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ABSTRACT: Butyrate is a nutritional element with strong epigenetic regulatory activity as a histone deacetylase inhibitor. Based on the analysis of
differentially expressed genes in the bovine epithelial cells using RNA sequencing technology, a set of unique genes that are activated only after butyrate
treatment were revealed. A complementary bioinformatics analysis of the functional category, pathway, and integrated network, using Ingenuity Pathways
Analysis, indicated that these genes activated by butyrate treatment are related to major cellular functions, including cell morphological changes, cell cycle

arrest, and apoptosis. Our results offered insight into the butyrate-induced transcriptomic changes and will accelerate our discerning of the molecular fun-

damentals of epigenomic regulation.
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Introduction

Butyrate is a nutritional element produced by bacterial
fermentation of dietary fibers in the digestive track of all
mammals. Ruminant species metabolize the short-chain
fatty acids (acetate, propionate, and butyrate) to fulfill up
to 70% of their nutrient energy requirements. It is now well
established that microbial fermentation in the gastrointes-
tinal tract contributes to the energy balance of all mam-
malian species.»? This can be of great advantage to animals
and human beings, since no digestive enzymes exist for
breaking down cellulose or other complex carbohydrates.
'The large number of bacterial species, the complex nature of
their interactions, and the end products of their fermenta-
tion processes are all likely to have significance in human
and animal health.

Butyrate appears to be involved in metabolism in ways
that differ from its role as a nutrient. It has also proven to be
a strong regulator of genomic activities. Butyrate participates
in metabolism both as a nutrient and as an inhibitor of his-
tone deacetylases (HDACsS). The major biochemical change
that occurs in cells treated with butyrate is the global hyper-
acetylation of histones. In our previously reported studies, the
potential biological roles of butyrate were also investigated,

using the established Madin-Darby bovine kidney (MDBK)

epithelial cell line. This study focused on determining whether
normal bovine cells in a standard cell culture condition were
sensitive to the growth inhibitory effects of butyrate. Butyrate
not only induced apoptosis but also induced cell cycle arrest
at the G1/S boundary and G2/M in MDBK cells. The cell
responses were concentration dependent.’

Histone modifications, especially histone acetylation and
methylation, play a dominant role in epigenomic regulation.
Butyrate is an important player in inducing histone acetyla-
tion. For many years, it has been recognized that consump-
tion of dietary fibers has many positive metabolic health
effects, such as increasing satiety and lowering blood glucose
and cholesterol levels, as well as inducing cell differentiation
and apoptosis. These effects may be associated with short-
chain fatty acids, particularly propionic and butyric acids.
In the past decade, the multiple beneficial effects of butyrate
at the intestinal and extraintestinal levels have been dem-
onstrated. Butyrate has different mechanisms of action, and
many of these involve epigenetic regulation of gene expression
through the inhibition of HDACs. There is a growing inter-
est in butyrate because its impact on epigenetic mechanisms
could lead to more specific and efficacious therapeutic strat-
egies for the prevention and treatment of different diseases,
ranging from genetic/metabolic conditions to neurological
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degenerative disorders, as well as cancer.* Butyrate as a cancer
prevention and therapeutic reagent has been extensively stud-
ied and reviewed>—®

At physiologic concentrations, butyrate regulates the
expression of individual genes by inhibition of histone
deacetylation and attendant chromatin remodeling.**1° Uti-
lizing global gene expression profiling, recent studies indicate
that butyrate induces significant changes in the expression
of genes associated with the regulatory pathways critical to
cell growth, immune response, and signal transduction.311:12
A majority of these genes is repressed by butyrate and is asso-
ciated with cell cycle control. Next-generation sequencing
(NGS) has provided unique tools for transcriptomic profil-
ing and genome analysis.’*> As a fundamental step toward
an ample understanding of the molecular mechanisms of
butyrate-induced acetylation and its biological eftects, NGS
technology was utilized to give a more complete categoriza-
tion of the RNA transcripts of MDBK cells.!® In this study,
we performed further bioinformatics analysis of the entire
transcriptome of cell populations with or without butyrate
treatment and identified a unique group of genes that only
become activated after butyrate treatment. In order to fur-
ther understand the process, we analyzed the transcriptome
alterations induced by butyrate and discovered a set of genes
uniquely expressed only after butyrate treatment. We also
conducted a complementary bioinformatics analysis of the
functional category, pathway, and integrated network using
Ingenuity Pathways Analysis (IPA, http:/www.ingenuity.
com) of those uniquely expressed genes to identify the possible
mechanisms underlying gene expression regulation induced

by butyrate.

Methods and Materials

Cell culture and butyrate treatment. Bovine epithe-
lial cells (MDBK epithelial cells, American Type Culture
Collection, Catalog No. CCL-22) were used in this study.
'The culture condition and butyrate treatment were described
in our previous report.> Briefly, at ~50% confluence, the
cells were treated with 10 mM sodium butyrate (Calbio-
chem) for 24 hours. A total of eight samples (four replicate
flasks of control cells and four replicates of butyrate-treated
[BT] cells) were used for the RNA sequencing technology
(RNA-seq) experiments.

RNA extraction and sequencing using RNA-seq. Total
RNA was extracted using Trizol (Invitrogen). Any potential
DNA contamination was cleaned by DNase digestion and
Qiagen RNeasy column (Qiagen), as previously described.!
The RNA integrity was verified using an Agilent Bioanalyzer
2100 (Agilent). An Illumina TruSeq RNA sample prepara-
tion kit was used to prepare a high-quality RNA sequencing
library (RNA integrity number [RIN] >9.0) by following
the manufacturer’s instruction (Illumina). RNA sequencing
was performed at 50 bp/sequence using an Illumina HiSeq
2000 sequencer, as described previously.” Approximately

67.5 million reads per sample (mean *+ standard deviation
[SD] = 67,527,111 £ 8,330,388.6) were generated.
Bioinformatics and data analysis. Raw sequence reads
were first through the quality control pipeline. TopHat!® was
used to align trimmed reads to the bovine reference genome
(Btau 4.0). Mapped reads were normalized based on the
upper-quartile normalization method and Cuftdiff was used
to model the variance in fragment counts across replicates
using the negative binomial distribution as described previ-
ously. The mean number of sequence reads generated per
sample was 67,527,111 £ 8,330,388.58 (£SD). A total of eight
replicates were used in the two groups, BT and phosphate-
buffered saline treated (control [CT]; V= 4 for each group).
Raw sequence reads were deposited to the NCBI Sequence
read Archive (SRA accession number 051007). Uniquely
expressed genes were defined as those RNAs that were only
detected in all four replicates of butyrate-treated data sets.
IPA (Ingenuity® Systems, and www.ingenuity.com)
was used to further evaluate molecular processes, molecular
functions, and genetic networks of differentially expressed
genes.'”2 TPA is a web-based software application that
allows analysis, integration, and understanding of data from
gene expression. Data analysis and search capabilities help
in understanding the significance of data, specific targets,
or candidate biomarkers in the context of larger biological or
chemical systems. The software is supported by the Ingenuity
Knowledge Base of highly structured, detail-rich biological,

and chemical findings.

Results and Discussion

Butyrate-induced differential expression of genes
and unique genes detected with deep transcriptomic
sequencing. High-throughput RNA sequencing has opened
a new horizon for revealing global profiles in gene expression
allowing the detection of differential transcription, transcript
isoforms, alternative splicing, and genomic structural varia-
tion. To decipher the gene regulatory mechanisms induced
by butyrate treatment, we used untransformed normal bovine
epithelial cells (MDBK) exposed to 10 mM butyrate for
24 hours, which is an established model for butyrate stimula-
tion.>1112 Using high-throughput RNA sequencing, we gen-
erated 57,303,693 to 78,933,744 sequencing reads per sample
(NIH NCBI Sequence Read Archive [SRA] 051007; database
accession numbers SRX130570, SRX130571, SRX130572,
SRX130573, SRX130576, SRX1305680, SRX130582, and
SRX130583). There were 24,526 genes that were detected
in at least one sample. There were 16,212 genes that were
detected in all the samples and these were accounted for as
the core transcriptome of the bovine epithelial cell. In the
BT group, 19,477 £ 155 (mean + SD) genes were identified,
while 17,626 £ 124 (mean £ SD) genes were identified in
the control group. Figure 1 summarizes the results of RNA
sequencing analysis. RNA-seq data from BT cells and con-
trol cells allow for the detection of differentially expressed
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Figure 1. Summary of RNA sequencing data. (A) Volcano plot of differentially expressed genes between control and butyrate-treated cells (B) Heat map of
all differentially expressed genes, legend: —log 2-fold changes. (C) The principal component analysis shows gene expression patterns of control cells and
butyrate-treated cells (four replicates each) as two distinctive components. Transcriptomics data were visualized using CLC Genomics Workbench software.

genes of biological significance.’ Figure 1A shows the
volcano plot of differential RNA expression between the
control group and BT cells. Among those differentially
expressed genes, we observed expression changes in over
11,000 genes at a strict false discovery rate of 0.05 (Fig. 1B).
The principal component analysis shows the gene expres-
sion patterns of control cells and butyrate-treated cells (four
replicates each) as two distinctive components (Fig. 1C). To
generate a unique set of bovine genes induced by butyrate,
cuffcompare was implemented in this study. We detected
588 genes expressed in BT cells of four replicates but not in
the normal control cells of the four replicates (Supplemen-
tary Table 1). Very interestingly, among these 588 genes, we
detected 241 novel genes that have not been annotated. Some
of these novel genes are abundantly expressed with butyrate

treatment (Supplementary Table 1). The Manhattan plots in
Figure 2 show the total number of differentially expressed
genes (lower panel) and unique genes in BT cells with
genomic coordinates on 29 autosomal chromosomes as well as
the X chromosome.

Comprehensive function and pathway analyses of
unique genes activated by butyrate treatment. In order to
further systematically discover more about the biological
function of these unique genes, the function and pathway
analysis of uniquely activated genes in cells treated with
butyrate were investigated using the IPA. The biological
functions that were most significantly enhanced in the
data set were identified. When a functional analysis of the
genes was performed, genes from the data sets that were
associated with biological functions were cataloged, and
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Figure 2. Manhattan plots of differentially expressed genes chromosomal distribution. Lower panel shows all differentially expressed genes and upper

panel shows the genes only expressed with butyrate treatment.

P values were calculated with Fischer’s exact test. The top
molecular and cellular functions, as determined by P-value,
are shown in Figure 3. These functions may represent, at
least partially, the mechanisms related to the important
biological effects of butyrate treatment. These functions,
including cell-to-cell signaling, cellular movement, antigen
presentation, and nucleic acid metabolism, were directly
related to the phenomena induced by butyrate treatment,
such as cell cycle arrest, cell morphology changes, and
apoptosis.>!? The perturbation of these functions is likely

responsible for the cell cycle arrest at the G1, as a result of
butyrate treatment.’

In addition to the functional annotation, IPA analysis
also revealed that genes uniquely expressed due to butyrate
treatment are involved in some very important canonical
pathways (Fig. 4). The canonical pathways include 3%,5"-cyclic
adenosine monophosphate (cAMP)-mediated signaling and
G protein-coupled receptor (GPCR) signaling. GPCRs are
a large family of integral membrane proteins that respond
to a variety of extracellular stimuli.?* GPCRs transduce
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Figure 3. Global functional analysis. The top molecular and cellular functions altered by butyrate-activated genes were summarized. Data sets were
analyzed by the IPA software (Ingenuity® Systems, www.ingenuity.com). The significant value associated with a function in global analysis is a measure
for how likely it is that genes from the data set file under investigation participate in that function. The significance is expressed as a P-value, which is

calculated using the right-tailed Fisher’s exact test.
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Figure 4. Global Canonical Pathway analysis: data sets were analyzed by the IPA software (Ingenuity® Systems, www.ingenuity.com). The significance
is expressed as a P-value, which is calculated using the right-tailed Fisher’s exact test.

the information provided by these stimuli into intracellular
secondary messengers that are interpreted as meaningful
signals by the cell. This process involves the coupling of
agonist-activated GPCRs to a wide variety of effector systems
via their interaction with heterotrimeric guanine nucleotide-
binding proteins (G proteins). It is now apparent that GPCR
activity and function is regulated by an incredible variety of
mechanisms. These mechanisms act at the level of GPCR
ligand specificity, G protein activation, and eftector regula-
tion. The cAMP-dependent pathway, also known as the ade-
nylyl cyclase pathway, is a GPCR-triggered signaling cascade
used in cell communication.?*?¢ Butyrate treatment induced
GPCR and cAMP-dependent pathway activation indicates
that these pathways might be involved in the regulation of
the biological effects of butyrate. Further investigations are
necessary to understand how does butyrate perturb intracel-
lular signal transduction of these signaling pathways.
Upstream regulators and transcription factors. IPA
analysis also revealed potential upstream regulators that may
be involved in the activation of this group of unique genes.
Transcription factors control the transcription of genetic
information from DNA to mRNA by binding to specific
DNA sequences.?’ Transcription factors can function either as
activators or as repressors for the expression of specific genes.
Table 1 lists the major transcription regulators (factors) and
other upstream regulators identified by IPA analysis. Only the
upstream regulators with a regulation Z-score, either positive

or negative, are listed. A Z-score is a statistical measurement
of a score’s relationship to the mean in a set of scores. The posi-
tive or negative Z-scores suggest whether the score is above or
below the mean and by how many SDs. In addition to these
transcription factors, some cell signaling factors, such as cytok-
ines, as well as growth factors, may be involved in the activa-
tion of this group of genes. Their regulatory target genes in the
data set revealed by IPA analysis are also listed in Table 1. It is
worth noting that among all those upstream regulators, LEP,
the gene that encodes protein leptin, is itself upregulated.
Leptin was initially thought to have a role in energy homeo-
stasis and obesity. More recently, it has also been implicated
in the regulation of reproduction, glucose homeostasis, bone
formation, wound healing, and the immune system.

The biologically relevant networks in the uniquely
expressed gene data set. The IPA analysis was also used to
determine the biologically relevant networks among the uniquely
expressed genes, as well as the potential association with the
uniquely expressed genes induced by butyrate. The top two net-
works are presented in Figure 5. The first network has associated
network functions of cell signaling, nucleic acid metabolism,
and small molecular biochemistry. This network also shows
the involvement of HDACs and histone 3 and histone 4 in the
perturbation of the functional gene network and provides a
direct correlation of gene functions and butyrate as an HDAC
inhibitor (HDACH). The second network has associated network
functions of inflammatory response, cellular movement, and
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Table 1. Upstream regulators and their targets in the data set.

UPSTREAM MOLECULE TYPE PREDICTED ACTIVATION P-VALUE OF TARGET MOLECULES IN DATASET
REGULATOR ACTIVATION Z-SCORE OVERLAP
STATE
IL6 Cytokine Activated 3.202 3.05E-03 CALCA, CCK, CCL24, CCL4, CCR1, CD53,
CD79A, CDX2, CHRNB4, EOMES, LEFTY2, LEP,
LIN28A, POMC, SCGB2A2, SERPINA1, SP7
CEBPB Transcription regulator  Activated 3.044 2.24E-03 ADRB3, AOC1, APLNR, CCL4, CSF3, CYP11A1,
FKBP6, LEP, POMC, SEPT3, SERPINA1, TNFAIP6
STAT3 Transcription regulator  Activated 2.809 2.24E-02 CCL4, CCR1, CSF3, CXCR2, EOMES, FLRT3, IHH,
LEP, NROB1, POMC, SERPINA1
NFkB (complex)  Complex Activated 2.752 8.68E-03 CAMP, CCK, CCL4, CSF3, EOMES, GAD1, IFNA16,
MSTN, MT3, SFTPA1, SLPI, TNFAIP6, TNFSF14,
TNFSF4
CD44 Enzyme Activated 2.646 4.69E-03 CCL19, CCL4, CD8B, CDX2, CLEC7A, NANOG,
SERPINA1
L-triiodothyronine Chemical-endogenous Activated 2.617 7.70E-03 ALPI, APOA5, CMKLR1, CYP11A1, CYP4A11, DIO3,
mammalian LEP, MYOD1, NEUROGS3, PTGDS
IGF1 Growth factor Activated 2.482 6.78E-03 CAMP, CCL4, CYP11A1, INSL3, LEP, MSTN, MYOD1,
NEUROGS3, PLP1, SLPI, SP7
ERK Group Activated 2.425 1.70E-02 CCK, CCL4, CCR1, DIO3, PIWIL1, SP7, STMN4
LEP Growth factor Activated 2.297 4.13E-04 ADRB3, AQP7, AQP9, CCK, CSF3, CYP11A1, CYP4A11,
HCRT, INSL3, LEP, MYOD1, PLP1, POMC, RETN
RBPJ Transcription regulator Inhibited -2.236 4.29E-03 CAMP, CSF3, GDF10, GDF5, LEFTY2, MSTN
NEUROG3 Transcription regulator Activated 2.236 1.50E-03 CCK, GIP, NEUROD2, NEUROGS3, PPY
PPIF Enzyme Activated 2.236 5.00E-03 CCL4, CCR1, CMKLR1, CXCR2, GDF5
MEF2C Transcription regulator Activated 2.224 5.28E-04 KCNA5, MYH1, MYL2, MYOD1, SFRP2, SP7
MAP3K8 Kinase Activated 2.213 2.78E-02 ADORAB, CCL4, CCR1, CD70, CSF3
D-glucose Chemical-endogenous Activated 2.187 3.79E-01 HCRT, LEP, MSTN, PPY, PTGDS, RETN, TRPV6
mammalian
Butyric acid Chemical-endogenous Activated 2.055 1.17E-01 ALPI, CAMP, CCK, CCR1, CYP4A11, LEP, MYL2,
mammalian PTGDS
STAT5A Transcription regulator Inhibited —-2.000 1.78E-02 CD70, EOMES, MYH1, MYL2, TNFRSF18, TNFSF4
CDKN2A Transcription regulator Activated 2.000 1.99E-01 CCL19, CCL24, CCL4, CXCR2, MYL2
CORT Other -1.982 4.91E-04 CCL19, CCL4, CCR1, POMC

hematological system development and function. The associated
network functions underlie the biological effects of the butyrate
treatment and shine light on the mechanisms by which histone
modification is induced by butyrate treatment.

Using HDAC inhibitors to study histone acetylation
and gene regulation contributed significantly to our knowl-
edge of histone modification and epigenetics regulation. Our

previous studies®!1:16

revealed that butyrate participates in
metabolism as regulators of histone modification and pro-
vides an example of nutrient-induced specific modulation of
epigenetic regulation. Development of the NGS technique
has presented unique tools for transcriptomic profiling and
for genome analysis.!>?® We utilized NGS technology to
completely characterize the RNA transcripts of MDBK
cells and the effects of butyrate treatment.!® This is a crucial
step toward a broad comprehension of the epigenetic system
of butyrate-induced hyperacetylation, as well as its biologi-
cal consequences. The current report is a complementary

study to compare the transcriptomes of the normal cells
and the cells treated with 10 mM butyrate for 24 hours.
Our results uncovered the unique set of genes activated by
butyrate treatment. With the technical advantages of NGS
deep-sequencing and with an average of >67 million reads
per sample, the differential expression of genes induced
by butyrate treatment was revealed in much more detail
than that of our earlier study that used a microarray. Our
previous study, using microarray technique, detected only
450 genes as significantly regulated by butyrate treatment.!!
However, using NGS deep sequencing, ~11,408 genes were
detected as significantly impacted by butyrate.’® NGS also
facilitated the revealing of a unique group of genes acti-
vated by butyrate treatment from all differentially expressed
genes, as described in this report.

Butyrate exerts a very broad range of effects on many
biological pathways via its inhibitory ability on HDAC. The
genes that were identified (Supplementary Table 1), which
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Figure 5. The biologically relevant network: the data set of uniquely expressed genes was analyzed by the IPA software (Ingenuity® Systems, www.
ingenuity.com). The color indicates the expression level of the genes (red indicating upregulated genes and green indicating downregulated genes). The
upper panel shows the first network with 24 focus genes, which are involved in biological functions, such as cell signaling, nucleic acid metabolism, and

small molecule biochemistry. The lower panel shows the second network with 24 focus genes, which are involved in biological functions. such as tissue
morphology, carbohydrate metabolism, and molecular transport.

fall within a broad range of functional categories, appeared
to provide the molecular basis for its biological effects. The
pathway analysis on the butyrate-activated genes, using
the Ingenuity Pathway Analysis tool, successfully identi-
fied remarkable changes in genetic networks, transcription

regulators, and functions related to various cell func-
tional activities. These uniquely expressed genes, induced
by butyrate treatment, revealed a basis for understand-
ing the molecular mechanisms of the biological effects of
butyrate provided by global gene expression profiling using
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deep RNA sequencing. It is also an expedient step toward
understanding the histone modification as an important
epigenomic regulatory mechanism.
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