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Comparative analyses of histone H3K9
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ABSTRACT. The global features of trimethylations of histone 3 at lysine
9 (H3K9me3) have been well studied in recent years; however, most of
these studies were performed in mammalian cell lines. In this study, we
generated genome-wide maps of H3K9me3 of the human heart and spleen
using chromatin immunoprecipitation followed by high-throughput
sequencing (ChIP-seq) technology. We examined the global patterns
of H3K9me3 in both tissues and found that modifications were closely
associated with tissue-specific expression, function, and development.
In addition, we found that 169 genes displayed significant H3K9me3
differences between the heart and spleen. Among these genes, 64 were
heart-H3K9me3-specific, 87 genes were spleen-H3K9me3-specific, and
18 were shared in both heart- and spleen-H3K9me3. In conclusion, we
observed significant differences in H3K9me3 in the heart and spleen,
which may help to explain epigenetic differences between these tissues.
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Such novel findings highlight the significance of H3K9me3 as a potential
biomarker or promising target for epigenetic-based disease treatment.
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INTRODUCTION

Histone modifications represent one of the most common epigenetic mechanisms for
controlling gene expression, and thus cell proliferation, fate determination, and survival, during
development. Among the different types of histone modifications, the trimethylation of histone
3 at lysine 9 (H3K9me3) has been widely studied and is often associated with heterochromatin
formation, gene repression, and transcriptional elongation in different tissue types and organisms
(Lessard and Crabtree, 2010).

Epigenetics is the study of inherited modifications in gene expression and phenotypes
that are caused by mechanisms other than changes in the underlying DNA sequence. Unlike
genetic polymorphisms, non-genetic partial and reversible DNA modifications can occur in
epigenetic alterations (Elie et al., 2012).

Methylation occurs at five major lysine residues located within the amino-terminal his-
tone tails (H3K4, H3K9, H3K27, H3K36, and H4K20) and at one lysine residue found within the
globular histone domain (H3K79); these lysines can be mono-, di-, or tri-methylated (Ciccone and
Chen, 2009). Among the various histone lysine methylation patterns, this study focused on H3K9
owing to its association with condensed and repressed chromatin (Park et al., 2011). H3K9me3
is a posttranslational modification that is commonly linked with both facultative and constitutive
heterochromatin formation and transcriptional repression (Shinkai and Tachibana, 2011).

High-throughput techniques are very efficient methods for simultaneously analyzing large-
scale gene expressions to investigate the complex molecular basis of pathological processes on a ge-
nomic scale (Wu et al., 2011). One of these approaches, chromatin immunoprecipitation followed by
high-throughput sequencing (ChIP-seq), enables the genome-wide identification of binding sites of
transcription factors (TFs) and other DNA-binding proteins (Raha et al., 2010). With the emergence
of high-throughput sequencing platforms, such as Illumina Genome Analyzer and SOLiD, and the
availability of ChIP-grade antibodies, ChIP-seq has become one of the most widely used methods
for determining functional elements in the genome (Wacker and Kim, 2009). In general, when com-
pared with ChIP-chip, ChIP-seq has a higher signal/noise ratio, is less expensive, and requires lower
amounts of ChIP DNA for genome-wide analysis (Euskirchen et al., 2007).

To date, very few comparative analyses of H3K9me3 have been performed among
mammalian tissues. Hence, in this study, we adopted ChIP-seq technology to profile and com-
pare variations in H3K9me3 at the genome-wide level in the human heart and spleen to gain a
better understanding of the epigenetic differences of these tissues. By combining analyses of
both datasets, we globally described the tissue-specific expression, function, and development.

MATERIAL AND METHODS
Samples

Four hearts and spleens were obtained from four brain-dead adults who had volun-
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tarily consented to donate their organs to the 181st Hospital of the Chinese People’s Liberation
Army, Guilin, Guangxi, China. Two groups of the samples were stored at -80°C until further
analysis. The protocol for this study was approved by a suitably constituted Ethics Committee
of the Guangxi Key Laboratory for Metabolic Diseases Research and the 181st Hospital of the
Chinese People’s Liberation Army. All organ donors signed informed consent for this study.

ChIP analysis

We collected tissue samples (pooled from four individuals) of the heart and spleen
from human bodies. We carried out ChIP-seq experiments according to the published proce-
dure (BGI). Briefly, tissue samples from the human heart and spleen were homogenized and
fixed in 1% formaldehyde. Chromatins were fragmented at a size range of 100-500 bp and in-
cubated with antibodies (against trimethylation Lys 9) at 4°C overnight. After cross-linking re-
versal and proteinase K treatment, DNA samples were precipitated and purified with the QIA
quick PCR purification kit before library construction. Approximately 10 ng DNA was used
for adaptor ligation, gel purification, and polymerase chain reaction (PCR) with 15 cycles.

Next-generation sequencing

All standard protocols for Illumina sequence preparation, sequencing, and quality
control were followed in accordance with manufacturer instructions (Illumina, San Diego,
CA, USA). In short, DNA recovered from a conventional ChIP procedure was quantified us-
ing the QuantiFluor fluorometer (Promega, Madison, WI, USA). The DNA integrity was veri-
fied using the Agilent Bioanalyzer 2100 (Agilent, Palo Alto, CA, USA). The DNA was then
processed, including end repair, adaptor ligation, and size selection, using an Illumina sample
prep kit following manufacturer instructions (Illumina). Final DNA libraries were validated
and sequenced at 75 bp per sequence read using an Illumina GAIIx sequencer at a depth of
approximately 30 million sequences per sample.

ChlIP-seq analysis

ChIP DNA end repairing, adaptor ligation, and amplification were performed as
described previously (Lin et al., 2009). Fragments of approximately 49 bp (without linkers)
were isolated from agarose gel and used for sequencing using the Solexa/Illumina 2G genetic
analyzer. Sequencing tags were aligned to the Hg19 February 2009 release of the reference
genome using SOAP 2.21, an ultrafast memory-efficient short read aligner (Langmead et al.,
2009). We only considered tags that aligned uniquely with less than two mismatches. ChIP-
seq reads analysis included the ChIP sequencing distribution in the whole genome, the ChIP
sequencing distribution in repeat regions, and the ChIP sequencing distribution in gene regions.
For enriched-region (peak) identification (peak scanning), we used the Model-based Analysis
of ChIP-seq (MACS 1.4.0) algorithm (Feng et al., 2011). A simple effective technique for the
analysis of eukaryotes, MACS was designed to identify transcription factor binding sites and
histone modification-enriched regions in ChIP-seq datasets, with or without control samples
(Shin et al., 2012). The following parameter for MACS was applied: P value cutoff = 1.00e-
05; if the candidate peak region P value <1.00e-05, the region was considered a peak.
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The enriched peaks were annotated with gene annotation using AmiGO version 1.8, a
web application that allows users to search, sort, analyze, and visualize ontologies and related
gene product annotation data. AmiGO can be used online at the Gene Ontology (GO) website
to access the data provided by the GO Consortium (Carbon et al., 2009).

RESULTS
ChIP-seq

Using specific antibodies, we performed a ChIP-seq analysis on two samples: H3K9me3
of the heart and H3K9me3 of the spleen. We used SOAP 2.21, an ultrafast memory-efficient short
read aligner, to align sequencing reads to the reference genome (Hg19), and the alignment results
are presented in Table 1. All ChIP-seq data aligned well with the reference genome. This process
resulted in a total of 12,943,074 reads and 10,649,001 (82.28%) aligned reads of heart samples, and
a total of 12,952,347 reads and 10,491,537 (91.72%) aligned reads of spleen samples.

Table 1. Results of sequence alignment.

Sample ID Number of total Number of aligned Number of unique Aligned rate Unique
reads (pair) reads (pair) aligned reads (pair) aligned rate

heart-H3K9me3 12943074 10649001 9358082 82.28% 72.30%

spleen-H3K9me3 12952347 11879735 10491537 91.72% 81.00%

Genome-wide distributions of H3K9me3 of samples

We used MACS for enriched region (peak) identification with a P-value cutoff of
1.00e-05 (if the candidate peak region P value <1.00e-05, the region is a peak). The ChIP-seq
for the heart sample generated 187 enriched regions (peaks) with a total length of 155,759 bp,
and the spleen sample generated 217 enriched regions (peaks) with a total length of 180,635
bp. The peak distribution of the ChIP-seq reads of H3K9me3 in samples exhibited a typical
priority distribution pattern (Figure 1).

GO analysis of peaks relative to annotated genes

To further understand the functions of the annotated genes related to peaks, they were
functionally categorized according to GO annotation terms. In terms of the GO database, the
differentially expressed proteins encoded by these genes were divided into 3 categories: bio-
logical process, cellular component, and molecular function. Among the annotated genes, 104
genes of the heart with annotation terms were linked to the GO cellular component (37 genes),
molecular function (37 genes), and biological process (30 genes) categories, and 137 genes of
the spleen with annotation terms were linked to the GO cellular component (52 genes), molecu-
lar function (45 genes), and biological process (40 genes) categories. Within the cellular com-
ponent categories, we found that of the annotated genes of the heart, 34 were annotated as cell
parts and 19 located on organelles, whereas of the annotated genes of the spleen, 46 were an-
notated as cell parts and 21 located on organelles. The molecular function ontology showed that
the numbers of binding and catalytic activity genes of the heart were 33 and 17, respectively,
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and the numbers of binding and catalytic activity genes of the spleen were 36 and 16, respec-
tively. The proportion of genes showing enzyme regulator activity of the heart and spleen were
8.1 and 8.9% respectively. With respect to the biological process, 27 and 20 genes of the heart
were involved in cellular processes and in biological regulation, respectively, and 36 and 25
genes of the spleen were involved in cellular processes and biological regulation, respectively.
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Figure 1. Distribution of the peak at different gene function element.

Comparison of H3K9me3 status between the heart and spleen

Analysis of differences in samples was based on the peak-related gene list of different
samples to determine the numbers of unique and shared genes between the heart and spleen
based on gene ID (Figure 2). The total number of sites of unique genes of samples affected by
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peak was used as the cardinal number to calculate the proportion of gene-related sites (Figure
3). GO functional clustering was calculated after variance analysis. The enrichment of shared
peak regions was compared in the two samples using heat maps (Figure 4).
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Figure 2. Venturi of different analysis of related genes of peak.
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Figure 3. Proportion of distribution of each sample specific gene reads.
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Figure 4. Cluster analysis of the enrichment of shared peak.
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By applying the above analysis procedure to the sequence results, we found that 169
genes displayed significant H3K9me3 differences between the heart and spleen. Among these
genes, 64 were heart-H3K9me3-specific, 87 were spleen-H3K9me3-specific, and 18 genes
were shared in both heart- and spleen-H3K9me3.

The H3K9me3 alterations of 8 selected genes are DLG2, ANO6, NFIA, PTN3,
Cllorf4, ITSN2, LPP, and RBMS3. These selected genes showed the largest differences in the
heart and spleen, respectively. Among these genes, PTPN3 and RBMS3 were further selected,
which showed the largest differences in introns of the heart and spleen, respectively.

DISCUSSION

Modifications of histone tails are believed to specify a code that regulates the expres-
sion of genes. Trimethylated H3K9 (H3K9me3) is a highly conserved histone posttransla-
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tional modification that is commonly linked with both facultative and constitutive hetero-
chromatin formation and transcriptional repression. H3K9 methylation was initially studied
as a marker of epigenetic silencing and constitutive heterochromatin, which is found close to
the centromeres. To cover these regions, in this study, we used ChIP-seq, which enables the
genome-wide identification of binding sites of TFs and other DNA-binding proteins. Although
H3K9me3 was first observed several years ago, very little is known about its subtle inter-
relationships with other epigenetic modifications and its potential functional significance in
human organs. Therefore, in this study, we selected H3K9me3 as the target, performed investi-
gations using the ChlIP-seq strategy, and explored the hypothesis that H3K9me3 are associated
with the heart and spleen.

In the present study, we mainly analyzed the trimethylation status of H3K9 in the
heart and spleen. The identified candidate genes included genes associated with immunity, cell
signal transduction, protein transcription, and synthesis of ion channels, transporters, and the
extracellular matrix, among others.

Among the identified candidate genes, we found that PTPN3 and RBMS3 displayed
differences between introns in the heart and the spleen, respectively. PTPN3 encodes the pro-
tein tyrosine phosphatase non-receptor type 3 (PTPN3) protein, which is a member of the pro-
tein tyrosine phosphatase (PTP) family. PTPs are known to be signaling molecules that regu-
late a variety of cellular processes including cell growth, differentiation, mitotic cycle, and
oncogenic transformation. This protein contains a C-terminal PTP domain and an N-terminal
domain homologous to the band 4.1 superfamily of cytoskeletal-associated proteins. P97, a
cell cycle regulator that is involved in a variety of membrane-related functions, has been
shown to be a substrate of this PTP. This PTP was also found to interact with, and be regulated
by, adaptor protein 14-3-3 beta. Several alternatively spliced transcript variants encoding dif-
ferent isoforms have been found for this gene.

Jung et al. (2012) applied the next-generation sequencing technique to analyze the
transcriptome of the non-small cell lung carcinoma (NSCLC) cell line H2228, and discovered a
fusion transcript composed of multiple exons of anaplastic lymphoma receptor tyrosine kinase
(ALK) and PTPN3. Detailed analysis of the genomic structure revealed that a portion of the
genomic region encompassing exons 10 and 11 of ALK has been translocated into the intronic
region between exons 2 and 3 of PTPN3. The key net result appears to be the null mutation of
one allele of PTPN3, a gene with tumor suppressor activity. Consistently, ectopic expression of
PTPN3 in NSCLC cell lines led to inhibition of colony formation (Jung et al., 2012).

The RNA binding motif, single stranded interacting protein 3 (RBMS3) gene encodes
an RNA-binding protein that belongs to the c-myc gene single-strand binding protein family.
These proteins are characterized by the presence of two sets of the ribonucleoprotein con-
sensus sequence (RNP-CS) that contain conserved motifs, RNP1 and RNP2, was originally
described in RNA binding proteins, and is required for DNA binding. These proteins have
been implicated in such diverse functions as DNA replication, gene transcription, cell cycle
progression, and apoptosis. The encoded protein was isolated by virtue of its binding to an up-
stream element of the alpha2 (I) collagen promoter. The observation that this protein localizes
mostly in the cytoplasm suggested that it might be involved in a cytoplasmic function, such
as controlling RNA metabolism, rather than transcription. Multiple alternatively spliced tran-
script variants encoding different isoforms have been found for this gene. Functional studies
using both overexpression and suppression systems demonstrated that RBMS3 plays a strong
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tumor suppressive role in nasopharyngeal carcinoma. The tumor suppressive mechanism of
RBMS3 was associated with its role in cell cycle arrest at the G1/S checkpoint by upregulat-
ing p53 and p21, downregulating cyclin E and cyclin-dependent kinase 2, and subsequently
inhibiting Rb-ser780. Further analysis demonstrated that RBMS3 played a pro-apoptotic role
in a mitochondrial-dependent manner via activation of caspase-9 and poly-ADP ribose poly-
merase. Finally, RBMS3 inhibited microvessel formation, which might be mediated by the
down-regulation of matrix metalloproteinase (MMP)-2 and B-catenin and inactivation of its
downstream targets, including cyclin-D1, c-Myc, MMP-7, and MMP-9 (Chen et al., 2012).

In a novel zebrafish protein trap screen, Jayasena and Bronner (2012) identified an
RNA-binding protein, Rbms3, which is transiently expressed in the cytoplasm of condensing
neural crest cells within the pharyngeal arches. Morphants for rbms3 displayed reduced pro-
liferation of the prechondrogenic crest and significantly altered expression of chondrogenic/
osteogenic lineage markers. This phenotype strongly resembles that of cartilage/crest defects
observed in Tgf-pr2:Wntl-Cre mutants, which suggests a possible link with transforming
growth factor (TGF)-B signaling. Several findings are consistent with this: a) Rbms3 stabi-
lized a reporter transcript with the smad2 3'-untranslated region, b) RNA immunoprecipitation
with full-length Rbms3 showed enrichment for smad2/3, and c¢) pSmad?2 levels were reduced
in rbms3 morphants. Overall, these results suggest that Rbms3 post-transcriptionally regulates
one of the major pathways that promotes chondrogenesis, the TGFf receptor pathway (Jayas-
ena and Bronner, 2012).

In summary, we systematically evaluated the status of H3K9me3 in the heart and
spleen and gained new insights into the links between key genes and histone methylation in
the context of human organs. Our study confirms the utility of next-generation sequencing as a
tool for the discovery of DNA methylation and has led to the identification of a novel methyla-
tion and disease that may be of diagnostic, prognostic, and therapeutic importance. Such novel
findings show the significance of H3K9me3 as a potential biomarker or promising target for
epigenetic-based disease treatment.
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