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Genome-wide association studies (GWAS) are useful for nominating candidate genes, but typically are unable to establish
disease causality or differentiate between the effects of variants in linkage disequilibrium (LD). Additionally, some GWAS
loci might contain multiple causative variants or genes that contribute to the overall disease susceptibility at a single locus.
However, the majority of current GWAS lack the statistical power to test whether multiple causative genes underlie the
same locus, prompting us to adopt an alternative approach to testing multiple GWAS genes empirically. We used gene
targeting in a disease-susceptible rat model of genetic hypertension to test all six genes at the Agtrap-Plod1 locus (Agtrap,
Mthfr, Clcn6, Nppa, Nppb, and Plod1) for blood pressure (BP) and renal phenotypes. This revealed that the majority of genes at
this locus (five out of six) can impact hypertension by modifying BP and renal phenotypes. Mutations of Nppa, Plod1, and
Mthfr increased disease susceptibility, whereas Agtrap and Clcn6 mutations decreased hypertension risk. Reanalysis of the
human AGTRAP-PLOD1 locus also implied that disease-associated haplotype blocks with polygenic effects were not only
possible, but rather were highly plausible. Combined, these data demonstrate for the first time that multiple modifiers of
hypertension can cosegregate at a single GWAS locus.

[Supplemental material is available for this article.]

Genome-wide association studies (GWAS) are able to nominate loci

for complex diseases, but are largely unable to identify the causative

variant(s) for multiple reasons (Zuk et al. 2012; Chatterjee et al.

2013). First, GWAS loci typically contain several candidate genes

and are unable to distinguish between the effects of SNPs in linkage

disequilibrium (LD). Second, the possibility exists that multiple

causative SNPs influence the overall phenotypic variance at a single

GWAS locus (Yang et al. 2012); however, most GWAS lack the sta-

tistical power to test this possibility due to sample size (Zuk et al.

2012). For example, Zuk et al. (2012) estimated that association of

a single SNP at a relatively strong GWAS locus requiring 4900 test

subjects (50% power and genome-wide significance level of a = 5 3

10�8) would require ;450,000 individuals to achieve the same power

when analyzing two SNPs simultaneously. Other estimates suggest

that the full predictive power of many GWAS might not be met until

sample sizes increase to >106 individuals (Chatterjee et al. 2013). Of

the handful of loci that do show multi-SNP effects (Galarneau et al.

2010; Lango Allen et al. 2010; Ripke et al. 2011; Sanna et al. 2011;

Sklar et al. 2011; Yang et al. 2012), all are of readily quantifiable

traits with high heritability and low experimental variability (e.g.,

height), whereas none have been identified in more complex dis-

ease phenotypes (e.g., hypertension and renal disease). This raises

the question whether genetic interactions within GWAS loci could

be far more pervasive, but are simply missed by underpowered

GWAS or lost in the noise of more complex disease phenotypes.

Here, we aimed to push past the limitations of current GWAS

to identify causative gene(s) and test whether multiple genes

within a GWAS locus contribute to the overall disease variance. We

phenotyped rats with mutations in the Agtrap-Plod1 locus, which

has been associated with blood pressure (BP) or renal disease in

11 human studies (Supplemental Table 1; Kato et al. 2000; Jiang

et al. 2004; Zhang et al. 2005; Levy et al. 2009; Newton-Cheh et al.

2009a,b; Chen et al. 2010; Tomaszewski et al. 2010; Johnson et al.

2011; Liu et al. 2011; Fung et al. 2012), yet the genetic mecha-

nism(s) underlying this locus were completely unknown. We used

a recent technological advancement—zinc-finger nuclease (ZFN)

mutagenesis (Geurts et al. 2009)—to introduce damaged alleles

into each of the six Agtrap-Plod1 genes (Agtrap, Mthfr, Clcn6, Nppa,

Nppb, and Plod1) in a rodent model of genetic hypertension, the SS

(SS/JrHsdMcwi) rat. The uniform genetic background allowed us to

assign (+), (�), or (=) phenotypic effects to each of the genes at the

Agtrap-Plod1 locus, which is not possible using mouse knockout

models with mixed genetic backgrounds that confound inter-

strain comparisons due to genetic heterogeneity (Hunter 2012).

Thus, by leveraging the genetic homogeneity of our SS strains, we

were able to attribute the phenotypic contributions of multiple

genes at the Agtrap-Plod1 locus that were previously unattainable

in human population studies. We then retrospectively analyzed
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human data sets (e.g., HapMap, 1000 Genomes, and ENCODE)

to demonstrate that interplay between multiple causative genes

within the human AGTRAP-PLOD1 locus were not only possible,

but rather were highly plausible.

Results

Strain generation and phenotyping strategy

We generated six mutant SS strains (Agtrap, Mthfr, Clcn6, Nppa,

Nppb, and Plod1) by ZFN mutagenesis for phenotypic comparison

with wild-type (WT) littermates. The target sequences for ZFNs, the

sequence of mutant alleles, and the predicted functional conse-

quences are provided in Supplemental Table 2. All ZFN-targeted

alleles were predicted to cause deleterious mutations by frameshift

and/or by disrupting a functional domain of the protein (Supple-

mental Table 2). Strains were tested for eight cardiovascular disease

(CVD)-associated phenotypes following a 10-d high-salt challenge

(see Methods and Table 1). Because BP and renal phenotypes are

most commonly reported in human studies (Kato et al. 2000; Jiang

et al. 2004; Zhang et al. 2005; Levy et al. 2009; Newton-Cheh et al.

2009a,b; Chen et al. 2010; Tomaszewski et al. 2010; Johnson et al.

2011; Liu et al. 2011; Fung et al. 2012), we focused specifically below

on the (+), (�), and (=) effects of mutant alleles on BP and urinary

protein excretion (a commonly used index for renal damage).

Blood pressure phenotypes

To test BP, 8- to 9-wk-old males from each gene-targeted strain and

WT littermates were placed on a 4% NaCl diet for 10 d, and BP was

recorded by radiotelemetry. Of note, all rat strains developed hy-

pertension (>140/90 mmHg) in response to a 4% NaCl diet (Fig. 1).

Only Plod1, Nppa, and Clcn6 mutations significantly modified BP

(i.e., the severity of hypertension) in the SS rat on a 4% NaCl diet

compared with WT (Fig. 1A–C). The Nppa mutation increased mean

arterial pressure (MAP) (D + 27 mmHg, P < 0.001), systolic BP (SBP)

(D + 46 mmHg, P < 0.001), and diastolic BP (DBP) (D + 20 mmHg, P <

0.05) compared with WT. The BP changes coincided with increased

heart weight (1.62 6 0.03 g vs. 1.13 6 0.03 g, P < 0.001), but did not

significantly change renal phenotypes (Table 1). This is consistent

with increased MAP and heart weight in Nppa knockout mice (John

et al. 1995) and with decreased circulating NPPA levels associated

with human hypertension (Marques et al. 2010). Compared with

WT, Plod1 mutation significantly increased only SBP (D + 17 mmHg,

P < 0.01), whereas Clcn6 mutation decreased DBP (D � 22 mmHg,

P < 0.001) and MAP (D � 14 mmHg, P < 0.05) but did not signifi-

cantly affect SBP (Fig. 1A–C). These data indicate that NPPA, PLOD1,

and CLCN6 could have additive or subtractive effects on BP in hu-

man, depending on the mode of inheritance and functional con-

sequence of the causal variant(s) (i.e., gain or loss of function).

Renal phenotypes

The AGTRAP-PLOD1 locus has also been linked with renal function

(Supplemental Table 1) but the causative gene(s) are unknown,

prompting us to determine if renal phenotypes were secondary to

hypertension or independent but residing within the same LD

block. On a 4% NaCl diet, urinary protein excretion was increased

by mutation of Plod1 (147 6 12 mg/day, P < 0.001) and Mthfr

(132 6 23 mg/day, P < 0.05) compared with WT (91 6 5 mg/day),

whereas mutation of Clcn6 (56 6 5 mg/day, P < 0.05) and Agtrap

(54 6 9 mg/day, P < 0.05) attenuated proteinuria (Fig. 1D). Com-

pared with WT, the changes in proteinuria in Plod1 and Clcn6

mutant rats are likely secondary to BP (Fig. 1A–C). In contrast, the

BP in Mthfr and Agtrap mutant strains did not differ significantly

from WT on a 4% NaCl diet (Fig. 1), indicating that the significant

changes in proteinuria (relative to WT) were independent of BP in

these strains. Of these genes, only Mthfr has been suggested as

a mediator of renal damage, largely in response to homocysteine-

mediated oxidative stress in the kidney (Yi and Li 2008). Plod1 is

a lysyl hydroxylase that mediates collagen cross-linking, and Plod1

knockout mice are prone to aortic aneurism (Takaluoma et al. 2007);

however, Plod1 has not yet been associated with renal phenotypes.

This is also the first report of a protective effect on proteinuria by

Agtrap, a mediator of the renin-angiotensin system (Oppermann

et al. 2010).

Functional annotation of the human AGTRAP-PLOD1 locus

Our data show that multiple genes in the Agtrap-Plod1 locus modify

BP and renal phenotypes in the SS rat (Fig. 1A–D), prompting us to

test whether similar mechanisms could be inherited at the homol-

ogous human AGTRAP-PLOD1 locus. First, we determined whether

SNPs, genes, and reported phenotypes could be connected by LD in

human using data from HapMap (The International HapMap

Consortium 2003) and 1000 Genomes (The 1000 Genomes Project

Consortium 2012). Genes were considered linked to the reported

phenotype if an associated lead SNP or a SNP in LD (r2 > 0.6,

HapMap CEU population) caused a nonsynonymous mutation or

was associated with a change in gene expression (Supplemental

Table 3). When taking into account all 226 SNPs in LD, we found

that four out of six genes (MTHFR, CLCN6, NPPA, and NPPB) can

be linked to BP or renal phenotypes at the AGTRAP-PLOD1 locus

(Fig. 1E). Collectively, this strengthens the possibility that multiple

modifiers of BP (NPPA, PLOD1, and CLCN6) and renal phenotypes

(MTHFR, PLOD1, CLCN6, and AGTRAP) can cosegregate at the

same GWAS locus.

Using ENCODE data (The ENCODE Project Consortium 2011),

we tested more specifically whether CVD-associated haplotypes

were likely to influence multiple genes at the AGTRAP-PLOD1 locus,

rather than the ‘‘best-fit’’ candidate gene that is typically reported.

Across nine different haplotype blocks, three (1.3%) SNPs caused

nonsynonymous mutations (nSNPs), 13 (5.8%) SNPs were linked to

gene expression (eSNP), and 16 (7.1%) SNPs were predicted to in-

terrupt a functional motif (fSNP), whereas 197 SNPs (85.8%) had

limited functional evidence or no annotated function (Fig. 2A;

Supplemental Table 3). Out of the nine total haplotype blocks, six

were linked with differential expression or nSNPs in multiple genes

(Fig. 2B; Supplemental Table 3). One BP-associated haplotype block

(led by rs5063) contained two nSNPs, two eSNPs, and five fSNPs

that are linked to NPPA, NPPB, CLCN6, and MTHFR (Fig. 2C). An-

other haplotype block contained two lead SNPs (rs1801131 and

rs4846049) that were independently associated with BP and renal

phenotypes (Fig. 2D). This haplotype block included one nSNP in

MTHFR and five fSNPs that were associated with MTHFR and

CLCN6 expression (Supplemental Table 3). One fSNP in particular

(rs12121543) is predicted to disrupt STAT1 binding in proximity to

MTHFR and CLCN6 regulatory regions (Fig. 2D), fitting with pre-

viously reported enrichment of STAT1 binding at the AGTRAP-

PLOD1 locus (Johnson et al. 2011).

Discussion
The goal of this study was to identify mechanism(s) that underlie

changes in BP and proteinuria at a GWAS locus (AGTRAP-PLOD1)
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with high genetic complexity, as indicated by multiple inde-

pendent associations with BP and renal phenotypes in the human

population (Kato et al. 2000; Jiang et al. 2004; Zhang et al. 2005;

Levy et al. 2009; Newton-Cheh et al. 2009a,b; Chen et al. 2010;

Tomaszewski et al. 2010; Johnson et al. 2011; Liu et al. 2011; Fung

et al. 2012). By combining rat phenotype data (Fig. 1; Table 1) with

multiple human data sets (Supplemental Tables 1, 3), we were able

to draw previously unforeseen conclusions, foremost that multiple

genes at a single GWAS locus can influence clinically relevant

hypertension phenotypes. Although this has been implied statis-

tically by GWAS for other traits previously (Yang et al. 2012), it had

not been tested experimentally in a physiological setting for hy-

pertension. Specific to this locus, we present the first evidence that

Nppa, Clcn6, Mthfr, Plod1, and Agtrap mutations cause divergent

CVD phenotypes and have the ability to modify renal phenotypes

independently of BP (Fig. 1). Combined, these data suggest that

the ‘‘best-fit’’ candidate gene interpretations of GWAS are in some

cases only a simplified view of the complex genetic architecture

underlying individually associated loci. Moreover, the complex

combinations of alleles and haplotypes, due to genetic heteroge-

neity in human, would have the potential to impact the overall

disease susceptibility and association of the AGTRAP-PLOD1 locus

with BP and increase the challenge of finding all causative variants.

Challenges to identifying hypertension loci with multiple
causative variants

GWAS loci that contain multiple interacting alleles have not yet

been reported for human hypertension. This is likely attributed to

several confounding factors that limit the sensitivity of GWAS for

multi-SNP associations at a single locus. Firstly, current hyperten-

sion GWAS are likely too small (i.e., underpowered) to detect in-

terplay between multiple causative genes at the same locus. Power

limitations are due in part to a multi-SNP association requiring >10

times the sample size to achieve the same statistical power of a

single SNP association (Zuk et al. 2012). This can be further com-

plicated by frequency and effect size of the individual SNPs (e.g.,

rare SNPs with large effect sizes will have more combined power).

Secondly, BP measurements are notoriously variable due to patient

stress (e.g., ‘‘white coat effect’’) and other environmental factors

(Mancia et al. 2009), which might artificially inflate or deflate BP

readings and obscure true SNP associations. We propose that this

‘‘phenotypic noise’’ likely masks the detection of multi-SNP hyper-

tension GWAS loci, and therefore multiple causative SNPs cannot be

ruled out in the absence of systematic experimental testing, as we

have demonstrated here.

Gene editing in disease sensitive rat strains—alternate
approach to characterizing GWAS loci

We were able to test a ‘‘multi-SNP hypothesis’’ by limiting vari-

ability using inbred disease-susceptible ZFN rat strains in a con-

trolled experimental setting. By introducing target gene mutations

on an inbred SS background by gene editing with ZFNs, our rat

strains are isogenic except for the target-gene mutation. Because

these strains are otherwise identical, we are able to compare (+),

(�), or (=) effects of target-genes on BP and renal phenotypes,

without the potential influence of other genetic heterogeneity. In

Figure 1. Mean arterial pressure (MAP) (A), systolic blood pressure (SBP) (B), and diastolic blood pressure (DBP) (C ) measured by radiotelemetry in
conscious WT and mutant SS rat strains on 4% NaCl diet (n = 8–25 per strain). Data are presented as mean BP 6 SEM. (*) P < 0.05, (**) P < 0.01, and (***) P <
0.001 vs. WT as determined by one-way ANOVA followed by a Holm-Sidak post-hoc test. (D) Rats were placed in metabolic cages overnight to acclimate,
followed by a 24-h urine collection. Data are presented as mean protein excretion 6 SEM (n = 8–25 rats per strain). (*) P < 0.05 and (***) P < 0.001 vs. WT as
determined by one-way ANOVA followed by a Holm-Sidak post-hoc test. (E) BP and renal damage are linked with multiple AGTRAP-PLOD1 locus genes in
human association studies and mutant SS rat strains. For human, genes were considered linked to a phenotype if an associated SNP or SNPs in LD (r2 > 0.6)
with an associated SNP caused nonsynonymous mutations or were significantly associated with expression of a gene. Blue lines indicate decreased BP and/
or proteinuria associated with a gene in the rat. Red lines indicate increased BP and/or proteinuria associated with a gene in the rat.

Multiple causative alleles underlie GWAS locus
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contrast, existing mouse KO models are on a variety of strain

backgrounds and therefore carry substantial heterogeneity in

addition to the target gene, which can influence comparison of

phenotypes between models (Hunter 2012). Using gene editing

on a disease-susceptible rat background also provides multiple

endogenous variants that are required for pathogenesis of com-

plex diseases, such as hypertension. In other words, all strains

developed salt-sensitive hypertension due to the SS background,

but to varying degrees and with differences in end-organ damage

depending on the modifying effects of the Agtrap-Plod1 locus

(Fig. 1; Table 1).

Having first identified the causative genes underlying a GWAS

locus by traditional ZFN-mediated gene editing (Fig. 1), we pos-

tulate that gene-editing technology (e.g., ZFN or TALEN) could

then be used to ask more specific questions in future studies.

Testing-combined haplotype effects could be achieved by editing

multiple genes in the same pedigree. This would require sequential

gene editing over multiple generations, as it is prohibitive to gen-

erate ‘‘multi-mutants’’ by cross-breeding together single mutants

in close proximity. For example, recombination between two genes

separated by only 150 kb (the approximate size of the Agtrap-Plod1

locus) would require >1000 offspring (assuming 1 Mb = 1 cM in the

rat). It is also possible to humanize alleles using gene editing in the

rat, which would likely be more representative of the hypomorphic

alleles and smaller effect sizes observed in human GWAS. Thus,

gene-editing technology could be used to test humanized alleles as

single variants or whole haplotype blocks, which would likely be the

gold standard to predicting human haplotype function in an ex-

perimental model of a complex disease.

Gene editing in the rat could also be used to explore addi-

tional factors that are generally treated as covariates in large GWAS,

including genetic background, gender, and dietary or environ-

mental stressors. To date, we have demonstrated the ability to edit

genes on multiple backgrounds (e.g., FHH, SHR, and SS-BN13

consomic) (http://rgd.mcw.edu/wg/physgenknockouts), enabling

the possibility of testing GWAS-nominated haplotypes in experi-

mental models with inherently different disease etiologies (e.g.,

high renin hypertension in SHR vs. low renin hypertension in SS).

Testing other experimental parameters, such as diet (e.g., high fat,

high glucose, or caloric restriction), environmental stressors (e.g.,

sleep deprivation), response to pharmacological inhibitors (e.g.,

ACE inhibitor or diuretics), and biomarkers (e.g., circulating Nppa

Figure 2. (A) Proportions of functional consequences of all SNPs in LD (r2 > 0.6) with the SNPs associated with BP and renal phenotypes at the AGTRAP-
PLOD1 locus (see Supplemental Table 1). (B) Genes linked with lead SNPs of haplotypes associated with BP and renal phenotypes at the AGTRAP-PLOD1
locus. A lead SNP was considered linked to a gene if the lead SNP or SNPs in LD (r2 > 0.6) with a lead SNP caused nonsynonymous mutations or were
significantly associated with expression of a gene. (C ) An example of a BP-associated nSNP in NPPA (rs5063) that is in LD (r2 > 0.6) with an nSNP in MTHFR
(rs2274976). Both are also in LD with fSNPs correlated with the expression of MTHFR, CLCN6, and NPPB. Note that a total of two nSNPs (boxed), two
eSNPs (blue), and five fSNPs (green) are in LD with rs5063. (D) An example of an fSNP (rs12121543) that is in LD with two SNPs (rs1801131 and rs484609)
associated with BP and renal phenotypes. An overview of the region between genes MTHFR and CLCN6 shows that rs12121543 falls in a transcriptional
active region (vertical black bar overlapping histone modification, DNase hypersensitivity, and ChIP-seq peaks). rs12121543 is predicted to change
a conserved nucleotide in a consensus STAT1-binding site and is associated with significant differences in MTHFR and CLCN6 expression compared with the
major allele. (A,C,D) nSNP, nonsynonymous SNP; eSNP, expression SNP; and fSNP, functional SNP.
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and homocysteine) will offer significant insight into the molecular

underpinnings of GWAS loci. Finally, gender differences in genetic

hypertension are becoming increasingly apparent, but not yet fully

understood. Thus, future comparisons between males and females

of gene-edited rat strains will also likely offer significant insight into

gender discrepancies in hypertension risk that is associated with

GWAS loci.

Conclusions

Our data demonstrated for the first time that multiple causative

alleles for BP and renal phenotypes can cosegregate at the same

hypertension GWAS locus. Of the six Agtrap-Plod1 genes, only

three (Agtrap, Nppa, and Mthfr) were previously reported to have BP

or renal phenotypes (John et al. 1995; Yi and Li 2008; Wakui et al.

2013), but none had been systematically examined in a uniform

genetic background that is susceptible to hypertension. Using

a ZFN rat strategy, we found that Nppa, Clcn6, Mthfr, Plod1, and

Agtrap mutations caused divergent CVD phenotypes and have the

ability to modify renal phenotypes independently of BP (Fig. 1).

Additionally, Clcn6 was identified here as a key mediator of BP and

proteinuria for the first time. Differentiating this role from MTHFR

was not previously possible using only human association data,

because both genes share a common promoter that separates them

by only 47 bp (Supplemental Fig. 1). Analysis of disease-associated

human haplotypes suggested that several human haplotypes likely

carry multiple causative SNPs. Combined, these data offer new

insight into regulation of BP and renal phenotypes at the Agtrap-

Plod1 locus and provide rationale for empirically testing the in-

dividual and combined haplotype effects of human SNPs on

AGTRAP-PLOD1 gene function and overall association with CVD

risk.

Methods

Generation of ZFN-mutated rat strains
Mutant SS rat strains were generated by microinjection of custom
CompoZr ZFNs (Sigma) into one-cell SS/JrHsdMcwi (SS) rat em-
bryos and then implanted into pseudopregnant Sprague Dawley
females, as described previously (Geurts et al. 2010). Supplemental
Table 2 provides the strain designations, target sites, DNA recog-
nition helices of ZFNs, and description of gene mutation. F0 gen-
eration animals were screened for ZFN-induced mutations by PCR
amplification with the vendor-supplied primers (Supplemental
Table 2) and assayed with the SURVEYOR Mutation Detection kit
(Transgenomic, Inc.). Mutant alleles were then confirmed by
Sanger sequencing. F0 animals were back-crossed to the parental
strain, and multiple pairs of N2 offspring were intercrossed to es-
tablish a breeding colony, thereby reducing any chance of off-target
effects to <1%. Expression of mutant and WTalleles were assessed by
RT-PCR using primers provided in Supplemental Figure 2.

Blood pressure phenotyping

All strains were maintained on a 14/10-h light-dark cycle with ad
libitum access to normal chow (Teklad Low Salt diet #7034, Harlan
Laboratories, Inc.) and water. MAP of 8- to 9-wk-old male rats that
had been placed on a 4% NaCl diet for 10 d were recorded by ra-
diotelemetry at 10-sec intervals, every 2 min, and averaged over
4 h. Telemeters (TA11PA-C40, Data Sciences) were subcutaneously
implanted with a catheter inserted into the abdominal aorta via
the femoral artery.

Renal function and serum biochemistry

Immediately after MAP recordings, rats were placed in metabolic
cages and allowed to acclimate for 24 h, followed by a 24-h urine
collection. Urine samples were then cleared of insoluble particu-
late by centrifugation at 3500 rpm and measured for total protein
by Bradford assay (Bio-Rad). Sodium and potassium were mea-
sured by flame photometry (IL943, Instrumentation Laboratory);
creatinine was measured by autoanalyzer (VET ACE Alera, Alfa
Wassermann) using the Jaffe method.

Analysis of human SNPs and haplotype blocks

LD (defined here as r2 > 0.6) for human SNPs from the CEU cohort
from the HapMap (http://hapmap.ncbi.nlm.nih.gov/; The Inter-
national HapMap Consortium 2003) and 1000 genome (http://
browser.1000genomes.org/index.html; The 1000 Genomes Proj-
ect Consortium 2012) projects were calculated using SNAP (http://
www.broadinstitute.org/mpg/snap/ldsearch.php; Johnson et al.
2008). SNPs associated with gene regulatory mechanisms were
curated from the ENCODE study (The ENCODE Project Consortium
2011) using the RegulomeDB database (http://www.regulomedb.
org/; Boyle et al. 2012).

Statistical analysis

Statistical analyses were performed using Sigma Plot 11.0 software.
Data are presented as mean 6 SE. BP and renal phenotypes of
mutant strains were compared with WT (control) by one-way
ANOVA followed by a Holm-Sidak post-hoc test. Because MAP, SBP,
DBP, and proteinuria failed the equal variance test, these data were
log-transformed before one-way ANOVA followed by a Holm-Sidak
post-hoc test. For all statistical tests, P < 0.05 was considered
significant.
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