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Abstract

Analysis of 5-hydroxymethylcytosine (5hmC) at single-base resolution has been largely limited to 

studies of stem cells or developmental stages. Given the potential importance of epigenetic events 

in hypertension, we have analyzed 5hmC and 5-methylcytosine (5mC) at single-base resolution in 

the renal outer medulla of the Dahl salt-sensitive SS rat and examined the effect of disease-

relevant genetic or environmental alterations on 5hmC and 5mC patterns. Of CpG sites that fell 

within CpG islands, 11% and 1%contained significant 5mC and 5hmC, respectively. 5mC levels 

were substantially higher for genes with lower mRNA abundance and showed a prominent nadir 

around the transcription start site. In contrast, 5hmC levels were higher in genes with higher 

expression. Substitution of a 12.9 Mbp region of chromosome 13, which attenuates the 

hypertensive and renal injury phenotypes in SS rats, or exposure to a high-salt diet, which 

accelerates the disease phenotypes, was associated with differential 5mC or 5hmC in several 

hundred CpG islands. Nearly 80% of the CpG islands that were differentially methylated in 

response to salt and associated with differential mRNA abundance were intragenic CpG islands. 

The substituted genomic segment had significant cis effects on mRNA abundance but not DNA 

methylation. The study established base-resolution maps of 5mC and 5hmC in an in vivo model of 

disease and revealed several characteristics of 5mC and 5hmC important for understanding the 

role of epigenetic modifications in the regulation of organ systems function and complex diseases.
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Introduction

Essential hypertension affects 30% of the adult population in the US. Blood pressure salt-

sensitivity is increased in 50% of Caucasians and 75% of African Americans with essential 

hypertension.1 The Dahl salt-sensitive SS rat is a widely used model of human salt-sensitive 

hypertension and associated organ injuries including cardiac, vascular, and renal injury. The 

genetic basis of salt-sensitive hypertension in humans and in the SS rat has been a subject of 

intensive investigation.2,3,4

Epigenetic modifications of the genome play a key role in the regulation of gene expression. 

It has been reported that epigenetic modifications of several genes are associated with 

hypertension.5 However, it is likely that most of the epigenetic modifications that contribute 

to hypertension remain to be identified.6 Analysis of epigenetic modifications at a genome 

scale is particularly lacking in hypertension research.5

5-methylcytosine (5mC) in CpG dinucleotide is an important epigenetic modification. Base-

resolution, genome-scale maps of 5mC can be obtained using techniques such as reduced 

representation bisulfite sequencing (RRBS),7 which enriches for CpG islands, or whole 

genome methylation sequencing. 5-hydroxymethylcytosine (5hmC) is emerging as another 

type of important DNA modification. 5hmC is an intermediate step in the process of 

demethylation and could itself contribute to epigenetic regulation.8

Booth, et al, recently developed an oxidative RRBS (oxRRBS) method for genomic 

mapping of 5hmC at single-base solution.9 The method utilizes specific oxidation of 5hmC 

to 5-formylcytosine (5fC) by treating DNA with potassium perruthenate. 5fC and 

unmodified cytosine are converted to uracil under bisulfite conditions, while 5mC and 5hmC 

are not converted. Base-resolution maps of 5mC and 5hmC can, therefore, be obtained by 

combining RRBS and oxRRBS. Other elegant methods for mapping 5hmC at base 

resolution have also been reported.10 Base-resolution mapping of 5hmC, however, has been 

used primarily to analyze stem cells and tissues at various developmental stages. Base-

resolution mapping of 5mC has been applied to study disease, but has not been applied in 

studies of hypertension.

We report here one of the first base-resolution maps of 5hmC in an in vivo disease model 

and the first base-resolution maps of 5mC and 5hmC in hypertension. We characterized the 

5mC and 5hmC patterns in SS rats and examined the effect of increased dietary salt intake. 

Moreover, we compared the SS rat to the congenic SS.13BN26 rat to investigate the effect of 

genomic segment substitution on 5mC and 5hmC and the association of 5mC and 5hmC 

with changes in the disease phenotypes. The SS.13BN26 rat has a 12.9 Mbp segment of chr 

13 introgressed from the Brown Norway rat genome into the SS genome and exhibits 

substantial attenuation of salt-induced hypertension and renal injury .11,12

We focused the analysis on the renal outer medulla. The kidney plays a central role in long-

term control of arterial blood pressure and development of hypertension.13,14,15 The renal 

outer medulla primarily consists of epithelial cells involved in vectorial transport of solutes 

and fluids, a critical process in the regulation of blood pressure. The tissue region has been 
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demonstrated to play an especially important role in the development of hypertension and 

renal injury.12,16,17

The base-resolution maps of 5hmC and 5mC were integrated with transcriptome profiles 

obtained by RNA-seq. The results provided a series of new insights into epigenomics in the 

context of a key in vivo disease model.

Methods

Detailed methods are available online.

Animal treatment and DNA and RNA extraction

The animal protocols were approved by the Institutional Animal Care and Use Committee at 

the Medical College of Wisconsin. SS rats and congenic SS.13BN26 rats were maintained as 

described previously.11,12 Male rats at 6-7 weeks of age were used for tissue collection. Rats 

had been fed an AIN-76A diet containing 0.4% NaCl since weaning. A group of rats of each 

strain was switched to a 4% NaCl diet for 7 days prior to tissue collection. Each group 

included 9 individual rats. Genomic DNA and total RNA were extracted and quality 

assessed as described.18,19,20 An equal amount of DNA or RNA was taken from each rat to 

make 3 pools of samples for each experimental group, each pool representing 3 individual 

rats.

Multiplexed RRBS

Libraries for reduced representation bisulfite sequencing (RRBS) were prepared and 

sequenced largely following the protocols described by Gu, et al., and Illumina with 

modifications to allow multiplexing.21 The libraries underwent cluster generation using 

TruSeq PE Cluster Kit v3-cBot-HS and 100 cycles of paired-end sequencing using TruSeq 

SBS Kit v3-HS (Illumina) and an Illumina HiSeq 2000 sequencer, as we recently 

described.20

Multiplexed oxidative RRBS (oxRRBS)

The protocol was similar to RRBS except an oxidation treatment step was introduced after 

adapter ligation and before bisulfite conversion as described previously.9 5hmC was 

oxidized by potassium perruthenate to 5-formylcytosine. The latter was converted to uracil 

by the bisulfite treatment.

RNA-seq

mRNA (cDNA) libraries were prepared from 5 μg of total RNA using TruSeq RNA Sample 

Preparation Kit from Illumina, following the vendor's instructions. Cluster generation and 

sequencing were similar to that described under RRBS.

Real-time PCR

Real-time PCR was used to quantify mRNA abundance as described.22,23,24
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Analysis of methylation sequencing data

Methylation sequence reads obtained from Illumina HiSeq 2000 were analyzed by 

MethylCoder.25 Genomic short-read nucleotide alignment program (GSNAP) was used.26 

Bisulfite conversion rates were estimated from the number of unconverted cytosines at 

Klenow filled-in 3′ MspI sites of sequencing reads that were short enough to read through 

these sites. For each CpG site, the 5mC rate was calculated as the percentage of unconverted 

cytosines in each oxRRBS dataset, and the 5hmC rate was calculated by subtracting this 

value from the percentage of unconverted cytosines in the corresponding RRBS dataset. 

Transcription start site (TSS) regions were defined as 1,000 bp upstream and downstream of 

a transcription start site. To test for CpG islands (CGIs) that contained 5mC levels 

significantly above the bisulfite conversion error rate, a binomial test was applied using a 

Benjamini-Hochberg corrected p-value cutoff of 0.05. Differences between the RRBS and 

oxRRBS datasets were tested by applying a Fisher's test and using a corrected p-value cutoff 

of 0.05. Fisher's test was also used to evaluate if there is any significant difference of 5mC 

rate in CGIs between two groups of rats. Differential 5hmC was examined by Breslow-Day 

test for homogeneity of odd ratios between two groups of rats.

Analysis of RNA-seq data

We developed an in-house pipeline for analyzing RNA-seq data that included reads mapping 

and alignment, transcript construction, quantification of transcript abundance, and 

identification of differential expression, using Bowtie (http://bowtie-bio.sourceforge.net/

index.shtml), Tophat v2 (http://tophat.cbcb.umd.edu/), and Cufflinks (http://

cufflinks.cbcb.umd.edu/).27,28,29 Differential expression of transcripts was identified using 

false discover rate (FDR) < 0.05.

Result

Characteristics of 5mC patterns in SS rats

Characteristics of 5mC patterns in the renal outer medulla of SS rats were examined by 

analyzing results of oxRRBS analysis of 6-7 week old male SS rats fed the 0.4% NaCl diet. 

Approximately 18 million sequence reads were obtained from each of 3 biological replicates 

(Supplemental Table S1). The bisulfite conversion rate was 99.6% on average. The 727,373 

CpG sites covered by at least 20 sequence reads were further examined. Of these sites, 

47.7% were located in CpG islands (Figure 1A). 11% of the CpG sites located in CpG 

islands contained significant 5mC (Figure 1A) with a median 5mC rate of 12% (Figure 1B). 

81% of the CpG sites located outside of CpG islands contained significant 5mC (Figure 1A) 

with a median 5mC rate of 58% (Figure 1B).

Figure 1C depicts the distribution of CpG sites containing 5mC relative to the location of 

gene bodies. CpG sites containing 5mC and located within 2 kbp upstream of transcription 

start sites (TSS) had a median 5mC rate of 15% (Figure 1D). The median 5mC rates were 

between 47% and 56% for CpG sites located in other regions (Figure 1D).

Genes with mRNA abundance in the lowest one third of all genes analyzed showed higher 

5mC rates throughout the gene body and extending to several kbp upstream and down-
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stream of the gene body (Figure 1E). Gene body was defined as the genomic region from the 

start site to the end site of a transcript. All genes showed a nadir of 5mC rate around TSS. 

The nadir was most pronounced for genes in the lowest one third of mRNA abundance, 

although the 5mC rates around TSS were still higher for this group of genes compared to 

genes with higher mRNA abundance. mRNA abundance data used to make the graph here 

were obtained using RNA-seq (Supplemental Table S2) and will be discussed in more detail 

later.

We further analyzed 14,168 CpG islands each of which contained at least 5 CpG sites and 

was covered by at least 20 sequence reads. Of the 8,045 CpG islands located in the TSS 

region (+/- 1 kbp), 27% contained significant 5mC with a median 5mC rate of 1.5% (Figure 

1F, 1G). 69% of intragenic CpG islands and 40% of intergenic CpG islands contained 

significant 5mC with median 5mC rate of 25.8% and 2.8%, respectively (Figure 1F, 1G).

Characteristics of 5hmC patterns in SS rats

We then examined 5hmC patterns in SS rats by a combined analysis of the RRBS and 

oxRRBS data (see Methods for criteria of 5hmC detection). Significant presence of 5hmC 

was found in 1.0% and 10.7% of CpG sites located in and outside CpG islands, respectively 

(Figure 2A). The median 5hmC rate was 14.9% for CpG sites containing significant 5hmC 

and located within CpG islands (Figure 2B). The median 5hmC rate tended to be higher in 

CpG sites located outside of CpG islands (Figure 2B), but the difference was much less 

pronounced than that of 5mC rates (see Figure 1B).

The distribution of CpG sites containing 5hmC relative to the location of gene bodies 

(Figure 2C) was similar to those containing 5mC (see Figure 1C). The median 5hmC rates 

were between 17% and 23% in all regions relative to gene bodies (Figure 2D).

Genes with mRNA abundance in the lowest one third of all genes analyzed showed lower 

5hmC rates throughout the gene body and extending to several kbp upstream and down-

stream of the gene body (Figure 2E). This was in direct contrast with 5mC rates which were 

higher for genes with low expression (see Figure 1E). The majority of the genes did not 

exhibit a pronounced nadir of 5hmC rate around the TSS or anywhere throughout the gene 

body (Figure 2E), which was again in sharp contrast with 5mC rates.

Of the 8,078 CpG islands located in the TSS region (+/- 1 kbp), 7.5% contained significant 

5hmC with a median 5hmC rate of 1.2% (Figure 2F, 2G). 23% of intragenic CpG islands 

and 14% of intergenic CpG islands contained significant 5hmC with median 5mC rate of 

5.1% and 1.7%, respectively (Figure 2F, 2G). The fractions of CpG islands containing 

5hmC and the median rates of 5hmC in CpG islands were substantially lower than those of 

5mC in all three regions.

Effects of substituting a segment of chromosome 13 on 5mC and 5hmC patterns in SS rats

The salt-sensitive hypertension and renal injury phenotypes in the SS rat were significantly 

attenuated in congenic SS.13BN26 rats, which contain a substitution of a 12.9 Mbp segment 

of chromosome 13 from the Brown Norway rat genome for the corresponding segment in 
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the SS genome.11,12 We examined how the chromosomal segment substitution might have 

altered 5mC and 5hmC patterns in the renal outer medulla.

Of 3,354 CpG islands that showed different (FDR<0.05) 5mC rates between SS and SS.

13BN26 rats, 45% were in TSS regions and 19% were intragenic (Figure 3A; Supplemental 

Table S3). A difference in 5mC rate of greater than 5% was found in 603 CpG islands 

(FDR<0.05), of which 19% were in TSS regions and 39% were intragenic (Figure 3A). The 

switch in the proportion of TSS and intragenic CpG islands was consistent with the 

substantially higher 5mC rates in intragenic CpG islands in general (see Figure 1G). The 

distribution of 5mC rates of differentially methylated CpG islands (Figure 3B, top panel) 

was similar to the distribution of all CpG islands (see Figure 1G). With the additional cutoff 

of difference > 5% 5mC rate, median 5mC rates of differentially methylated CpG islands 

shifted upwards, especially for CpG islands in TSS and intergenic regions (Figure 3B, 

bottom panel).

We examined the 114 differentially methylated CpG islands located in TSS regions and 

found seven of the associated genes were significantly differentially expressed between SS 

and SS.13BN26 (P<0.05; Figure 3C). The directions of change in 5mC rate and mRNA 

abundance were opposite for 4 of the genes and the same for the other 3. Four genes 

associated with differential methylation of intragenic CpG islands were differentially 

expressed (Figure 3D). Note that some genes have multiple differentially methylated islands 

associated with one transcript, and vice versa.

Significant differences (FDR<0.05) in 5hmC rate were found in 501 CpG islands, of which 

148 islands differed by more than 5% of 5hmC rate (Figure 3E; Supplemental Table S4). 

Again, intragenic CpG islands were more likely than TSS CpG islands to show large 

differences in 5hmC rate. The distribution of 5hmC rates of differentially 

hydroxymethylated CpG islands (Figure 3F, top panel) was similar to the distribution of all 

CpG islands (see Figure 2G). 5hmC rates were similar for TSS, intragenic, and intergenic 

CpG islands that showed differences greater than a 5% rate between the two rat strains 

(Figure 3F, bottom panel).

The genes associated with the 24 CpG islands in TSS regions and the 66 in intragenic 

regions that were differentially hydroxymethylated (FDR<0.05, 5hmC rate difference >5%) 

were not significantly differentially expressed at the mRNA level, although some 

approached significant differences.

Distinct effects of a 4% NaCl diet for 7 days on 5mC and 5hmC patterns in SS and SS.
13BN26 rats

High-salt diets substantially exacerbate cardiovascular and renal diseases in SS rats,2,3 

which is attenuated in SS.13BN26 rats.11,12 We examined the effect of a 7 day exposure to an 

AIN-76A diet containing 4% NaCl on 5mC and 5hmC patterns in SS and SS.13BN26 rats. 

The 7 day time point represents an early phase of high salt-induced disease progression.30

Significant changes occurring in both strains of rats or in one but not the other strain were 

shown in Figure 4, Figure 5, and Figure 6, respectively, as well as in Supplemental Table S3 

Liu et al. Page 6

Hypertension. Author manuscript; available in PMC 2015 April 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



and S4. Changes occurring in both strains of rats likely represent responses to the high-salt 

diet that are not directly associated with phenotypic differences between the two rat strains. 

Changes occurring in one but not the other strain may contribute to the differences in disease 

development between SS and SS.13BN26.

More than 300 CpG islands showed substantial differential methylation (FDR<0.05, 

difference >5% 5mC rate) in each strain in response to just 7 days of high-salt exposure 

(Figure 4A, 5A, 6A). Approximately 50 CpG islands showed substantial differential 

hydroxymethylation in each strain (Figure 4D, 5E, 6E). Approximately 30% of the changes 

occurred in both strains.

A total of 26 instances of salt-induced substantial differential methylation were associated 

with significant changes in mRNA abundance (Figure 4C, 5C, 5D, 6C, 6D). Nearly 80% (20 

of 26) of these instances were intragenic CpG islands (Figure 4C, 5D, 6D). In 12 of the 20 

instances, changes of the 5mC rate of intragenic CpG islands and the mRNA abundance of 

the corresponding gene occurred in opposite directions. For the 6 CpG islands in TSS 

regions, 3 showed opposite changes in 5mC rate and mRNA abundance.

One gene, Pcdha, showed substantial down-regulation of 5hmC rate in SS and up-regulation 

in SS.13BN26 in response to salt in an intragenic CpG island, which was associated with 

significant down-regulation of mRNA abundance in SS.13BN26 in response to salt (Figure 

4F).

Transcriptomes in the renal outer medulla in SS and SS.13BN26 rats on 0.4% or 4% NaCl 
diets

Significant differences in the mRNA abundance of 220 genes (FDR<0.05) were found by 

comparing SS and SS.13BN26 rats fed the 0.4% NaCl diet (Figure 7A; Supplemental Table 

S5). The number of genes differentially expressed between the two strains increased to 

1,146 after 7 days of 4% NaCl diet. More than 40% of the genes differentially expressed on 

the 0.4% salt diet (92 of 220 genes) remained differentially expressed on the 4% salt diet.

Significant responses to the 4% NaCl diet were found for 532 genes in SS rats, 25% of 

which (132 of 532 genes) also responded to the 4% NaCl diet in SS.13BN26 rats (Figure 7B). 

Another 1,103 genes showed differential expression in response to high salt only in SS.

13BN26 rats.

Genes responding to salt in either strain were significantly enriched for genes in KEGG 

pathways involving metabolism of several amino acids and glutathione (Figure 7C). Cellular 

redox states and amino acid metabolites such as catecholamines in the kidney are known to 

contribute to blood pressure regulation.12 Pyruvate metabolism and PPAR signaling 

pathway were enriched in genes responding to salt in SS rats (Figure 7C). Abnormalities in 

cellular intermediate metabolism in the kidney have been recently discovered to contribute 

to hypertension.31,32,33 Complement and coagulation cascades, which include the kallikrein-

kinin system known to influence blood pressure, were enriched in genes differentially 

expressed between SS and SS.13BN26 on the 0.4% NaCl diet and in genes responding to salt 

in SS.13BN26 rats (Figure 7C).
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Three genes in the pyruvate metabolism pathway, which were down-regulated by the high-

salt diet in SS rats, and two genes that were up-regulated were selected for validation by 

real-time PCR. Both the direction and the magnitude of changes in response to salt were 

consistent between real-time PCR and RNA-seq data for all 5 genes (Supplemental Figure 

S1).

Trans and cis effects of genetic variations on 5mC, 5hmC, and mRNA abundance profiles

SS and SS.13BN26 rats differ genetically by a 12.9 Mbp segment on chromosome 13 

(nucleotides 73,664,780 to 86,574,314). The segment represents 0.44% of the rat genome. 

We examined if the substituted segment was more likely than the remaining genome to be 

differentially methylated or differentially expressed between the two rat strains or in 

response to the high-salt diet.

Genes differentially expressed between SS and SS.13BN26 on the 0.4% NaCl diet and, to a 

lesser extent, genes differentially expressed in response to the 4% NaCl diet in only one of 

the two rat strains, were significantly enriched for genes located in the substituted segment 

(Figure 8). It suggests the genomic sequence variations have strong cis effects on mRNA 

expression at the baseline and in response to salt. CpG islands located in the substituted 

genomic segment, however, were not more likely than the rest the genome to show 

differential 5mC or 5hmC between the two rat strains or in response to salt (Figure 8).

Discussion

The present study provides one of the first maps of 5mC and 5hmC patterns at single-base 

resolution in an in vivo model of disease. The results indicate several characteristics of 5mC 

and 5hmC patterns, some in common with previous findings in stem cells while others not.

The moving window analysis across gene bodies, powered by the single-base resolution 

data, indicated higher 5mC and lower 5hmC levels in genes with low expression. This is 

consistent with the notion that 5mC generally suppress gene expression while 5hmC is 

generally correlated with gene activation.8,34 Changes in 5mC or 5hmC levels in response to 

the genomic segment substitution or high-salt diet, however, were as likely to be associated 

with changes in mRNA abundance in the same direction (up- or down-regulation) as they 

are in the opposite direction. These findings suggest 5mC and 5hmC might tend to play 

suppressive and activating roles, respectively, in determining the expression profile across 

all genes in a given tissue, which would be programmed during cell development and 

differentiation. More subtle perturbations, such as genetic or physiological manipulations, 

could alter gene expression via numerous mechanisms such as transcription factor 

activation, histone modification, and regulatory RNA including microRNA and long non-

coding RNA. In these cases, changes in 5mC and 5hmC may play more of a fine-tuning role 

and act together with other mechanisms mentioned above to contribute to differential 

expression.

CpG islands located in the promoter regions have been the main focus of studies examining 

the role of DNA methylation in gene expression. The current study supports the importance 

of these regions as illustrated by, for example, the prominent nadir of 5mC levels around the 
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TSS. The current study, however, indicates a disproportionately large role of intragenic CpG 

islands in physiological regulation of gene expression. It would be interesting to further 

understand how changes in 5mC levels in intragenic CpG islands affect transcription.34,35

Genomic sequence variation could affect 5mC, 5hmC, and mRNA expression via either 

trans- or cis-acting mechanisms. Consistent with our previous findings,36,37 the substituted 

genomic segment appears to have substantial cis effects on mRNA expression. The effect of 

the substituted genomic segment on 5mC and 5hmC patterns, however, is not any more 

likely to be cis than trans. It remains to be determined which genes located in the substituted 

segment contribute to the trans regulation of 5mC or 5hmC.

Exposure to a high-salt diet for just seven days induced significant changes in 5mC and 

5hmC patterns. The vast majority of the cells in the renal outer medulla do not divide 

actively. We suspect most of the changes in 5mC and 5hmC that occurred might be caused 

by changes in DNA methyltransferase 3, ten-eleven translocation enzymes, and other 

enzymes that mediate de novo DNA methylation or de-methylation independent of cell 

division, or by other factors that affect de novo patterns of 5mC or 5hmC. Some of the salt 

effects were unique to SS or SS.13BN26, suggesting the effects might be influenced by the 

substituted genomic segment via trans mechanisms. It remains to be determined how long 

the changes in 5mC or 5hmC patterns will persist if the dietary salt level is returned to 0.4%. 

It would also be interesting to investigate whether the high-salt diet could induce changes in 

5mC, 5hmC, or other epigenetic regulators in germ cells or in the maternal environment in 

pregnant rats that can then transmit the memory of high-salt exposure to future generations.5

The present study demonstrates the feasibility of detecting changes in 5mC and 5hmC in a 

complex tissue region in response to genetic or physiological manipulations. The presence 

of multiple cell types in in vivo tissues complicates data interpretation. However, the 

physiological and disease relevance of in vivo tissues far outweighs any concerns about the 

complexity. It would be highly valuable to carry out 5mC and 5hmC analysis in 

homogeneous cell populations purified from in vivo tissues.20,33,37 Purification, however, is 

practical only for some cell types, and the process of purification may introduce other 

confounding factors.

Perspectives

Epigenetic modifications likely play an important role in the development and inheritance of 

hypertension.6 While epigenetic modifications of several genes have been shown to be 

associated with hypertension, genome-wide understanding of epigenetic changes in 

hypertension is largely lacking.5 The current study provided a genome-wide view of 5mC 

and 5hmC levels at single-base resolution in an in vivo disease model. The results should 

drive the development of new directions of investigation into the mechanisms underlying 

complex diseases including, but not limited to, hypertension.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance (per journal requirement)

What is new?

1. One of the first single base-resolution maps of 5hmC in any in vivo disease 

model.

2. The first base-resolution, genome-scale maps of 5mC and 5hmC in 

hypertension.

3. The first study of effects of dietary salt intake and genomic segment substitution 

on 5mC and 5hmC patterns.

What is relevant?

The result provides novel insights into the epigneomics of hypertension.

Summary

We carried out one of the first studies mapping 5mC and 5hmC at single base-resolution 

in any in vivo disease model. The results revealed several characteristics of 5mC and 

5hmC important for understanding their contribution to disease processes in vivo.
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Figure 1. 5mC patterns in the renal outer medulla of SS rats
A. Distribution of CpG sites (covered by at least 20 reads) with or without significant 5mC 

in and outside of CpG islands. B. 5mC rates of CpG sites that contained significant 5mC. C. 

Distribution of 5mC-containing CpG sites relative to gene bodies. D. 5mC rates of 5mC-

containing CpG sites categorized by their spatial relationship with gene bodies. E. 5mC rates 

across gene body and 25 kbp up- or down-stream of gene body and the relationship with 

mRNA abundance. 5mC rates were calculated based on CpG sites in 2 kbp windows moving 

at 100 bp steps. Genes were divided into three groups according to mRNA abundance levels. 
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F. Distribution of CpG islands with or without significant 5mC in transcription start site (+/- 

1 kbp), intragenic, and intergenic regions. G. 5mC rates of CpG islands located in the three 

regions. CGI, CpG island; TSS, transcription start site region.
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Figure 2. 5hmC patterns in the renal outer medulla of SS rats
A. Distribution of CpG sites (covered by at least 20 reads) with or without significant 5hmC 

in and outside of CpG islands (CGI). B. 5hmC rates of CpG sites that contained significant 

5hmC. C. Distribution of 5hmC-containing CpG sites relative to gene bodies. D. 5hmC rates 

of 5hmC-containing CpG sites categorized by their spatial relationship with gene bodies. E. 

5hmC rates across gene body and 25 kbp up- or down-stream of gene body and the 

relationship with mRNA abundance. 5hmC rates were calculated based on CpG sites in 2 

kbp windows moving at 100 bp steps. Genes were divided into three groups according to 
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mRNA abundance levels. F. Distribution of CpG islands with or without significant 5hmC 

in transcription start site (TSS +/- 1 kbp), intragenic, and intergenic regions. G. 5hmC rates 

of CpG islands located in the three regions.
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Figure 3. Effect of a chromosome 13 segment substitution on 5mC and 5hmC patterns
A. Distribution of CpG islands (CGI) containing differential 5mC levels between SS and SS.

13BN26 rats. The rats were maintained on a 0.4% NaCl diet. The top graph represented CpG 

islands with FDR < 0.05. The bottom graph represented CpG islands with FDR < 0.05 and 

difference > 5% 5mC rate. B. 5mC rates of CpG islands containing differential 5mC levels 

between SS and SS.13BN26 rats. C. Genes showing differential 5mC in CpG islands in 

transcription start site regions and differential mRNA expression between SS and SS.13BN26 

rats. L26 represents SS.13BN26 rats. D. Genes showing differential 5mC in CpG islands in 
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intragenic regions and differential mRNA expression between SS and SS.13BN26 rats. E. 

Distribution of CpG islands containing differential 5hmC levels between SS and SS.13BN26 

rats. The top graph represented CpG islands with FDR < 0.05. The bottom graph represented 

CpG islands with FDR < 0.05 and difference > 5% 5hmC rate. F 5hmC rates of CpG islands 

containing differential 5hmC levels between SS and SS.13BN26 rats.
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Figure 4. 5mC and 5hmC altered by a high-salt diet in both SS and SS.13BN26 rats
A. Distribution of CpG islands of which 5mC levels were altered by 7 days of a 4% NaCl 

diet in both SS and SS.13BN26 rats. The top graph represented CpG islands with FDR < 

0.05. The bottom graph represented CpG islands with FDR < 0.05 and difference > 5% 5mC 

rate. B. 5mC rates of CpG islands of which 5mC levels were altered by 7 days of a 4% NaCl 

diet in both SS and SS.13BN26 rats. C. Genes showing differential 5mC in CpG islands in 

intragenic regions in response to the high-salt diet in both SS and SS.13BN26 rats and 

differential mRNA expression in at least one of the rat strains. D. Distribution of CpG 
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islands of which 5hmC levels were altered by 7 days of a 4% NaCl diet in both SS and SS.

13BN26 rats. The top graph represented CpG islands with FDR < 0.05. The bottom graph 

represented CpG islands with FDR < 0.05 and difference > 5% 5hmC rate. E. 5hmC rates of 

CpG islands of which 5hmC levels were altered by 7 days of a 4% NaCl diet in both SS and 

SS.13BN26 rats. F. A gene showing differential 5hmC in a CpG island in the intragenic 

region in response to the high-salt diet in both SS and SS.13BN26 rats and differential mRNA 

expression in SS.13BN26. L26, SS.13BN26 rat; LS, 0.4% NaCl diet; HS, 7 days of 4% NaCl 

diet. *, P<0.05 vs the LS group of the same strain.
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Figure 5. 5mC and 5hmC altered by a high-salt diet in SS rats, but not in SS.13BN26 rats
A. Distribution of CpG islands of which 5mC levels were altered by 7 days of a 4% NaCl 

diet in SS rats, but not in SS.13BN26 rats. The top graph represented CpG islands with FDR 

< 0.05. The bottom graph represented CpG islands with FDR < 0.05 and difference > 5% 

5mC rate. B. 5mC rates of CpG islands of which 5mC levels were altered by 7 days of a 4% 

NaCl diet in SS rats, but not in SS.13BN26 rats. C. Genes showing differential 5mC in CpG 

islands in transcription start site regions in response to the high-salt diet in in SS rats, but not 

in SS.13BN26 rats, and differential mRNA expression in SS rats. D. Genes showing 
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differential 5mC in CpG islands in intragenic regions in response to the high-salt diet in SS 

rats, but not in SS.13BN26 rats, and differential mRNA expression in SS rats. E. Distribution 

of CpG islands of which 5hmC levels were altered by 7 days of a 4% NaCl diet in SS rats, 

but not in SS.13BN26 rats. The top graph represented CpG islands with FDR < 0.05. The 

bottom graph represented CpG islands with FDR < 0.05 and difference > 5% 5hmC rate. F. 

5hmC rates of CpG islands of which 5hmC levels were altered by 7 days of a 4% NaCl diet 

in SS rats, but not in SS.13BN26 rats. LS, 0.4% NaCl diet; HS, 7 days of 4% NaCl diet.

Liu et al. Page 23

Hypertension. Author manuscript; available in PMC 2015 April 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 6. 5mC and 5hmC altered by a high-salt diet in SS.13BN26 rats, but not in SS rats
A. Distribution of CpG islands of which 5mC levels were altered by 7 days of a 4% NaCl 

diet in SS.13BN26 rats, but not in SS rats. The top graph represented CpG islands with FDR 

< 0.05. The bottom graph represented CpG islands with FDR < 0.05 and difference > 5% 

5mC rate. B. 5mC rates of CpG islands of which 5mC levels were altered by 7 days of a 4% 

NaCl diet in SS.13BN26 rats, but not in SS rats. C. Genes showing differential 5mC in CpG 

islands in transcription start site regions in response to the high-salt diet in SS.13BN26 rats, 

but not in SS rats, and differential mRNA expression in SS.13BN26 rats. D. Genes showing 
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differential 5mC in CpG islands in intragenic regions in response to the high-salt diet in SS.

13BN26 rats, but not in SS rats, and differential mRNA expression in SS.13BN26 rats. E. 

Distribution of CpG islands of which 5hmC levels were altered by 7 days of a 4% NaCl diet 

in SS.13BN26 rats, but not in SS rats. The top graph represented CpG islands with FDR < 

0.05. The bottom graph represented CpG islands with FDR < 0.05 and difference > 5% 

5hmC rate. F. 5hmC rates of CpG islands of which 5hmC levels were altered by 7 days of a 

4% NaCl diet in SS.13BN26 rats, but not in SS rats. L26, SS.13BN26 rat; LS, 0.4% NaCl diet; 

HS, 7 days of 4% NaCl diet.
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Figure 7. Transcriptome differences between SS and SS.13BN26 rats on 0.4% or 4% NaCl diet
A. The numbers of genes differentially expressed between SS and SS.13BN26 rats 

maintained on a 0.4% NaCl diet or switched to a 4% NaCl diet for 7 days. B. The numbers 

of genes differentially expressed in SS or SS.13BN26 rats in response to 7 days of a 4% NaCl 

diet. C. KEGG pathways significantly enriched (FDR < 0.05) in the differentially expressed 

genes. L26, SS.13BN26 rat; LS, 0.4% NaCl diet; HS, 7 days of 4% NaCl diet.
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Figure 8. Genomic segment enrichment of altered 5mC, 5hmC, and mRNA abundance
The graphs showed percentage of genomic segment, CpG islands, or genes located within 

the substituted chr. 13 L26 segment (top) or on chr. 13 (bottom). All detected CpG islands 

with significant 5mC or 5hmC, all expressed genes, CpG islands with differential 5mC or 

5hmC, or genes with differential mRNA abundance in the indicated comparisons were 

examined. L26, SS.13BN26 rat; LS, 0.4% NaCl diet.*, P<0.05 vs. all detectable features (chi-

square test).
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