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Abstract

Genetic strategies such as linkage analysis and quantitative trait locus (QTL) mapping have 

identified a multitude of loci implicated in the pathogenesis of hypertension in the spontaneously 

hypertensive rat (SHR). While several candidate genetic regions have been identified in the SHR 

and its control, the Wistar–Kyoto rat (WKY), systematic follow-up of candidate identification 

with polymorphism discovery has not been widespread. In the current report, we develop a data-

mining strategy to identify candidate genes for hypertension in the SHR, and then sequence each 

gene in the SHR and WKY strains. We integrate blood pressure QTL data, microarray data and 

data-mining methods. First, we determined the set of genes differentially expressed in SHR and 

WKY adrenal glands. Next, the chromosomal position of all differentially expressed genes was 

compared with peak marker position of all reported SHR blood pressure QTLs. We also identified 

the set of differentially expressed genes with the most extreme fold-change. Finally, the QTL 

positional candidates and the genes with extreme differential expression were proposed as 

candidate genes if they had biologically plausible roles in hypertensive pathology. We identified 

seven candidate genes that merit resequencing (catechol-O-methyltransferase [Comt], 

chromogranin A [Chga], dopamine beta-hydroxylase [Dbh], electron transferring flavoprotein 

dehydrogenase [Etfdh], endothelin receptor type B [Ednrb], neuropeptide Y [Npy] and 

phenylethanolamine-N-methyltransferase [Pnmt]), and then discovered polymorphism in four of 

these seven candidate genes. Chga is proposed as the strongest candidate for additional functional 

investigation. Our method for candidate gene identification is portable and can be applied to 

microarray data from any tissue, in any disease model with a QTL database.
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Introduction

The spontaneously hypertensive rat (SHR) and its control, the Wistar–Kyoto rat (WKY), 

form the most widely studied inbred, rodent model of genetic hypertension. Though 

development of these strains began in 1963 (1), understanding of specific genetic and 

molecular mechanisms of hypertension pathogenesis in the SHR remains incomplete. Tools 

customarily used to dissect the genetic basis of hypertension in the SHR include linkage 

analysis and quantitative trait locus (QTL) mapping(2), consomic and congenic line 

development (3), recombinant inbred strain creation (4), and genetical genomic strategies 

(5). These approaches have generated a multitude of candidate loci and genes [as many as 

105 SHR blood pressure QTLs have been reported and deposited in the Rat Genome 

Database (RGD), as of April 12, 2010 (6)], yet a limited number of these candidates have 

been examined for DNA sequence variation (5,7–16). In addition, few investigations of 

hypertension in the SHR have coupled polymorphism discovery to functional testing of 

newly identified mutations in order to elucidate genetic and molecular mechanisms of 

disease processes (5,7). It is expected that the number of reported polymorphisms within 

SHR hypertension candidate genes will rise with the increasing accessibility and 

affordability of DNA sequencing technology. Ultimately, a complete map of the SHR and 

WKY genomes and a catalog of all genetic variation between these strains will become 

available.

The recent publication of the SHR genome (SHR/OlaIpcv; 10.7-fold coverage), and 

determination and cataloging of polymorphisms present in comparison with the Brown 

Norway (BN) reference genome, was a significant advancement in the field of SHR genetics 

(17). Indeed, a subset of the 3.6 million single nucleotide polymorphisms (SNPs), 343,243 

short indels (insertion/deletions), and other types of polymorphisms that differentiate the 

SHR from BN, was predicted to result in potentially significant functional effects (such as 

gain or loss of stop codons, frameshifts or non-synonymous coding mutations resulting in 

amino acid change) and provided meaningful insight into the molecular and genetic basis of 

disease in the SHR. Researchers as the National Bio Resource Project for the Rat in Japan 

(NBRP-Rat) genotyped 357 simple sequence length polymorphisms (SSLPs) in 122 inbred 

rat strains and mapped the phylogenetic relationship between the strains (18). The 91–92% 

sequence divergence of the SHR and BN genomes and 55–56% divergence of the SHR and 

WKY genomes, as reported by the NBRP-Rat, revealed that the SHR and WKY genomes 

are more similar than the SHR and BN genomes. Perhaps this is not surprising, since both 

SHR and WKY were originally derived simultaneously from the same stock of outbred 

Wistar rats (1). Polymorphism discovery between SHR and WKY is likely to bolster 

identification of specific mutations underlying the genetic basis of disease in the SHR.

In the current report, we propose a novel data-mining strategy to identify candidate genes for 

hypertension in the SHR. Our starting point was genome-wide microarray analysis of 
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adrenal glands in SHR and WKY, and we integrated these data with the wealth of SHR 

blood pressure QTLs available at the RGD. The adrenal gland is a logical and intriguing 

tissue for study in hypertension because its secretory products, both cortical and medullary, 

can directly influence cardiovascular, endocrine and sympathetic function. Adrenocortical 

mineralocorticoid hormones regulate the reabsorption and secretion of sodium and 

potassium and, therefore, also modulate blood pressure. Medullary epinephrine and 

norepinephrine act through G-protein-coupled adrenergic receptors to control sympathetic 

function, such as the force of contraction of the heart or constriction of blood vessels. We 

identified seven candidate genes that merit resequencing in the SHR and WKY strains, and 

discovered polymorphism in four of these seven candidate genes. Chromogranin A (Chga) is 

proposed as the strongest candidate for continued investigation.

Methods

Transcriptome-wide gene expression analysis by microarray

Age-matched young (4-week-old) SHR (n=3) and WKY (n=3) male rats were obtained from 

colonies at the University of California, San Diego, in La Jolla, CA, USA. Total RNA was 

extracted from isolated adrenal glands of the SHR and WKY rats by the RNAzol 

(guanidinium thiocyanate) method (TelTest, Friendswood, TX, USA), followed by RNAse-

free DNAse I (Qiagen, Valencia, CA, USA) treatment to eliminate residual genomic DNA. 

Integrity of the RNA was confirmed through 28S and 18S rRNA profiles on Agilent (Palo 

Alto, CA, USA) columns and ethidium bromide-stained gels.

Gene expression in the adrenal gland of each animal (n=3 SHR, n=3 WKY) was measured 

using Affymetrix RG-U34A rat genome GeneChips and standard protocols, as previously 

described (19). The RG-U34A chip contained 8740 probe sets (excluding quality controls) 

corresponding to all full length, annotated rat gene clusters (~6000) from the UniGene 

database (Build 34) as well as ~3000 expressed sequence tag (EST) clusters. Tab-delimited 

text files of all chip spot features and probe design information are publicly available on the 

Affymetrix website: http://www.affymetrix.com. In accordance with MIAME guidelines 

(http://www.mged.org) (20), the microarray data and a detailed description of experimental 

conditions and parameters are available at the NCBI Gene Expression Omnibus database 

(http://www.ncbi.nlm.nih.gov/geo) under the following accession numbers: GSE1675, 

GDS1464. We previously used quantitative real-time-polymerase chain reaction (Q-RT-

PCR) to confirm the fidelity of gene expression as determined by Affymetrix GeneChips 

(19,21).

Candidate gene identification strategy: Differential expression versus positional

Criterion 1—Initially, genes were considered candidates for hypertension and 

resequencing if they were differentially expressed in SHR and WKY adrenal glands. 

Adrenal differential expression was determined by two methods: (i) microarray analysis and 

(ii) literature review. After a comprehensive list of differentially expressed genes was 

compiled, the list was parsed for genes previously reported as candidates for hypertension. 

Such genes were identified as candidates for hypertension and resequencing in the SHR. 
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Two other criteria were also imposed on the list of differentially expressed genes to 

determine additional candidates.

Criterion 2a—The gene was a positional candidate for a blood pressure QTL in the SHR. 

Positional candidates for SHR blood pressure QTLs were identified through alignment of 

the chromosomal position of genes differentially expressed in the SHR adrenal gland with 

the chromosomal position of peak markers for all available SHR blood pressure QTLs. A 

flat file containing an annotated list of current (as of April 7, 2004) Rattus norvegicus QTLs 

was downloaded from the RGD (6) FTP server (http://rgd.mcw.edu/pub/) and parsed to 

identify the peak markers for all SHR or SHR-stroke prone (SHRSP) blood pressure QTLs 

(79 were identified). Next, the chromosomal position (in base pairs) of the QTL peak 

markers was determined using the University of California, Santa Cruz, rat genome browser 

(http://genome.ucsc.edu). Similarly, the chromosomal position of genes differentially 

expressed in the SHR adrenal gland was determined using Affymetrix RG-U34A microarray 

annotation (date=December 15, 2003; downloaded from http://www.affymetrix.com) or the 

University of California, Santa Cruz, rat genome browser. A gene differentially expressed in 

the SHR adrenal gland was identified as a positional candidate for a SHR blood pressure 

QTL if its chromosomal base pair position was close (within ~5 Mb) to the chromosomal 

position of a QTL peak marker and the gene was also a biologically plausible candidate for 

hypertensive pathology.

Criterion 2b—The gene was among the most extreme in terms of fold-change [i.e. highly 

underexpressed (<0.25-fold) or highly overexpressed (>4-fold)] and also had a biologically 

plausible role in hypertensive pathology.

Criteria 2a and 2b were applied independently to form two separate lists of candidate genes. 

These two lists were then merged to form the final list of candidate genes.

Genomic DNA sequencing across candidate loci

The nucleotide sequence of each candidate gene was downloaded from the University of 

California, Santa Cruz, Rattus norvegicus genome browser (http://genome.ucsc.edu) (22), 

June 2003, Baylor 3.1/rn3 assembly. Genomic alignment and annotation of mRNA and 

coding regions in the genomic assembly was derived from the following reference 

sequences (RefSeqatNCBI):Chga(NM_021655.1,GI:11527393), Comt(NM_012531.1,GI:

6978680),Ednrb(S65355.1, GI:410692), Etfdh (NM_198742.2, GI:52138634), Npy 

(NM_012614.1, GI:6981285). Primer3 (http://frodo.wi.mit.edu/cgi-bin/primer3/

primer3_www.cgi) (23) was used to design polymerase chain reaction (PCR) primers to 

amplify the 5′-flanking sequence (~1500 base pairs, bp, of proximal promoter), exons 

(including 5′- and 3′- untranslated regions; UTR), and intron/exon border regions of the 

candidate genes from genomic DNA of male SHR and WKY rats (from Charles River 

Laboratories, Wilmington, MA, USA). Primers were designed to produce 500–700 bp 

amplicons (Table I). Genomic DNA PCR was performed using HotStar Master Mix 

(Qiagen, Valencia, CA, USA) and 25 ng of genomic DNA. Shrimp Alkaline Phosphatase 

(Promega, Madison, WI, USA) and Exonuclease I (Fermentas, Hanover, MD, USA) were 

used to purify genomic DNA PCR amplicons. Sequencing PCR was performed using Big 
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Dye Terminator Version 3.1 (Applied Biosystems, Foster City, CA, USA). Sequencing PCR 

products were column-purified using multi-screen 96-well plates (Fisher Scientific) and 

Sephadex G-50 Fine DNA grade beads (Sigma-Aldrich), and then sequenced with the 

Applied Biosystems 3100 Genetic Analyzer. Polymorphisms were identified and visually 

confirmed in the raw sequencing data using EditView 1.0.1 software for Mac OS 9 (Applied 

Biosystems).

Sequencing data was deposited in the Gen-Bank database at the National Center for 

Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov) under the following 

accession numbers: Chga (HM443078, HM443079), Comt (HM443074, HM443075), Ednrb 

(HM443076, HM443077), Etfdh (HM443072,HM443073) and Npy (HM443070, 

HM443071).

Results

Candidate gene identification: Differential expression versus positional identification

The strategy to identify candidate genes for hypertension and resequencing in the SHR 

consisted of sequential application of selection criteria (Figure 1). The starting set of genes 

from which to select candidates for hypertension consisted of the 1217 genes differentially 

expressed (in terms of mRNA abundance) in SHR and WKY adrenal glands, as determined 

by review of the scientific literature and analysis of our microarray experiments. From this 

list of 1217 genes, we selected Chga as a candidate gene since it was overexpressed 1.73-

fold (p<0.05) in SHR adrenal gland (24) and substantial evidence has been presented 

implicating the gene in the pathogenesis of human essential hypertension (25).

Application of criterion 2a (the gene was a positional candidate for a blood pressure QTL in 

the SHR) to the set of 1217 differentially expressed genes identified 5 candidates: catechol-

O-methyltransferase (Comt), dopamine beta-hydroxylase (Dbh), endothelin receptor type B 

(Ednrb), neuropeptide Y (Npy), and phenylethanolamine-N-methyltransferase (Pnmt) (Table 

II). Comt was overexpressed 37.39-fold in SHR adrenal gland and lies within 5.4 Mb 

(megabases; 1 × 106 bases) of the Bp104 QTL peak (26). Dbh was underexpressed 0.39-fold 

in SHR and lies within 0.3 Mb of the Bp15 QTL peak (27). Ednrb was overexpressed 2.09-

fold in SHR and lies within 0.1 Mb of the Bp126 QTL peak (28). Npy was underexpressed 

0.67-fold in SHR and lies within 0.1 Mb of the Bp135 QTL peak (29). Pnmt was 

underexpressed 0.67-fold in SHR and lies within 13.6 Mb of the Bp1 QTL peak (2).

Application of criterion 2b (the gene was among the most extreme in terms of mRNA fold-

change and had a biologically plausible role in hypertension pathology) to the set of 1217 

differentially expressed genes identified 2 candidates: Comt and Etfdh (Table III). Etfdh 

showed a dramatic 0.02-fold (−50-fold) underexpression in SHR adrenal gland and its 

biological function, transfer of electrons from flavin-containing dehydrogenases to the 

electron transport chain of the mitochondria, makes it a logical and compelling candidate for 

the oxidative stress component of hypertensive pathology (30).

The final set of candidates for hypertension and resequencing in SHR contained seven 

genes: Chga, Comt, Dbh, Ednrb, Etfdh, Npy and Pnmt (Table III).
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Candidate gene systematic polymorphism discovery

Targeted resequencing of the proximal promoter (~1500 bp), exons (including 5′- and 3′- 

untranslated regions), and intron/exon borders (splice junctions) of each candidate gene was 

performed in the SHR and WKY strains (Table IV). A total of 20 polymorphisms were 

discovered in the promoter, coding region and 3′-UTR of the Chga gene. Five polymorphic 

sites were discovered in the Chga promoter: −1694 single-base In/Del (insertion/deletion) 

(WKY allele=deletion, SHR allele=G); A-1616T (WKY allele=A, SHR allele=T); –753 4-

bp In/Del (WKY allele=11 consecutive A, SHR allele=15 consecutive A); C-177T (WKY 

allele=C, SHR allele=T); and C-59T (WKY allele=C, SHR allele=T). Two polymorphisms 

were identified in the open reading frame (ORF): +6361 24-bp In/Del (exon 5; WKY 

allele=16 tri-nucleotide “CAG” repeats, or 20 glutamine repeat; SHR allele=8 tri-nucleotide 

“CAG” repeats, or 12 glutamine repeat); and +8093 In/Del (exon 6; WKY allele= “GAG” , 

or 16 glutamic acid repeat; SHR allele=deletion, or 15 glutamic acid repeat). One SNP was 

discovered in the 3′-UTR: G +11177T (or G +174T, with respect to the start of the 3′-UTR) 

(WKY allele=G, SHR allele=T). Twelve polymorphisms were identified in the introns of 

Chga: T +413C, C +885G, A + 1113G, A + 1196T, G + 3033T, C + 3168T, + 3386 1-bp 

In/Del (WKY allele=C, SHR allele=deletion), C + 3863T, T + 3961C, C + 6587T, A + 

8388G, and G + 10882A.

No polymorphisms were detected in Comt, Ednrb or Etfdh. One polymorphism was detected 

in Npy (promoter polymorphism -1025 3-bp In/Del; WKY allele=23 “TC” di-nucleotide 

repeats, SHR allele=22 “TC” di-nucleotide repeats). Polymorphisms were also detected in 

Dbh and Pnmt, and we recently published an in-depth investigation of the functional effects 

these polymorphisms and their role in abnormal catecholamine biosynthesis and the 

pathogenesis of hypertension in the SHR (5).

Discussion

Overview

Traditional linkage analysis and QTL mapping of blood pressure in the SHR has implicated 

many loci in the pathogenesis of the hypertension in this strain. Indeed, as many as 105 SHR 

blood pressure QTLs have been reported and deposited in the RGD (6) (as of April 12, 

2010). Generation of these QTLs is a significant achievement and follow-up investigation of 

positional candidates for the QTLs holds the potential to yield insight into mechanisms of 

hypertension. Several investigations have reported polymorphism discovery in candidate 

genes for hypertension in the SHR (5,7–16), and with the recent increases in accessibility 

and affordability of DNA sequencing, this number is likely to increase. A limited number of 

investigations are at the forefront of candidate gene exploration where polymorphism 

discovery is coupled to functional testing of newly discovered mutations in order to 

elucidate genetic and molecular processes underlying disease (5,7).

Candidate gene identification

We designed and employed a method to select candidate genes for hypertension in the SHR 

that utilizes and integrates expertise in sympathoadrenal biology and pathophysiology, with 

both microarray technology and the RGD repository of SHR blood pressure QTLs. In 
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employing our method, we made several assumptions: 1) genetic mutations contributing to 

hypertension in the SHR act in cis to alter mRNA transcript abundance; 2) these cis-acting 

mutations cause mRNA expression changes in the adrenal gland; and 3) the largest adrenal 

gene expression changes (in terms of fold-change) make the most significant contributions 

to disease pathophysiology. It is unlikely that all pathogenic genes for hypertension in the 

SHR satisfy these assumptions; however, these constraints proved valuable in identifying a 

specific subset of candidate genes with potential for successful follow-up experiments. Since 

mRNA transcript abundance is arguably the most accurate and direct reflection of cis-acting 

mutations, our requirement for adrenal mRNA differential expression likely enriched our set 

of candidates for genes that contain cis-acting regulatory polymorphisms. In this case, 

polymorphism discovery in the proximal promoter and 5′- and 3′- UTRs was important. Our 

selection strategy was not designed to identify genes with qualitative changes (e.g. non-

synonymous coding polymorphisms resulting in amino acid substitution) nor trans-acting 

contributors.

Following our sequential strategy to indentify genes for resequencing and polymorphism 

discovery, we identified 1217 genes as differentially expressed in SHR and WKY adrenal 

glands (Figure 1). From this set of 1217 genes, we selected Chga as a candidate gene since 

substantial evidence exists for a role of the gene in the pathogenesis in human essential 

hypertension (25). In addition, we constrained this set of 1217 differentially expressed genes 

to those that were positional candidates for SHR blood pressure QTLs (Figure 1, Table II) or 

to those that showed the most extreme differential expression (i.e. the most highly 

underexpressed or overexpressed genes). Application of these restraints identified 6 

additional candidate genes (Figure 1). In total, seven genes (Chga, Comt, Dbh, Ednrb, Etfdh, 

Npy and Pnmt) were selected for resequencing and polymorphism discovery (Table III).

Candidate gene polymorphisms

Each candidate gene was resequenced in the SHR and WKY rat strains in order to identify 

cis-acting polymorphisms within the gene that could contribute to its adrenal mRNA 

differential expression in vivo, and potentially to hypertension pathophysiology. The 

proximal promoter and exons (especially the 5′-UTR and 3′-UTR) are likely locations for 

polymorphisms that alter transcription and mRNA abundance, but it is also conceivable that 

intronic polymorphisms could affect mRNA levels. For the purposes of the current 

investigation, however, only the proximal promoter (~1500 bp), exons (including 5′- and 3′- 

untranslated regions), and intron/exon borders (splice junctions) were targeted for 

resequencing. A small portion of intronic sequence was obtained incidental to resequencing 

of exons and exon/intron borders (Table IV); however, introns were neither specifically 

targeted nor completely sequenced.

Our candidate gene selection strategy was successful: four of the seven candidate genes 

(Chga, Dbh, Npy and Pnmt) contained polymorphisms in the regions targeted for 

resequencing (proximal promoter, 5′-UTR, exons, intron/exon borders and 3′-UTR). 

Publication bias against negative results hinders accurate assessment of the total number of 

candidate genes for hypertension in the SHR that have been resequenced but lack 
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polymorphism. Nonetheless, a 57% (four of seven) success rate suggests that our strategy 

was indeed effective in identifying polymorphism-containing candidate genes.

Chga is of particular interest as a candidate gene since accumulating evidence indicates it 

has a pathogenic role in human essential hypertension (25), and its molecular and 

physiological functions and mechanisms are well-studied (31). The multiple polymorphisms 

discovered in the promoter, ORF, and 3′-UTR might impact the quantity and/or the 

functionality of gene product (mRNA and protein). Changes in the amount or function of 

Chga protein could impact blood pressure through alterations in catecholamine storage and 

release (32,33), glucose homeostasis (34) or the inflammatory response (35). In addition to 

the 1.73-fold elevation of adrenal Chga mRNA in SHR, 2.21-fold elevation of adrenal Chga 

protein (in SHR vs WKY) has previously been reported (24). Elucidation of the role of the 

newly discovered polymorphisms in elevation of adrenal Chga mRNA and protein, and 

ultimately in hypertension, prompts further investigation.

Npy is a biologically intriguing candidate for hypertension in the SHR, since it has diverse 

effects on the cardiovascular, immune, and central and peripheral nervous systems (36). For 

example, Npy protein can modulate vasoconstriction and vascular smooth muscle cell 

proliferation (36). The SHR Npy gene contained one polymorphism, –1025 In/Del in the 

promoter. It is conceivable that the mutation affects Npy transcription, Npy mRNA 

abundance, and, ultimately, blood pressure. Additional investigation is required to test the 

function of this polymorphism and determine if it plays a role in hypertension in the SHR.

Dbh and Pnmt have long been investigated in hypertension pathophysiology since these 

enzymes catalyze the final two steps in the catecholamine biosynthetic pathway: conversion 

of dopamine to norepinephrine (Dbh), and norepinephrine to epinephrine (Pnmt). These 

enzymes have been implicated in development of hypertension in multiple species (e.g. in 

human patients with essential hypertension (37–41), in the SHR rat (42–45) and in the BPH 

mouse (19,21)), suggesting a universal role for catecholamines in disease pathology. We 

recently published an extensive study of the heritability, genetic control, and functional 

effects of regulatory polymorphisms present in the Dbh and Pnmt genes in the SHR, using 

the recombinant inbred (RI) strain framework(5). A previous investigation of the Pnmt locus 

in SHRSP and WKY reported an absence of polymorphisms in the coding, and 5′- and 3′-

flanking regions (16).

No polymorphisms were discovered in the Comt, Ednrb and Etfdh genes. Nonetheless, these 

genes remain interesting for the study of hypertension pathology because of their role in 

catecholamine metabolism (Comt) (46,47), vasoconstriction (Ednrb) (48), and electron 

transport and mitochondrial function (Etfdh) (49).

Conclusions and perspectives

Our strategy to identify candidates for hypertension in the SHR identified seven genes: 

Chga, Comt, Dbh, Ednrb, Etfdh, Npy and Pnmt. While the relationship between genetic 

contributors to hypertension in the SHR and hypertension susceptibility genes in humans 

remains incompletely understood, six of the seven genes we identified as candidates in the 

SHR have been reported to contain polymorphisms that associate with hypertension in 
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humans [Chga (25), Comt (50–52), Dbh (37,38), Ednrb (53), Npy (54) and Pnmt (40,41); 

none has been reported in Etfdh]. Study of these genes in the SHR might provide insight into 

the genetic and molecular basis of human hypertension. Polymorphism discovery in these 

genes in the SHR and WKY rat strains revealed mutations throughout the Chga locus and 

highlighted the value of resequencing in candidate gene investigation. Whereas genes such 

as Comt were strong candidates for hypertension in the SHR, lack of polymorphism in these 

loci suggests they do not play a germ-line pathogenic role. It is possible, however, that 

important, functional polymorphisms were present outside of the regions specifically 

targeted for resequencing (here: ~1500 bp of proximal promoter, exons-ORF and UTR, and 

intron/exon borders). Chga emerged as the strongest candidate for continued investigation, 

since it contained multiple polymorphisms and can modulate several hypertensive disease 

phenotypes. Our method for candidate gene identification is portable and easily applied to 

microarray data from any tissue, in any disease model with an available database of QTLs. 

Polymorphism identification is a crucial step in determining if candidate genes have 

pathogenic roles in disease with genetic underpinnings. Functional testing of discovered 

polymorphisms and elucidation of their genetic and molecular mechanisms remains at the 

forefront of candidate gene investigation.
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Figure 1. 
Candidate gene identification strategy. The strategy to select candidate genes for 

hypertension and resequencing in the spontaneously hypertensive rat (SHR) is depicted. The 

initial set of genes from which candidates were selected consisted of 1217 genes showing 

mRNA differential expression between SHR and Wistar–Kyoto (WKY) adrenal glands. One 

candidate, chromogranin A (Chga), was selected from this set of 1217 genes because 

substantial evidence suggests it plays a role in pathogenesis of human essential 

hypertension. Six additional genes were identified as candidates since they were biologically 
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interesting positional candidates for previously published SHR blood pressure (BP) 

quantitative trait loci (QTL) and/or were among the most highly overexpressed or 

underexpressed genes with biologically plausible roles in hypertension pathology. A 

histogram of the fold-change for the 1217 differentially expressed genes is presented 

(positive fold change indicates overexpression in SHR and was calculated as SHR 

signal/WKY signal; negative fold-change indicates underexpression in SHR and was 

calculated as –WKY signal/SHR signal). Examination of the histogram revealed that most 

differentially expressed genes (~92%) showed a fold change between –4 and +4.
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Table I

Candidate gene polymerase chain reaction and sequencing primers.

Primer pair name Forward primer sequence (5′→3′) Reverse primer sequence (5′→3′) Gene target region

Catechol-O-methyltransferase (Comt)

    Comt_Pa GTTTCCATGTCTGCTCAGCTC GCTGGGTGAGCTCATGTGTA Promoter

    Comt_Pb CCCAGTTAGATCCTGGGTTG GAGATCTCTGTGTCCTTTCTCCT Promoter

    Comt_Pc CAGGTTGATAATAGAGGTTAGTGGT TGAGGAGGTCCAAGGTTCAG Promoter

    Comt_E1 AAGTGACACCACCATCACGA TCCTACAAGGACTGCCATACC Exon 1

    Comt_E2 GGTCAGGGACATGAGAGGAG CAGGTGCTTAGTGGCTGACA Exon 2

    Comt_E3 CTCCAGAGCCCCAAAGAGAT TAAGAGGCCCAAGCTCAGTG Exon 3

    Comt_E4a GGTTTGCCAAGCCTTCCT CACTGAAACCCCGTGAAGAT Exon 4

    Comt_E4b GAGCCCACTATGCAAAATCA TGCAGAGTAACAGCAGTGTGG Exon 4

Chromogranin A (Chga)

    Chga_1 CGGACTCTGAAACTTGTGGTG TGTACACTATGCTGGGTCATGG Promoter

    Chga_2 CGAGATGGTATTTTGGAGACAG AGCTGGATATTTTGGGTGTGAG Promoter

    Chga_3 AGTTTCTCATTTAGGGGCATGA TTCTCTTGATTTCACTCGGTTG Promoter

    Chga_4 GCACACATTGAACTTGTGTGAA ACAGCAGAAGCGCCAAAG Promoter

    Chga_5 ATGACGTAATTTCCTGGGTGTG GAGTGCAGAGCTGAAATCAAGTT Exon 1

    Chga_6 AACTATAGAGCCTGACCCAACC CTTTCTGCAGTTGCCTAAGGAC Exon 2

    Chga_7 ATTCGATTGGCCCACAGTAAC TTGGAAAGGTGTGGTCTTTCTT Exon 3

    Chga_8 GGGACCCTGAGGTTTGTAGACT AAGTTCCTTCAGCAAATTCTGG Intron C

    Chga_9 GCAGTAGGAAGGTGATGGACAC TTAATCTCTTGGGGGCAAGTTA Exon 4

    Chga_10 CCTCTGGTGTCTTGGACAGATA GACTGTTGGGAACTGGTCTTTC Exon 5

    Chga_11 TGAGTGGGTAACTTCAATCCTT CCACTCATCTTTCACGGTCAT Intron E

    Chga_12 AGAAGGCTGGGCCTAAAGAAGT ACCGGTCAGGTCATCTTCC Exon 6

    Chga_13 GTGTGCTTGGCCTTAGAGGTAG CCTAAGAGGCAAGTCCTGCTAA Exon 7

    Chga_14 TACAGCGTCCTAGCATTACTGG ACCCAGCCCAGTGTAGAAATC Intron G

    Chga_15 AGATTCTTTCTCGGAACACAGG TTTCCAAATTGGGCCTAAGAC Exon 8

    Chga_16 CTCCTGGACTGTCCCCTAGTTA ACGTTTAGCATCACCATCTCCT Exon 8

    Chga_17 CACCACCCAACTTTCCTTTTTA GACGTCATACAGGTGTCTCCAC 3′ downstream

    Chga_18 AAGAGTCCTCGTCTCCAATGTG TGCAGGACATAGGAGATGTTTC 3′ downstream

Electron-transferring-flavoprotein dehydrogenase (Etfdh)

    Etfdh_Pa CCTGACCTACACGCAGAACC GGGAGAGCGTTGTGGAATAA Promoter

    Etfdh_Pb TGAGCTGAGCTGACAGAACAT AGGGCTAGCTGGTGATGCTA Promoter

    Etfdh_Pc TGTTGGGAGTCAGGAAGTGA TCTTCATCGTCCCTCAGCAT Promoter

    Etfdh_Pd GCCCTCAACTCCAAGAACTG CGTGCGCACTAGAAGCATAG Promoter

    Etfdh_Pe GCCCCATCTTCTCGTTTGT TCTGTCAGCCTCTGGGATCT Promoter

    Etfdh_E1 TCCCCGCTATGCTTCTAGTG GTGTTTGCAGTACCCCAGGT Exon 1

    Etfdh_E2 AACATTCCATTTAGATTTGTGTCAA TCTGGGATATATATTGGATGCTTT Exon 2

    Etfdh_E3 TGGTCCTATTAATCCCAGAGTTG GAGACAGCATAGATTAGACCTTGTG Exon 3

    Etfdh_E4 TCAGAGGCATATTCACCCAAC AAATAAAGTCAATATTAAAGCCTGAAA Exon 4

    Etfdh_E5 TGCAGCAGTACACACTGGTT TTCAATTCCTCTTTGGATTAGCA Exon 5
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Primer pair name Forward primer sequence (5′→3′) Reverse primer sequence (5′→3′) Gene target region

    Etfdh_E6 CCCACCCTTCTTGCTTCA TGTGCAGTTTGTAGGAAGACCT Exon 6

    Etfdh_E7 AGTTTTCCTTCCAGTACATAGGTC GGCAATCATTTGACCTGTTTTAG Exon 7

    Etfdh_E8 AATTTTGTGCTGCTTTCATGT CATGCTGGTAAGTTCAAAAGTCA Exon 8

    Etfdh_E9 TGCCAATTATCCTTTTGCTT TGTTAAGCTCCTTAAAGTTTTGTCC Exon 9

    Etfdh_E10 CCCTTTTCCAGGCGTTTACT ATGTGCTGAAAGGGGACATC Exon 10

    Etfdh_E11 ATGATTCTGCATGGGTCCAC GGGGAACAACCCTACAACAA Exon 11

    Etfdh_E12 ATGAGCTGCCTGTATCACCA TGAACTGGGAAATTGTTAAATGT Exon 12

    Etfdh_E13 AAGGAAGGGCTGGAGTCAAT GGAGCTTAGTAGCACAAGTTTCTGT Exon 13

Endothelin receptor, type B (Ednrb)

    Ednrb_Pa AACCTTGAGCACCCGTAATG CCCTGTGCCCAATATAGAAC Promoter

    Ednrb_Pb GTCATTGGCCCTTCTGACAA TGTTAGGTGATGTTTTCCCTTTC Promoter

    Ednrb_Pc CAGTAGAAAAGAACACAGGAAAAGTG TGGGAAGAAAGAAATGTTTATGA Promoter

    Ednrb_E1 AATTTTGCTCAGCTGCCTACA CAGCAGAAGGCAATGATTCTC Exon 1

    Ednrb_E2 CATGATCCCTAGCGATTTTAGG GGGAGTCTTAATTGGCCTCTG Exon 2

    Ednrb_E3 GGTGCTTTACAGGCAAATCG TGATCAAGTCTAATTGTATCGGTGA Exon 3

    Ednrb_E4a AGAGGGGGACATGGAAAGAG GCTTTCCCGAGGCTTCAT Exon 4

    Ednrb_E4b TCCTCATCGTGGACAGATAGC TCAAACATCCAGGCTGTGC Exon 4

Neuropeptide Y (Npy)

    Npy_Pa AGACCGGTGCTTTGAATGAC TGAACACCAATATCCCATCC Promoter

    Npy_Pb TGACCGATGTTACTCCCTGA TTAAAAGACCAACGCCACTG Promoter

    Npy_Pc CATCCCTATTTAAACAATGCACA GCAGTCGAGCAAGGTTTTTC Promoter

    Npy_Pd AGTGTTCATTCGGGCGTTAG GTCTGGAGCCACCCACAC Promoter

    Npy_E1 GCTCCCCAAGTACAGTGTCTG GGGTCGAACCAGAGTCCA Exon 1

    Npy_E2 GCCCTCTGCTTCTCACTAGG TATCCAGTTTGTGGCGTGTG Exon 2

    Npy_E3 TGAGAATACTTATTAGCTCATGAACAG CCTTGAAAGTTGAGATTTGCTG Exon 3

    Npy_E4 GGCAAAAGCTGATGAACTGG TCATCCACTCATGCCTGCTA Exon 4
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Table II

Positional candidates for spontaneously hypertensive rat (SHR) blood pressure quantitative trait loci (QTLs).

Blood pressure QTL Cross Chr QTL peak marker Peak 
marker 
position 

(Mb)

Positional candidate Positional 
candidate 

position 
(Mb)

Positional 
candidate 

fold change 
(SHR/
WKY)

Bp104 SHR × Wild 11 Sst 79.2 Comt 84.6 37.39

Bp15 SHRSP × WKY 3 D3Mgh16 6.3 Dbh 6.0 0.39

Bp126 SHRSP × WKY 15 Ednrb 87.9 Ednrb 87.9 2.09

Bp135 SHR × WKY 4 Npy 78.3 Npy 78.3 0.67

Bp1 SHRSP × WKY 10 Gh1 95.7 Pnmt 82.1 0.67

Differentially expressed genes in the SHR adrenal gland that were positional candidates for SHR blood pressure quantitative trait loci (QTL) are 
listed. SHRSP, spontaneously hypertensive rat stroke-prone. Column headers: Cross, the rat strains used to generate the QTL; Chr, chromosomal 

location of the QTL; Peak marker position (Mb), physical position of the QTL peak marker in units of mega-bases (1×106 bases); Positional 
candidate, symbol of the SHR adrenal differentially expressed gene that was proposed as a positional candidate for the QTL; Positional candidate 
fold change (SHR/WKY), the adrenal mRNA fold change of the positional candidate.
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Table III

Candidate genes for hypertension and resequencing in the spontaneously hypertensive rat (SHR).

Candidate gene Criterion 1: adrenal mRNA 
differential expression

Criterion 2a: Positional candidate 
for SHR BP QTL

Criterion 2b: Extreme mRNA fold-
change (SHR/WKY)

Chga Yes (p=0.017) No No (1.73-fold)

Comt Yes (p=4.69E-7) Yes (Bp104) Yes (37.39-fold)

Dbh Yes (p=8.32E-6) Yes (Bp15) No (0.39-fold)

Ednrb Yes (p=0.035) Yes (Bp126) No (2.09-fold)

Etfdh Yes (p=4.76E-9) No Yes (0.02-fold)

Npy Yes (p=0.023) Yes (Bp135) No (0.67-fold)

Pnmt Yes (p=0.005) Yes (Bp1) No (0.67-fold)

Our selection strategy identified seven genes as candidates for hypertension and resequencing in the SHR. Chga, chromogranin A; Comt, catechol-
O-methyltransferase; Dbh, dopamine beta-hydroxylase; Ednrb, endothelin receptor type B; Etfdh, electron transferring flavoprotein dehydrogenase; 
Npy, neuropeptide Y; Pnmt, phenylethanolamine-N-methyltransferase. All genes were differentially expressed in SHR and Wistar-Kyoto (WKY) 
adrenal glands and, therefore, satisfied criterion 1. Chga was selected as a candidate since it met criterion 1 and substantial evidence indicates it 
plays a role in the pathogenesis of human essential hypertension. Comt, Dbh, Ednrb, Npy and Pnmt were selected as candidate genes since they 
satisfied criterion 2 [they were positional candidates for SHR blood pressure (BP) quantitative trait loci (QTLs)]. Comt and Etfdh were selected as 
candidate genes since they satisfied criterion 2b [they were among the most highly differentially expressed genes (in terms of fold-change) in the 
SHR adrenal gland]. Bold text indicates that a candidate gene met a specific criterion.
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Table IV

Polymorphism discovery in candidate genes.

Gene Promoter 5′-UTR Exons (ORF) 3′-UTR Introns

Chga −1694 In/Del 
A-1616T-753 In/Del 
C-177T C-59T

None +6361 In/Del+8093In/Del G+11177T T+413C, C+885G, A+1113G, A+1196T, G
+3033T, C+3168T, +3386 In/Del, C+3863T, T
+3961C, C +6587T, A+8388G, G +10882A 
(3775/9465 bp; 39.9%)

Comt None None None None None (297/3470 bp; 8.6%)

Ednrb None None None None None (958/4589 bp; 20.9%)

Etfdh None None None None None (1953/19,833 bp, 9.8%)

Npy −1025 In/Del None None None None (765/6639 bp, 11.5%)

UTR, untranslated region; ORF, open reading frame; Chga, chromogranin A; Comt, catechol-O-methyltransferase; Ednrb, endothelin receptor type 
B; Etfdh, electron transferring flavoprotein dehydrogenase; Npy, neuropeptide Y. Polymorphisms discovered in the promoter, 5′-UTR, exons 
(ORF), 3′-UTR, and introns of Chga, Comt, Ednrb, Etfdh and Npy are listed. Multiple polymorphisms were discovered throughout the Chga locus. 
No polymorphisms were detected in Comt, Ednrb and Etfdh. One polymorphism was discovered in the Npy locus. Introns were not specifically 
targeted for polymorphism discovery and the sequencing coverage is indicated in parentheses in the final column (bp sequenced/total bp in all 
introns; % coverage). Polymorphism nomenclature: [Wistar-Kyoto (WKY) allele] [base pair position] [spontaneously hypertensive rat (SHR) 
allele]; promoter polymorphism position is indicated in terms of base pairs upstream of the transcriptional start site (5′-cap site); exonic (UTR and 
ORF) and intronic polymorphism position is indicated in terms of base pairs downstream from the transcriptional start site (5′-cap site); In/Del, 
insertion/deletion; A, adenine, G, guanine; C, cytosine; T, thymine.
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