 31.39%,
respectively, 1000 Genomes) were genotyped in a Turkish sample of 108 controls and 111 hypertension
patients. Both SNPs genotypes were not significantly related to hypertension or to IL-6 and CRP
plasma levels. The CC genotype of the rs1800796 SNP is very rare in the examined population and large
frequency differences among different populations and geographic regions have been reported [25].

Endothelial nitric oxide synthase (eNOS) produces Nitric Oxide, a vasodilator of vascular smooth
muscles, and thus plays a crucial role in regulating BP. A four-SNP haplotype, comprising the
uncommon variant rs11699009 in the BPIFB4 gene, has been associated with notable longevity [26].
In the study of Vecchione et al. [27], 416 individuals were genotyped to determine their haplotypes.
The rare variant-haplotype carriers showed a significantly increased DBP (p = 0.013) and a borderline
increased SBP (p = 0.067). The authors demonstrated that the overexpression of the BPIFB4 uncommon
variant in mice impaired eNOS signaling and increased BP, opening the way for the development of
new therapeutic strategies.

2.2. Results from Exome Chips-Based Studies

When the 1000 Genomes Project became publicly available, data from NGS technology allowed the
development, from Affymetrix (Santa Clara, CA, USA) and Illumina (San Diego, CA, USA) companies,
of array-based genotyping platforms which offer the possibility to capture a greater range of single
nucleotide variability compared to GWAS. In Table 1, studies investigating common and rare variants
in association with hypertension andBP phenotypes and through exome array approaches are listed.
Most publications [28–38]; (Table 1) took advantage of the Illumina HumanExome BeadChip (Exome
Chip; Illumina, Inc., San Diego, CA, USA).
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This chip was produced in order to meet the need of moving from relatively frequent variants
derived from GWAS to functional variants located in coding regions. The array constitutes an
intermediate choice between GWAS and NGS of large number of samples in terms of both cost
and practical issues. The Exome Chip was designed on genome and exome sequencing data of
16 contributing studies, reaching a total of 12,031 subjects. In the array, 247,039 markers were
assayed including 84% rare variants, 9.2% low-frequency variants, and only 5.8% common variants
which were identified more than three times in at least two different datasets. Most variants
(>90%) are non-synonymous or splicing variants that were absent in previously available chips.
Genotyped individuals were mostly of European American ancestry which led to some concerns about
the evolutionary young age of variants and population-specific results. The Exome Chip consortia
provided information on several common diseases, including cardiovascular disease (Available online:
http://genome.sph.umich.edu/wiki/Exome_Chip_Design) [39].

In 2015, Sung and colleagues [28] reported the results of rare and low-frequency single variants
and four sets of gene-based analyses using Exome Chip data on 2045 African-American subjects from
the HyperGEN cohort. Neither Single Nucleotide Variants (SNVs) nor gene level analyses reached
genome-wide Bonferroni-corrected thresholds (p < 6.4 × 10−7 for SNVs; p < 2 × 10−6 with MAF < 1%
and p < 3.9 × 10−6 with MAF < 5%) [28].

The same cohort was used for analyses focused on both rare (through the Exome Chip) and
common (using the AffymetrixGenome-WideHumanSNP6.0 Array) variants within the PCSK9 gene in
relation to BP traits. PCSK9 is a protease able to interact with the three subunits of the renal epithelial
sodium channel (ENaC). This interaction consequently increases proteasomal degradation of the ENaC
which regulates sodium reabsorption [40]. Among the 31 SNPs identified, none of the associations
were statistically significant (p > 0.05). The cumulative effect of rare variants (mostly non-synonymous
or stop-gain SNVs) detected in PCSK9 was significantly associated with DBP in HyperGEN (p = 0.04)
and to SBP in REGARDS data (p = 0.04). The disparity in the associated phenotypes was probably due
to differences in the age of populations [29].

Alteration in lipid levels is strongly related to hypertension [41], and a pleiotropic effect
of lipid-associated loci on hypertension could be speculated. To investigate this, the group of
Kim et al. [38] interrogated 135 Exome Chip SNVs for associations with ten cardiometabolic traits in
14,028 Korean individuals. Three new common variants in the BRAP, ACAD10, and ALDH2 genes
within the 12q24.12 locus were significantly associated with both SBP and DBP (p < 1.09 × 10−4; effect
sizes between −1.53 ± 0.32 and −0.78 ± 0.20). The locus was also associated with High-Density
Lipoprotein (HDL), Low-Density Lipoprotein (LDL), triglycerides, fasting plasma glucose, body mass
index, and waist–hip ratio (p < 1.06 × 10−2; effect sizes between −7.60 ± 1.72 and 2.55 ± 0.53) [38].
Successively, a longitudinal Exome-Wide Association Study (EWAS), which is a genotyping method
restricted to exonic SNVs using Illumina exome chips, allowed the detection of six hypertension-related
SNVs at the 12q24.1 locus, creating an East Asian-specific haplotype comprising five derived alleles.
The study was conducted in 6026 Japanese individuals whose disease progression and physiological
changes were traced for several years during annual health check-ups. The rationale of this study
was the observation that SBP, DBP, and the prevalence of hypertension are significantly correlated
with age, while conventional GWAS have commonly been conducted in a cross-sectional manner
measuring traits at a single point in time. People carrying the East Asian-specific haplotype displayed
a hypertension prevalence significantly lower than those individuals carrying a common haplotype
(mean Odds Ratio (OR) = 0.78, p < 1.0 × 10−8). Furthermore, using a recessive model, an SNV located
within the COL6A5 gene, was significantly associated with SBP (Estimate: −2.93; p = 2.3 × 10−8) [30].

Stop codons are highly likely to alter protein function affecting BP-related traits, and, for this
reason, Ohlsson et al. [31] focused the aim of their work on the relationship between BP and protein
truncating variants in the genotypes of 5453 Swedish people. They reported 19 SNVs associated
with SBP with a p value < 0.05. The PDE11A R307X mutation conferred a 7 mmHg higher SBP and
a 4.6 mmHg higher DBP (β coefficients = 7.0 (1.8–12) for SBP corrected, p = 0.009 and 4.6 (1.8–7.4)

146



Int. J. Mol. Sci. 2018, 19, 688

for DBP corrected, p = 0.001) and was previously described as a loss-of-function mutation linked to
familial hypertension and Cushing’s syndrome [42]. The stop codon mutation caused a three-fold
increased risk of hypertension in female carriers (OR = 3.1 (95% CI, 1.3–7.4), p = 0.009).

Two very large meta-analyses were then published at the same time to identify novel coding
variants and loci influencing BP traits and hypertension. In the first meta-analysis, Surendran et al. [32]
genotyped 192,763 subjects, mostly of European descent, in the discovery phase. Fifty-one genomic
regions were found to be significantly associated with at least one of the following BP traits: SBP,
DBP, PP, and hypertension in the discovery analysis (p < 5 × 10−8). Thirty novel SNVs replicated
in 155,063 multiethnic populations (p < 6.2 × 10−4; βs: −1.43−2.70). Among these, rare putative
functional variants were identified within A2ML1, COL21A1, RRAS, RBM47, and ENPEP genes.
Interestingly, intersecting previous GWAS data with Exome Chip data revealed five out 35 known
loci which likely had rare coding functional variants. The second large meta-analysis was conducted
on all ancestry subjects from the same five consortia described in Surendran et al. [32], reaching a
total sample number of 327,288. Here, the authors identified 31 additional new loci with statistically
significant associations with one of the BP traits (p < 3.4 × 10−7). Three variants had frequencies
between 1% and 5% and were non-synonymous substitutions in NPR1 (already established), SVEP1,
and PTPMT1 (novel genes) with a p value less than 3.4 × 10−7 when corrected for multiple testing.
To note, the BP increment attributable to any of these low-frequency variants (>1.5 mmHg) was
higher than any of the novel common SNPs described here. Low-frequency and frequent SNVs with
non-synonymous, stop-coding, and splicing effects were aggregated using burden tests to identify
new gene-based associations. These analyses showed significant results for NPR1 (p = 4.4 × 10−5)
and marginally for PTPMT1 and DBH genes (p = 0.019 and 0.053, respectively). Considering that an
overlap between cardiovascular-specific pathways and metabolic disease-related factors was observed,
the authors suggested a shared origin between the phenotypes that could be exploited for new drugs
discovery [33].

In the most recent meta-analysis on Exome Chip data, Nandakumar et al. [34] screened 15,914
individuals of African ancestry to detect novel genes and BP-related SNVs considering the full spectrum
frequency. Nine rare SNVs (mostly missense) within eight genes (SLC28A3, KRBA1, SEL1L3, YOD1,
COL6A1, CRYBA2, GAPDHS, and AFF1) exhibited Bonferroni-corrected associations with SBP or DBP
(SeqMeta βs (βssm): 21.10 (4.12)–73.65 (13.19); p < 4.6 × 10−7) and the CCDC13, QSOX1 genes were also
described through burden test including only predicted damaging variants (Betassm: 54.38 (10.68) and
32.93 (7.13), respectively; p < 3.86 × 10−6). By contrast, no significant results were obtained considering
common and low-frequency variations.

Linkage analysis can have good power to detect multiple rare or lower frequency BP variants in
a gene or region with relatively larger effect sizes [43]. However, the identified linkage regions from
well-designed linkage family studies [44–46] did not overlap with many BP loci identified by large BP
GWAS of mostly unrelated individuals. Therefore, He and colleagues [35] applied variance-component
linkage analysis to the Cleveland Family Study (CFS) to identify candidate genomic regions related to
SBP, DBP, and PP. Since the region identified (16p13) showed no overlapping with any SNPs derived
from previous GWAS, 517 individuals from the CFS who had been genotyped using the Illumina
OmniExpress Exome array [39], were screened for variants within the 16p13 locus. At a gene-based
level, the association between the aggregation of five rare variants within the RBFOX1 gene and SBP as
well as PP traits replicated in the meta-analysis of a large sample of 57,234 participants (p < 1.71 × 10−2).
This gene encodes for the Ataxin-2 Binding Protein 1 whose genetic variations were suggested to have a
protective effect on BP levels, although the underlying mechanisms remain to be clarified [35].

The UK Biobank is a huge prospective cohort including 500,000 individuals of European ancestry
recruited to investigate genetic and non-genetic factors underlying diseases that takes advantage
of many phenotypes and biological samples [47]. Genotypes obtained through a customized array
in addition to genome-wide imputation based on 1000 Genomes and UK10K sequence data, and
information related to BP traits, were retrieved for 140,886 participants included in the discovery
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phase of the study conducted by Warren and colleagues [37]. Both GWAS and exome analyses were
performed to identify SNVs with MAF ≥ 1% and MAF ≥ 0.01%. Among the 240 loci derived from the
discovery phase, 102 GWAS and five exome variants with p < 5 × 10−8 were reported. Noteworthy, a
9.3 mmHg higher SBP was observed after comparing subjects with the highest genetic risk score
(estimated on the basis of all the loci identified) and above 50 years old with those with the lowest
genetic risk score (95% CI: 6.9–11.7, p = 1 × 10−13) [37]. In the recently published paper from Pazoki and
coauthors [48], the 267 SNPs identified by Warren et al. [37] were combined with the 47 BP-associated
loci reported by Hoffman et al. [11] to calculate a genetic risk score for high BP in 277,005 subjects
belonging to the prospective UK Biobank cohort. A healthy lifestyle score was also constructed for all
the individuals in order to investigate whether the adherence to a favorable lifestyle could counteract
the high genetic susceptibility to develop hypertension and cardiovascular diseases. The authors
reported an association between healthy lifestyle and lower SBP and DBP within each tertile of genetic
risk. In particular, at low genetic risk, the estimated mean SBP was 140 mmHg (95% CI, 102–177)
among subjects with an unhealthy lifestyle and 134 mmHg (95% CI, 95–172) among those with a
healthy lifestyle.

To date, the largest meta-analysis on exome chips data was conducted on 475,000 individuals
(mostly European) genotyped using the UK BiLEVE array and the UK Biobank Axiom Array.
These arrays are closely related new next-generation microarrays (95% identical content) designed from
the Affymetrix Company. More than 800,000 markers were included to comprehensively cover beyond
common SNPs, rare and low-frequency coding variants, copy number variants, pharmacogenomics
markers, Human Leukocyte Antigen (HLA), inflammation, and eQTL variants. Among rare variants,
in addition to primarily missense mutations, protein truncating variants resulting in premature
stop codons, frameshifts, and loss of start mutations were included as loss-of-function variants.
The genomic coverage was optimized for European and British populations. The array provided the
opportunity to test the association between a wide range of genetic variations and many frequent
human diseases, including cardiovascular disease and cardiometabolic traits such as BP (Available
online: http://www.ukbiobank.ac.uk); [49]. In the paper from Kraja and colleagues [36], 21 SNVs
showed significant associations with at least one BP trait, after correcting for multiple testing
(p < 5 × 10−8; βs(se): −1.14 (0.19)–0.42 (0.06)). Moreover, all variants had concordant directions
across all the datasets. Only one SNV (in the DBH gene) had a MAF less than 1% and exhibited the
lowest effect estimate (βs(se): −1.14 (0.19); p = 1.23 × 10−9). Four novel associations of common SNPs
within SLC4A1AP, AFAP1, STAB1, and SYNPO2L genes were reported [36].

2.3. Results from DNA Sequencing Studies

Large-scale genotyping through high-throughput platforms opened the way to great efforts aimed
at discovering the causative variants explaining the associations described.

2.3.1. Pre-Next-Generation Sequencing Era

Direct sequencing represented an easy way to characterize hypertension-related genes embedding
SNPs found through GWAS. Okuda et al. [50] validated 143 SNPs identified in a small Japanese
population. Among these SNPs, most had frequencies higher than 5% and caused amino acid
substitutions, whereas almost all novel variants were rare (13 out of 16).

Genetic Epidemiology Network of Salt Sensitivity (GenSalt) study participants were recruited to
evaluate SBP, DBP, and MAP responses to a dietary sodium intervention. The renin-angiotensin
-aldosterone system (RAAS) is a hormonal cascade essential for the control of homeostasis, BP,
and vascular tone [51,52]. In the first re-sequencing study focused on the RAAS pathway, Kelly
and coauthors [53] analysed seven genes for putative associations with BP salt-sensitivity among
participants of the GenSalt study. Carriers of 124 rare variants had 1.55-fold increased odds (95%
CI: 1.15, 2.10) of salt sensitivity compared to non-carriers (p = 0.004). No genes showed significant
associations with salt sensitivity after Bonferroni correction. No significant common and low-frequency
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single markers were detected when the analyses were corrected for multiple comparisons [53].
The reabsorption of sodium in epithelial cells located in the renal tubule is carried out by the renal
epithelial sodium channel (ENaC) whose activity is fundamental for BP control [54]. SCNN1A, SCNN1B,
and SCNN1G genes encode the three ENaC subunits [55]. These genes were targeted by Gu et al. [56]
to identify novel common, low-frequency, and rare variants in 300 GenSalt participants with the
highest MAP response to the high-sodium intervention and 300 GenSalt participants with the lowest
MAP response to the high-sodium intervention. No significant associations with salt sensitivity were
observed. In gene-based analyses, SCNN1A gene showed a significant association with salt sensitivity
(p = 0.009). Individuals carrying rare variants in SCNN1A gene had an odds ratio of 0.52 (95% CI:
0.32–0.85). Neither SCNN1G nor SCNN1B associated with salt sensitivity in rare variant analyses.
Three common variants in SCNN1A associated with salt sensitivity of BP (p < 1.3 × 10−3; 1.23-fold
increased odds and 0.68–0.69-fold decreased odds of salt sensitivity) [56].

Another suggested candidate gene for hypertension is represented by the Cadherin-13 gene
(CDH13). CDH13 encodes a cell adhesion molecule involved in the protection of vascular
endothelial cells from apoptosis following oxidative stress, survival, proliferation, and endothelial
cells migration [57–59]. The promoter region was re-sequenced and subjected to methylation QTL
(meQTL) analysis within the HYPertension in ESTonia (HYPEST) and Coronary Artery Disease in
Czech (CADCZ) studies. The meQTL rs8060301 (a frequent variant) showed a pleiotropic effect on
HDL and DBP (nominal p < 0.005), which was unconfirmed after multiple testing correction [60].

2.3.2. Results from Next-Generation Sequencing Studies

GWAS identified more than 100 genetic variants influencing BP [13]. However, the causal variants
underlying the majority of genetic associations remained unknown. In recent years, three different
NGS approaches have been proposed to study rare variants in hypertension and BP (Table 3).

The first approach is to check GWAS signals and describe novel associations by performing a
re-sequencing of only a few genes previously indicated by GWAS. This approach, commonly called
target re-sequencing, is cheaper and allows one to highlight the variations within the whole frequency
spectrum in a precise genomic locus. The strategy was adopted by the CHARGE Consortium. In the
frame of this consortium, the signals identified by precedent GWAS were re-sequenced with the aim of
describing novel variations with large effects on several common diseases [74]. Concerning BP, within
the CHARGE Targeted Sequencing Study, target re-sequencing of 4178 Europeans was performed
on six BP genes identified by GWAS (ATP2B1, CACNB2, CYP17A1, JAG1, PLEKHA7, and SH2B3),
however, neither common nor rare variants were consistently associated with the trait with large effect
sizes, independently of the original GWAS signals [63].

Regarding hypertension, an association with rs3918226 in the eNOS gene promoter was described
in the GWAS from Salvi et al. [75] (OR for minor allele T = 1.34 (95% CI, 1.25–1.44); p = 1.03 × 10−14).
In 2013, a 140 kb genomic area encompassing the eNOS gene was re-sequenced from the same group.
The study identified 338 variants, including 61 novel variants, and rs3918226 still appeared as the SNP
most closely associated with hypertension. Moreover, if compared with the C major allele, the T risk
allele was associated with lower eNOS transcriptional activity when tested in HeLa cells [64].

A second approach is whole exome sequencing (WES) in which only the coding portions of the
genome, (about 2%), estimated to harbor 85% of disease-causing mutations, are sequenced [76]. A WES
study was performed on DNA samples from 17,956 individuals of European and African ancestries,
included in the CHARGE, National Heart, Lung, and Blood Institute GO Exome Sequencing Project,
Rotterdam Study, and the Erasmus Rucphen Family cohorts. These findings implicated the effect of the
aggregation of 95 rare coding variants in CLCN6 on decreasing BP levels of 3–4 mmHg, independently
of the tagging SNP rs17367504 previously reported. The effect size described here was about four- to
six-fold larger than previous common BP variants from GWAS [66].
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Two additional studies exploited WES data to focus on selected genes. Loss-of-function mutations
in SLC12A3, SLC12A1, and KCNJ1 genes, essential for normal renal NaCl reabsorption, cause Bartter’s
and Gitelman’s syndromes. Their exons were screened to search for rare heterozygous variants within
the Framingham Heart Study offspring cohort. Thirty different mutations were observed. The mean
long-term SBP among mutation carriers was 6.3 mmHg lower than the mean of the cohort (p = 0.0009).
For DBP, the mean effect was −3.4 mmHg (p = 0.003) [62]. Findings from previous GWAS indicated
ULK4 and MAP4 genes, encoding, respectively, a Serine/Threonine-Protein Kinase and a non-neuronal
microtubule-associated protein, as related to BP and hypertension [8,77]. Thirty-six rare haplotype
blocks were found to be significantly associated with BP in ULK4 gene, and ten in MAP4 gene [61].
The study described above was conducted in the frame of the Genetic Analysis Workshops (GAWs).
Since 1982, GAWs were held by a group of multidisciplinary scientists to deal with the role of genetics
in complex diseases. For GAW18, GT2D-GENES Consortium and the San Antonio Family Heart
Study provided data on the whole genome, systolic and diastolic BP, and related covariates in two
Mexican American samples. In the GAW19, new data were included reaching a collection of WGS,
WES, and gene expression data from 20 large families in addition to a set of 1943 unrelated subjects
whose exome sequences were available. Simulated phenotypes were also included for each sample
on the basis of the real sequence data [78]. Several papers have been published so far, mostly on
methodological approaches (see the following paragraph “Statistical analysis of rare variants”) to
handle rare variations in relation to hypertension.

The third and most comprehensive NGS approach to examine the effect of rare variants is
represented by WGS. Until now, to the best of our knowledge, only studies published within the
GAWs analysed WGS data (Table 3) to search for genetic variations associated to hypertension, likely
because a very large sample is needed to highlight rare variants, and this feature heavily affects the
costs of the study. Three studies failed to identify significant associations after correction for multiple
testing [68,69,72]. In the frame of the GAW18, Zhao et al. used novel sliding window approaches
and a simulated dataset to analyse 142 unrelated individuals focusing on chromosome 3. The most
significant windows fell into the known MAP4 gene, considering both SBP and DBP. Other windows
were reported within SUMF and ARHGF3 genes in relation to DBP, and in FLNB and BTD for SBP [67].
Wang and Wei performed a gene-based genome-wide scan of 103 unrelated individuals to search for
hypertension-associated genes. After using three different methods, only the SETX gene exhibited
significant association. This gene consists of large intronic regions; indeed, most of the rare variants
detected fall in intronic regions. The risk of hypertension, estimated after collapsing all the intronic
variants, was 9.5 (OR = 9.5, 95% CI (3.43, 28.70); p = 8.8 × 10−7) [65]. Other significant findings were
reported within the MACROD1/LRP16 locus [70], ADCY5, and UBE2E2 genes [71], and in an additional
23 genes [73] using different statistical approaches.

3. Statistical Analysis of Rare Variants

Gene-based association tests evaluate the relationship of rare variants enrichment in genes and
phenotype or Mendelian and common diseases [79]. Region-based analysis has become the standard
approach for analyzing rare variants, since standard individual variant tests are underpowered to
detect rare variant effects because of the low allele frequencies. Statistical methods to test for rare
variants can be categorized as burden approach [80–82] and SKAT (Sequence Kernel Association
Test) approach [74,83]. Burden tests assume all rare variants in the target region have effects on the
phenotype in the same direction and of similar magnitude [84,85], but they undergo a considerable
loss of power in the presence of a large number of non-causal variants or in the presence of protective,
deleterious, and null variants [86,87]. SKAT aggregates genetic information across the region
using a kernel function and uses a computationally efficient variance component test to test for
association. CMC (Combined Multivariate and Collapsing Method) collapses variants in subgroups
according to allele frequencies and combines these subgroups using a T1 test [66,88]. Compared with
population-based methods, family-based methods have more power and can prevent bias induced by
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population substructure [89]. The optimal weight was first proposed by Sha and coauthors in 2012 [90]
in a population-based test called TOW (Test for the effect of an Optimally Weighted combination of
variants) by assuming the independence among rare variants. FamSKAT [91], which accounts for
familial correlation based on kinship coefficients in a linear mixed model, may be able to use both
family and unrelated samples (developed for quantitative traits). Wang and coauthors in 2016 [92]
proposed four weighting schemes for the family-based rare variants test (FBAT-v) [93]. Lee and
coauthors in 2012 [94] derived the optimal test SKAT-O by estimating the correlation parameter in
the kernel matrix to maximize the power, which corresponds to the estimated weight in the linear
combination of the burden test and SKAT test statistics that maximizes power. Lin and coauthors
in 2016 [68] extended the CAPL (Combined Association in the Presence of Linkage) [95] test, using
both case-control and family data for testing from common variants to rare variant associations.
A similarity-based weighted U approach is used to model the joint association analysis of sequencing
variants and gene expression [69]. Sun and coauthors in 2016 [70] introduced a W-test collapsing
method to evaluate rare variant associations by measuring the distributional differences between cases
and controls through combined log of odds ratio within a genomic region. Wang and coauthors in
2016 [96] developed SKAT+, an estimation method that uses only control subjects; it has superior
power over SKAT, while maintaining control over the type I error rate. Lu and coauthors in 2014 [71]
reported the development and application of Trio-SVM (Support Vector Machine) approach that
aggregates and evaluates the transmission of rare variants. The focus of Derkach and coauthors in
2014 [72] confirmed that Fisher’s method is not only robust but can also improve power over individual
pooled linear and quadratic tests and is often better than other robust tests such as SKAT-O. Cao and
coauthors in 2014 [73] developed a USR (Unified Sparse Regression) to incorporate prior information
and jointly adjust for cryptic relatedness, population structure, and other environmental covariates;
qMSAT (Quality-based Multivariate Score Association Test) [97] and SSU (Sum of Squared U) statistic
tests [98] were equivalent to the SKAT.

4. Conclusions and Perspectives

Thanks to the introduction of exome arrays technologies, great efforts have been conducted to
extend association analyses to rare and coding variants. Recently, the joint work of large consortia
allowed the interrogation of hundreds of thousands of SNVs in up to 475,000 individuals [28–38];
(Table 1). Some new low-frequency and rare variants have been reported that are consistently associated
with BP traits, with size effects higher than 1.5 mmHg, and that should undergo deep functional testing.
Considering the single variant analyses described here, the largest effect, to date, was observed for a
rare missense SNV in the KLH3 gene in relation to SBP (8.2 mmHg with se = 4.1) [37]. Despite the large
sample size (up to 422,604 subjects for the exome analysis), the study from Warren and coauthors was
still underpowered to identify rare variants with statistical significance. When considering the joint
impact of 107 mostly common variants, a 9.3 mmHg higher SBP was reported for subjects >50 years
and carrying the highest genetic risk score [37]. This finding has potential implications concerning
early lifestyle interventions in high-risk individuals. In summary, although several complex networks
of interacting pathways controlling BP have been established (e.g., RAAS and ENaC-related pathways),
the current efforts on rare variants analysis have not yet provided a clear answer on where the missing
heritability lies.

The advent of NGS provided the opportunity to detect, in a high-throughput way, the entire
spectrum of genomic variation ranging from rare to common variants and from SNVs to insertions,
deletions, and copy number variants. Despite the undeniable advantages, few studies have been
conducted so far using NGS technologies in relation to hypertension and/or BP [61–67]; (Table 3).
WES and, more so, WGS costs are still too high to analyse the large sample size required to identify
rare variants. Target re-sequencing allows the cutting of laboratory costs and increases the statistical
power by reducing multiple signals testing, therefore, this approach could be useful to detect causative
variants underlying the trait by deeply analysing BP-associated loci described by GWAS. However, the
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studies reported here failed to identify new rare variants, likely because of the reduced sample size
compared to GWAS [63,64]. The joint effort of large consortia with available sequencing data would be
helpful to meet the need of a larger sample size.

Novel statistical approaches have been developed to overcome the limit imposed by the extremely
low frequencies. Also, these tests attempt to take into account the high heterogeneity of the genetic
regions in which both common and rare as well as causative and non-causative variants are more
likely to occur [99]. However, detecting the few true causative variants among the large number of
non-coding variants arising from NGS still represents a big challenge, and additional improvements to
better annotate and filter the variants are required.

Another main limitation of rare variants analysis is the study of gene-gene and gene-environment
interactions at a population level, which can be investigated only in terms of burden and collapsing
tests, with environmental factors playing, anyway, an important role in systemic hypertension.
Functional in vitro and in vivo models should further support the statistical interactions.

Rodent models represent an attractive genetic resource to functionally evaluate previously
identified rare variants overlapped with human loci. Several rat and mouse strains have been developed
for complex phenotypes, including hypertension, and exploited to perform QTL analysis and genome
sequencing [100–104]. Here, we reported the study of Vecchione et al. [27], in which, thanks to
experimental models, the authors clarified how a rare variant within the BPIFB4 gene, a possible genetic
risk factor for high BP, was implicated in the BP homeostasis by altering eNOS signaling.

It should also be considered that, as hypertension is an age-related condition, additional
longitudinal studies incorporating repeated measures of BP would be advantageous. Lastly, most
findings should be treated as trait-specific (SBP, DBP, PP, MAP, or hypertension) and population-specific.
The majority of studies reported findings deriving from European populations. Allele frequencies and
hypertension risk may differ among different geographic regions because of a selective pressure that
occurred during the Out-of-Africa Expansion [105].

In conclusion, as sequencing costs will sufficiently decrease to ensure the proper sample size, and
novel bioinformatic and biostatistical tools will be available for appropriate analyses, the identification
of functional rare and low-frequency variants could really contribute to solving the high complexity of
the genetics of hypertension and to elucidate whether new genes might improve patients care and the
stratification of patients to distinguish those who will respond best to antihypertensive treatments.
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SBP Systolic Blood Pressure
DBP Diastolic Blood Pressure
PP Pulse Pressure
MAP Mean Artery Pressure
HTN Hypertension
SNV Single Nucleotide Variant
SNP Single Nucleotide Polymorphism
MAF Minor Allele Frequency
EWAS Exome Wide Association Studies
GWAS Genome-Wide Association Studies
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NGS Next Generation Sequencing
WGS Whole Genome Sequencing
WES Whole Exome Sequencing
CFS Cleveland Family Study
CHARGE Cohorts for Heart and Aging Research in Genomic Epidemiology
ARIC Atherosclerosis Risk in Communities
CARDIA Coronary Artery Risk Development in Young Adults
AADM Africa America Diabetes Mellitus
GENOA The Genetic Epidemiology Network of Arteriopathy
HUFS Howard University Family Study
HyperGEN Hypertension Genetic Epidemiology Network
CHD Congenital heart disease Exome+

T2D-GENES
The Genetics of Type 2 Diabetes Consortium (GoT2D)/Type 2 Diabetes Genetic
Exploration by Next-generation sequencing in multi-Ethnic Samples

REGARDS REasons for Geographic And Racial Differences in Stroke
FHS Framingham Heart Study
GAW Genetic Analysis Workshop
ESP Exome Sequencing Project
Betasst Beta as standardized mean difference
Betassm SeqMeta Beta
EPACTS Efficient and Parallelizable Association Container Toolbox
EMMA eXpedited Efficient Mixed-Model Association eXpedited
GEMMA Genome-Wide Efficient Mixed Model Association
SKAT Sequence Kernel Association Test
SKAT-O Optimal Unified Test
SKAT-C SKAT-Combined
CAST Cohort Allelic Sums Test
CMC Combined Multivariate and Collapsing
w-SUM Weighted-Sum
SST Simple Sum Test
VT Variable-Threshold
RBS Replication-Based Weighted-Sum Statistic
FPCA Functional Principal Components Analysis
FBAT Family-based Association Test
GEE model Generalized Estimating Equation model
burden-T1-del burden test on deleterious variants
qMSAT Quality-based Multivariate Score Association Test
GCTA Genome-wide Complex Trait Analysis
CAPL Combined Association in the Presence of Linkage
SVM support vector machine
USR Unified Sparse Regression
GLM Generalized Linear Model
OR Odds Ratio
N Sample number
se Standard Error
CI Confidence Interval
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Abstract: A substantial proportion of patients with hypertension have a low or suppressed
renin. This phenotype of low-renin hypertension (LRH) may be the manifestation of inherited
genetic syndromes, acquired somatic mutations, or environmental exposures. Activation of the
mineralocorticoid receptor is a common final mechanism for the development of LRH. Classically,
the individual causes of LRH have been considered to be rare diseases; however, recent advances
suggest that there are milder and “non-classical” variants of many LRH-inducing conditions. In this
regard, our understanding of the underlying genetics and mechanisms accounting for LRH, and
therefore, potentially the pathogenesis of a large subset of essential hypertension, is evolving.
This review will discuss the potential causes of LRH, with a focus on implicated genetic mechanisms,
the expanding recognition of non-classical variants of conditions that induce LRH, and the role of the
mineralocorticoid receptor in determining this phenotype.

Keywords: renin; low-renin; hypertension; mineralocorticoid receptor; genetics; aldosterone

1. Introduction

The renin–angiotensin–aldosterone system plays a crucial role in volume, sodium, and potassium
homeostasis. When renal hypofiltration is sensed, this hormonal system is activated via the
secretion of renin, which catalyzes the generation of angiotensin I that is subsequently modified
to generate angiotensin II. The potent vasoconstrictive properties of angiotensin II, in addition to
its ability to stimulate the release of vasopressin and adrenal aldosterone secretion, help maintain
arterial blood pressure and restoration of intravascular volume. Thus, physiologic activation of the
renin–angiotensin–aldosterone system is characterized as a renin-dependent aldosteronism and serves
to maintain blood pressure and volume in terrestrial mammals that evolved in a milieu of scarce
dietary sodium intake. Despite this highly evolved physiology, low-renin hypertension (LRH) is
currently a prevalent biochemical phenotype described in up to 30% of hypertensives, depending on
age and race [1,2]. LRH is characterized by the physiologic suppression of renin, often in the context of
intravascular volume expansion; however, there are many potential pathophysiological events that
can result in hypertension with a low-renin phenotype that will be discussed in this review.

LRH has been described and investigated for nearly 50 years [3,4]. Shortly after Jerome
Conn first described primary aldosteronism as a condition of aldosterone excess independent of
renin [5], a phenotype of low renin activity in hypertension without overt hyperaldosteronism was
described [3,4]. This phenotype was considered unique from primary aldosteronism and termed LRH,
and subsequent studies described it as a condition more prevalent in individuals of African descent
and elderly populations, who are also prone to salt-sensitive hypertension [6]. In subsequent decades,
it was speculated that LRH might represent a heterogeneous mixture of etiologies that could include
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states of excessive mineralocorticoid receptor (MR) activation, as initially supported by LRH subjects
manifesting low salivary sodium-to-potassium ratios and marked decreases in blood pressure in
response to spironolactone and aminoglutethimide (an adrenocortical steroid synthesis inhibitor) [7–9].

The potential role of MR activation in LRH is important, since LRH and primary aldosteronism
are similarly associated with higher risk for cardiometabolic events and death [10,11], and the
availability of oral MR antagonists permits a potential targeted therapy. Further, the LRH phenotype
displays familial aggregation, where several polymorphisms and novel genes have been described [12].
In one study, family membership explained 35% of variance in renin levels, far beyond the classic
low frequency monogenic causes [12]. The composite of evidence suggests that the LRH is likely
a heterogeneous admixture of disease states that all converge on a phenotype of suppressed renin
activity and high blood pressure. These disease states include primary aldosteronism (PA), as well
as conditions that manifest with low aldosterone levels, such as endogenous hypercortisolism,
the syndrome of apparent mineralocorticoid excess (AME), atypical forms of congenital adrenal
hyperplasia, and alterations in the activity of the mineralocorticoid receptor or epithelial sodium
channel (Liddle syndrome). Consistent with this differential diagnosis, LRH has been shown
to exhibit a bimodal distribution of aldosterone levels in population-based studies, supporting
the existence of two broad categories of LRH: those with suppressed aldosterone and those with
normal or elevated aldosterone [13]. New evidence suggests that beyond these general etiologic
categorizations, diseases such as PA, hypercortisolism, AME, and perhaps even Liddle syndrome,
may exist across a phenotypic continuum that extends from their overt and “classical” presentations to
milder and “non-classical” phenotypes; the recognition of these expanding phenotypic continuums
may improve our understanding of the pathogenesis and treatment of LRH and essential hypertension.
Finally, environmental and nutritional factors, such as obesity, diabetes, and especially high dietary
sodium intake, also play an important role in the development of the LRH phenotype. Putative
mechanisms for these links include, new MR interactions, such as ligand independent activation of
MR by sodium-RAC1 [14] and epigenetic modifications of LRH-related genes by DNA methylation
(e.g., HSD11B2 or adducin gene), histone modifications (e.g., epithelial sodium channel gene) or
noncoding RNA (e.g., renin-angiotensin-aldosterone pathway genes) [15].

Herein, we will review known conditions that manifest with a phenotype of LRH, while focusing
especially on postulated genetic mechanisms and the role of excessive MR activation.

2. Primary Aldosteronism

The most prevalent cause of LRH is primary aldosteronism (PA) [10,16]. PA is characterized
by hyperaldosteronism that is independent of renin and angiotensin II (thus renin-independent
aldosteronism) that results in excessive MR activation, increases intra-vascular volume and blood
pressure, and results in renal, vascular, and cardiac disease, and higher mortality [10,11,16–19].

PA is considered the most common form of endocrine hypertension, with an estimated prevalence
of 5–10% in the general hypertensive population, at least 6% in the primary care population, and
up to 20% in the setting of resistant hypertension [11,17,20]. Since Conn’s initial description of the
classical PA disease phenotype over 50 years ago, the understanding of the severity spectrum of PA
and underlying genetics has greatly expanded [5,21]. First, human studies have shown that there is
a broad spectrum of autonomous and renin-independent aldosteronism and MR activation; PA is not
only a disease reserved for those with severe and resistant hypertension, rather can be detected in
mild to moderate hypertension and also in normotension [20,22–24]. Normotensive individuals with
higher aldosterone levels have a higher risk for developing hypertension, an association that is driven
by normotensives exhibiting a PA phenotype: renin suppression with increasingly inappropriate
aldosterone secretion [22–25]. Thus, it is becoming clearer that dysregulated autonomous aldosterone
secretion that is independent of renin, even when it does not meet the classical definitions of overt PA,
exists across a large continuum, and therefore, our strict categorization of PA may handicap clinical care
by placing focus on only the most severe cases at the expense of ignoring milder disease [23,24,26,27].
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Although clinical practice recommendations focus on defining PA using categorical thresholds [16,18],
expert opinion is increasingly warning that “the strict definition of primary aldosteronism is no
longer tenable,” and calling to “recognize the true prevalence of primary aldosteronism to include
dysregulated aldosterone secretion and inappropriate aldosterone production” [28]. Second, excessive
MR activation in PA contributes to significant cardiovascular and metabolic diseases, independent of
blood pressure, such as diabetes and metabolic syndrome, stroke, myocardial infarction, left ventricular
hypertrophy, atrial fibrillation, heart failure, and death [11,16,19,29–31]. Collectively, these two
important observations have made it clear that recognizing and treating PA as early as possible
is critical to prevent long-term adverse outcomes. Finally, our understanding of the pathogenesis of
PA has dramatically improved with new genetic and histopathologic discoveries that have shed light
on the mechanisms that might underlie PA. These advances will be discussed in more detail below.

The Endocrine Society clinical practice guidelines recommend identifying overt cases of PA by
measuring the aldosterone-to-renin ratio (ARR) based on the clinical detection of severe or resistant
hypertension, hypokalemia, an adrenal nodule, sleep apnea, or a family history of PA or early
cardiovascular disease [16]. The most widely used cut-off for an aldosterone concentration is at
least 15 ng/dL (and less frequently 10 ng/dL) with an ARR of at least 30 ng/dL per ng/mL/h [16].
This clinical approach lowers the risk for false positive screening results and, in general, is designed to
detect overt and severe cases of PA. Alternatively, to recognize milder forms of PA, and to maximize
early case detection in order to mitigate future cardiometabolic disease, more permissive screening
criteria have also been proposed: a suppressed renin activity in the context of non-suppressed
aldosterone (>6–9 ng/dL) consistent with an ARR >20 [16]. This latter approach may detect milder
cases of PA, but will increase the risk of false-positive screening results, and consequently, potentially
more costly and/or invasive medical testing. The absence of a single diagnostic criterion is largely
propagated by the lack of a histopathologic gold standard for PA diagnosis.

Given the high prevalence of PA, and particularly, the more recent recognition that milder
forms of PA may be common even when there are is no radiographic evidence of adrenal neoplasia,
a key issue is to understand what may underlie the pathogenesis of PA. The use of specific
CYP11B2 antibodies has revealed the presence of aldosterone producing cell clusters (APCCs) in
a remarkable proportion of morphologically normal adrenal glands [32,33]. APCCs have been described
as non-neoplastic foci of CYP11B2 staining that can co-exist adjacent to aldosterone-producing
adenomas, extend into zona fascisculata, and often harbor known somatic mutations in aldosterone
driver genes [32,34,35]. Collectively, this evidence strongly suggests that APCCs may represent
a common aldosterone-secretory abnormality, which can be detected in normotensives with normal
adrenal glands [36], may increase in number with older age, and may thus be a pre-neoplastic and
age-dependent precursor to more overt PA [37].

Along with the finding of APCCs, our understanding of the genetics of PA has undergone
substantial revision in the past decade. These advances have been described in detail in recent reviews,
and therefore, we will summarize them briefly herein. The first described inheritable form of PA is
glucocorticoid remediable aldosteronism (GRA), also known as familial hyperaldosteronism type I
(FH-I). The estimated prevalence of GRA is only 1% of PA subjects and is secondary to a chimeric gene
with recombination of 11β-hydroxylase (CYP11B1) and aldosterone synthase (CYP11B2) genes [17,38].
The chimeric fusion results in regulation of aldosterone synthesis by adrenocorticotropic hormone
(ACTH) and can be mitigated by suppressing ACTH with glucocorticoids. GRA should be considered
in patients with early-onset hypertension and family history of PA or early-onset cerebrovascular
accidents [17]. GRA has considerable variation in its clinical presentation, some families do not
manifest with the classic hypertension and hypokalemia, and therefore, the gold standard diagnosis is
sequencing to confirm the chimeric CYP11B2/CYP11B1 gene [39].

Familial Hyperaldosteronism type II (FH-II) has been described in 6% of PA cases but is by
definition a familial form of PA with yet unknown genetic loci [17]. Whether the discovery of newer
inheritable forms of PA (below) results in a reclassification of FH-II remains to be seen.
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Most recently, a new Familial Hyperaldosteronism named type III (FHIII), was described
secondary to a gain-of-function germline mutation in the KCNJ5 gene [40,41]. The KCNJ5 gene mutation
results in loss of potassium selectivity in a zona glomerulosa potassium channel, consequent increased
influx of sodium resulting in a higher cell membrane potential and lower depolarization threshold,
and therefore increased aldosterone synthesis and secretion [17,38,41]. Interestingly, although germline
mutations in KCNJ5 are rare, somatic mutations of KCNJ5 have been described in nearly half of
aldosterone-producing adenomas [38]. In addition, somatic (and rarely germline) mutations in
other zona glomerulosa channels that result in increased cell membrane potential and decreased
depolarization thresholds have been described in CACNA1D gene (codes for calcium channel,
voltage-dependent, L-type, α-1d subunit), CACNA1H gene (codes for T-type voltage dependent
calcium channel Cav3.2) [42], while somatic mutations have been found in the ATP1A1 gene
(Na+, K+-ATPase), and ATP2B3 gene (calcium transporting ATPase 3) [38,43].

Treatment of PA should be tailored according to the severity of disease, age of the patient,
anatomic type of disease (unilateral adenoma versus bilateral hyperplasia) and desire for surgery.
Laparoscopic surgery is the recommended and ideal therapeutic intervention if PA is unilateral
since it can cure aldosterone excess and improve long-term cardiometabolic outcomes and blood
pressure control [16,19,44]. In most cases of PA, the source of autonomous aldosterone is bilateral
or surgery is not pursued due to other complicating factors, and therefore, medical therapy with
MR antagonists (such as spironolactone and eplerenone) is recommended [16]. Although medical
therapy is often assumed to be equally efficacious to surgical therapy if blood pressure is normalized,
a recent study suggested that this assumption may not be correct. In this large cohort study, patients
with PA treated with MR antagonists had 2–3 times higher risk for incident cardiovascular events
and death, when compared to age-matched essential hypertensives, even though they had similarly
controlled (and relatively normalized) blood pressure while on MR antagonist therapy [19]. In contrast,
PA patients who developed a longitudinal increase in renin activity while being treated with MR
antagonists had the same risk for incident cardiovascular events and death as patients with essential
hypertension, suggesting that the excess risk in medically treated PA may be due to inadequate MR
blockade as manifested by a persistently suppressed renin. Future prospective studies will be needed
to determine the optimal approach for medical therapy in PA, and how it compares with surgical
adrenalectomy [19].

3. Hypercortisolism

Endogenous hypercortisolism, with or without the overt manifestations of Cushing syndrome,
can result in chronic stimulation of the glucocorticoid receptor and also potentially the MR,
with consequent development of hypertension, insulin resistance, diabetes, and cardiovascular disease
and mortality [45–49].

There are several potential mechanisms for developing the LRH phenotype with hypercortisolism.
Activation of the glucocorticoid receptor by excess cortisol can induce a direct vasopressor effect
and elevations in blood pressure [50]. However, cortisol-mediated activation of the renal MR can
also play a role in developing LRH. Cortisol and aldosterone are similarly potent MR agonists,
but cortisol is inactivated to cortisone by 11β-hydroxysteroid dehydrogenase Type 2 (11βHSD2),
thereby “protecting” the renal MR from abundant cortisol stimulation and permitting a high-affinity
aldosterone-MR interaction. However, in states of severe hypercortisolism, excess cortisol can
overwhelm 11βHSD2 activity and result in direct cortisol-mediated MR activation and subsequent
intravascular volume expansion with suppression of renin and aldosterone [50]. Thus, the LRH
phenotype with hypercortisolism is unique from PA in that it is a hyporeninemic hypoaldosteronism
manifesting with Cushing syndrome and apparent MR overactivation (i.e., hypertension, hypokalemia
and increased kaliuresis) [47,51,52]. Studies have also shown that chronic hypercortisolism can also
result in activation of ENaC and increases in angiotensinogen [50,51,53].
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Endogenous hypercortisolism is most commonly due to a benign pituitary ACTH secreting tumor
(Cushing disease), and less frequently due to benign or malignant adrenal tumors (ACTH-independent
hypercortisolism), and non-pituitary ACTH-secreting tumor (ectopic ACTH secretion). Current
guidelines recommend that the diagnosis of overt hypercortisolism be confirmed using two distinct
tests: elevated late night salivary cortisols, elevated 24 h urinary free cortisols, and/or incomplete
suppression of cortisol following overnight dexamethasone [47]. Beyond overt hypercortisolism,
the concept of “subclinical hypercortisolism” or “autonomous cortisol secretion” in association
with adrenocortical adenomas, whereby there is excess cortisol without the hallmark signs of
Cushing syndrome, is being recognized as a prevalent phenotype that is associated with higher
risk for cardiometabolic disease [54]. For example, studies using mass spectrometry to analyze
steroid metabolites have shown that even apparently nonfunctional adrenal adenomas secrete higher
concentrations of glucocorticoids when compared to patients with no adenomas [55]; therefore,
it is possible that many or most adrenocortical neoplasms secrete at least miniscule amounts of
glucocorticoid, and that the categorization of “nonfunctional adenoma” may be misleading or
a misnomer. In parallel, cohort studies in patients with incidentally discovered benign adrenocortical
tumors have observed that patients with subclinical hypercortisolism have a higher risk for incident
cardiovascular disease and death when compared to those with “nonfunctional” tumors [49]. Further,
patients with apparently “nonfunctional” adrenocortical tumors have a higher risk for incident diabetes,
a risk that was related to the degree of autonomous cortisol secretion within the normal range (normal
defined as cortisol < 1.8 mcg/dL following overnight 1 mg dexamethasone suppression), compared
with patients with no adrenal tumors [48]. Thus, as with PA, there is increased recognition that
adrenal hypercortisolism is not a categorical phenotype, rather exists over an expanded continuum
ranging from mild and subclinical to overt Cushing syndrome, with a parallel risk profile of increasing
cardiometabolic risk. Future and ongoing studies will be necessary to determine when intervention to
treat the autonomous cortisol is indicated with respect to abrogating incident adverse outcomes.

The genetics of hypercortisolism, both related to pituitary and adrenals tumors, has undergone
dramatic change in the recent decade. Concerning pituitary tumors, germline mutations that cause
Cushing disease have been previously ascribed to MEN1 gene mutations and AIP mutations in
Familial isolated pituitary adenomas (FIPA). More recently, next generation sequencing of pituitary
adenomas identified somatic driver mutations in ubiquitin-specific protease 8 (USP8), leading to ACTH
excess and hypercortisolism [56]. In adrenal hypercortisolism, novel genes have also been described
beyond the classic germline mutations of the Carney complex (PRKAR1A gene, regulatory subunit of
protein kinase) or McCune-Albright syndrome (activating somatic mutations in GNAS1 oncogene) [56].
Germline mutations in ARMC5 (Armadillo repeat-containing protein 5) have been identified in familial
cases and are present in approximately 50% of sporadic cases of macronodular adrenal hyperplasia [57].
In addition, somatic events in ARMC5 and PRKACA (encodes for catalytic subunit α of protein kinase
A) are frequently observed in cortisol-producing adrenal adenomas [38,58,59].

4. Apparent Mineralocorticoid Excess Syndrome

The syndrome of apparent mineralocorticoid excess (AME) is a rare disease, first described in the
late 1970s, as a syndrome of severe pediatric LRH [60]. The AME syndrome is an autosomal recessive
condition due to loss of function mutations in 11βHSD2. The insufficient activity of 11βHSD2 permits
normal cortisol concentrations to activate the renal MR, resulting in a syndrome of MR-mediated LRH,
low aldosterone, hypokalemia, alkalosis, and usually failure to thrive and poor weight gain.

The diagnosis of AME is usually suspected in the setting on non-aldosterone dependent LRH with
classic features of MR activation and confirmed by a high cortisol/cortisone (F/E) ratio in the serum or
urine, and/or genetic sequencing of 11βHSD2 [61,62]. These infrequent cases of classic AME are treated
with low dose dexamethasone to suppress endogenous ACTH and cortisol (since dexamethasone is
not metabolized by 11βHSD2) in combination with an MR antagonist, and in extreme cases, renal
transplantation [63].
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Although the classic AME syndrome is rare, recent research suggests that the spectrum of
cortisol-mediated MR activation may be more expansive than currently recognized in that milder forms
of AME may be common. For instance, Ulick et al. described a milder version of AME and named
it the type 2 variant, caused by a decrease in the cortisol clearance rate but not related to cortisone
conversion [64]. More recently, cross-sectional human studies have shown that both cortisone levels
and renin activity decline with older age, suggesting a potential age-dependent decline in the activity
of 11βHSD2 [65]. Since higher F/E ratio and the low-renin phenotype have been correlated with
higher blood pressure in both adults and children [66,67], new evidence suggests that a proportion
of LRH may be explained by a less severe, or “non-classical”, phenotype of AME that may respond
to MR antagonists [68]. Interestingly, milder phenotypes of AME may be explained by less severe
inactivating mutations or heterozygosity with partial activity of 11βHSD2, but also by consumption of
exogenous inhibitors of 11βHSD2such as licorice or grapefruit [69]. In a recent study, we observed that
lower cortisone levels (in combination with higher F/E ratio) were strongly associated with higher
MR activity (lower renin activity and higher urinary potassium excretion) in patients suspected to
have mild or non-classical AME (Tapia-Castillo, Baudrand, Vaidya, et al. personal communication).
The summary of available data suggest that beyond the rare classical phenotype of AME, milder forms
of non-classical AME may contribute to LRH and may be best detected by recognition of high F/E
ratio in combination with low cortisone levels.

5. Congenital Adrenal Hyperplasia

Congenital adrenal hyperplasia (CAH) is one of the most common autosomal recessive disorders
caused by mutations in genes involved in cortisol biosynthesis enzymes. More than 90% of described
cases of CAH are 21-hydroxylase deficiency. Less common, and pertinent to the LRH phenotype,
are CAH syndromes due to 11β-hydroxylase [P450c11β] and 17α-hydroxylase [P450c17] deficiency.

CAH caused by steroid 11β-hydroxylase deficiency is considered a rare recessive disorder, with an
overall frequency of 1/100,000 live births. Unlike 21-hydroxylase CAH that is more frequent in
Europe and North America, 11β-hydroxylase deficiency is more frequently described in the Middle
East and Africa [70]. The gene CYP11B1 encodes 11β-hydroxylase that catalyzes the conversion of
11-deoxycortisol and 11-deoxycorticosterone to cortisol and corticosterone in the zona fasciculata.
Thus, from a clinical perspective, deficiency of 11β-hydroxylase, results in low levels of cortisol and
high levels of 11-deoxycortisol and 11-deoxycorticosterone (DOC) and a shunting of metabolites into
the androgen synthesis pathway. Depending on the severity of the mutations and 11β-hydroxylase
deficiency, patients may present with signs of hyperandrogenism (masculinization of genitalia,
hirsutism, premature bone maturation and precocious puberty) and excessive MR activation due
to increased DOC (hypertension and hypokalemia) [70]. The increased activation of the MR leads to
sodium reabsorption, increased intravascular volume expansion, and consequently LRH. The diagnosis
can be confirmed via elevated DOC and androgen levels (with or without cosyntropin stimulation)
and/or genetic sequencing of 11β-hydroxylase. Treatment involves the use of MR antagonists in
addition to glucocorticoids in order to suppress ACTH.

17α-hydroxylase deficiency is another rare form of CAH and results as a consequence of
inactivating mutations in the CYP17A1 gene that regulates steroid 17-hydroxylation followed by
the 17,20-lyase reactions. The most common presentation of 17α-hydroxylase deficiency is an
adolescent female with absence of secondary sexual characteristics, amenorrhea, and LRH [71].
The 17α-hydroxylase deficiency phenotype is explained by impaired steroidogenesis in both the
adrenals and the gonads: abnormal cortisol synthesis, elevation of DOC and resultant MR-mediated
LRH, and impaired sex-steroid synthesis. These patients typically display low cortisol, but high levels
of corticosterone, so adrenal crises are rarelyobserved. LRH is due to high levels of DOC that result
in MR activation, hypertension, and hypokalemia [72], and treatment involves MR antagonists to
normalize blood pressure and replacement of sex steroids [72].
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6. Liddle Syndrome

The Liddle syndrome is a rare autosomal dominant monogenic disease caused by gain-of-function
mutations of subunits of the epithelial sodium channel (ENaC). Since increased luminal ENaC in
the distal nephron is the common final mechanism for MR-mediated sodium reabsorption, Liddle
syndrome resembles states of mineralocorticoid excess. The classical clinical presentation is severe
hypertension in a young patient, with hypokalemia and metabolic alkalosis, in the setting of suppressed
renin; however, unlike PA, aldosterone levels are low or undetectable and the syndrome does not
improve with MR antagonist therapy [73–76]. The diagnosis of Liddle syndrome can be confirmed
by genetic sequencing of the SCNN1B and SCNN1G genes, which encode for the β and γ subunits
of ENaC [75], or the SCNN1A gene [77], and the treatment of choice are ENaC inhibitors such as
amiloride or triamterene [74].

In a similar theme to the aforementioned discussions on PA, hypercortisolism, and AME, Liddle
syndrome may exist across a more extensive spectrum than currently recognized. “Classical” Liddle
syndrome is rare and manifests with a severe phenotype; however, recent studies have suggested
that a substantial proportion of LRH patients also have a low serum aldosterone [13,24]. Although
there are potentially many mechanistic explanations for a phenotype of hypertension with low renin
and aldosterone, a recent clinical trial demonstrated that treating African patients with a low-renin
and aldosterone phenotype using ENaC inhibitors resulted in the most effective control of blood
pressure [78], a finding that extended genetic studies demonstrating a high prevalence of SCNN1B
variants in individuals of African descent with LRH [79].

7. Glucocorticoid Resistance Syndrome

Inactivating mutations of the glucocorticoid receptor gene (NR3C1) in chromosome 5q31–q32
cause familial glucocorticoid resistance [80–82]. All severe described cases are secondary to mutations
that affect the function of either the ligand binding or the DNA binding domain. This is a rare
syndrome, inherited either as an autosomal recessive or dominant disease, that is characterized by the
classical biochemical pattern seen in endocrine receptor resistance syndromes: hypercortisolism and
increased ACTH but without the classic clinical features of Cushing’s syndrome [81]. Although the
increased ACTH and cortisol are necessary to try and overcome glucocorticoid receptor resistance,
the undesired effects are ACTH-induced hypersecretion of adrenal mineralocorticoids and androgens,
and hypercortisolism-mediated renal-MR activation. Thus, the classic phenotype of glucocorticoid
resistance is LRH, hypokalemia, hirsutism in females, alopecia in males, acne, precocious puberty and
menstrual irregularities, in addition to chronic fatigue and malaise as a consequence of relative
glucocorticoid deficiency [83]. The treatment is usually overnight low dose dexamethasone to
suppress ACTH, and thus improving ACTH-induced hypercortisolism, excess mineralocorticoids,
and hyperandrogenism. The addition of spironolactone can further help to control hypertension and
hirsutism in females as well. Interestingly, haploinsufficiency of the GR receptor can also present with
LRH due to MR activation by elevated cortisol rather than increased DOC as observed in classical
glucocorticoid resistance [84].

8. Gordon Syndrome

Gordon Syndrome (GS) was described in the 1960s and is a very rare familial hypertension
syndrome that presents with low renin and hyperkalemia. GS is considered to have autosomal
dominant inheritance, although new molecular studies suggest some recessive cases [85]. Mutations
in WNK1, WNK4, CUL3 and KLHL3 genes have all been identified in GS [85], due their interaction
with the thiazide sensitive Na/Cl cotransporter (NCC) in the distal nephron, responsible for sodium
reabsorption, but also reducing cell-surface expression of renal outer medullary potassium channel
(ROMK), explaining the lower potassium excretion in the collecting ducts [86].
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Subjects with GS have suppressed renin levels consistent with their high volume state,
with relatively low aldosterone levels (that may still fall in the reference range) despite their
hyperkalemia, that can be occasionally severe and with periodic paralysis [86]. Both hypertension and
hyperkalemia can be reversed by dietary sodium restriction and/or low doses of thiazide diuretics.

9. MR Activating Mutations

This is a novel entity secondary to a gain of function mutation, by a substitution of leucine for
serine at codon 810 (abbreviated as S810L), in the MR gene. The S810L mutation was recently described
and is responsible for an MR-mediated LRH that has also been described as worsening during
pregnancy [87]. The worsening in pregnancy is explained by the activation of the mutant S810L MR by
progesterone, where progesterone typically antagonizes wild-type MR. In males and non-pregnant
females, cortisone and 11-dehydrocorticosterone (cortisol and corticosterone metabolites respectively)
can activate the mutant MR and result in increased sodium reabsorption [87]. Spironolactone is
surprisingly ineffective since it has agonist properties on the mutant MR and can paradoxically
increase MR activation [88]. Recently, Amazit et al. described that in addition to amiloride to inhibit
ENaC, the novel and potent nonsteroidal selective MR antagonist finerenone has MR antagonistic
properties and may therefore represent a useful treatment option [89].

10. Proposed Approach to the Patient with Low-Renin Hypertension

Prior to considering an elaborate differential diagnosis for LRH, it is important to confirm the
phenotype. First, factors than can reversibly suppress renin include, increased intra-vascular volume,
certain medications (see below), supine posture, menstrual phase and high dietary sodium intake, and
therefore must all be considered [16,90,91]. The diagnosis of LRH inherently assumes a chronic
phenotype, and therefore, it is important to ensure that a single measure of low renin was not
induced by a confounding or transient factor. Second, it is important that renin levels are measured
in a reliable laboratory using a validated technique. Renin activity assays are increasingly being
measured via LC-MS/MS and the global forecast suggests that commercial renin activity assays may
be largely replaced by assays of renin concentration [92]. To avoid misinterpretation, the most ideal
confirmation of LRH entails measurement of renin in a seated posture, while on unrestricted dietary
sodium intake, during the follicular phase of the menstrual cycle (in women), and ideally without the
confounding effects of MR antagonists, β-blockers, diuretics, angiotensin-converting enzyme inhibitors,
or angiotensin receptor blockers [16,18,93]. Although most patients in industrialized countries consume
sufficient sodium to maintain a dietary sodium balance of greater than 100–150 mmol/24 h, it has been
shown that severe dietary sodium restriction (<40 mmol/24 h) can raise renin even among patients
with overt PA; thus, emphasizing the importance of recommending unrestricted dietary sodium intake
when phenotyping renin status, and consideration of confirming 24 h urinary sodium balance [94].

The exact definition of what constitutes low renin is not well established. Suppression of
renin below the limit of detection is probably the most commonly used definition, however,
in non-clinical research settings, more elaborate physiological maneuvers have been employed to
characterize a phenotype of low renin or a renin that does not adequately stimulate to physiological
provocation [4,27,94–96]. Once there is confidence that the phenotype represents LRH, the examination
of aldosterone levels in the context of renin suppression can provide insight into potential underlying
mechanisms of disease (Figure 1). An inappropriately high aldosterone level narrows the differential
diagnosis to PA. The most severely elevated aldosterone levels (>15–20 ng/dL) require little
confirmation, and similarly, even levels > 10 ng/dL are highly suggestive among patients with LRH
that can be confirmed using a variety of confirmatory tests (sodium or fludrocortisone suppression
or captopril challenge). However, milder forms of PA are common and may not exhibit marked
elevations in aldosterone or blood pressure [22–25], and therefore, these non-classical instances of PA
may represent missed opportunities at mitigating the age-dependent cardiometabolic consequences
of autonomous aldosterone secretion [10,11]. Future studies, and a renewed commitment to better
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understanding the true prevalence and severity spectrum of PA, will be needed to identify new and
efficient methods for identifying non-classical PA, including novel biomarkers of MR activation [97].

 

Figure 1. A proposed approach to the patient with low-renin hypertension. ENaC = epithelial
sodium channel; 11-βHSD2 = 11-β hydroxysteroid dehydrogenase type 2; 11β-OH = 11-β hydroxylase;
17α-OH = 17-α hydroxylase.

A phenotype of LRH whereby aldosterone levels are clearly suppressed or very low generates
a broad consideration of underlying mechanisms. Acquired or non-genetic etiologies include
essential (or idiopathic) hypertension in the context of high dietary sodium intake, as well as severe
hypercortisolism or reversible inhibition of 11BHSD2 (Figure 1). The classical genetic syndromes
that result in a low renin and aldosterone phenotype are rare, and include classical AME, activating
mutations in the MR or ENaC (Liddle syndrome), atypical forms of CAH, Gordon syndrome, and
glucocorticoid resistance syndrome. The default explanation for LRH with low aldosterone, once these
infrequent and classical diseases have been excluded, is essential hypertension with high dietary
sodium consumption.

Finally, a great deal of progress has been made in identifying “non-classical” phenotypes that
represent a milder continuum of classical disease states. These non-classical conditions should be
considered when aldosterone levels are normal or not in the extremes: neither markedly elevated
nor remarkably suppressed. Mild and moderate variants of PA, hypercortisolism, AME, and
potentially even Liddle’s syndrome, may be common and the early recognition and treatment of
these phenotypes may prevent years of untreated hypertension and cardiovascular risk. Gordon’s
syndrome may also present with this phenotype. MR antagonists have already been shown to be the
most effective add-on therapy in low-renin resistant hypertension [98], however, the adoption of MR
antagonists as effective anti-hypertensives that can be used early in the treatment of hypertension
using a renin- and aldosterone-based phenotyping approach has not been evaluated with sufficient
evidence for widespread recommendation. Non-classical PA, hypercortisolism, and non-classical
AME may all potentially respond well to MR antagonists, and therefore, future studies are needed
to evaluate the efficacy of early initiation of MR antagonists in the treatment of LRH to formulate
evidence-based clinical practice recommendations.
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Abstract: Atrial natriuretic peptide (ANP) is a cardiac hormone which plays important functions
to maintain cardio-renal homeostasis. The peptide structure is highly conserved among species.
However, a few gene variants are known to fall within the human ANP gene. The variant rs5065
(T2238C) exerts the most substantial effects. The T to C transition at the 2238 position of the gene
(13–23% allele frequency in the general population) leads to the production of a 30-, instead of
28-, amino-acid-long α-carboxy-terminal peptide. In vitro, CC2238/αANP increases the levels of
reactive oxygen species and causes endothelial damage, vascular smooth muscle cells contraction,
and increased platelet aggregation. These effects are achieved through the deregulated activation of
type C natriuretic peptide receptor, the consequent inhibition of adenylate cyclase activity, and the
activation of Giα proteins. In vivo, endothelial dysfunction and increased platelet aggregation are
present in human subjects carrying the C2238/αANP allele variant. Several studies documented an
increased risk of stroke and of myocardial infarction in C2238/αANP carriers. Recently, an incomplete
response to antiplatelet therapy in ischemic heart disease patients carrying the C2238/αANP variant
and undergoing percutaneous coronary revascularization has been reported. In summary, the overall
evidence supports the concept that T2238C/ANP is a cardiovascular genetic risk factor that needs to
be taken into account in daily clinical practice.

Keywords: atrial natriuretic peptide; T2238C variant; endothelial dysfunction; smooth muscle cells
contraction; platelet aggregation; epigenetics; cardiovascular diseases

1. Introduction

The atrial natriuretic peptide (ANP) belongs to the natriuretic peptide family along with brain
(BNP) and C-type (CNP) natriuretic peptides [1]. It is mainly secreted by the atrial cardiomyocytes
and exerts important regulatory functions for the maintenance of cardio-renal homeostasis. The latter
is achieved through the activation of guanylyl cyclase (GC)-coupled receptor, mainly GC-A, and
an increase of cyclic guanylate monophosphate (cGMP) levels [2]. ANP plays natriuretic, diuretic,
and vasorelaxant effects [1,2]. In addition, it exerts antiproliferative, antifibrotic, antiangiogenetic
functions and, consequently, it contributes to the cardiovascular remodeling process [3]. An extra-atrial
expression of ANP has been reported [4].
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The gene encoding ANP (NPPA) is located in the distal arm of chromosome 1 (1p36.2), in tandem
with the gene encoding brain natriuretic peptide (BNP). It includes three exons and two introns [5].
The signal sequence is located on exon 1, whereas the coding sequence is located on exon 2; exon3
encodes the terminal tyrosine and the 3′ untranslated region.

Human ANP is synthetized as a pre-prohormone of 151 amino acids and it is subsequently
cleaved to obtain a biologically active α-carboxy-terminal peptide along with the amino-terminal end.
After removal of the signal peptide, the proANP1–126 is released and stored into granules within the
atrial cardiomyocytes. Before secretion, proANP1–126 is processed by corin, a type II transmembrane
serine protease [2], into the circulating forms of ANP(1–98) and ANP(99–126). Of note, the active corin
protease is obtained through the cleavage of procorin by PCSK6 [6,7]. The major form of biological
active ANP is the 28-amino acid carboxy-terminal peptide, ANP(99–126). On the other hand, further
cleavage of the ANP(1–98) generates LANP (long-acting natriuretic peptide), the vessel dilator, and
the kaliuretic hormone [8]. The primary structure of αANP is conserved across species, apart from
few variations. In particular, an isoleucine is present at position 10 in rats, mice, and rabbits, whereas
humans, dogs, and bovines have a methionine at this position.

Both the high degree of homology and the persistence in the phylogenetic scale support the key
role of the ANP primary structure in order to perform its functions.

The relevance of the ANP primary structure to allow the regular biological activities of the peptide
has also been underscored by the discovery of few gene variants that change the amino acid sequence
and, consequently, the physiological properties of ANP [9].

The first evidence in this regard was obtained in an animal model of spontaneous hypertension
and increased predisposition to cerebrovascular disease, the stroke-prone spontaneously hypertensive
rat (SHRSP). In this model, the ANP gene was found to map at the peak of linkage of a stroke
quantitative trait locus (QTL) [10] and to carry both a variant within the promoter sequence and a
variant within the exon 2 sequence, with consequent alterations of peptide regulation, expression, and
function [11–13]. The latter were associated with the higher stroke susceptibility of the strain [10–14].

The subsequent translation of the rat data to the human disease led to very interesting findings. In
fact, with regard to the human gene, several variants were reported to fall within the promoter region,
the coding, and the intronic parts, as well as within the 3′ end of the gene [9]. These gene variants were
associated either with alterations in gene expression and peptide levels (rs5068, G664C) or with an
abnormal peptide structure (rs5065). Their contribution to hypertension, coronary artery disease, atrial
fibrillation, cardiac hypertrophy, heart failure, and the metabolic syndrome was explored in distinct
studies with several remarkable results [9].

The present review article will discuss the role of the rs5065 (T2238C) ANP gene variant since it
has revealed important biological and pathological effects and has emerged as a relevant risk factor for
the development of cardiovascular diseases.

1.1. Clinical Evidence of the Pathological Role of the T2238C/ANP Molecular Variant

The T2238C coding variant falls within the exon 3 of the gene and it changes the native stop
codon by elongation with two additional amino acids (two arginines). Therefore, the resultant
carboxy-terminal peptide contains 30, instead of 28, amino acids.

The frequency of the C allele is about 13–14% in the general population. It has been reported
that its frequency may increase up to 23% in populations affected by cardiovascular diseases such as
coronary and cerebrovascular diseases [9]. Several case-control association studies were performed in
the attempt to explore the pathological relevance of the T2238C transition. As a result, an association
of the C2238 allele with an increased risk of both myocardial infarction and stroke was reported
in different cohorts, including Caucasian and Asian populations [15–23]. Moreover, carriers of this
variant allele showed an increased risk of recurrent ischemic stroke and of myocardial infarction [16,18].
Interestingly, an analysis performed in a Caucasian general population found that subjects carrying
the C allele had an increased risk to develop stroke and myocardial infarction over a long-term follow
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up (nine years) [24]. Of note, the C allele carriers had higher BNP values and tended to show an
ejection fraction of about 40%, suggesting that their heart may suffer from vascular stress and also
from possible direct cardiac consequences (although no evidence of either dilated or hypertrophic
cardiac disease was revealed in that study).

Of note, studies aimed at the identification of a contributory role of T2238C in atrial fibrillation
turned out to be negative [25,26]. No clear evidence has ever been obtained with regard to
the predisposition to develop hypertension in relation to the carrier status of the C2238 allele.
A meta-analysis performed in this regard showed only a modest trend to protect from hypertension [27].
Interestingly, a pharmacogenomic type of approach led to the discovery that hypertensive patients
carrying the C2238 allele variant had a greater response to a diuretic-based therapy (chlortalidone)
with a significant reduction of their cardiovascular risk [28].

Although negative results about the association of the C allele with an increased risk of
cardiovascular events were also reported [29,30], the major clinical evidence suggested that the 30-
amino-acid-long αANP could exert biological effects different from those of the common αANP, with
the production of deleterious consequences for the health status of both coronary and cerebral blood
vessels, and with the promotion of lesser diuretic effect.

Therefore, based on these premises, we decided to pursue detailed molecular studies to identify
the precise mechanisms underlying the negative impact of the T2238C/ANP gene variant on the
cardiovascular system.

1.2. Discovery of the Molecular Mechanisms Underlying the Deleterious Effects of CC2238/αAnp

In the attempt to fully explore this issue, we undertook a series of in vitro studies in a few vascular
cell lines starting with the endothelial cells. Human umbilical vein endothelial cells (HUVEC), once
exposed to CC2238/αANP, showed an increased rate of oxidative stress, apoptosis, and necrosis along
with reduced cell viability and reduced endothelial cell tube formation [31]. Moreover, CC2238/αANP
stimulated the production of proteins involved in atherogenesis [31]. Cannone et al. demonstrated
also that CC2238/αANP produced a significant increase of endothelial cell permeability [24]. In this
cellular model, the exposure to CC2238/αANP produced a significant decrease of cyclic adenosine
monophosphate (cAMP) levels, apart from the expected increase of cyclic guanosine monophosphate
(cGMP) levels [32]. In fact, binding affinity studies revealed that CC2238/αANP, compared to the
common αANP, has a higher binding affinity for the type C natriuretic peptide receptor (NPR-C)
rather than for the type A receptor (NPR-A), and consequently it reduces the adenylate cyclase activity
dependent on NPR-C [32].

This result represented a remarkable achievement since the NPR-C, devoid of GC activity and
mainly known as the clearance receptor of NPs, has direct biological properties that are not fully
understood yet [33]. A synthetic form of ANP (C-ANP4–23) has been the only known agonist of NPR-C
until the discovery of the functional properties of CC2238/αANP [33].

The experimental setup performed in endothelial cells identified a novel mechanism of vascular
damage. In fact, the reduction of cAMP levels consequent to the activation of NPR-C, led, in
turn, to reduced protein kinase A (PKA) activity and, consequently, to a reduced rate of protein
kinase B (Akt) phosphorylation, which is a fundamental factor to maintain endothelial integrity and
function [34]. In addition, an increased expression of nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase, generating reactive oxygen species (ROS) accumulation, observed in the presence of
CC2238/αANP, could certainly contribute to the observed endothelial damage and dysfunction [31,32].

To further support our findings, the cAMP reduction upon exposure to CC2238/αANP was
abrogated by the inhibition of NPR-C, as well as by the Giα inhibitor pertuxis toxin. More importantly,
either the inhibition of NPR-C by antisense oligonucleotide or the selective NPR-C knockdown by
RNA gene silencing, rescued CC2238/αANP-induced endothelial cell death [32].

Thus, in the pioneering studies performed in endothelial cells, the cAMP-PKA-Akt signalling
pathway was revealed as the main one mediating the deleterious effects of CC2238/αANP.
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Its stimulation appeared to be the consequence of NPR-C rather NPR-A activation, in a manner
opposed to that of the regular ANP. The subsequent in vivo translation of these in vitro data, through
the characterization of the forearm endothelial-dependent vasorelaxation, revealed that apparently
healthy subjects carrying the C2238 allele had a significantly reduced endothelial function [32]. Of note,
the reduced endothelial-dependent vasorelaxation was directly related to the number of the mutant
alleles, being more severe in double mutant homozygotes. These results provided clear evidence of
the clinical implications of the C2238/ANP allele as a hallmark of increased predisposition to human
vascular diseases.

A subsequent series of in vitro studies was carried out in both umbilical and coronary smooth
muscle cells in the attempt to unravel a potential link between this ANP variant and atherosclerosis [35].
Herein, the in vitro exposure to CC2238/αANP caused oxidative stress damage and increased cell
migration and contraction. In this cell line, the role of a reduced cAMP-PKA-Akt axis as well as of the
increased NADPH oxidase expression was fully confirmed in response to NPR-C activation. Moreover,
we were able to dissect out a novel pathway of vascular damage dependent on PKA inhibition
in smooth muscle cells. In fact, we discovered that, as a consequence of PKA inhibition, cAMP
response element-binding protein (CREB) was also inhibited, and, further down, microRNA-21 (miR21)
expression was reduced, with the expected modulation of miR21 molecular targets. Accordingly,
phosphatase and tensin homolog (PTEN) and programmed cell death protein 4 (PDCD4) increased,
whereas B-cell lymphoma 2 (Bcl2) decreased. As a result of the modulation of these deleterious
mechanisms, a severely compromised vascular smooth muscle cell viability was observed in the
presence of CC2238/αANP [35]. Thus, our set of data provided an original evidence for the existence
of an epigenetic regulation mediating the deleterious effects of CC2238/αANP in vascular cells.
The replacement of miR21 could restore smooth muscle cell viability and function in the presence of
CC2238/αANP.

miR21 is known as a fundamental protective factor for maintaining viability and proliferation
in several cell types and it has been found to be highly expressed in all main types of cardiovascular
cells [36]. It plays important roles in vascular smooth muscle cell proliferation and apoptosis through
the targeting of PTEN, Bcl2, and PDCD4 proteins [37–39]. Notably, the antiproliferative effect of wild
type αANP has been previously shown to associate with a decrease of miR21 in aortic smooth muscle
cells, whereas the overexpression of miR21 restored vascular smooth muscle cell proliferation [40].
In addition, our studies supported previous evidence that miR21 belongs to the Akt regulatory network
in cardiovascular cells as an upstream factor, because of its ability to inhibit PTEN and to exert, through
the consequent increased Akt activity, important effects on cell proliferation [37,41]. In fact, both PTEN
and Akt represent key molecules for cell growth and survival, as well as for the development of many
cardiovascular diseases [42]. Finally, these original results were able to support knowledge on the
ability of the cAMP-PKA-CREB axis to regulate the expression of miRNAs in vascular cells [43,44].

The relevance of an epigenetic regulation underlying some of the vascular effects of
CC2238/αANP was later on reinforced by additional findings on the role of microRNA-199a (miR199a)
in the same cell line [45]. In fact, we searched for differential gene expression of atherosclerosis-related
pathways in vascular smooth muscle cells exposed to either TT2238/αANP (wild type) or to the
variant CC2238/αANP. The major finding was that CC2238/αANP induced Apolipoprotein E (ApoE)
downregulation through NPR-C-dependent mechanisms involving the upregulation of miR199a-3p
and miR199a-5p and the downregulation of DnaJ (Hsp40) homolog (DNAJA4). The reduced expression
of ApoE by CC2238/αANP was associated with a significant increase of inflammation, apoptosis, and
necrosis that were completely rescued by the exogenous administration of recombinant ApoE [45].
Of note, the upregulation of miR199a by NPR-C was mediated by a ROS-dependent increase of
early growth response protein-1 (Egr-1) transcription factor. In fact, Egr-1 knockdown abolished the
impact of CC2238/αANP on ApoE and miR199a. As expected, NPR-C knockdown rescued the ApoE
levels [45].
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This set of in vitro data provided the first original demonstration that CC2238/αANP, through
NPR-C-dependent activation of Egr-1 and the consequent upregulation of miR199a, downregulates
ApoE in vascular smooth muscle cells. ApoE is a 34 kDa protein that participates in the mobilization
and distribution of cholesterol and of other lipids among various tissues of the body [46]. ApoE was
previously found to be expressed in vascular smooth muscle cells where ApoE downregulation
is positively correlated with typical markers of inflammation, such as small mother against
decapentaplegic 4 (Smad4) [47] and nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-κB) [48]. Previous studies demonstrated that ApoE exerts also pleiotropic anti-atherosclerotic
and anti-inflammatory cellular effects. It is known that ApoE deficiency alone promotes the
development of aortic atherosclerotic plaques in mice [49]. In humans, where the lack of ApoE
is rare, the risk of atherosclerosis is strongly associated with three common apoE isoforms in
the order of APOE4>APOE3>APOE2 [46]. Furthermore, ApoE is known to play a role in the
development of cardiovascular diseases [50]. Thus, our studies may suggest that CC2238/αANP
induces vascular damage also through the inhibition of the above-described pleiotropic effects of ApoE.
As a consequence, restoring ApoE levels could represent a potential therapeutic strategy to counteract
the harmful effects of CC2238/αANP in subjects carriers of the variant peptide.

A third cellular element stimulated our interest, on the basis of the knowledge that platelets play
a key role in the promotion of atherothrombotic events [51] and on previous evidence of a certain
functional impact of ANP on platelet aggregation [52]. The hypothesis was that CC2238/αANP could
exert pro-aggregant effects on platelets and therefore, through this mechanism, could also promote the
higher occurrence of stroke and myocardial infarction in human subjects.

In fact, we discovered that CC2238/αANP favored platelet activation and aggregation in vitro
through the activation of NPR-C and the reduction of cAMP levels [53]. It increased ROS production
through the upregulation of Nox2, a major NADPH oxidase isoform that is abundant in platelets [54].
More importantly, a translation of the in vitro data to the human condition was achieved through the
demonstration that patients with atrial fibrillation (who are more prone to thromboembolic events) had
a higher level of platelet aggregation and activation and of oxidative stress if they were also carriers
of the C2238/αANP allele [53]. On the basis of these observations, Nox2 inhibition may represent
a potential intervention to decrease the cardiovascular risk in patients carrying the C2238/αANP
allele. These findings were subsequently extended to ischemic heart disease with a study performed in
patients undergoing percutaneous coronary revascularization and taking dual antiplatelet therapy.
The study revealed that carriers of the C2238/ANP allele had a higher residual platelet reactivity
when diabetic [55]. Since diabetes represents on its own a pathological condition characterized by an
increased platelet aggregation [56], a close monitoring should be deserved to this cohort of patients
undergoing coronary revascularization if they are carriers of the T2238C/ANP variant.

Altogether, the combined evidence of endothelial damage and dysfunction, of increased smooth
muscle cells migration and contraction with decreased levels of the protective ApoE, and of increased
platelet activation and aggregation outline a pathway that may favor atherosclerotic plaque formation
as well as plaque instability up to thrombus formation, with the consequent cardiovascular acute event.

Obviously, CC2238/αANP should be interpreted as one of the factors contributing to the
above-mentioned deleterious effects on the vessel wall and to the consequent clinical outcome.

2. Summary and Outlook

Dissecting out novel pathways of vascular damage dependent on a gene variant is an intriguing
issue from both a scientific and a clinical point of view. In the case of T2238C/ANP, we demonstrated
that the extended (30-amino acid) gene product acts through the activation of a specific receptor
(the NPR-C receptor) to induce multiple deleterious mechanisms. In addition, the ANP variant targets
several cell types belonging to both the vascular wall and the bloodstream and, by doing so, it increases
the cardiovascular risk (Figure 1).
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Figure 1. Schematic representation of the molecular signaling pathways underlying the effects of
CC2238/αANP in endothelial cells, smooth muscle cells, and platelets. Abbreviations: AC, adenylate
cyclase; Akt, protein kinase B; APO-E, apolipoprotein E; ATP, adenosine triphosphate; BCL-2, B-cell
lymphoma 2; cAMP, cyclic adenosine monophosphate; cGMP, cyclic guanosine monophosphate;
CREB, cAMP response element-binding protein; DNAJA4, DnaJ (Hsp40) homolog; Egr-1, early growth
response protein-1; eNOS, endothelial nitric oxide synthase; GC, guanylate cyclase; GTP, guanosine
triphosphate; Gαi, inhibitory G protein; miR-21, microRNA-21; miR-199, microRNA-199; NADPH OX,
nicotinamide adenine dinucleotide phosphate-oxidase; NO, nitric oxide; NOX2, NADPH oxidase 2;
NPR-A/B, natriuretic peptide type A/B receptors; NPR-C, natriuretic peptide type C receptor; P-AKT,
phosphoprotein kinase B; PDCD4, programmed cell death protein 4; PKA, protein kinase A; PKG,
protein kinase G; PTEN, phosphatase and tensin homolog; ROS, reactive oxygen species; VSMCs,
vascular smooth muscle cells; αANP, carboxy-terminal atrial natriuretic peptide, wild-type (T2238)
and mutant (C2238). Arrows indicate the positive stimulation within each pathway. The dotted arrow
indicates lower affinity binding of C2238 for NPRA/B.

Interestingly, the findings describe for the first time the cAMP-PKA axis as the one driving all other
signaling events stemming from CC2238/αANP, such as the CREB-miR21and the Egr-1-miR199a-ApoE
pathways in smooth muscle cells, NADPH increase, and particularly Nox2 increase in platelets
(Figure 1). In vivo, we obtained evidence of reduced endothelial-dependent vasorelaxation in
apparently healthy subjects, of increased platelet activation and aggregation in a cohort of patients
with atrial fibrillation, and of higher residual platelet aggregation in ischemic heart disease diabetic
patients (following administration of dual antiplatelet therapy) if they were carrier of the C2238/αANP
variant [55]. A previous pharmacogenomic study had already revealed the greater efficacy of diuretic
therapy in hypertensive carriers of the C2238/ANP variant allele [28].

The findings provide original evidence in the field of the pathogenesis of vascular damage.
We believe that the complex, multifaceted mechanisms explaining the negative impact of a molecular
variant of ANP give even more support to the beneficial role played by the common form of ANP
within the cardiovascular system. In fact, we can better support the view that the common form of
ANP, acting through NPR-A activation and the consequent cGMP release, is a peptide promoting
vascular health, angiogenesis, vascular smooth muscle cells relaxation, regular platelets activation and
aggregation. On the other hand, the change in the peptide sequence leads to higher binding affinity
for NPR-C and introduces several differences in the functions of the peptide, making C2238/ANP a
“toxic” substance for the vascular wall and for the cardiovascular system generally [57].
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A few final considerations are needed in regard to what we have learned about the T2238C/ANP
variant. First of all, discovering a functional biological effect of a gene variant is not common.
Furthermore, the translation of in vitro effects to in vivo condition is even less likely. Even when
this achievement is obtained, the expected effect in vivo is usually small in the context of complex
multifactorial diseases.

The case of CC2238/αANP is uncommon. In fact, apart from dissecting out its specific biological
effects, the molecular studies allowed the discovery of a novel role of a known receptor (NPR-C) and
of novel signaling pathways leading to vascular damage. More importantly, the deleterious impact
of the alternative peptide can be detected in vivo, which is uncommon and likely to be of significant
relevance to the physiological effects of ANP.

Therefore, the current mechanistic knowledge on C2238/αANP underscores a novel
cardiovascular genetic risk factor that needs to be taken into account in daily clinical practice. Of note,
the cost of the determination of the presence of the T2238C allele is affordable.

Further studies should assess whether T2238C allele characterization may add some value on top
of the conventional risk factors and may have clinical and therapeutic relevance.

Moreover, some of the molecules outlined in our studies could be targeted by novel therapeutic
approaches to reduce the cardiovascular risk in carriers of the C2238/ANP allele.
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