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Editor’s Note

Genetic mechanisms of blood pressure regu-
lation are complex, but large-scale human ge-
netic association studies combined with kidney
multi-omic approaches are finally beginning to
shine light on the inherited susceptibility to
hypertension. In this review from the Kidney
International Hypertension series, Tom-
aszewski et al. summarize the state of the field
regarding integrative genomic approaches that
Hypertension is a major cardiovascular disease risk factor
and contributor to premature death globally. Family-based
investigations confirmed a significant heritable component
of blood pressure (BP), whereas genome-wide association
studies revealed >1000 common and rare genetic variants
associated with BP and/or hypertension. The kidney is not
only an organ of key relevance to BP regulation and the
development of hypertension, but it also acts as the tissue
mediator of genetic predisposition to hypertension. The
identity of kidney genes, pathways, and related
mechanisms underlying the genetic associations with BP
has started to emerge through integration of genomics
with kidney transcriptomics, epigenomics, and other omics
as well as through applications of causal inference, such as
Mendelian randomization. Single-cell methods further
enabled mapping of BP-associated kidney genes to cell
types, and in conjunction with other omics, started to
illuminate the biological mechanisms underpinning
associations of BP-associated genetic variants and kidney
genes. Polygenic risk scores derived from genome-wide
association studies and refined on kidney omics hold the
promise of enhanced diagnostic prediction, whereas kidney
omics-informed drug discovery is likely to contribute new
therapeutic opportunities for hypertension and
hypertension-mediated kidney damage.
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ncreased blood pressure (BP) is a major cardiovascular risk
factor: each 20– and 10–mm Hg increment in systolic BP
(SBP) and diastolic BP (DBP), respectively, increases the

risk of stroke and myocardial infarction by z2-fold.1

Increased BP remains the single most important global
can improve interpretation of genome-wide
association studies for hypertension. Specific
examples of successful mapping of new ge-
netic susceptibility loci to causal variants,
causal genes, and causal kidney cell types are
also discussed.
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contributor to premature death (ahead of smoking).2 The
kidney is an organ of “overriding dominance”3,4 in BP regu-
lation and the development of hypertension primarily
through its intrinsic role in 2 main BP regulatory pathways
(i.e., sodium and water homeostasis and the renin-
angiotensin system [RAS]). Indeed, it is well established
that the extracellular fluid volume expansion secondary to
kidney defects in sodium excretion translates into BP
elevation.3 Renal juxtaglomerular cells synthesize renin (the
rate-limiting enzyme of RAS) and release it into systemic cir-
culation, whereas other kidney cells express the key elements
of the RAS and contribute to BP regulation locally in an auto-
crine/paracrine manner.5–7 Mutations in several genes
expressed in the distal segments of the nephron, whose pri-
mary function is regulation of sodium homeostasis, have pro-
found effects on BP.8 Common genetic variants within some
of these genes have also been associated with changes in BP,
albeit their genetic effect is of lower magnitude.9,10 Finally,
key nonpharmacologic (e.g., dietary sodium restriction) and
pharmacologic (e.g., diuretics and RAS inhibitors) interven-
tions act, in part, through targeting kidney genes, molecules,
and pathways. Common genetically mediated renal mecha-
nisms of hypertension remain largely elusive, but their iden-
tification shows great promise to meet the pressing need11 for
novel therapies and prevention strategies.

Heritable nature of BP and hypertension
A family history of hypertension suggests a genetic compo-
nent to BP regulation and takes 2 basic forms. Rarely, a low-
frequency highly penetrant genetic mutation will produce a
Mendelian pattern of inheritance. Mutations of this sort most
commonly disturb the function of proteins with primary
impact in the distal nephron to cause sodium retention and
subsequent BP elevation of at least 10–20 mm Hg.12 More
commonly, a family history of hypertension simply reflects
the broad quantitative correlation of BP between relatives.13,14

Genetic influences herein are suggested by the stronger BP
correlations seen between closer relatives.14 Twin and family
studies are frequently used to estimate narrow-sense herita-
bility (h2), defined as the additive “genetic” proportion of
total BP variance.15 For example, a large family study of
relative pairs, including monozygotic and dizygotic twins,
nontwin siblings, and parent-offspring pairs,14 estimated the
heritability of SBP to be 40% and that of DBP to be 46%.
These values are consistent with analyses of family studies in
other populations,16 indicating that BP is a highly heritable
trait.

The discovery of genes influencing BP depends on
detecting significant differences in BP between contrasting
genotypes. As a phenotype, BP is particularly challenging to
measure accurately. First, it is an inherently variable, dynamic
phenotype, unlike say height. This natural variability can be
compounded if BP is measured in nonstandardized condi-
tions (lying vs. sitting) and different methods (manual vs.
semiautomatic). Care with measurement and standardization
is essential for accurate phenotyping that, in turn, improves
Kidney International (2022) 102, 492–505
chances of gene discovery. To this end, higher number of
measurements included in the approximation, higher repro-
ducibility, no operator dependency,17 elimination of “white-
coat” cofounding, stronger correlation with the extent of
hypertension-mediated organ damage, and higher narrow-
sense heritability estimates make 24-hour ambulatory BP
monitoring18 a more attractive approach to phenotyping in
genetic studies than clinic readings. However, resources with
DNA profiles and information on BP from 24-hour ambu-
latory BP monitoring are scarce,18 and because of that, almost
all larger-scale population-based studies on genetics rely on
clinic BP measurements.

Environmental exposures shared by relatives are an
important component (13% of BP variance)14 of family his-
tory. As such, identification and quantification of environ-
mental factors allows partitioning of direct environmental
effects on BP. Perhaps more important, it facilitates the dis-
covery of environmental influences on gene expression
through epigenetic mechanisms that might form an impor-
tant element of heritability. Finally, the spirited debate be-
tween Platt and Pickering19 regarding the nature and genetic
explanation for the population distribution of BP was
resolved in favor of Pickering’s claim that the distribution was
unimodal and that the quantitative BP variation was evidence
of polygenic causation. In other words, an individual’s BP is
influenced by the inherited combination of genetic variants,
each exerting a small effect on BP. Modern molecular analyses
support this point and give estimates of the number and size
of effect of the individual genetic variants.

Polygenic basis of BP and hypertension: genome-wide
association studies
Genome-wide association studies (GWASs) typically inter-
rogate large numbers (100,000s to millions) of genetic vari-
ants, predominantly single-nucleotide polymorphisms
(SNPs), in thousands of participants, to find regions of the
genome (loci) involved in common complex traits and dis-
eases, such as BP regulation and hypertension (Figure 1a).
There are now >1000 loci associated with BP or hypertension
at stringent genome-wide significance (P < 5 � 10–8). These
have been identified through efforts from large-scale con-
sortia, such as the International Consortium of Blood Pres-
sure Genetics and others, who have maximized statistical
power to detect hypertension-associated genetic loci by
amassing GWASs of BP traits (SBP, DBP, pulse pressure, mean
arterial pressure, and hypertension) in the general popula-
tion.20–31 The largest published GWAS meta-analysis from
International Consortium of Blood Pressure involved >1
million participants of European ancestry, including the UK
Biobank and the US Million Veterans Program, and interro-
gated z7 million SNPs across the genome.30

GWASs have also been increasingly undertaken in non-
European ancestry groups, albeit in smaller sample sizes
because of the paucity of genetic data from populations of
non-European ancestries. These investigations highlighted an
overlap of BP loci across diverse populations and revealed
493
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associations of variants more frequent in non-European
ancestry populations.25,28,32–34 For example, a BP GWAS in
African and African American individuals (Continental Ori-
gins and Genetic Epidemiology Network - Blood Pressure
[COGENT-BP] Study) identified 5 BP-associated SNPs,
common only in African-ancestry populations, including
rs76987554, an SNP at the TCF21 antisense RNA, inducing
promoter demethylation gene (TARID).28 Studies of Japanese
individuals identified an SNP associated with pulse pressure at
the cut-like homeobox 2 (CUX2) locus that has minor allele
frequency <1% in populations of European ancestry.34

Further research on variants that contribute to hypertension
risk in populations of non-European ancestry is essential for
genetic discovery and addressing health disparities.

Rare genetic variants (typically defined with minor allele
frequency <1%) are generally not well captured by GWASs,
and statistical power to detect associations with rare alleles is
limited. However, opportunities for discovery of rare variant
associations have been greatly enhanced through (i) targeted
exome-array genotyping technology (designed to interrogate
rare variants), (ii) improved reference panels that enable
genome-wide imputation of variants to lower allele fre-
quencies, and (iii) large cohorts (UK Biobank, Million Vet-
eran Programme, and deCODE genetics). Around 90 rare
variants have now been associated with BP or hypertension in
multiple studies,31,35–37 the largest of which included >1.3
million participants of diverse ancestry.37 Most (>60%) of the
rare variant associations mapped to loci that had been iden-
tified by common variant GWASs and, more important,
helped to prioritize candidate genes at these loci. Several of
these genes point to the importance of the kidney in BP
regulation (such as angiotensinogen gene [AGT], glutamyl
aminopeptidase [ENPEP], and phospholipase C epsilon 1
[PLCE1]).37 Other new BP loci, uncovered through rare
variant-based analyses, implicated genes strongly expressed in
kidney (e.g., ATPase Hþ transporting V1 subunit G3 gene
[ATP6V1G3]).37 Only 4 genes (dopamine b-hydroxylase gene
[DBH], nuclear receptor subfamily 3 group C member 2
[NR3C2], AGT, and phosphodiesterase 3A gene [PDE3A])
associated with BP regulation in the general population are
known causes of monogenic conditions of high/low BP (i.e.,
dopamine b-hydroxylase deficiency, pseudohypoaldosteron-
ism type 1A [renal], renal tubular dysgenesis, and brachy-
dactyly with hypertension, respectively).35–37 Most recently,
whole exome sequencing (Figure 1a) in z450,000 partici-
pants found only 4 associations between rare variants and BP
traits; one of them maps onto SLC9A3 regulator 2 gene
(SLC9A3R2), which encodes a kidney-expressed scaffolding
protein, with a potential role in sodium reabsorption.38

Collectively, genetic factors identified so far explain
typically <6% of BP phenotypic variance.30,37 Common BP-
associated SNPs (minor allele frequency $5%) typically have
modest effect (median, <0.25–mm Hg change in BP per risk
allele copy), whereas the mean effects of rare variants are z7
times larger.30,37 Most identified BP-associated variants map
to non–protein-coding regions of the genome (e.g., intronic
494
and intergenic regions), which presumably influence BP via
regulation of gene expression as transcriptionally active SNPs
(eSNPs). These variants may operate in a tissue-specific
manner; their effect on expression of their targets (i.e.,
eGenes) may show a pattern specific to a given tissue or
groups of tissues. Integration of BP GWASs with data from
the Genotype Tissue Expression Project39 has also revealed
strong enrichment of BP eSNPs in tissues of the cardiovas-
cular system, including arteries and the heart, as well as ad-
renal and adipose tissues.30,37 However, the Genotype Tissue
Expression Project has only a limited number of kidney
samples; until recently, kidney has not been included in post-
GWASs. This has hampered progress to understanding the
genetic mechanisms of hypertension through regulation of
gene expression in this essential organ.

What have we learned about BP and hypertension from
kidney transcriptomics?
To compensate for the underrepresentation of kidney in
Genotype Tissue Expression Project and other publicly
available transcriptomics resources, recent collaborative ef-
forts have established large collections of human renal tissues
characterized by RNA sequencing for the purpose of multi-
omics analyses.7,37,40,41 The foundations of these collections
are kidney tissue samples (collected after either elective cancer
nephrectomies or kidney biopsy),42–44 characterized at mul-
tiple molecular levels (e.g., DNA and RNA). This availability
of matching sets of genotype and kidney gene expression
profiles facilitates cis-expression quantitative trait loci (eQTL)
analysis through which kidney eSNPs (SNPs associated with
gene expression) and their partner kidney eGenes (genes
related to eSNPs) are identified.7,37,40,41 This kidney eQTL-
derived information is then integrated with data from BP
GWASs to further refine the signals of association with BP
and identify most likely kidney mediator genes. Indeed, the
convergence of genetic variants identified in BP GWASs with
those showing effects on kidney expression mapped kidney
genes onto approximately one-third of all known BP GWAS
loci.40 Approximately 50% of the genes revealed through the
overlap of BP GWASs and kidney eQTL were shown to be due
to the same shared underlying genetic variants using coloc-
alization methods.40 To demonstrate which of the colocalized
kidney genes were causally associated to either increased or
reduced BP, Mendelian randomization (MR) was applied.40 In
brief, MR uses genetic information (genotype) inherited at
random (i.e., at conception) to determine whether a geneti-
cally predicted “exposure,” such as a modifiable clinical risk
factor (e.g., body weight) or molecular trait (e.g., gene
expression or extent of DNA methylation at a given site), is
causally linked to an “outcome” (e.g., SBP or DBP).45 Many of
the kidney genes with statistical evidence of potential causality
to BP from MR have either undefined biological function or
no prior biological connection to BP regulation or hyper-
tension.40 For example, solute carrier family 5 (sodium/
inositol cotransporter), member 11 gene (SGLT6, SLC5A11)40

is involved in D-glucose, D-xylose, and myoinositol transport
Kidney International (2022) 102, 492–505
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Figure 1 | Schematic representation of multi-omic approach to discovery of kidney genes involved in blood pressure (BP) regulation
and hypertension. (a) Genomics data are generated by genome-wide genotyping arrays, exome arrays (targeting coding variants), and
sequencing-based technologies that cover the whole genome (whole-genome sequencing) or just the coding regions (exome sequencing). A
“Manhattan plot” visualizes the findings from analysis of associations between thousands of genetic variants and BP. (b) Epigenomic data are
generated by array-based technologies or sequencing to quantify the extent of kidney DNA methylation (e.g., DNA-methylation array),
histone modifications (e.g., chromatin immunoprecipitation sequencing), or open chromatin regions (e.g., assay for transposase-accessible
chromatin sequencing). (c) Kidney transcriptome profiling is conducted through sequencing of, for example, poly-adenylated reverse-
transcribed RNA (commonly referred to as RNA sequencing [RNA-seq]) to quantify, for example, abundance of renal mRNAs. Small RNA-seq
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transcribed RNA from single cells (single-cell RNA-seq) allows cell type–based analyses. (d) Proteomics data are generated by (continued)
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in the kidney. SGLT6 was proposed to act through intrinsic
resilience to osmotic stress via sodium-dependent cotransport
of myoinositol46; its exact role in glucose metabolism is much
less understood when compared with other members of this
family (e.g., SGLT2). Adenosine diphosphate–ribosylation
factor-like 3 gene (ARL3)7,40 encodes a member of Arl fam-
ily of guanosine triphosphate–binding proteins essential for
signaling in the primary cilia.47 Microtubule-associated pro-
tein 1B gene (MAP1B) encodes a component of cytoskeleton
(Figure 2a). Interferon regulatory factor 5 gene (IRF5)40 was
implicated in the pathogenesis of autoimmune diseases, a
response to viral infection and organ fibrosis,48 whereas 3-
hydroxyanthranilate 3,4-dioxygenase gene (HAAO)40 is a
part of the kynurenine pathway and the de novo synthesis of
nicotinamide adenine dinucleotide (NAD).49 Approximately
10% of kidney genes with the strongest evidence of potentially
causal effect on BP are noncoding.40 Most of these are long
noncoding RNAs known to operate as chromatin modifiers,
enhancers, or molecular sponges,50 but the mechanisms un-
derpinning their impact on BP remain to be discovered.

Apart from uncovering new genes, kidney transcriptomics
has helped to strengthen or reprioritize the evidence sup-
porting genes already known for their role in BP regulation or
those previously associated with BP. For example, 2 key
components of RAS (AGT and angiotensin-converting
enzyme gene [ACE]) were implicated as the likely drivers of
BP GWAS signals9 on chromosomes 1 and 17, respectively, in
the recent post-GWAS kidney omics analysis.7 In contrast,
angiotensin II converting enzyme 2 gene (ACE2; a key
component of RAS responsible for converting angiotensin 1–
9 to angiotensin 1–7) was not associated with hypertension in
the recent differential gene expression analysis of >400 hu-
man kidneys.44 A reduced kidney abundance of guanylate
cyclase 1, soluble, a 3 gene (GUCY1A3) showed an associa-
tion with BP increase40 in MR studies, possibly via an effect
on renal nitric oxide bioactivity and its downstream physio-
logical consequences.51,52 Other kidney genes known for their
critical importance to regulation of sodium/water handling in
the distal nephron (e.g., sodium channel epithelial 1 subunit
b gene [SCNN1B] and sodium channel epithelial 1 subunit g
gene [SCNN1G] of epithelial sodium channel [ENaC])
emerged as potential contributors to hypertension-mediated
effects of obesity on kidney disease in gene set enrichment
analysis of the kidney transcriptome.53 Some genes mapping
to known BP GWAS loci were reprioritized on the basis of the
insights from kidney transcriptomics (e.g., it was the
expression of FES proto-oncogene, tyrosine kinase gene [FES]
=

Figure 1 | (continued) multiple derivations of mass spectrometry, imm
Metabolite measurements can be generated by nuclear magnetic reson
combined and examined using statistical colocalization, Mendelian rand
laboratory-based strategies (e.g., CRISPR-Cas9) are used to confirm the ef
biological readouts in vitro and/or in vivo. (g) Statistically/experimentally
BP regulation, such as renin-angiotensin system, and others may turn ou
action. Chr, chromosome; eQTL, expression quantitative trait locus; GWA
dinucleotide; t-SNE, t-distributed stochastic neighbor embedding; TWAS
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rather than furin, paired basic amino acid cleaving enzyme
gene [FURIN] that showed a potentially causal effect on
BP).40 Indeed, one of the previous GWASs identified a signal
of association between BP and genetic variation on chromo-
some 15 and reported it as the FURIN-FES locus.22 Given its
role as an endoprotease responsible for processing of pre-
cursor molecules of relevance to BP regulation (e.g., epithelial
sodium channel54 and B-type natriuretic peptide55) and the
involvement in transforming growth factor-b1 cascade,56

FURIN appeared as a biologically much stronger effector
gene than its neighbor, FES.22 The latter encodes a non-
receptor tyrosine kinase feline sarcoma oncogene, and its role
in inflammatory response has only started to emerge.57

Through an overlap between BP GWAS catalog and an in-
house kidney cis-eQTL data set, FES was shown to partner
(as kidney eGene) with BP GWAS variant on chromosome 15
(rs2521501); this was supported by both statistical colocali-
zation analyses and MR.40 Further support for FES as a po-
tential mediator of association between locus on chromosome
15 and BP came from other kidney omics and subsequent MR
studies.40 In contrast, an initial weak signal of association
between BP and FURIN in one of the kidney omics was not
confirmed in follow-up MR studies.40 Collectively, these data
suggest that FES is a robust kidney eGene associated with BP.
Of note, the same genetic locus on chromosome 15 impli-
cated in GWAS of coronary artery disease colocalized also to
FES (rather than FURIN) in eQTL-based analysis conducted
in human coronary artery smooth muscle cells.58

Finally, integrating transcriptomic information from the
kidney and >40 nonkidney human tissues available in Ge-
notype Tissue Expression Project39 demonstrated different
patterns of kidney specificity of GWAS eSNP-eGene pairs.40,59

This included GWAS eSNPs with transcriptional activity
apparent only in the kidney (kidney eGene[s] only), GWAS
eSNPs whose target eGenes have different identities between
the kidney and nonkidney tissues, and eSNPs with kidney-
specific allelic direction (the direction of the association
with eGene expression is different between renal and non-
renal tissues).40,59

The analysis of the kidney “splice-ome” has also provided
new insights into molecular mechanisms of hypertension by
revealing that z10% of BP GWAS signals are associated with
the expression of individual mRNA isoforms rather than total
gene expression in the kidney (Figure 2c).40 For example,
genotypes of rs4582532 show association with renal expres-
sion of a splicing isoform of reduced NAD:ubiquinone
oxidoreductase complex assembly factor 6 gene (NDUFAF6)
unoassay (Olink), or aptamer-based approaches (SomaScan).
ance spectroscopy. (e) Data from different biological layers are
omization, and transcriptome-wide association studies. (f) Different
fects of genetic variants/genetic regions/genes on the molecular and
validated kidney genes may map onto well-established pathways of
t to have a completely different and sometimes unexpected mode of
S, genome-wide association study; NAD, nicotinamide adenine
, transcriptome-wide association study.
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but not the total expression of this gene in the kidney.
Another interesting example of such a BP GWAS variant is
rs4750358, which maps in proximity of a weak acceptor splice
site within a branch point sequence on chromosome 10.40

Carriers of the BP-elevating genotype of this SNP have
increased renal expression of a splicing mRNA isoform of
BEN domain-containing 7 gene (BEND7) compared with
noncarriers, whereas the total expression of the gene is un-
changed across the genotypes.40 Although the function of
BEND7 remains to be elucidated, it illustrates the emerging
importance of splicing machinery operating in the kidney to
genetic regulation of BP. It also suggests that eQTL-based
analyses may not be sufficient to uncover the full spectrum
of complex regulatory mechanisms underlying BP GWAS
signals. Indeed, other types of RNAs (e.g., small noncoding
RNAs) not captured routinely in standard RNA sequencing
(Figure 1c) of the kidney are likely to mediate a certain
proportion of associations identified by GWASs. Among
them, microRNAs (miRs) are particularly important for the
post-transcriptional control of gene expression and are
increasingly recognized as key molecular players in hyper-
tension and cardiovascular disease.60–62 For example, miR-
181a binds to the 3’ untranslated region of renin mRNA in
the kidney and downregulates renin while both circulating
and renal miR-181a levels correlate with BP.6 Given that a
single miR can target many mRNAs and that both long
noncoding RNAs (lncRNAs) and circular RNA are likely to
mediate interactions between miRs and mRNAs,63 profiling
of all types of kidney RNAs will be necessary to fully un-
derstand their involvement in BP regulation and development
of hypertension.

Finally, the integration of BP GWASs and human kidney
transcriptomics revealed that, when compared with other
complex human traits and diseases, BP phenotypes show
strong enrichment for kidney eQTL signals.40 Recent analyses
showed that genes closest to rare BP variants were enriched
among differentially expressed genes in the kidney.37 The BP-
associated variants are also overrepresented in kidney DNase I
hypersensitive sites, which mark open chromatin.37 Collec-
tively, these data cemented the evidence for the key role of the
kidney as a mediator of genetic predisposition to
hypertension.

Single-cell analyses of the kidney and urine in hypertension
Recently, single-cell multi-omics approaches have begun to be
applied to better understand the functional contribution of
genetic variants uncovered by GWASs of complex diseases.
Two commonly used methods to map variants to causal genes
(eQTL analysis and chromatin profiling) using bulk tissue are
=

Figure 2 | (continued) of IRAK1BP1 in cis-eQTL analysis. The rs10943605 is
the promoter region of IRAK1BP1. IRAK1BP1 plays a role in inflammation
previous GWASs. Genotype of rs4582532 is not associated with total kid
expression of a splice isoform of NDUFAF6 gene in the kidney. NDUFAF6
adenine dinucleotide.
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theoretically complicated by the cellular heterogeneity of the
kidney tissue, and signals from less frequent cell types may be
lost in integrated bulk data sets. Data from single-cell RNA-
sequencing studies provided cell-specific transcriptomic
profiles that can then be used in computational deconvolu-
tion to estimate cell proportions across bulk tissue samples.
Further downstream analyses (e.g., association of genotypes
with gene expression) can then be corrected statistically for
differences in cell proportions across samples, reducing
variation between the samples and improving sensitivity for
eGene detection. Two recent studies applied this strategy to
kidney tissue.7,40 One of the studies estimated z25%
improvement in kidney eGene detection.7

Another advantage of single-cell multi-omics is the ability
to identify potential driver cell types for different diseases.
Data from single-cell RNA sequencing of the kidney helped to
interpret findings from bulk tissue experiments (e.g., through
mapping kidney eGenes onto specific cell types) (Figure 1c)
or discover cell type–interacting eQTLs (pairs of eSNP-eGene
with evidence of correlation between genotype and expression
specific to certain cell types). Indeed, z1 in 5 of BP GWAS
kidney eGenes showed cell type–specific expression in the
kidney in a recent study.40 Sheng et al. identified that 18% of
their eQTL results are cell type specific.7 Through combining
these data with a single-cell epigenomic data set, they
confirmed that cell type–interacting eQTL eSNPs showed
strongest enrichment in open chromatin regions from the
corresponding cell type, a reassuring consistency. Finally, they
estimated driver cell types by measuring the enrichment of
SBP-SNP heritability across deciles of gene expression. This
analysis revealed positive correlations between SBP and distal
convoluted tubules, collecting duct principal cells, and
endothelial cells. Cells of collecting tubules were also enriched
for BP GWAS kidney eGenes.40

Another elegant application of single-cell multi-omics is to
infer the biological mechanisms of individual BP GWAS
signals. For example, rs4292, a BP GWAS variant on chro-
mosome 17, was confirmed as an eQTL for ACE in the tubule
compartment. This locus occurred in open chromatin near
the ACE transcriptional start site that contained a hepatocyte
nuclear factor 4a binding motif. The T allele of rs4292
conferred greater hepatocyte nuclear factor 4a binding ac-
tivity, and ACE expression was higher in tubule compart-
ments containing this T allele as well.40 This suggests that the
rs4292 confers risk of increase in SBP through hepatocyte
nuclear factor 4a–dependent increase in ACE expression. This
example illustrates how a combined single-cell multi-omic
approach can begin to unravel the regulatory architecture of
BP GWAS variants.
also associated with kidney methylation of cg27510097 site within
and salt sensitivity. (c) The rs4582532 SNP was associated with SBP in
ney expression of NDUFAF6 gene in cis-eQTL but is associated with
is linked to mitochondrial function. NADH, reduced nicotinamide
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Encouraging results from single-cell RNA sequencing of
cells collected from urine suggest that this non-invasive
analysis might help to gain insights into kidney parenchymal
cells non-invasively. Abedini et al. collected clean-catch urine
samples from 5 subjects.64 From cellular pellets, they recov-
ered most kidney parenchymal cell types, including even rare
ones, such as podocytes. Interestingly, kidney cells recovered
from urine showed expression of genes known as targets for
antihypertensive medications (e.g., diuretics). This suggests
that future single-cell multi-omic analyses can utilize non-
invasive assays to better subphenotype complex diseases and
capture well-established drug targets. It will be critical to
develop biobanks of human urine samples that are linked to
outcomes to realize this promising vision.

Epigenomics and other omics of BP and human hypertension
Methyltransferase-mediated covalent addition of methyl
group to cytosines occurring primarily at CpG dinucleotides
of DNA is one of the key epigenetic marks.65 Interindividual
differences in DNA methylation are at least partly determined
through common genetic variants.66,67 In fact, many SNPs
control methylation of genes in their vicinity through
different genetic-epigenetic interactions in cis.68,69 The iden-
tity of these SNPs can be uncovered through cis-methylation
quantitative trait locus analysis, whereby the extent of DNA
methylation at any given CpG site is tested for association
with genotype of SNPs mapping to its proximity. This re-
quires samples with matching genotype and information on
DNA methylation in a given tissue (e.g., from genome-wide
profiles characterized by microarray or sequencing). These
DNA methylation-associated SNPs are significantly enriched
for alleles linked to complex disorders in GWASs.68

Conversely, GWAS signals for complex diseases colocalize
with methylation-associated SNPs.69,70 This overlap suggests
that the biological mechanisms behind GWAS association
signals (90% of which map to noncoding DNA regions with
no apparent biological function) may be embedded in DNA
methylation. However, genome-wide evidence for the role of
DNA methylation in BP regulation, human hypertension, and
its kidney cophenotypes has only recently started to emerge.
Most of these epigenome-wide association studies (i.e.,
genome-wide analyses of association between a phenotype of
interest and a quantifiable epigenetic mark [e.g., DNA
methylation]) were conducted using blood samples and arrays
with genome-wide coverage. Indeed, large-scale analysis of
DNA methylation in blood cells revealed that methylation of
several CpG sites is associated with the magnitude of BP
elevation71,72 and kidney function.73 The findings by Kato
et al.74 further show that at least some SNPs associated with
BP in GWASs operate as methylation-associated SNPs in
blood. Many epigenetic patterns are tissue and cell type spe-
cific; hence, the availability of renal tissue banks is critical to
identifying epigenetic patterns clustering with kidney disease,
BP, and hypertension. Our earlier studies demonstrated how
genetic variants modulate the extent of renal DNA methyl-
ation within genes of importance to kidney aging.75 The
Kidney International (2022) 102, 492–505
recent analysis of DNA methylation profiles of 195 kidney
samples confirmed a strong contribution of common genetic
variants to renal DNA methylation and demonstrated a
prominent overlap between variants of importance to DNA
methylation and BP.40 Further MR studies confirmed that the
extent of kidney DNA methylation shows potentially causal
association with changes in BP, and at least several of the
genes within this category (e.g., endothelin-1 gene [END1])
are already known for their role in BP regulation.40 Others
(e.g., FES and IRAK1BP1) have emerged because of their
strong effect on BP across several layers of transcriptome and
epigenome (Figure 2b).40 There are several important ad-
vantages of such an integrative multi-omic approach to
investigating the genetic background of a complex trait, such
as BP. First, it helps to increase the rate of gene discovery and
prioritize the uncovered genes based on the overall strength of
evidence emerging from different omics layers40 (i.e., genes
with association documented at gene expression, DNA
methylation, and other levels are apparently stronger bio-
logical contenders for further mechanistic studies). Further-
more, defining molecular mechanisms underpinning the
uncovered association signals becomes feasible through con-
necting (e.g., DNA methylation and gene expression). Indeed,
in our recent study, hypermethylation within FES and
IRAK1BP1 promoters was associated with a decrease in their
renal expression and translated into increased BP
(Figure 2b).40 Interestingly, FES was 1 of 2 genes showing
exome-wide significant association with hypertension in
gene-wise weighted burden analysis conducted in UK Bio-
bank.76 This convergence of evidence makes FES one of the
most interesting novel genes of relevance to BP and hyper-
tension. Further studies will be warranted to elucidate the
biological pathways linking FES to BP regulation. Availability
of large data sets with other epigenetic layers, such as histone
modifications (Figure 1b), is still limited. Adding the extra
layers to the existing collections of human kidney tissues
(with already matching information from DNA and RNA
level) would further accelerate departure from a “single-
molecule–single-phenotype”–based interpretation of BP
GWAS signals, to chains of molecular events triggered by
single DNA variants and penetrating the kidney epigenome,
transcriptome, proteome, and metabolome (Figure 1d) to
culminate in hypertension.

Established and new pathways and mechanisms of BP
regulation emerging from kidney multi-omics
Beyond identifying genes as drivers of GWAS signals on
different chromosomes, linking the molecular layers to these
signals, and/or mapping potentially causal kidney genes onto
cell types (Figure 1), the kidney multi-omics studies delivered
important insights into biological underpinnings of hyper-
tension and kidney disease.7,40,59,77 Several well-known
pathways of BP regulation have emerged from the conver-
gence of BP GWASs and kidney multi-omics through shared
genetic association and/or MR-derived signals of potentially
causal effects on BP from their key genes. For example,
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colocalization of signals for renal expression of both AGT and
ACE with BP GWASs provided important genetic support for
the role of intrarenal RAS in BP regulation.7 Other well-
established renal pathways of BP regulation gained addi-
tional omics support through genes with perhaps less intui-
tive connections to hypertension. For example, increased
expression of splicing isoforms of mitogen-activated protein
kinase–associated protein 1 gene (MAPKAP1), ubiquitin-
conjugating enzyme E2E 3 gene (UBE2E3), and DNA
methylation of END1 in the kidney was associated with in-
crease in BP in MR analysis integrating kidney omics with BP
GWASs.40 Both MAPKAP1 and UBE2E3 contribute to regu-
lation of ENaC, a critical component of sodium reabsorption
in the aldosterone-sensitive portion of the distal nephron78

and a well-known target for BP-lowering medications (i.e.,
amiloride and triamterene). Indeed,MAPKAP1 contributes to
mTOR complex 2–mediated phosphorylation of serum- and
glucocorticoid-inducible kinase 1, a critical activator of apical
localization of ENaC and sodium reabsorption.79,80 Acting in
concert with E3 ubiquitin protein ligase gene (NEDD4),
UBE2E3 promotes ubiquitylation of ENaC and thus regulates
its rapid turnover on the surface of renal tubular epithelium.81

Renal endothelin-1 leads to a decrease in sodium reabsorp-
tion in the collecting duct, at least in part through its inhi-
bition of ENaC.82 Thus, the genes contributing to key
regulatory processes of ENaC expression (including phos-
phorylation and ubiquitylation) in the principal cells of the
collecting duct received further support of potentially causal
association to BP through multi-omic analysis of the kidney.
Further novel pathways of established importance to other
physiological processes and human diseases came to light
through the application of MR to kidney multi-omics. For
example, genes that encode 2 key enzymes (amino-
carboxymuconate semialdehyde decarboxylase and HAAO) of
kynurenine pathway responsible for catalytic breakdown of
tryptophan and production of NADþ showed causal associ-
ation with BP at the renal expression level.40 Expressed mainly
in liver and the kidney, aminocarboxymuconate semialdehyde
decarboxylase limits NADþ

’s precursor (quinolinic acid)
synthesis,83 whereas HAAO converts the synthesis of quino-
linic acid from 3-hydroxyanthranilic acid, promoting NADþ

bioavailability84; the directionality of their causal association
with BP was most consistent with the reduced production of
NADþ in the kidney.40 Defective NADþ production was
postulated as a contributor to cardiovascular and kidney
diseases,84,85 and boosting its production via supplementation
of its precursors or blocking its inhibitors (e.g., amino-
carboxymuconate semialdehyde decarboxylase) showed
potentially beneficial effects on cardiovascular system and the
kidney, possibly via influence on mitochondria.83,86

The connection between mitochondrial homeostasis and
hypertension was supported by several genes whose kidney
expression, splicing, and/or DNA methylation showed causal
effects on BP.40 Functionally, these genes mapped onto (i)
mitochondrial adenosine triphosphate (ATP) production
pathway (e.g., ATP synthase membrane subunit 6.8PL gene
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[ATP5MPL], COX14 cytochrome c oxidase assembly factor
gene [COX14], glioblastoma-amplified sequence gene
[GBAS], NDUFAF6 [Figure 2c], and upregulated during
skeletal muscle growth 5 homolog [mouse] gene [USMG5]);
(ii) maintenance of structural integrity of mitochondria,
including mitochondrial trafficking and fusion-fission dy-
namics (ras homolog family member T2 gene [RHOT2]), or
mitochondrial crista junctions (inner membrane protein,
mitochondrial gene [IMMT]); as well as (iii) metabolic and
oxidation-reduction homeostasis of mitochondria (aldo-keto
reductase family 1, member B10 [aldose reductase] gene
[AKR1B10], aldo-keto reductase family 1, member B15 gene
[AKR1B15], 3-hydroxybutyrate dehydrogenase, type 2
gene [BDH2], nicotinamide nucleotide transhydrogenase
gene [NNT], and solute carrier family 25 [mitochondrial iron
transporter], member 37 gene [SLC25A37]).87–91 The role of
mitochondria in the development of hypertension and hy-
pertensive kidney injury was proposed by previous
studies92,93; these data further support the notion that
genetically mediated changes in the renal DNA methylation/
transcription of the autosomal genes responsible for mito-
chondrial function and structure may contribute to human
hypertension.

Kidney multi-omics have also highlighted the importance
of inflammatory and immune responses in the pathogenesis
of hypertension; several kidney genes (interferon regulatory
factor 5 gene [IRF5], tumor necrosis factor receptor-
associated factor 1 gene [TRAF1], thioredoxin domain-
containing 17 gene [TXNDC17], and IRAK1BP1) showing
causal association with BP map to interferon-g signaling,
senescence, and autophagy pathways as well as tumor necrosis
factor–mediated and nuclear factor-kB signaling.94 Inter-
feron-g and tumor necrosis factor-a are increasingly recog-
nized as key effector molecules in hypertensive vascular and
renal injury95; interferons can also contribute to regulation of
interrenal angiotensinogen as well as ENaC expression.96

IRAK1BP1 has been linked to salt-sensitive hypertension by
large genetic studies (Figure 2b).97–99 Given that IRAK1BP1
functions through its effects on nuclear factor-kB as a mo-
lecular switch to bias innate immune pathways toward the
resolution of inflammation,100 its decreased expression in
hypertensive kidneys may provide a mechanism for renal
inflammation that can modulate hypertension (Figure 2b).101

Thus, a range of new biological targets mapping onto both
well-recognized and emerging biological pathways and
themes of relevance to BP have been identified by kidney
multi-omic–based analyses. Further target studies within
these pathways may uncover novel, unique diagnostic and
therapeutic opportunities in hypertension and kidney injury.

Statistical and biological evidence of causality
The availability of GWAS summary statistics from interna-
tional consortia and tissue multi-omics as well as large re-
positories of genetic information combined with rich
phenotypic data has increased the popularity of MR in the
area of nephrology45 and cardiovascular medicine, with BP
Kidney International (2022) 102, 492–505
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and chronic kidney disease–defining traits (i.e., estimated
glomerular filtration rate, albumin-to-creatinine ratio, and
microalbuminuria) commonly used as “exposures” and/or
“outcomes.” Several important observations have emerged
from these MR analyses. Increased estimated glomerular
filtration rate has been linked to reduced SBP and/or
DBP,102,103 whereas lower values of SBP and/or DBP were
causally associated with a decrease in urinary albumin-to-
creatinine ratio, reduced risk of microalbuminuria and
chronic kidney disease,40 as well as an improvement in overall
kidney health index.53 This highlighted the importance of BP
lowering in prevention of kidney complications of hyper-
tension. Through defining contributions of anthropometric
measures of obesity to estimated glomerular filtration rate,
kidney health index, chronic kidney disease, and nephropa-
thies of different etiologies (i.e., diabetic nephropa-
thy),53,104,105 MR reaffirmed the position of weight loss as a
potentially nephroprotective strategy and characterized the
extent to which hypertension and diabetes may act as medi-
ators of these relationships.53,105 The recent MR investigations
further suggested that the causal association between body
mass index and chronic kidney disease is apparent across
populations of different genetic ancestry.104,106 Other studies
have applied MR to explore statistically whether changes in
renal gene expression or DNA methylation are causally linked
to BP, hypertension, or kidney phenotypes40,59 and to identify
potentially causal relationships across different layers of kid-
ney omics (Figure 1e).40,75 One of the major limitations of
MR is that not all of 3 core conceptual assumptions are
empirically testable,45 so the extent to which the identified
causal associations are not affected by, for example, a bias
arising from not meeting these assumptions is not always
feasible to verify. Different modalities of MR (e.g., that are
immune to potential violations of certain MR assumptions),
independent replication experiments, and sensitivity analyses
(e.g., with an exclusion of certain genetic instruments) are
commonly used to confirm the robustness of the initial MR
findings. However, even with all core assumptions of MR
theoretically satisfied, the ultimate insights of whether/how
genes lead to a disease require further functional studies using
cellular experiments (in vitro) and/or animal studies (in vivo)
(Figure 1f).107,108

One of the most powerful approaches used to examine the
biological significance of findings from GWASs is genome
editing via in vitro CRISPR/Cas9 system (Figure 1f).107 The
targeted editing (e.g., deletion of a region containing a GWAS
SNP or specific allelic variants of a GWAS SNP) in either
cellular or animal models allows assigning the differences in
captured molecular or phenotypic readouts to the edited re-
gion/SNP of interest.107 Such functional experiments using
CRISPR/Cas9 system have started to emerge in post-GWAS
analyses of cardiovascular and kidney diseases.7,107,109,110

For example, CRISPR-based edition of the regulatory re-
gions containing SNPs implicated through prior GWAS an-
alyses of BP and kidney function confirmed how deletion of
these regions translated into the changes in expression of
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kidney eGenes, such as fibroblast growth factor 5 gene
(FGF5), ACE,7 and Dachshund homolog 1 (DACH1)
in vitro.110 Single-base edition through CRISPR/Cas9 system
can be technically challenging,109 but successful generation of
isogenic stem cell lines (reflective of, for example, 2 homo-
zygous genotypes of a GWAS SNP) is a powerful demon-
stration of the functional effects of the individual SNP. Such
CRISPR/Cas9-based edition of a biallelic variant associated
with hypertension and other cardiovascular diseases
(rs9349379) proved the regulatory effect of this specific SNP
on EDN1 expression.109 CRISPR/Cas9 system was also shown
to effectively methylate/demethylate CpG islands, gene pro-
moters, and enhancers in a targeted manner.111 Thus, DNA
methylation editing may be also exploited to examine the
biological significance of uncovered kidney CpG sites and
provide further mechanistic insights into their regulatory
role.

Kidney omics and hypertension: examples of clinical
implications
BP GWASs and their downstream kidney multi-omics studies
highlighted several promising translational routes to clinical
practice. One of them is via polygenic risk scores. Polygenic
risk scores aggregate effects of allelic variants from SNPs
across the genome to identify individuals at higher risk of
disease.112,113 In one of the largest published GWASs of BP to
date,30 individuals in the top decile of the polygenic risk score
distribution had 12.9–mm Hg higher mean SBP than those in
the bottom decile, a 3.3-fold increased risk of hypertension,
and z1.5-fold increased risk of incident cardiovascular dis-
ease, myocardial infarction, and stroke. This supports the
possibility of targeted lifestyle intervention measures in young
adults to control BP and reduce the risk of developing car-
diovascular disease in later life for those at genetic risk of
increased BP.

One of the most practical implications of uncovering the
causes of monogenic forms of hypertension was personali-
zation of antihypertensive treatment (i.e., tailoring the choice
of BP-lowering agents based on knowledge of an individual’s
genetic make-up).114 Indeed, by blocking upregulated ENaCs
on the surface of tubular epithelium, amiloride was deter-
mined as the drug of choice in Liddle syndrome, whereas
thiazides were found to correct metabolic abnormalities and
lower BP in those with Gordon syndrome.114 Such a level of
precision medicine is not yet feasible for a vast majority of
hypertensive patients, but kidney omics are making contri-
butions to drug discovery and “rediscovery” in hypertension.
Indeed, kidney transcriptomics and epigenomics combined
with genetics and the newest statistical strategies provided
strong support for existing medications known for their BP-
lowering potential, such as ACE inhibitors, minoxidil, diaz-
oxide, nitrates, riociguat, and amiloride.7,40,53 Kidney omics
also uncovered new connections within established pathways
of BP regulation (e.g., by demonstrating cell type–specific
transcriptional regulators of ACE7 and uncovering new cod-
ing and noncoding partner elements within the network of
501



r ev i ew M Tomaszewski et al.: Kidney omics and hypertension
kidney ACE244 and renin6). These deliveries of kidney omics
may stimulate research into new strategies of interfering with
RAS to achieve therapeutic outcomes with perhaps less off-
target effects.115 Apart from these insights, the rediscovery
of RAS components as BP regulators by kidney multi-omics
(Figure 1g) demonstrates robustness of these strategies to
uncover other genes and molecules of importance to BP and
hypertension. However, the key translational delivery
methods emerging from kidney omics are genes and pathways
with an established role in human physiology but underex-
plored role/connections to BP regulation; many of these
molecules will be targets for already existing, well-known
therapeutics. Indeed, new exciting drug repurposing oppor-
tunities for hypertension have started to emerge from kidney
multi-omics (e.g., topiramate [a medication used in man-
agement of epilepsy and migraine] was implicated as a drug
with a BP-lowering potential).40 Such sets of genes are
perhaps the most promising candidates for new antihyper-
tensive medications via drug repositioning.

Taken together, these data highlight exciting opportunities
to stratify patients according to polygenic risk score to iden-
tify those at greatest risk of hypertension and show the
promise of kidney omics to inform the drug discovery for
hypertension and hypertension-mediated kidney damage.

Summary
Publicly available access to data from large-scale GWASs and
biobanks has led to a rapid pace in discovery of genetic asso-
ciations with many complex traits and diseases, including BP
and hypertension. Exploration of the kidney transcriptome
and epigenome using advances in statistics and bioinformatics
yielded the first insights into kidney genes, mRNA isoforms,
and epigenetic signatures underpinning the statistical associa-
tions from BP GWASs. Many kidney genes showed causal as-
sociation to BP at several molecular layers; such genes are the
priority for further in vitro and in vivo studies to elucidate their
functional relevance to BP regulation and hypertension
(Figure 2). Although large RNA-sequencing–derived collec-
tions of human kidney are currently best available resources for
quantifying the abundance of thousands of renal genes
simultaneously with a high level of precision, the development
of similar data sets of kidney tissue characterized at protein
level is of utmost importance given the variable level of
concordance between mRNAs and proteins and the outputs
from eQTL and protein quantitative trait locus analyses.116

Seeking associations between abundance of a given protein in
a cell/tissue and SNPs in the cis window, protein quantitative
trait locus studies have already started to emerge from collec-
tions of human plasma/serum characterized by, for example,
the slow-off rate modified aptamer (SOMAmer) platform
(Figure 1d).116 Through convergence with GWASs, such data
sets are beginning to gain initial insights into the genetic
background of kidney health and disease.117 Integration of
genomics, transcriptomics, and proteomics holds the promise
of accelerating progress in drug development in precision
medicine.118
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Medical advances will further depend on defining genomic
and environmental interactions that determine the signature
pathogenic cell and developmental stage-specific expression
patterns. Such a comprehensive approach is essential to
address clinically relevant issues, such as predisposition to
hypertension on high-salt diet or exposure to nonsteroidal
anti-inflammatory drugs and to glomerular hypertension and
associated damage in chronic kidney disease.

Finally, concerted efforts are necessary to create new or
enrich the existing tissue collections through securing samples
from patients of diverse ancestry and origin. The underrepre-
sentation of patients of non-White European ancestry is of
course not exclusive to human tissue data sets and is apparent
across many genetic studies and publicly available resources.119

Increasing diversity in GWASs and post-GWAS explorations is
necessary for full understanding of molecular consequences of
disease-associated alleles in the global human population.
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