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ABSTRACT

Introduction: Chronic kidney disease (CKD) and hypertension are heritable traits. The source of
this heritability remains largely unknown, and exploration has been limited principally to com-
mon genetic variants, with few studies having examined rare variants.

Methods: In this cross-sectional observational study, we evaluate whole exome sequencing
data using the UK Biobank to identify the ability of rare variants in 58 kidney developmental
genes to predict CKD or elevated blood pressure using logistic regression models with sub-
group analysis performed by ancestry.

Results: Significant predictors of CKD included rare variants in CLCN5 (OR 1.59; 99% Cl, 1.02—
2.47; P=0.007). Predictors of blood pressure included rare variants in SIX7 (OR 0.57; 99% ClI,
0.35-0.94; P=0.004) and NPHST (OR 0.84; 99% Cl, 0.72-0.99; P=0.005), which were protec-
tive against blood pressure elevation, and WT7 (OR 1.58; 99% Cl, 1.02-2.45; P=0.007), which
was associated with elevated blood pressure. In individuals of White British ancestry, rare vari-
ants in SIX7 protected against elevated blood pressure (OR 0.58; 99% CI, 0.34-0.99; P=0.009).
Among individuals of non-White British ancestry, predictors of CKD included rare variants

in SLC12A3 (OR 2.02; 99% Cl, 1.08-3.78; P=0.004) and CALBT (OR 3.12; 99% Cl, 115-8.47,
P=0.003). Presence of rare variants in WTT significantly predicted elevated blood pressure (OR
2.49; 99% Cl, 1.08-5.78; P=0.005).

Conclusions: From this study, we conclude that rare variants in kidney developmental genes
contribute to the risk of developing CKD and elevated blood pressure. These associations vary
by ancestry.
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INTRODUCTION

Nearly 15% of the United States popu-
lation suffers from chronic kidney dis-
case (CKD), with approximately 10%
having CKD stage 3 or above, generat-
ing Medicare costs exceeding $75 billion
annually.!3 Despite this high prevalence
and economic burden, development of
novel CKD treatments has largely stag-
nated.

CKD and elevated blood pressure are
complexly interrelated. Hypertension is
among the sequelae of kidney dysfunc-
tion due to several pathophysiologic
mechanisms, including hyperactivity of
the renin-angiotensin-aldosterone access,
sodium retention causing fluid overload,
and increased sympathetic nervous system
activity. Conversely, hypertension is an
independent predictor of reduced kidney
function. Evidence indicates that an indi-
vidual’s total nephron number, termed

« » . .
nephron endowment,” is inversely corre-

lated to the risk of hypertension and CKD.45

Genetic studies of congenital renal hypoplasia and hypodys-
plasia, an extreme form of low nephron endowment, suggest that
nephron endowment is genetically predetermined.¢ Similarly,
studies have found CKD and estimated glomerular filtration rate
(eGFR) have 30% to 70% heritability,”-10 and blood pressure is
20% to 50% heritable.!! Genome-wide association studies—the
primary method employed to identify the heritability of these

traits—have identified a few common variants in kidney devel-
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opmental genes associated with CKD, supporting the theory
that lower nephron endowment may contribute to the general
population’s CKD risk.8.12-14 However, much of the heritability
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Table 1. Demographic Features of Individuals With and Without Elevated Blood Pressure

All (n=49989) White British (n=41275) Non-White British (n=8714)

Present Absent P value Present Absent P value Present Absent  Pvalue
Elevated blood pressure 42167 (84.4%) 7822 (15.6%) 35111 (85.1%) 6164 (14.9%) 7056 (81.0%) 1658 (19.0%)
Vascular heart disease 5165 (12.2%) 267 (3.4%)  <0.001 4293 (12.2%) 222 (3.6%)  <0.001 872 (12.4%) 45(2.7%) <0.001
Diabetes 3732 (8.9%) 191(2.4%)  <0.001 2905 (8.3%) 142 (2.3%) <0.001 827 (11.7%) 49 (3.0%) <0.001
Hyperlipidemia 11625 (27.6%) 587 (7.5%)  <0.001 9730 (27.7%) 466 (7.6%) <0.001 1895 (26.9%) 121(7.3%)  <0.001
Overweight 30997 (73.5%) 3560 (45.5%) <0.001 25797 (713.5%) 2825 (45.8%) <0.001 5200 (73.7%) 735 (44.3%) <0.001
Smoker 4223 (10.0%) 903 (11.5%)  <0.001 3385 (9.6%) 667 (10.8%) 0.004 838 (11.9%) 236 (14.2%)  0.009

Values are displayed as n (%) unless otherwise indicated.

Table 2. Demographic Features of Individuals With and Without Chronic Kidney Disease

All (n=49989) White British (n=41275) Non-White British (n=8714)
Present Absent P value Present Absent P value Present Absent P value
Chronic kidney diease 1060 (21%) 48929 (97.9%) 870 (21%) 40405 (97.9%) 190 (2.2%) 8524 (97.8%)
Vascular heart disease 363 (34.2%) 5069 (10.4%) <0.001 295(33.9%) 4220 (10.4%) <0.001 68 (35.8%) 849 (10.0%) <0.001
Diabetes 242 (22.8%) 3681(7.5%) <0.001 187 (21.5%) 2860 (71%) <0.001 55 (28.9%) 821(9.6%) <0.001
Hyperlipidemia 607 (57.3%) 11605 (23.7%) <0.001 511 (58.7%) 9685 (24.0%)  <0.001 96 (50.5%) 1920 (22.5%) <0.001
Overweight 869 (82.0%) 33688 (68.9%) <0.001 710 (81.6%) 27912 (691%) <0.001 159 (83.7%) 5776 (67.8%) <0.001
Smoker 115 (10.8%) 5011 (10.2%) 0.52 93 (10.7%) 3959 (9.8%) 0.38 22 (11.6%) 1052 (12.3%)  0.75
Elevated blood pressure 998 (94.2%) 41169 (84.1%) <0.001 822 (94.5%) 34289 (84.9%) <0.001 176 (92.6%) 6880 (80.7%) <0.001

Values are displayed as n (%) unless otherwise indicated.

of CKD and elevated blood pressure remains elusive. Few studies
have examined the role of rare variants in explaining this missing
heritability.

We aimed to identify genes of kidney development in which
rare variants are predictive of blood pressure outcomes or CKD.
We accomplished this by using the UK Biobank, a biorepository
containing genetic information linked to the electronic health
records of approximately 500000 volunteer participants, to
examine the relationship between rare variants in kidney devel-
opmental genes and kidney dysfunction, including blood pres-
sure elevation and CKD. We hypothesized that very rare variants
in genes implicated in nephrogenesis result in abnormal nephron
development and decreased nephron endowment, thereby leading

to increased risk of elevated blood pressure and CKD.

METHODS

Study Population

This research was conducted using the UK Biobank Resource, a
biorepository of volunteer participants aged 40 to 69 years that
links genomic data with deidentified electronic medical record
information under application 65332. Analysis was limited to
those 49989 individuals for whom whole exome sequencing
data were available at the time of access to the biorepository.
Subgroup analyses by ancestry were carried out for those identi-
fied as having White British ancestry and those with non-White
British ancestry. Individuals were stratified as White British based
on principal component analysis carried out by the UK Biobank
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indicating similar genetic ancestry in addition to self-identifying
as “White British.” This study was determined to be nonhuman
subject research by the Children’s Mercy Hospital Institutional
Review Board under application STUDY00001390.

Study Variables

Phenotypes of Interest

The primary outcomes of interest included the categorical vari-
ables of elevated blood pressure and CKD. Presence of elevated
blood pressure was determined through use of International
Classification of Diseases 9th Revision and 10th Revision (ICD-9
and ICD-10, respectively) codes, reported high blood pressure,
reported use of antihypertensive agents, presence of a numeric
value in the field “age high blood pressure diagnosed,” sys-
tolic blood pressure 2130 mmHg, or diastolic blood pressure
>80 mmHg. Individuals were considered to have CKD through
use of ICD-9 and ICD-10 codes indicating CKD stages 3-5 or
end stage kidney disease, calculated eGFR <60 mL/min/1.73 m?2
using the CKD-EPI 2021 equation,!s or presence of an end stage
kidney disease report (Appendix 1).

Other clinical covariates included the categorical variables of
current smokers, diabetes, vascular heart disease (stroke, angina,
myocardial infarction), hyperlipidemia, and overweight defined
as body mass index (BMI) >25kg/m2 or by applicable ICD-9
and ICD-10 codes (Appendix 1). Criteria used to identify the
presence of these covariates, including ICD-9 and ICD-10 codes

and other available parameters, are summarized in Appendix 1.
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Selection of Genes

Eighty-three candidate genes were selected
for analysis based on prior studies dem-
onstrating their associations with renal
development and kidney function.1?
Genes were categorized according to their
contributions to 5 structural compart-
ments in kidney development: (1) early
nephron development, (2) podocytes, (3)
tubulointerstitial cells, (4) collecting duct,
or (5) endothelium (Appendix 2). As there
are an estimated 11% of variants miss-

ing from the reported UK Biobank whole

Figure 1. Flowchart of Gene Selection for Analysis

83 genes selected

7 genes not present
in UK Biobank

a18 genes excluded due
to missing WES in >30%
of participants

A
a58 genes included
in analysis

exome sequencing data,!6 only those genes

A4

A A 4 A

with reported variants in 270% of the

bEarly nephron
development
23 genes

study population or subgroup of interest

were included in final analysis to ensure

Podocytes bTubulointerstitial Collecting Endothelium
4 enyes cells duct 5 genes
9 23 genes 23 genes 9

adequate representation of the cohort.

Definition of Qualifying Variants
Qualifying rare variants were defined as
those with minor allele frequency <0.1%

and classified as nonbenign. Variants

were annotated using the multistage

Abbreviation: WES, whole exome sequencing.

3In non-White British individuals, 19 genes were excluded due to missing WES in >30% of participants, resulting
in 57 unique genes in the non-White British subgroup analysis.

b EF1 and GDNF were included in the analysis of the early nephron development and tubulointerstitial cells
developmental compartments.

variant characterization pipeline, Rapid

Understanding of Nucleotide variant Effect Software (RUNES),17
which incorporates Variant Effect Predictor,'8 comparisons to
the National Center for Biotechnology Information dbSNE
known disease-causing variants from the Human Gene Mutation
Database (HGMD),2 and in silico prediction of variant conse-
quences with RefSeq?! and Ensembl?? annotations. Using this
RUNES pipeline, variants were categorized as nonbenign if they
were reported previously in HGMD and/or ClinVar (category 1),
previously unreported but expected to be pathogenic (category 2),
or were a variant of uncertain significance (category 3). Variants
were designated as nonqualifying if minor allele frequency was
20.1% or if the variant was predicted not to cause disease (cat-
egory 4) or was known to be neutral and/or benign (category 5).
Further detail regarding RUNES categorization is summarized in

Appendix 3.

Statistical Analysis

Clinical Covariate Distribution

Chi-square analysis was used to compare the proportions of indi-
viduals with clinical covariates outside of the primary outcomes

of interest in presence versus absence of disease (Tables 1 and 2).

Association of Qualifying Variants with Outcomes of Interest

To determine association between presence of qualifying vari-
ants in different kidney developmental compartments and the
primary phenotypes of interest—elevated blood pressure and

CKD - binary logistic regression models were created with sepa-
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rate models for each compartment: early nephron development,
podocytes, tubulointerstitial cells, collecting duct, and endo-
thelium. Genes included in regression models were those with
P<0.25 in chi-square univariate analysis assessing association of
qualifying variants and the primary outcome of interest. This
process was performed separately for each ancestral subgroup
analysis (White British and non-White British subgroups).
Logistic regression was not carried out for compartments if no
genes met the predetermined threshold for inclusion during uni-
variate analysis.

For each outcome of interest, logistic regression analyses
included known modifiable risk factors for the disease process.
In the case of elevated blood pressure, modifiable risk factors
accounted for in the logistic regression models included pres-
ence of vascular heart disease, diabetes, overweight, hyperlipid-
emia, and current smoking status. Given the known associations
of vascular heart disease, diabetes, and elevated blood pressure
with CKD, these modifiable risk factors were accounted for in
the logistic regression models examining CKD. Principal compo-
nent analysis was performed by the UK Biobank in assignment of
ancestry, so accordingly did not require inclusion in our regression
models. The degrees of variance of these traits explained by our
logistic regression models were calculated by Cox and Snell’s R
and Nagelkerke’s R2.

Statistical significance was set at a Bonferroni-corrected critical

o-level of 0.01 to account for multiple comparisons.
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Table 3. Logistic Regression Models Assessing the Association of Qualifying Variants With Presence of Elevated Blood Pressure by Developmental Compartment

Al White British Non-White British
Compartment Gene OR (99% CI) P value Gene OR (99% CI) P value Gene OR (99% CI) P value
Early nephron ANPEP 0.87 (0.70-1.08) 010 CITED1 0.66 (0.35-1.23) 0.085 CRABP2  0.73 (0.32-1.68) 0.33
development CITED1 0.74 (0.42-1.30) 0.16 COL2A1 0.92 (0.74-115) 0.34 EYA1 1.29 (0.78-2.12) 019
COL2A7T  0.86 (0.71-1.04) 0.043 CRABP2 167 (0.77-3.62) 0.086 PAX2  1.97(0.90-4.34)  0.026
ETV4 1.55 (0.73-3.29) 013 ETV4 2.21(0.84-5.82) 0.036 Wr1  2.49 (1.08-5.78) 0.005
JAGT 0.98 (0.77-1.25) 0.82 LEF1 0.84 (0.61-1.15) 014
LEF1 0.89 (0.68-1.18) 0.29 SIX1 0.58 (0.34-0.99) 0.009
SIx1 0.57 (0.35-0.94) 0.004
wr1 1.58 (1.02-2.45)  0.007
Podocytes NPHS1  0.84 (0.72-0.99) 0.005 NPHS1 0.823(0.675-1.004)  0.011
PODXL 0.86 (0.66—-1.11) 012
Tubulointerstitial CD248 1.22 (0.87-1.71) 013 CLCN5 0.846 (0.670-1.070) 0.066 CLCN5  0.67 (0.44-1.02) 0.013
cells CLCN5 0.87 (0.70-1.07) 0.079 COL1A7 0.861(0.693-1.069)  0.075 COL3A1T 110 (0.75-1.61) 0.53
COLTA1 0.95 (0.79-115) 0.49 CSPG4  0.933(0.778-1.119) 0.32 CUBN  1.21(0.89-1.66) on
CSPG4 0.91(0.78-1.07) 015 DES  1.233(0.742-2.050)  0.29 DES 1.39 (0.81-2.39) on
DES 1.27 (0.84-1.90) 014 FOXD1  0.896 (0.676-1188)  0.32 FOXD1  1.20 (0.76-1.88) 0.30
LEF1 0.80 (0.61-1.05) 0.035 LEFT  0.823(0.598-1133) 012 LRP2 0.94 (0.76-1.16) 0.43
PAPPA2  1.07 (0.90-1.30) 0.33 PAPPA2 1106 (0.892-1.372)  0.23 MCAM 113 (0.69-1.83) 0.53
SERPINE2  0.82 (0.58-1.15) 013 SLC12A7 1180 (0.937-1.487)  0.064 PDGFRB  0.96 (0.69-1.35) 0.77
SLCI2AT 116 (0.94-1.42) 0.067 TPM2 1730 (0.991-3.018)  0.0M TPM2  1.43(0.77-2.65) 013
SLC12A3  0.93(0.79-1.10) 0.25
TPM2 1.38 (0.89-2.15) 0.061
Collecting duct KRT8 111(0.88-1.40) 0.27 CALBT 1133 (0.787-1.631) 0.38 KRTS8 118 (0.78-1.78) 0.31
KRT8 1104 (0.819-1.486) 0.39
Endothelium FLT1 0.91(0.78-1.07) 014 KDR 113 (0.83-1.56) 0.31
TEK 110 (0.72-1.68) 0.58

Table 4. Logistic Regression Models Assessing the Association of Qualifying Variants with Presence of Chronic Kidney Disease by Developmental Compartment

All White British Non-White British
Compartment Gene OR (99% CI) P value Gene OR (99% CI) P value Gene OR (99% CI) P value
Early nephron CITEDT  1.46 (0.45-4.78) 0.41 ALDHIAT 1143 (0.574-2.277) 0.019 CCND?T  2.50 (0.64-9.82)  0.085
development HNF1A 0.34 (0.11-1.08) 0.016 CITEDT  1.429 (0.380-5.378) 0.23 COL2A1  0.37 (0.10-1.39) 0.054
ITGA8  0.79 (0.53-1.20) 015 HNFTA 0182 (0.029-1137) 019 CRABP2  3.23(0.63-16.63)  0.065
PAX8 0.48 (0.13-1.78) 015 SIM2 0.581(0.242-1.394) 0.037 EYAT 1.47 (0.49-4.47) 0.37
SOX9  0.59(0.22-1.59) 017 SOX9 0.414 (0.112-1.525) 0.058 LEF1 1.29 (0.42-3.89) 0.56
wr1 0.70 (0.26-1.89) 0.35 PAX2 0.00 1.00
PDGFRB  1.42 (0.66-3.06) 0.25
SALLT  1.95(0.80-4.73)  0.054
SImM2 114 (0.46-2.83) 0.72
Podocytes PODXL  1.47 (0.86-2.51) 0.065 NPHS2 0.49 (0.11-2.22) 0.23 PODXL  1.83(0.83-4.06)  0.050
Tubulointerstitial CDH1  1.39 (0.78-2.46) 014 CLCN5 1.49 (0.96-2.31) 0.019 CDH1 215(0.80-5.76)  0.045
cells CLCN5 1.59 (1.02-2.47) 0.007 COL3A1 1.25 (0.78-2.01) 0.23 CLCN5  211(0.87-5.09) 0.03
CLDN1  0.57 (0.090-3.57)  0.43 CSPG4 0.80 (0.52-1.24) 019 CLDN1 0.00 1.00
COL3AT 115 (0.71-1.86) 0.46 LRP2 0.77 (0.55-1.06) 0.037 COL1AT  1.46 (0.75-2.82) 015
CSPG4  0.82 (0.54-1.24) 0.21 SLC12A3 0.71(0.45-113) 0.058 DES 1.20 (0.42-3.40) 0.66
FOXD1  1.27(0.74-217) 0.26 TPM2 0.30 (0.048-1.88) 0.091 FOXD1  2.03(0.90-4.57)  0.025
UMOD 118 (0.67-2.06) 0.45 LEF1 1.80 (0.67-4.82) 013
LRP2 1.21(0.73-2.00) 0.33
PAPPA2  1.49 (0.75-2.98) 014
SERPINE2  0.50 (0.04-6.74) 0.49
SLC12A3 2.02 (1.08-3.78) 0.004
Collecting duct CALBT  1.48(0.79-2.78) oM CALB1 312 (115-8.47) 0.003
GATA2 0.53 (0.17-1.71) 016 GATA2 0.00 1.00
RET 1.47 (0.93-2.35) 0.031 RET 1.99 (0.98-4.06)  0.013
Endothelium FLT1 1.31(0.92-1.87) 0.047 KDR 1.27 (0.86-1.86) 0n
KDR 119 (0.84-1.67) 0.20
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Qualifying Variant Distribution

We hypothesized that individuals with outcomes of interest pos-
sessed more qualifying variants relative to the overall scudy popu-
lation. To assess this hypothesis, the number of qualifying vari-
ants within each individual was categorized into 1 of 5 groups:
no qualifying variants, 1 variant, 2 variants, 3 to 4 variants, and 6
or more variants. Chi-square analysis was performed comparing
individuals with and without disease for each phenotype of inter-
est to determine if the distribution within each cohort matched
the distribution of the larger study population. Subgroup analyses
by ancestry were performed using identical methods. Statistical

significance was set at a critical a-level of 0.05.

Statistical Software
Statistical analysis was performed using SPSS version 28.0.0.0
(Statistical Package for the Social Sciences; SPSS Inc, Chicago,

Illinois).

RESULTS

Genes Included in Analysis

Of the 83 genes initially identified, 58 were included in final
analysis (57 in the non-White British subgroup) (Figure 1, Tables
3 and 4). A full listing of identified genes and rationale for exclu-
sion is provided in Appendix 2. A numeric count of unique quali-
fying rare variants per gene, median number of individuals pos-
sessing each variant by gene, RUNES category, and functional

impact is summarized in Appendix 4.

Association of Qualifying Variants and Phenotypes of Interest
Elevated Blood Pressure
When examining the cohort in its entirety, we found that quali-
fying variants in SIX7 (OR 0.57; 99% CI, 0.35-0.94; P=0.004)
and NPHSI (OR 0.84; 99% CI, 0.72-0.99; P=0.005) were pro-
tective against elevated blood pressure, whereas qualifying variants
in WT1 (OR 1.58; 99% CI, 1.02-2.45; P=0.007) were predic-
tive of elevated blood pressure. Among White British individuals,
qualifying variants in SIXI were protective against blood pressure
elevation (OR 0.58; 99% CI, 0.34-0.99; P=0.009). In subgroup
analysis of non-White British individuals, presence of qualifying
variants in W71 in the early nephron development compartment
was the only statistically significant predictor of elevated blood
pressure (OR 2.49; 99% CI, 2.49-5.78; P=0.005). Though sta-
tistical significance was not reached, qualifying variants in CLCN5
in tubulointerstitial cell regression model approached significance
in protection against elevated blood pressure (OR 0.67; 99% CI,
0.49-0.92; P=0.013). Among genes significantly associated with
elevated blood pressure, there was no difference in distribution
of functional impact of variants between individuals with versus
those without elevated blood pressure (Appendix 5A).

Odds ratios of all genes included in the regression models of

the primary and subgroup analyses are summarized in Table 3.
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Chronic Kidney Disease
In the analysis of the cohort in its entirety, presence of a qualify-
ing variant in CLCN5 as part of the logistic regression model for
the tubulointerstitial cell compartment was the only significant
predictor of CKD (OR 1.59; 99% CI, 1.02-2.47; P=0.007).

There were no genes in which qualifying variants were sig-
nificant predictors of CKD in White British subgroup analysis.
In non-White British individuals, genes in which qualifying vari-
ants were significant predictors of CKD included SLCI1243 (OR
2.02; 99% CI, 1.08-3.78; P=0.004) for tubulointerstitial cells
and CALBI in the collecting duct compartment (OR 3.12;5 99%
CI, 1.15-8.47; P=0.003). Among genes significantly associated
with CKD, there was no difference in distribution of functional
impact of variants between individuals with versus those without
CKD (Appendix 5B).

Odds ratios of all genes included in regression models of pri-

mary and subgroup analyses are summarized in Table 4.

Qualifying Variant Distribution

Elevated Blood Pressure

There were no significant differences in the proportion of quali-
fying variant counts among individuals with elevated blood pres-
sure versus the full study population. This was true in the pri-

mary analysis, as well as in subgroup analyses (Figure 2A-C).

Chronic Kidney Disease

The proportion of variant counts within individuals with CKD
differed significantly from proportions found in the overall study
population (2<0.001), with overall higher proportions of individ-
uals with no qualifying variants or 6 or more qualifying variants
among individuals with CKD. When examining participants of
White British ancestry, we found that the distribution of variant
counts within individuals with CKD did not significantly differ
from proportions found in the overall White British subpopula-
tion (P=0.082). In individuals of non-White British ancestry,
we found that a higher proportion of individuals with 6 or more
qualifying variants was present in individuals with CKD versus the
larger non-White British subpopulation (2<0.001) (Figure 2D-F).

DISCUSSION
Our study highlights several important findings. We demon-
strated that rare variants in kidney developmental genes are
associated with hypertension and CKD, and that the implicated
genes vary by ancestry. Further, while rare variants in some genes
predict deleterious consequences, their presence in others confers
a protective effect. Finally, individuals with CKD possess higher
numbers of qualifying rare variants in kidney developmental
genes than is expected relative to the larger population.

We found that rare variants in some genes implicated in struc-
tural kidney development are associated with development of
elevated blood pressure and CKD later in life. This finding is in

keeping with our hypothesis that rare variants in these genes con-
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Identified as Non-White British (C,F)

Figure 2. Expected Versus Observed Qualifying Variant Counts in the Overall Cohort (A, D), Individuals Genetically Identified as White British (B,E), and Genetically
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40 40
35 P=0.847 35 P=0.732 30 P=0.886
¥ g ¥ 25 N
£ < & A : :
= = =
g 20 3 20 g % a N \ N
pust o
10 10 10 \ : \ : ]
: : s 1l [ R B E "
0 oms 0 c—— o LML N i N i
1 2 35 >6 0 1 2 35 >6 0 1 2 3-5 >6
Qualifying variants (n) Qualifying variants (n) Qualifying variants (n)
D. Chronic Kidney Disease All E. Chronic Kidney Disease White British F. Chronic Kidney Disease Non-White British
40 40 30
P<0.001 P=0.082 »s p<0001
. 30 < 30
& B3 i &£ 20
i = 0 -
g 20 g 20 \ N E 5
e & N o}
a a 10
10 10 \ § : H g
5
0 Dh 0 ! ! & ——— 0
0 1 2 35 >6 0 1 2 35 >6 0 1 2 35 26
Qualifying variants (n) Qualifying variants (n) Qualifying variants (n)
|I] Expected . Observed disease present E Observed disease absent

tribute to nephron endowment and supports the idea that rare
genetic variants—rather than exclusively common variants—con-
tribute to the missing heritability in kidney function and disease.
However, large proportions of the variance in blood pressure and
CKD are not accounted for by our logistic regression models,
which individually explain 6.9% to 15.3% of the variance in
the case of blood pressure, and 1.1% to 9.2% of the variance in
CKD. This unexplained variance suggests other factors (eg, vari-
ants in other genes, gene-gene, or gene-environment interactions)
are at play, and evaluation of rare variants should be expanded to
a wider selection of genes.

Interestingly, the specific genes in which rare variants pre-
dicted elevated blood pressure or CKD differed by ancestry. It is
possible we are capturing the rare variants that predispose some
populations to hypertension and CKD (eg, individuals of South
Asian, sub-Saharan African, Aborigine, and Hispanic descent)
when compared to White British individuals. Alternatively, such
variation may arise from the heterogeneity of the non-White
British subgroup, as this subgroup represents an admixture of
many ancestral backgrounds. The characterization of certain
variants as “rare” may be inaccurate, as they may be common
variants within a more specific ancestral subgroup that is under-

represented in the UK Biobank. In this way, the number of
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qualifying variants within the non-White British subgroup may
be overestimated.

Surprisingly, our analyses demonstrated that in some instances,
rare qualifying variants have a protective rather than deleterious
effect on blood pressure. This finding potentially stems from our
definition of a qualifying variant. Because variants of uncertain
significance (RUNES category 3) were included in our defini-
tion and can convey deleterious, neutral, or protective effects,
some qualifying variants may be protective but have yet to be
classified. To examine this effect further, we performed separate
binary logistic regression analyses examining the ability of quali-
fying RUNES category 3 variants to predict elevated blood pres-
sure and CKD, with results demonstrating associations in pro-
tective as well as deleterious directions (Appendix 6). Adding to
this hypothesis is the large proportion of variants of uncertain
significance that comprise qualifying variants in genes predictive
of disease presence/absence, with those ranging from 64.1% to
100% of the qualifying variants in each predictive gene depend-
ing on disease state and ancestry (Appendix 7). An additional
consideration is that qualifying variants in some kidney devel-
opmental genes may lead to impaired handling of sodium and
water, as is seen in many tubulopathies, which could lead to

hypotension. This consideration is supported by a prior study by
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Ji et al demonstrating that rare variants in the salt handling genes
SLCI2A3, SLCI2A1, and KCNJI(ROMK) are associated with
reduced blood pressure.23 Of note, rare variants in SLC1243 and
SLCI2A1 were evaluated in our study but were not significantly
associated with blood pressure.

Finally, we found that individuals with CKD possess higher
numbers of rare variants in kidney developmental genes than
would be expected in our entire cohort and in the non-White
British subgroup. The fact that this association did not reach
significance in the White British subgroup once again calls into
question our characterizations of variants as “rare” among the
non-White British subgroup. We attempted to account for this
potential discrepancy by calculating expected qualifying variant
counts for the whole study cohort and for each of the ances-
tral subgroups separately. Our finding that, among those with
CKD, the proportion of individuals with high carriage of quali-
fying variants (ie, 6 or more variants) was >2 times the propor-
tion found in the overall populations in the primary analysis and
in non-White British subgroup analysis suggests there could be
an additive effect relating the number of rare variants in kidney
developmental genes possessed by an individual to CKD risk
(Figure 2).

Limitations

Our study does have limitations. Relative to the general popu-
lation of the United Kingdom, the UK Biobank tends toward
a healthy subject bias with lower rates of all-cause mortality,
cancer, smoking, alcohol use, and obesity, in addition to fewer
self-reported health conditions.24 This bias is seen in our analysis,
with only 2.1% of the study population having CKD stage 3 and
above compared to the estimated 10% of the general population.!
Despite this bias, a large-scale meta-analysis by Batty et al com-
paring risk associations in the UK Biobank relative to risk asso-
ciations in pooled data from 18 English and Scottish studies rep-
resentative of the general population found that the associations
in the UK Biobank were generalizable.?s This finding supports
our assertion that the significant associations in rare genetic vari-
ants and elevated blood pressure and CKD in the present study
can be applied more generally.

However, caution is still needed when generalizing findings
to the non-White British subgroup. As discussed previously, the
admixed nature of the non-White British group and low repre-
sentation of this group within the UK Biobank could lead to
mischaracterization of genetic variants as rare due to ethnic dis-
parities within the UK Biobank, thereby increasing risk of type
1 error. Alternatively, because the low number of non-White
British individuals decreases the power of this subgroup analy-
sis, the potential for a type 2 error rate is elevated as it pertains
to associations in non-White British individuals. These possibili-
ties highlight the need to enhance diversity and decrease dispari-

ties that exist within genomic research. The limitation of these
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relatively low sample sizes may be overcome to some extent with
larger replicative studies, as the number of individuals possessing
whole exome sequencing data within the UK Biobank has rapidly
expanded to more than 450000 participants since we accessed
the biorepository.

A final limitation of our study is the use of whole exome
sequencing and the restriction to genes implicated in kidney
development. As we are increasingly appreciating, much genetic
regulation takes place in intronic regions, which is missed
through use of whole exome sequencing. The limited number of
genes we examined limits our ability to examine gene-gene and
gene-environment interactions. However, by limiting our analysis
to those genes involved in nephrogenesis, we were able to support
the hypothesis that rare variants in genes that could impact neph-
ron endowment are predictive of elevated blood pressure and
CKD, an inference that could not be made as easily in a broader

genome-wide association study.

CONCLUSIONS

This study demonstrates that rare variants in kidney develop-
mental genes can help predict the presence or absence of elevated
blood pressure and chronic kidney disease; however, the impli-
cated genes vary based on ancestry. These findings indicate that
rare variants explain a portion of the risk of developing hyper-
tension and CKD and serve as putative targets for disease risk
screening in the future as the field of precision medicine contin-

ues to expand.
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