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Abstract

Rationale:Acute kidney injury is a common and severe complication
of critical illness and cardiac surgery. Despite significant attempts at
developing treatments, therapeutic advances to attenuate acute kidney
injury and expedite recovery have largely failed.

Objectives: Identifying genetic loci associated with increased risk of
acute kidney injury may reveal novel pathways for therapeutic
development.

Methods:We conducted an exploratory genome-wide association
study to identify single-nucleotide polymorphisms associated with
genetic susceptibility to in-hospital acute kidney injury.

Measurements and Main Results:We genotyped 609,508
single-nucleotide polymorphisms and performed genotype
imputation in 760 acute kidney injury cases and 669 controls.
We then evaluated polymorphisms that showed the strongest
association with acute kidney injury in a replication patient

population containing 206 cases with 1,406 controls.We observed an
association between acute kidney injury and four single-nucleotide
polymorphisms at two independent loci on metaanalysis
of discovery and replication populations. These include
rs62341639 (metaanalysis P = 2.483 1027; odds ratio [OR],
0.64; 95% confidence interval [CI], 0.55–0.76) and rs62341657
(P = 3.263 1027; OR, 0.65; 95% CI, 0.55–0.76) on chromosome
4 near APOL1-regulator IRF2, and rs9617814 (metaanalysis
P = 3.813 1026; OR, 0.70; 95% CI, 0.60–0.81) and rs10854554
(P = 6.533 1027; OR, 0.67; 95% CI, 0.57–0.79) on chromosome
22 near acute kidney injury–related gene TBX1.

Conclusions:Ourfindings reveal two genetic loci that are associated
with acute kidney injury. Additional studies should be conducted to
functionally evaluate these loci and to identify other common genetic
variants contributing to acute kidney injury.
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Acute kidney injury (AKI) is increasingly
common among hospitalized patients (1).
Even minor injury has been associated
with increased mortality (2) and may
contribute to increased risk of chronic
kidney disease (CKD) (3). Unfortunately,
no clinical treatments have been developed
for AKI, partially because of the complex
pathophysiology of the disease.

Identifying genetic risk factors for AKI
could help elucidate novel pathways for
therapeutic development and important
subtypes of AKI. Although investigators
have begun identifying genetic variants that
predispose patients to AKI under minimal
physiologic stress (e.g., during exercise),
patients can experience markedly different
renal outcomes during severe physiologic
stress (e.g., during sepsis or surgery), when
AKI is more commonly encountered (4).
This suggests that there may be an
underlying genetic predisposition to AKI.

Previous studies using a candidate gene
approach to identify genetic risk factors
for AKI have produced mixed results (5).
Genome-wide association studies
(GWASs), which allow for an unbiased
search for correlation between single-
nucleotide polymorphisms (SNPs) and
phenotypes, may be better suited to the
complexity of AKI. Thus far, only one
GWAS of AKI has been completed, which
identified two novel loci associated with
AKI (6). However, given the heterogeneous
and complex nature of AKI and the
relatively small sample size of this prior
study, there are likely other important genetic
variants. Thus, we undertook a prospective
multipopulation GWAS investigating the
association of SNPs with the development of
AKI in critically ill patients.

Methods

Study Populations
Cases and controls for the discovery
population were derived from two

independent populations of critically ill
patients. The first population was assembled
from patients in medical, surgical, trauma,
and cardiac intensive care units (ICUs) from
the VALID (Validation of Biomarkers in
Acute Lung Injury Diagnosis) study (7). The
second population enrolled patients who
underwent cardiac surgery from the TRIBE
(Translational Research Investigating
Biomarker Endpoints in AKI) study (8). In
addition, we performed genotyping for
replication of GWAS signals in a
case–control population consisting of
patients who underwent cardiac surgery
from the CABG Genomics (Coronary
Artery Bypass Graft Genomics) study (9)
and the BWH CSS (Brigham and Women’s
Hospital Cardiac Surgery Study) (10).

AKI cases for discovery and replication
were defined as patients with at least a
0.3-mg/dl or 50% increase in serum
creatinine from baseline for at least two
consecutive days. These criteria are stricter
than currently accepted definitions and
improve the specificity for AKI detection
(11). The criterion for an at least 2-day
duration of AKI selects patients with AKI
due to intrinsic renal damage as opposed to
those with hemodynamic changes, who
often have transient AKI. Duration of AKI
has been strongly associated with short-
and long-term outcomes after
hospitalization (12–15). Non-AKI controls
were defined as patients with an increase in
serum creatinine not exceeding 25% relative
to baseline, to enrich for patients with
minimal alterations in kidney function
despite an insult (e.g., renal ischemia with
cardiopulmonary bypass). Detailed
descriptions of patient populations and
selection criteria are included in the online
supplement.

Genotyping, Imputation, and
Association Analysis in the AKI
Discovery Population
Genotyping was performed in
three different batches, using the
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At a Glance Commentary

Scientific Knowledge on the
Subject: Acute kidney injury
significantly contributes to morbidity
and mortality during hospitalization,
particularly in critically ill patients.
However, patients with similar renal
insults can have remarkably different
outcomes, suggesting genetic risk
factors that influence the development
of acute kidney injury. A genome-wide
association study represents an
unbiased search for links between
common genetic markers, such as
single-nucleotide polymorphisms, and
a common disease, such as acute
kidney injury. Identifying these genetic
markers will enhance the
understanding of acute kidney injury
pathophysiology and guide future
therapeutic strategies and patient
management.

What This Study Adds to the
Field: After performing a genome-
wide association study on one of the
largest in-hospital acute kidney injury
case–control populations assembled,
we identified and validated single-
nucleotide polymorphisms in two
genetic loci on chromosomes 4 and 22
that may represent risk factors for
development of acute kidney injury.
These markers are found near APOL1-
regulator IRF2 and acute kidney
injury–related TBX1 genes,
respectively, though additional
research is necessary to determine
underlying molecular mechanisms.
Our work also represents a basis for
future investigations using similar
patient populations that may confirm
current findings and identify
additional genetic markers associated
with acute kidney injury.
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HumanOmni1-Quad v1.0 BeadChip,
HumanOmniExpress v1.0 BeadChip,
and HumanOmniExpress v1.1 BeadChip
platforms (Illumina, San Diego, CA)
without any evidence of batch bias. The final
discovery population after quality control
contained 709 AKI cases and 619 non-AKI
controls, representing 93% of enrolled
patients in both settings. Samples with a call
rate less than 97%, sex mismatch, or cryptic
relatedness were excluded. After quality
control, 609,508 SNPs were checked for
alignment against the 1000 Genomes
Project phase I integrated reference panel
(released June 16, 2014) (16) and used
for haplotype phasing with SHAPEIT2
software (17). Genome-wide SNP
imputation using inferred haplotypes was
performed with IMPUTE2, generating data
for 9,237,809 SNPs (18). In total, 161,689
SNPs with poor imputation quality (info
score, 0.5) were removed.

Association testing for AKI was
performed on 9,076,120 SNPs, using the
additive model in SNPTEST v2.4.1 (19) with
conditioning on the following covariates:
patient age, sex, recruitment site (TRIBE vs.
ICU), genotype batch, and the first three
principal components for ethnicity. Further
models adjusted for other important
clinical covariates, including the presence
or absence of diabetes mellitus (DM),
hypertension, and CKD. Because AKI
definitions in our discovery populations
varied, we completed a sensitivity analysis
by defining cases as patients with an
increase of at least 25, 50, or 100% in serum
creatinine relative to baseline or the lowest
in-hospital level. Additional details are
available in the online supplement.

Genomic Functional Annotation and
Selection of SNPs for Validation
We used a two-tiered approach to select
SNPs for validation from the discovery
cohort. First, we included SNPs that had a
P value less than 53 1026. Second, we used
GenoWAP (Genome-Wide Association
Prioritizer) (20), which is a post-GWAS
prioritization approach based on integrative
analysis of genomic regions with functional
annotation, to identify any SNPs with
marginal P values that were more likely to be
functional in the disease process. GenoWAP
uses a mixture model of multiple layers and
empirical Bayes techniques to assign a
posterior score to each SNP in the data set.
Up to three SNPs per gene or locus of
interest were selected for additional study.

Further details regarding GenoWAP and
selection of SNPs for validation are provided
in the online supplement.

Genotyping and Association Analysis
in the AKI Replication Populations
Genotyping was performed on a
MassARRAY system using matrix-assisted
laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry with
iPLEX Gold chemistry (Agena Bioscience,
San Diego, CA). After primer design,
genotyping was performed for 22 SNPs
representing 13 loci. AKI association testing
was completed with adjustment for patient
age and sex, using SNPTEST v2.4.1 (19).
Detailed descriptions are available in the
online supplement.

Variant Database Query for SNPs
Associated with Renal Disease
Apart from the SNPs selected for validation,
we also examined whether any SNPs
previously associated with AKI or other
kidney diseases were associated with the
phenotype. These SNPs were identified by
detailed review of published reports on
GWASs of renal diseases (21–26) and the
BioMart portal (27) to examine publicly
available human variant databases
(including ClinVar, dbSNP, ESP, HGMD-
Public, and PhenCode). Expression
quantitative trait loci (eQTLs) without
tissue specification were searched using the
Genotype-Tissue Expression (GTEx)
release v4 portal (28) for matches to the 38
SNPs of interest found in our study.

Statistical Analysis
Patient demographic variables are reported
as either mean and standard deviation or as
median and quartiles. The primary end
point for our GWASwas the development of
AKI. Odds ratios (ORs) are reported with
95% confidence intervals. To make our
analysis more comparable to the previously
published GWAS of AKI (6), we also used
the percent change in serum creatinine as
an alternative end point for association.

In the discovery phase, P, 53 1026

was considered the initial cutoff for
statistical significance to guide SNP
selection for the replication phase, and
P, 53 1028 indicated genome-wide
significance. Power calculations were
performed with QUANTO software (29).
The discovery panel had 80% power to
identify variants with odds ratios greater
than 1.6 at P, 53 1026, assuming a minor

allele frequency not less than 30%.
GenoWAP (20) was used to prioritize and
select SNPs for replication testing. In the
replication phase, P, 0.05 was considered
significant. For the metaanalysis, we applied
a random-effects model to estimate
heterogeneity and a fixed-effect model to
estimate odds ratios and P values. Detailed
descriptions are available in the online
supplement.

Results

Study Design and Characteristics of
Patient Populations
Figure 1 describes the cases and controls in
the discovery population. We identified 709
AKI cases (474 from VALID, 235 from
TRIBE) and 619 non-AKI controls (198
from VALID, 421 from TRIBE) for the
combined discovery population that
underwent SNP genotyping (Table 1).
Using the same definitions as in the
discovery population, 206 cases along with
1,406 controls from the CABG Genomics
and BWH CSS studies, respectively, were
included as the combined replication
population (Table E1 in the online
supplement).

GWAS Analysis in the AKI Discovery
Population
Association testing in the discovery
population revealed 74 SNPs with P, 53
1026 for association with AKI, including
1 SNP with P, 53 1028 and 3 additional
SNPs with P, 13 1026 (Figure 2). The
genome-wide inflation factor (l) was 1.01,
indicating negligible variation in population
structure between cases and controls. The
quantile–quantile plot showed overall
adherence to expected P values (Figure E1).
One SNP with a genome-wide significant
P value (rs148018420, P = 1.433 1028 and
P = 1.023 1028, before and after adjustment
for clinical covariates, respectively) is
located in an intergenic region on
chromosome 12 and has an estimated OR of
0.017 (95% confidence interval [CI],
0.0042–0.068), but exhibits less than 1%
minor allele frequency after imputation. The
three additional SNPs closest to reaching
genome-wide significance include
rs72681624 (P = 5.413 1027 and P =
4.413 1027; OR, 0.34; 95% CI, 0.22–0.52),
located in the promoter sequence of the
SAV1 gene on chromosome 14, as well as
two neighboring SNPs in the first intron of
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IL33 on chromosome 9: rs10815380
(P = 7.063 1027 and P = 6.933 1027; OR,
0.60; 95% CI, 0.49–0.74) and rs10815381
(P = 7.113 1027 and P = 6.963 1027; OR,
0.60; 95% CI, 0.49–0.74). All measured and
imputed SNPs were subsequently subjected
to functional annotation.

Functional Annotation to Reveal
Candidate SNPs for Validation
Of the 74 SNPs with P values less than
53 1026 for association with AKI in the
discovery GWAS, 31 SNPs reside in 9
protein-coding genes. GenoWAP (20) was
applied to prioritize SNPs with marginal
significance in coding regions as well as in
the noncoding genome. This prioritization
algorithm successfully converged in our
study, confirming the enrichment of GWAS
signals in genomic regions containing
functional annotations compared with
regions without (P = 0.007 by one-sided
Kolmogorov–Smirnov test). GenoWAP
revealed nine additional intra- and
intergenic loci. In total, 38 SNPs
representing 18 candidate loci were selected
for additional testing (Figure 2A; Table E2).
Of these, 24 SNPs are found in the
coding regions of 13 genes. Among the
38 SNPs, 18 showed an OR greater than
1 and were designated as risk alleles,
whereas the remaining 20 SNPs had an
OR less than 1 and were designated as
protective alleles. There were four SNPs
with P values near our selection threshold
(P, 53 1026) that no longer met this
criterion after adjustment for the presence
of DM, hypertension, or CKD (Table E2).
However, because these resulting P values
were only slightly above the original
selection threshold value of P, 53 1026,
these SNPs remained candidates for further
analysis. Of the 38 SNPs, 22 SNPs in 13 loci
passed the primer design stage (5 loci
failed) and were successfully genotyped in
the replication population (Table E3).

Sensitivity analysis of 4 AKI definitions
revealed that nearly all 38 SNPs of interest
retained their odds ratios regardless of the
definition of AKI (Table E4). Additional
covariates, such as presence of DM, CKD, or
hypertension, also did not significantly
affect the odds ratios of these SNPs
(Table E2).

Association Analysis in the AKI
Replication Populations
For 22 SNPs of interest, their association
with AKI with adjustment for covariates was

725 cases
634 controls

992,895 SNPs
Cryptic relatedness; non-European ancestry
16 cases, 15 controls

709 cases
619 controls

992,895 SNPs

709 cases
619 controls

609,508 SNPs

Genotyping pruning (MAF < 1%; HWE P < 10–4)
383,387 SNPs

760 cases
669 controls

992,895 SNPs

VALID cohort
516 cases

212 controls

TRIBE cohort
244 cases

457 controls

Cohort selection and quality control in discovery cohort

Imputation steps, GWA, and functional annotation
SHAPEIT

Predict haplotypes based
on 1000G genotypes

IMPUTE2
SNP imputation across

22 chromosomes
9,237,809 SNPs

SNPTEST
GWA across 8 covariates:

Age
Gender

Study cohort
Genotype batch x 2
Ethnicity PC1 – PC3

9,076,120 SNPs

GenoWAP
Functional annotation of

GWAS signals

Association testing in
replication cohorts
38 SNPs in 18 loci 

CR < 97%; chromosome abnormalities; sex
mismatch
35 cases, 35 controls

Poor imputation score (info < 0.5)
161,689 SNPs

Restrictions in primer design for PCR
16 SNPs

Analysis of replication cohorts

MAF remains < 1%; unsuccessful replication
18 SNPs

BWH CSS cohort
44 cases

139 controls
22 SNPs

CABG Genomics cohort
162 cases

1267 controls
22 SNPs

Identification of 4 SNPs
with successful replication

Figure 1. Flow diagram of study design, quality control, and imputation steps for selection and analysis
of acute kidney injury (AKI) cases and non-AKI controls. CR = call rate; GWA= genome-wide
association; GWAS= genome-wide association study; HWE P =Hardy–Weinberg equilibrium deviation
P value; MAF=minor allele frequency; PC= principal component; PCR =polymerase chain reaction;
SNP = single-nucleotide polymorphism. See text for abbreviations of study population names.
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tested in a replication case–control
population, followed by metaanalysis of
the effect size of each SNP across the
populations (Table E3). For additional
quality control, three SNPs (rs148018420,
rs111732708, and rs202139590)
representing two loci were removed from
the analysis because their minor allele
frequencies remained less than 1% after
replication testing (Table E3). No SNPs
reached the genome-wide significance
threshold of 53 1028 in the metaanalysis.
However, of the 22 SNPs selected for
replication, 4 SNPs in 2 genetic loci showed
significant association with AKI (P, 0.05)
in the replication population (Table 2;
Figure 3). The first locus includes two
proximate intergenic SNPs on chromosome
4, rs62341639 (discovery P = 4.013 1026,
metaanalysis P = 2.483 1027) and
rs62341657 (discovery P = 3.983 1026,
metaanalysis P = 3.263 1027), with ORs of
0.64 (95% CI, 0.55–0.76) and 0.65 (95% CI,
0.55–0.76), respectively. The second locus
includes two close intergenic SNPs on
chromosome 22, rs9617814 (discovery

P = 2.043 1025, metaanalysis P = 3.813
1026) and rs10854554 (discovery P =
1.443 1025, metaanalysis P = 6.533 1027),
with ORs of 0.70 (95% CI, 0.60–0.81) and
0.67 (95% CI, 0.57–0.79), respectively. All
four SNPs in the two loci on chromosomes
4 and 22 showed ORs less than 1, suggesting
that the SNPs have a protective effect
(Table 2). Furthermore, both signals are
supported by additional SNPs in high linkage
disequilibrium with P, 1024 for AKI
association in the discovery population
(Figures 2B and 2C).

Query of Public Databases for
Variations Implicated in Kidney
Disease
Review of publicly available genetic
databases and reported GWAS of renal
diseases (21–26) failed to reveal any shared
SNPs or genetic loci between the literature
and our discovery population. In addition,
there were no shared SNPs or loci when
using the change in serum creatinine as a
continuous outcome for association testing,
which was the approach used by the only

previously reported GWAS of AKI (6)
(Table E5). Finally, examination of the
GTEx project database (28) revealed eQTLs
for several of the 38 SNPs identified in the
discovery cohort (Table E6).

Discussion

We present the largest GWAS of AKI to
date, which identified four promising and
novel SNPs that have not been found in
prior genetic studies of AKI. Although
neither locus contained SNPs that
showed genome-wide significance in the
metaanalysis of the replication populations,
each locus included SNPs that were
independently significant in a replication
population. The modest differences between
discovery and replication results may be due
to reduced statistical power as there were
limited numbers of available cases in the
replication population. Nonetheless, both
loci showed consistent odds ratios with
improved P values after replication testing
relative to the discovery phase, suggesting
that these SNPs reliably associate with
the development of AKI but fail to meet
traditional genome-wide significance due to
limited power.

Because the SNPs supported by
replication study are located in intergenic
regions on chromosomes 4 and 22, we
examined all nearby genes for previously
reported relevance to kidney disease. The
first locus on chromosome 4 is located
150 kb upstream of IRF2, a transcription
factor involved in innate immunity
pathways. IRF2 regulates expression of the
kidney disease risk gene APOL1 (30), in
which variation has been found to be a
strong genetic risk factor for focal
segmental glomerulosclerosis and kidney
failure in African Americans (31).
Disruption of IRF-2 has been found to up-
regulate the inflammatory response to
infection in murine models (32). In
addition, the IRF2-antagonizing interferon
regulatory factor IRF1 has been implicated
in AKI exacerbation (33, 34). The second
locus on chromosome 22 is found 140 kb
upstream of TBX1, a T-box transcription
factor involved in embryonic renal
development (35). TBX1 expression was
correlated with activation of transforming
growth factor-b and with kidney injury in a
gentamicin-induced AKI model (36).
Although proximity does not guarantee
genetic interaction, these intergenic regions

Table 1. Patient Demographics of the Acute Kidney Injury Discovery Case–Control
Population

VALID Population TRIBE Population

Cases
(n = 474)

Controls
(n = 198)

Cases
(n = 235)

Controls
(n = 421)

Males, n (%) 286 (60) 109 (55) 160 (68) 277 (66)
Age, yr
Mean (SD) 55 (17) 59 (15) 73 (9) 73 (9)
p25, median, p75 43, 56, 68 50, 62, 69 69, 74, 79 70, 74, 79

Diabetes, n (%) 122 (26) 37 (19) 116 (49) 142 (34)
Hypertension, n (%) 239 (50) 100 (51) 205 (87) 337 (80)
CKD,* n (%) 91 (19) 58 (29) 118 (50) 209 (50)
Baseline Cr, mg/dl, mean (SD) 0.86 (0.53) 1.08 (0.50) 1.19 (0.4) 1.12 (0.32)
ICU setting (VALID only), n (%)
Medical 207 (44) 86 (43) — —
Trauma 143 (30) 19 (10) — —
Surgical 96 (20) 88 (44) — —
Cardiothoracic 28 (6) 5 (3) — —

Sepsis (VALID only), n (%) 216 (46) 63 (32) — —
Surgery details (TRIBE only)
Valve only, n (%) — — 65 (28) 132 (31)
CPB time, mean (SD) — — 129 (66) 118 (52)

Outcomes
Acute dialysis, n (%) 60 (13) 0 (0) 10 (6) 0 (0)
Length of ventilation, d, mean (SD) 8.7 (9.2) 3.2 (5.2) 1.0 (1.3) 0.6 (0.7)
Length of ICU stay, d, mean (SD) 12.9 (10.9) 5.8 (5.5) 6.1 (14.7) 2.4 (3.1)
Length of hospital stay, d, mean (SD) 21.1 (15) 10.2 (7.6) 13.1 (18.6) 7.6 (6.8)
In-hospital mortality, n (%) 90 (19) 16 (8) 9 (6) 0 (0)

Definition of abbreviations: CPB = cardiopulmonary bypass; Cr = creatinine; ICU = intensive care unit;
p25 = 25th percentile; p75 = 75th percentile; TRIBE = Translational Research Investigating Biomarker
Endpoints in AKI study; VALID = Validation of Biomarkers in Acute Lung Injury Diagnosis study.
*CKD (chronic kidney disease) was defined as baseline estimated glomerular filtration rate less than
60 ml/min/1.73 m2.
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could represent enhancer or mediator
elements for nearby genes, and both loci
may affect pathways that contribute to AKI
pathophysiology.

Comparison of our results with
publicly available databases and previous
reports of GWASs of kidney diseases,
including one in the setting of postoperative

AKI (6), did not reveal overlapping SNP
markers or genetic loci. This discrepancy
may be partially due to different study
designs and sample selection—in particular,
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markers or single-nucleotide polymorphisms (SNPs) at loci of interest on (B) chromosome 4 and (C) chromosome 22 at higher magnification. Linkage
disequilibrium (r2) is indicated relative to the SNP with lowest P value (purple marker) by colored scale. Recombination rates at nearby positions are
shown as the background blue lines. Genes located near each locus are displayed in the bottom panels. Loci of interest, corresponding to those in
Table E2, are indicated by black lines labeled with the numbers 1 through 18.

Table 2. Summary of Acute Kidney Injury Genome-Wide Association Study Signals in Discovery and Replication Case–Control
Populations

SNP Chr Position

Discovery Population Replication Populations Metaanalysis

P Value*
Minor
Allele

MAF
Cases

MAF
Ctrls OR*† 95% CI P Value

MAF
Cases

MAF
Ctrls OR† 95% CI P Value OR† 95% CI

rs62341639 4 185159434 3.163 1026 T 0.18 0.24 0.60 0.49–0.75 0.014 0.14 0.19 0.71 0.54–0.93 2.483 1027 0.64 0.55–0.76
rs62341657 4 185159538 3.093 1026 A 0.18 0.24 0.60 0.49–0.75 0.018 0.14 0.19 0.72 0.54–0.94 3.263 1027 0.65 0.55–0.76
rs9617814 22 19609943 3.313 1025 G 0.22 0.29 0.67 0.55–0.82 0.040 0.20 0.25 0.77 0.60–0.99 3.813 1026 0.70 0.60–0.81
rs10854554 22 19610682 4.463 1025 G 0.19 0.26 0.66 0.54–0.81 0.012 0.17 0.22 0.72 0.55–0.93 6.533 1027 0.67 0.57–0.79

Definition of abbreviations: Chr = chromosome; CI = confidence interval; Ctrls = controls; MAF =minor allele frequency; OR = odds ratio;
SNP = single-nucleotide polymorphism.
*P value and odds ratio after adjustment for the presence or absence of clinical covariates (diabetes mellitus, hypertension, and chronic kidney
disease) in cases and controls are shown for the discovery population.
†The odds ratio was calculated as eb, where b represents the regression coefficient of the additive model in SNPTEST (19).
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the prior study did not exclude transient
AKI of short duration. Our GWAS also
failed to confirm findings from a previously
published candidate gene study using
mouse models (37). This is not unexpected
as there is a growing body of literature
suggesting that the overlap between murine
and human transcriptomes is minimal
(38–40). Moreover, candidate gene studies
have a low replication rate (5). Regardless,
AKI as defined by changes in serum
creatinine is a complex heterogeneous
clinical phenotype, analogous to
schizophrenia—a heterogeneous psychiatric
disorder. Ultimately, 108 loci for
schizophrenia have been definitively identified,
but only after combining multiple large
cohorts (41). Thus, we anticipate that data
from multiple patient populations, including
from the previously published GWAS (6) and
the current study, will need to be considered
before all genetic variants associated with
AKI can be definitively identified.

Because our discovery case–control
population was composed of patients from
two large heterogeneous settings of AKI, we
performed sensitivity analysis that used
various cutoffs for the change in serum
creatinine as the definition of AKI cases.

Nearly all SNPs of interest continued to
have consistent odds ratios, suggesting that
our AKI definitions were adequately
sensitive for detecting GWAS signals across
AKI settings. Furthermore, we performed
association testing with conditioning on
covariates that represent AKI risk factors
and comorbidities. Association P values
and odds ratios for SNPs of interest were
nearly identical across all covariate
adjustments, suggesting that these SNPs
associate independently with the risk of AKI.

The present study has multiple
strengths. Cases and non-AKI controls were
strictly defined, using definitions more likely
to be specific for “true” AKI (11, 42). We
used the latest genomic platforms with
rigorous quality control measures and
GenoWAP software to identify SNPs with
the highest potential for functional
consequences. Given the heterogeneous
nature of AKI in the postsurgical and
medical ICU settings, combining these two
patient populations would be expected to
bias our findings toward the null.
Nonetheless, we identified and found
additional support for two loci in the
discovery and replication phase,
respectively.

However, our study has important
limitations as well. Although we undertook
extensive effort to identify a replication
case–control population that was similar to
our discovery population, there are still
some differences between the two studies
combined to make the final replication
population that may have contributed to
varying results. For example, the BWH CSS
population selected a substantially sicker
population than the TRIBE population as
evidenced by the longer cardiopulmonary
bypass time and higher incidence of CKD.
Despite these differences, the confidence
intervals for all of the populations
overlapped substantially. An additional
limitation of our study was the
unavailability of urine output data in
our populations, which could have been
used with serum creatinine values to
more sensitively detect AKI. Moreover,
because of primer design limitations,
we were able to study only 13 of 18
genetic loci of interest in the replication
populations. We were unable to
condition the replication population on
patient ethnicity because there were no
genome-wide data available, which can
lead to inaccuracies in estimations of

0.64 (0.55–0.76)

0.71 (0.54–0.93)

0.60 (0.49−0.75)

210.1

Cohort

Meta−analysis

Replication

Discovery

rs62341639 (chr4:185159434)
OR (95% CI)

increasing association with AKI

rs62341657 (chr4:185159538)

0.65 (0.55–0.76)

0.72 (0.54–0.94)

0.60 (0.49−0.75)

210.1

Cohort

Meta−analysis

Replication

Discovery

OR (95% CI)

increasing association with AKI

Odds ratio (log scale)
Heterogeneity: τ2 = 0, I 

2 = 0, P = 0.40
Odds ratio (log scale)

Heterogeneity: τ2 = 0, I 
2 = 0, P = 0.37

0.70 (0.60–0.81)

0.77 (0.60–0.99)

0.67 (0.55–0.82)

210.1

Cohort

Meta−analysis

Replication

Discovery

Odds ratio (log scale)
Heterogeneity: τ2 = 0, I 

2 = 0, P = 0.32

OR (95% CI)

increasing association with AKI

rs9617814 (chr22:19609943)

0.67 (0.57–0.79)

0.72 (0.55–0.93)

0.66 (0.54–0.81)

210.1

Cohort

Meta−analysis

Replication

Discovery

Odds ratio (log scale)
Heterogeneity: τ2 = 0, I 

2 = 0, P = 0.54

OR (95% CI)

increasing association with AKI

rs10854554 (chr22:19610682)

Figure 3. Forest plots of odds ratios (ORs) for four single-nucleotide polymorphisms supported by acute kidney injury (AKI) association testing in the
replication population. Odds ratios from each tested population and resulting metaanalysis based on a fixed-effect model are shown with error bars

indicating the 95% confidence interval (CI). Heterogeneity variance (t2) and statistic (I2) were calculated from a random-effects model as described in
the online supplement. The P value is reported for Cochran’s Q test. A nonsignificant Q test result suggests that contributing samples are statistically
represented by one underlying distribution.
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SNP frequencies. We also could not
condition the replication population on
clinical covariates because of missing
data and differences in patient selection
(and therefore in covariate distribution
in cases and controls) among the
replication cohorts. Thus, future studies
using alternative sequencing techniques
are necessary to complete the validation
of our discovery population findings. In
addition, our study included only white
patients and may not be generalizable
to other ethnicities. Extremely rare,
segmental (e.g., copy number variants,
microsatellites), or somatic genetic
variants are not well assayed in GWASs
and instead require whole-exome or

whole-genome sequencing in the tissue
of interest to be identified. Indeed, such
screens have discovered genetic risk
factors for complex traits including
cholesterol levels, insulin metabolism,
type 2 diabetes, and AKI (43–46). Future
studies may use such sequencing as a
complement to GWAS analysis.

In conclusion, we have performed the
largest GWAS to date evaluating genetic
susceptibility for AKI and have identified
two intergenic loci, each containing at least
two SNPs of interest, that have suggestive
association with AKI development. Our
results provide the framework for future
investigations of genetic associations with
AKI, which can illuminate biological

pathways involving genes located near the
identified SNPs. n
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