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Age dependent changes in the LPS induced
transcriptome of bovine dermal fibroblasts occurs
without major changes in the methylome
Benjamin B Green, Stephanie D McKay and David E Kerr*
Abstract

Background: By comparing fibroblasts collected from animals at 5-months or 16-months of age we have previously
found that the cultures from older animals produce much more IL-8 in response to lipopolysaccharide (LPS) stimulation.
We now expand this finding by examining whole transcriptome differences in the LPS response between cultures from
the same animals at different ages, and also investigate the contribution of DNA methylation to the epigenetic basis for
the age-dependent increases in responsiveness.

Results: Age-dependent differences in IL-8 production by fibroblasts in response to LPS exposure for 24 h were abolished
by pretreatment of cultures with a DNA demethylation agent, 5-aza-2′deoxycytidine (AZA). RNA-Seq analysis of fibroblasts
collected from the same individuals at either 5 or 16 months of age and exposed in parallel to LPS for 0, 2, and 8
h revealed a robust response to LPS that was much greater in the cultures from older animals. Pro-inflammatory
genes including IL-8, IL-6, TNF-α, and CCL20 (among many other immune associated genes), were more highly
expressed (FDR < 0.05) in the 16-month old cultures following LPS exposure. Methylated CpG island recovery
assay sequencing (MIRA-Seq) revealed numerous methylation peaks spread across the genome, combined with
an overall hypomethylation of gene promoter regions, and a remarkable similarity, except for 20 regions along
the genome, between the fibroblasts collected at the two ages from the same animals.

Conclusions: The fibroblast pro-inflammatory response to LPS increases dramatically from 5 to 16 months of age
within individual animals. A better understanding of the mechanisms underlying this process could illuminate
the physiological processes by which the innate immune response develops and possibly individual variation in
innate immune response arises. In addition, although relatively unchanged by age, our data presents a general
overview of the bovine fibroblast methylome as a guide for future studies in cattle epigenetics utilizing this cell type.
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Background
The innate immune response plays an important role
in the clearance of pathogens following an infection,
including during bovine mastitis. Components of the
recognition and response pathway, mediated by toll-like
receptor (TLR)4, are susceptible to regulation of gene
expression by epigenetic mechanisms. For example,
DNA-methylation of the TLR4 gene promoter has been
linked to lower expression and diminished response to
LPS in intestinal epithelial cells [1]. Conversely, DNA
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hypomethylation has been implicated in over expression
of myeloid differentiation factor (MD)-2 in human IECs
leading to higher responsiveness to LPS exposure [2].
Therefore, it may be postulated that phenotypic vari-
ation in the response to LPS between individuals may be
partially controlled by epigenetic modification. Environ-
mental exposures have been linked to alteration in the
innate immune response as well, with studies conducted
on pregnant rats showing that prenatal exposure to
LPS leads to a suppressed innate immune response in
offspring when examined at 5 days post birth [3] or even
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after 40 weeks of life [4]. Understanding the role of
DNA methylation on the LPS response as an animal ages,
may in time yield candidate regions of control to investi-
gate differential responses to LPS between animals.
We have previously demonstrated an age-dependent

increase in the immune response of bovine dermal fibro-
blasts [5], with cultures from collected the same individ-
ual at 16 versus 5 months of age showing an increase in
IL-8 production in response to LPS. Understanding the
potential epigenetic mechanisms regulating the develop-
ment of the bovine innate immune response within an
individual could be used to help understand underlying
causes of variation between individuals. For example,
dairy cows display a range of responses when exposed to
the same bacterial pathogen in experimental mastitis
challenge studies [6,7]. We have also found a substantial
range between animals in the magnitude of response of
fibroblasts to LPS stimulation that relates to the in vivo
response to intravenous LPS [5] or intramammary E. coli
challenge [8]. The use of fibroblasts collected from the
same animal at different ages allows for the investigation
of phenotypic variation without confounding genotypic
differences.
One potential mechanism controlling the TLR response

pathway may be DNA methylation. Some data exists on
the role of DNA methylation affecting the TLR4 signaling
pathway in humans [1,2], though only limited data exists
for dairy cows [9]. In addition, changes in DNA methyla-
tion with age have previously been described, further
implicating it as a potential mechanism of age associated
alterations in gene expression and innate immune re-
sponse. Analysis of human fibroblasts utilizing the
Infiniun HumanMethylation27 Assay, which investi-
gates methylation levels at approximately 27,000 CpG
loci, identified both site specific and regional alter-
ations of methylation levels when comparing younger
(<23 years old) with older (>65 year old) individuals
[10]. In a separate longitudinal study, use of the Infi-
num HumanMethylation27 Assay found methylation
differences between individuals at ages 1 and 5 years
based upon hierarchical clustering, denoting changes
both within and across individuals due to age [11]. Our
work aims to investigate whether a similar phenomenon
may be occurring in the bovine model, and whether this
may be linked to alterations in cell signaling and subse-
quent physiological processes.
While the bovine innate immune response has been

well characterized under both in vitro and in vivo con-
ditions [5,12,13], little research has been conducted to
determine the development of the response to lipo-
polysaccharide due to age within an individual. In
addition, though a factor with potentially broad impli-
cations in gene expression and disease, there is only a
limited data set available detailing DNA methylation
in the economically important bovine model. Much of
the previous work investigating the development of
the innate immune response was conducted using
mixed cell models from different individuals, which
may yield false positive results due to variable cell-
mixture proportions rather than true changes in
methylation levels [14,15]. This study uses a pure cell
model, and eliminated genotypic variation by isolating
cells from the same individual at different ages redu-
cing much of the technical and biological variation
that may have been present in previous studies offer-
ing a clear view of the age-dependent changes in
TLR4 signaling.
This study aimed to map transcriptomic alterations in

the TLR4 response pathway of bovine dermal fibroblasts
isolated from the same individuals at different ages and
to determine what effect changes in DNA methylation
patterns have on this response. To accomplish this,
RNA-Seq was performed on bovine dermal fibroblasts
exposed to LPS for 0, 2, and 8 hours. In addition,
methylated CpG island recovery assay sequencing
(MIRA-Seq) was performed on fibroblast DNA from
the same individuals collected at the two different
ages. This project allowed for the first in depth look at
transcriptome wide changes in gene expression due to
age in the bovine fibroblast model while also creating
the first descriptive study of the bovine fibroblast
methylome and its potential role in altering the innate
immune response within an individual over time.

Results
Fibroblast challenge with LPS and epigenetic
modification
Fibroblasts isolated from 15 dairy heifers at ~5 and 16
months of age have previously been described as
showing an age-dependent increase in IL-8 production
in response to LPS in vitro [5]. To determine if DNA
methylation may have contributed to this age effect,
pairs of fibroblast cultures collected at 5 and 16 month of
age from three mid-level responding animals were se-
lected for epigenetic modification using the demethylating
agent AZA prior to LPS exposure for 24 h. Neither con-
trol nor AZA treated cultures produced detectable IL-8 in
the absence of LPS. However, in response to LPS, young
and old cultures displayed greater than 5-fold differences
in IL-8 production (P < 0.001), with 5-month-old fibro-
blasts producing 240 ± 30 pg/ml in contrast to 1,350 ±
290 pg/ml produced by the older cultures (Figure 1).
Following AZA treatment, the differential response be-
tween age groups was abolished (P > 0.05) with in-
creased IL-8 levels of 1,580 ± 50 pg/ml and 1,690 ± 70
pg/ml produced by the cultures from younger and older
individuals, respectively. The cultures from 5 month old
animals in particular displayed much higher (P < 0.01)



Figure 1 Fibroblast response to LPS under control conditions
or following DNA methylation modification. Production of IL-8
following exposure to LPS (100 ng/ml) for 24 hours after undergoing
pre-treatment with media alone or AZA by bovine dermal fibroblasts.
Cultures collected from the same individual at two different ages
(young = 5 months of age; old = 16 months of age; n = 3/group) were
investigated. *indicates P < 0.05. NS indicates no significance. All values
are mean ± S.E.M.
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LPS-induced IL-8 production following AZA treatment,
while the increase in production from 16-month old
cultures, though still significant (P < 0.05), was more
muted. The effect of AZA exposure to basal expression
levels was not measured, but has previously been re-
ported by us within a similar data set [9].

RNA-Seq analysis of young and old response to LPS
Total RNA samples from each of the three animals, col-
lected at two ages, and exposed to LPS for 0, 2, and 8
hours were prepared for RNA-Seq analysis. This analysis
generated approximately 74 million reads per sample
following quality control. Alignment to the UMD v3.1
bovine genome yielded 96% of reads falling within align-
ment parameters and thus an average of 71 million reads
per sample. At hour 0, under our definition of expres-
sion (CPM >1 in at least 50% of samples), 18,919 targets
were detected forming the core transcriptome of the bo-
vine dermal fibroblast under basal conditions. Following
LPS exposure, 18,616 and 19,204 targets were detected
after 2 and 8 hours, respectively. In comparison to hour
0, exposure to LPS revealed differential gene expression
(FDR < 0.05; CPM > 1; Fold Change ≥ 2) of 617 tran-
scripts at hour 2 (414 up- and 203 down regulated;
Additional file 1) and 414 transcripts at hour 8 (260 up-
and 154 down-regulated; Additional file 2). Among the
genes displaying differential induction due to LPS expos-
ure were those involved in the pro-inflammatory response
including IL-8, IL-6, CCL20, TNF, and CXCL2 among
others (Table 1). In addition to pro-inflammatory
cytokines, the presence of LPS induced many Type-I
interferon related genes, including Myxovirus (MX)-1,
Ubiquitin-like gene (ISG)-15, and interferon induced
with helicase C domain (IFIH)-1, among others. This
wide array of cytokines and interferon related genes
demonstrate the ability of the dermal fibroblasts to
recognize and respond to LPS.
Comparing expression between cultures from younger

and older animals revealed 628, 280, and 920 differen-
tially expressed genes (FDR < 0.05; CPM > 1; Fold
Change ≥ 2) at 0, 2, and 8 hours post-LPS exposure,
respectively (Figure 2; Additional file 3). Of these
differentially expressed genes, 400, 206, and 595 dis-
played higher levels in 16-month old cultures at hours
0, 2, and 8, respectively. The lower number of signifi-
cantly, differentially expressed genes at hour 2 reflects
greater inter-culture variation in response at this time.
Pathway enrichment analysis using DAVID indicated
that at hour 2 genes within the inflammatory response
(P = 6.2 × 10−9) and defense response (P = 3.5 × 10−8)
pathways were the most strongly implicated as different
between cultures due to an animal’s age. Similar analysis
at hour 8 implicated a larger subset of pathways as being
differently expressed, however, inflammatory response
(P = 4.3 × 10−6) and defense response (P = 5.8 × 10−7)
were still different between the groups. Among the genes
in these pathways displaying differential expression be-
tween cultures from younger and older animals at either 2
or 8 hours post LPS were IL-8, IL-6, TNF, and CCL20
among others (Table 2).
In addition to genes related to the immune response,

those that may be implicated in differential methylation
levels were investigated. Among these are the family of
DNMT genes along with ubiquitin-like containing
PHD and RING finger domains (UHRF)1. Expression
of DNMT3A and 3B, which are involved in de novo
methylation, showed no differences between cultures
collected from younger and older animals. Expression
levels of DNMT1 and UHRF1 however, involved in DNA
methylation maintenance, were significantly higher in
16-month old cultures cultures at all time points. At hour
0, DNMT1 levels were 1.6 fold higher while UHRF1 ex-
pression was 3.4 fold higher. These levels of differential
expression were maintained at hours 2 and 8 post-LPS
(Table 2).

Confirmation of RNA-Seq by RT-PCR
Several genes were selected for RT-PCR confirmation of
expression differences between cultures collected from 5
and 16-month old animals that were indicated by RNA-
Seq analysis. IL-8, TNF-α, TLR4, and CD14 show con-
sistent values in comparison to those from the RNA-Seq
data set. The greatest difference in expression between



Table 1 Average response to LPS from young and old cultures as measured by increase in expression of immune
associated genes as compared to hour 0 post-LPS

Gene symbol Gene name Fold change*

Hour 2 Hour 8

Transcription and activation pathways

BIRC3 Baculoviral IAP repeat-containing protein 3 6.1 4.1

NFKBIA Nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha 36.1 10

NFKBIZ Nuclear factor of kappa-B inhibitor zeta 23.8 4.1

NFKB2 Nuclear factor of κ light polypeptide gene enhancer in B-cells 2 2 2.1

Cytokines and chemokines, growth factors

CCL2 Chemokine (C-C motif) ligand 2 28.5 26.7

CCL5 RANTES 35.4 48.4

CCL20 Chemokine (C-C motif) ligand 20 2034 1162.3

CSF2 Colony stimulating factor 2 97 6.1

CXCL1 Chemokine (C-X-C motif) ligand 1 2.5 - -

CXCL2 Chemokine (C-X-C motif) ligand 2 43.8 27.1

CXCL5 Chemokine (C-X-C motif) ligand 5 43.8 27.1

IFNB Interferon beta precursor 2 2

IL1A Interleukin 1, alpha 86.0 23.5

IL-6 Interleukin 6 83 131.6

IL-8 Interleukin 8 123.7 273.7

SAA3 Serum Amyloid A 3 505.6 2498.3

TNF-a Tumor Necrosis Factor, alpha 125.2 - -

TNFSF13B Tumor necrosis factor (ligand) superfamily, member 13 (BAFF) - - 4.6

Type I IFN-related genes

IFI44 Similar to Interferon-induced protein 44 - - 15.2

IFIH1 Interferon induced with helicase C domain 1 - - 15.1

ISG15 ubiquitin-like modifier 6.2 63.2

MX2 Myxovirus (influenza virus) resistance 2 - - 121.2

OAS1 2′-5′-oligoadenylate synthetase 1 - - 24.6

OAS2 2′-5′-oligoadenylate synthetase 2 2.8 26.1

TNFSF10 Tumor necrosis factor ligand superfamily member 10 (TRAIL) - - 15.8

*Data obtained by RNA-Seq and presented as fold induction of the indicated gene at either 2 or 8 hours post-LPS in comparison to expression levels at 0 hours
post-LPS. All fold changes shown are FDR < 0.05; FC > 2; and CPM >1. - - indicates FDR > 0.05, FC < 2, or CPM < 1.
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cultures from the two groups for IL-8 (Figure 3A) and
TNF-α (Figure 3B) was at hour 2 post-LPS with 13.6 and
18.4 fold higher expression, respectively, in cultures
from 16-month old animals. By hour 8, cultures from
older animals were still producing higher levels of both
IL-8 (4.2 fold) and TNF-α (20.4 fold), but the differences
between the two groups had been reduced. In contrast,
CD14 (Figure 3C) and TLR4 (Figure 3D) showed little
response to LPS, but displayed consistently higher ex-
pression in cultures from older animals. For TLR4,
cultures from 16-month animals displayed 4.8, 4.6, and
3.8 fold higher expression at hours 0, 2, and 8. CD14
followed a similar pattern, with 4.4, 6.7, and 4.6 fold
higher expression in 16-month old cultures at 0, 2, and
8 hours, respectively. CCL20 (Figure 3E) and SAA3
(Figure 3F) displayed a strong response to LPS in cul-
tures from both groups, but were more highly expressed
in the 16-month old group. No differences in expression
were seen at hour 0, however cultures from the older
animals produced 17.6 and 32.0 fold higher transcript
levels of CCL20 at hours 2 and 8, respectively. SAA3 ex-
pression was not different between ages at hours 0 or 8,
but at hour 2, 16-month old cultures produced 5.6 fold
more transcripts. The gene expression values generated
by RT-PCR were all in general agreement with RNA-Seq
data, validating the transcriptomic results.



Figure 2 Scatter plots of RNA-Seq analysis. Scatter plots of
indexes analyzed from RNA-Seq for expression level (log2CPM) and
differential expression (log2 Fold Change) at (A) 0 hours, (B) 2 hours,
(C) and 8 hours post-LPS exposure. Positive fold change values
indicate higher expression in young cultures while negative values
show higher expression in old cultures. Red dots denote FDR < 0.05.
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MIRA-Seq
The 6 MIRA-Seq samples resulted in an average of ap-
proximately 51 million reads per library following quality
control. Alignment to the UMD v3.1 bovine genome
yielded 96% of reads falling within alignment parameters
and an average of 49 million mapped reads per sample.
The genome was analyzed by construction of sequential
3Kb windows in which the read count between cul-
tures from the two age groups were compared. Ana-
lysis of the 3Kb genome scan yielded 20 regions that
showed significantly different levels of methylation be-
tween groups (FDR < 0.1; CPM > 1; FC ≥ 2). Of these
differentially methylated regions (DMRs), 13 displayed
Table 2 Differential expression of immune associated
genes at 0, 2, and 8 hours post-LPS exposure of fibroblasts
collected at 16 months of age compared to fibroblasts
collected at 5 months of age from the same three animals

Gene Hour 0 Hour 2 Hour 8

Innate Immune Related Genes

CCL2 - - 7.3 3.2

CCL20 - - 18.1 10.1

CCL5 - - 10.7 3.4

CD14 5.5 5.7 4.2

IFIH1 - - - - 2.1

IL1A - - 2.3 2.8

IL6 - - 10.5 7.9

IL8 - - 5.8 3.3

MX2 - - - - 33.9

OAS1 - - - - 12.8

OAS2 - - - - 10.6

SAA3 - - - - 5.1

TLR2 - - 4 2.6

TLR4 2.1 - - 2.6

TNF - - 10.4 - -

DNA Methylation Associated Genes

DNMT1 1.6 1.6 1.6

DNMT3A - - - - - -

DNMT3B - - - - - -

UHRF1 3.4 3.3 3.6

Data obtained by RNA-Seq and presented as fold change between cultures
from younger and older animals. Positive values indicate higher expression in
16-month old cultures as compared to cultures from 5-month old animals. All
presented values indicate FDR < 0.05 with an average CPM > 1, while - - notes
a values with either FDR > 0.05 or an average CPM < 1.



Figure 3 Comparison of young/old fibroblast response to LPS as measured by RT-PCR. Comparison of gene expression following exposure
to LPS at hours 0, 2, and 8 for young and old cultures. IL-8 (A), TNF-α (B), CD14 (C), and TLR4 (D) mRNA were all targeted. Values are expressed
as dCt using β-actin expression as the endogenous control. Fold difference in expression between young and old fibroblasts presented for each
time point within parentheses. All values are mean ± S.E.M. (n = 3/group). p-values are presented following analysis using a two-way repeated
measures ANOVA.
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higher methylation levels in the cultures from 5-
month old animals, while 7 indicated higher methyla-
tion in cultures from 16-month old animals. Of the 13
DMRs displaying higher methylation levels in 5-month
old cultures, 7 were found at least partially within an
annotated gene while 3 of the 7 DMRs showing higher
methylation in 16-month old cultures were within
annotated genes (Table 3). No differences were seen
between cultures from the two groups however at the
level of promoter methylation, as determined by our
definition of −2500 bp to + 500 bp from transcription
start site. MIRA-Seq data was also used to construct a
heat map of the bovine fibroblast methylome using the
Circos software package to illustrate the genome-wide
nature of DNA methylation (Figure 4).

The role of DNA methylation on gene expression
The association between methylation levels within a gene
body or gene promoter region and that gene’s levels of ex-
pression was analyzed by Fisher’s exact test. MIRA-Seq
values for a gene body or gene promoter were plotted
against RNA-Seq expression levels at 8 h post-LPS. Each
data point was binned as either being a high or low, with a
gating value of reads per kilobase per million matched
reads (RPKM) =5 or RPKM = 0.5 for RNA-Seq and
MIRA-Seq, respectively. Analysis of the relationship be-
tween promoter methylation level and that gene’s subse-
quent expression level showed that the two values were
significantly (P < 0.001; O.R. = 1.53; 95% C.I. = 1.39-1.67)
dependent upon one another, and indicating a strong
inverse relationship between gene promoter DNA methy-
lation and gene expression (Figure 5A). The relationship
between gene body methylation levels and that gene’s
expression levels were also significantly (P < 0.05; O.R. =
1.15; 95% C.I. = 1.05-1.26) dependent upon one another,
though to a smaller extent than promoter methylation
(Figure 5B). The 8-hour time point was selected for pres-
entation as this offered the period with the greatest num-
ber of genes showing high expression levels as analyzed by
edgeR. Analysis of the 0 and 2-hour post-LPS times gave
similar results (data not shown).
DNA methylation levels were also measured in rela-

tion to genomic region. Methylation was measured as
RPKM in gene promoters, gene bodies, or intergenic
regions and revealed that promoter regions have signifi-
cantly less methylation than gene body or intergenic
regions while these two showed no difference from one
another (Figure 5C).



Table 3 Differentially methylated 3 Kb regions between young and old individuals as identified by MIRA-Seq and gene
expression data for annotated genes

RNA-Seq fold difference

Fold difference* Chr Genomic coordinates Gene** Hour 0 Hour 2 Hour 8

4.6 1 72956301-72959300 XXYLT1 1.0 −1.6 −1.0

−5.3 2 25773034-25776033 SP5 1.0 1.0 1.0

3.7 2 70978934-70981933 - - - - - - - -

4.7 2 126997334-127000333 ARID1A 1.0 −1.4 1.0

5 2 88469334-88472333 - - - - - - - -

4.9 3 116651410-116654409 CXCR7 −1.2 −1.6 −1.3

4.9 5 117094706-117097705 - - - - - - - -

4 7 52484546-52487545 - - - - - - - -

−4 8 75361987-75364986 ADRA1A 1.0 1.0 1.1

4.2 8 43784287-43787286 DMRT2 −1.1 −1.3 −1.2

6.1 8 101360987-101363986 PALM2 −1.7 −2.4 −1.9

4.7 9 95637251-95640250 - - - - - - - -

−4.3 11 8944985-8947984 LOC100337252 5.2 −1.6 2.5

3.7 11 95333785-95336784 - - - - - - - -

−3.8 12 80725922-80728921 - - - - - - - -

−6.2 17 62367994-62370993 - - - - - - - -

−5.3 17 62346994-62349993 - - - - - - - -

3.6 19 44563675-44566674 HDAC5 1.1 1.2 −1.5

−4.3 21 65927663-65930662 - - - - - - - -

5.9 23 8944593-8947592 ANKS1A 1.3 −1.2 1.1

*Data obtained by MIRA-Seq and presented as fold difference in read count of methylated regions. Positive fold change indicates higher methylation levels in
cultures from younger animals while negative values are higher methylation in cultures from older animals.
**DMRs with an associated gene indicate that some portion of the 3Kb region falls within an annotated gene, while - - indicates DMRs that are intergenic.
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Discussion
The ability of an individual to recognize and respond to
bacterial components such as LPS during an infection
plays a critical role in host defense [16]. Previous work
has suggested that neonates are deficient in innate
immune responsiveness in comparison to adults [17,18]
however these studies utilized mixed-cell models and were
subject to highly variable responses. In using bovine fibro-
blast cultures, we are able to examine a single population
of cells isolated from the same animal at different times,
but cryopreserved and once revived, exposed to LPS
in side by side wells, eliminating much of the technical
and genetic variability seen in these previous studies. A
broader understanding of the regulated development of
the innate immune response within an animal would
potentially allow the application of this knowledge to
determining factors that may be producing variability be-
tween animals in their response to different pathogens.
The goals of this study were to further our previous

observation of age-dependent differential gene expres-
sion in response to LPS, and to determine what role
DNA methylation may be playing in this process. Pre-
viously we had found that fibroblast cultures from the
same individual but collected at either five or sixteen
months of age showed distinct differences in their
ability to produce IL-8 in response to LPS, with the
cultures from older animals displaying a more hyper-
responsive phenotype [5]. In addition, we found that
variability in the response between individuals could
be abolished with the exposure of cultures to AZA, a
global demethylating agent, thus implicating DNA-
methylation as a factor contributing to the variation
[9]. In the current experiment, we expand on these re-
sults and explored the bovine transcriptome to fully
describe age-dependent differences in gene expression
following LPS exposure.

Differential response to LPS due to age
RNA-Seq data showed a great deal of differential expres-
sion between cultures from younger and older animals,
predominantly cytokine and chemokines previously
shown to play an important role in the resolution of
bacterial infections such as E. coli mastitis [8,19]. In
addition, TLR4, the extracellular receptor of LPS, as
well as CD14, an important co-receptor in the TLR4
signaling pathway [20] were differentially expressed.



Figure 5 The role of DNA methylation on gene expression
and differential methylation levels due to genomic region.
Scatter plot showing gene expression at 8 hours post-LPS
exposure in relation to the level of DNA methylation at the
gene’s (A) promoter or (B) within the gene itself. Expression
levels for RNA-Seq and methylation data were normalized to
gene size and presented as RPKM. Each value represents the
average expression of the six young and old cultures investigated. Data
obtained by RNA-Seq and MIRA-Seq. (C) Average methylation levels
based upon genomic region for young/old MIRA-Seq libraries. Lettering
denotes differential levels of methylation as measured by a one-way
ANOVA with Bonferonni post-test (p < 0.05). All values are mean ± S.E.M.

Figure 4 Circos heat map representing methylation levels
across the bovine genome. Heat map of the bovine fibroblast
methylome. Resolution of construction allowed for a single band to
represent a 50Kb chunk of the genome. As indicated, darker red
represents heavier levels of methylation within that region.
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The identification of LPS recognition genes suggests
that cultures from older animals are more readily able
to detect danger signals by the binding of PAMPs.
Subunits of the NF-κB complex, namely p50 and p52
showed higher expression (1.4 fold in both) in 16-
month old cultures 8 hours post-LPS exposure, but
were not differentially expressed due to age at 0 or 2
hours post-LPS.
Another cytokine of interest is IL-1α, which can have

a strong autocrine effect on cells producing it [21]. Of
interest is the fact that cultures from older animals pro-
duced 2.3 and 2.8 fold higher levels than cultures from
young animals at 2 and 8 hours post-LPS respectively.
Intracellular IL-1α has been linked to increased sensitiv-
ity to inflammatory stimuli by NF-κB and AP1 suggest-
ing that it plays an important role in the modulation of
the inflammatory response [22]. This correlates with re-
lated research showing responsiveness to LPS exposure
in airway epithelia of rhesus monkeys, as measured by
IL-8 protein production as well as IL-1α transcript,
increased in an age dependent manner [15]. Research
on the response to LPS in human monocytes and den-
dritic cells confirmed an increase in the TLR signaling
response with age as responsiveness of infants in-
creased over time reaching adult levels within one year
of age [18]. The gene expression data presented here,
along with the work conducted by others suggests that
individuals undergo a distinct maturation of response
to LPS.
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Temporal response to LPS
The RNA-Seq data also presents a comprehensive view
of the temporal aspects of the LPS response. There are
several hundred genes displaying age-dependent differ-
ential expression at hour 0, presenting a picture of the
basal variation in expression within an individual due to
age. After 2 h of LPS exposure there is a marked reduc-
tion in the absolute number of differentially expressed
genes due to high levels of variability across the cultures
sampled. This would appear to indicate that within the
first two hours of LPS exposure, the machinery control-
ling gene expression is in flux limiting discernable bias
between young and old cultures in the speed in which
they responded. However, by 8 hours post-LPS, variabil-
ity within age groups had been reduced and a greater
number of significant differences are seen between the
cultures. A similar look at the effects of time on the
transcriptome of bovine mammary epithelial cells in re-
sponse to LPS showed low levels of differential expres-
sion due to treatment at an early time point (3 h) in
comparison to a later time (6 h), demonstrating that the
early response to LPS may be more affected by rapid
changes in gene expression making it difficult to gener-
ate statistical significance between groups [23].

Expression of DNA methylation-associated genes
RNA-Seq analysis also highlighted differences in genes
involved in the maintenance of DNA methylation. Cul-
tures from older animals showed higher levels of expres-
sion of DNMT1 the catalytic methyltransferase enzyme
responsible for the addition of the methyl group onto an
unmethylated cytosine residue [24]. Expression levels
were also elevated in 16-month old cultures cultures for
UHRF1. This gene product identifies hemi-methylated
DNA following mitosis, recruits DNMT1 to the site, and
physically flips the methylcytosine residue from the par-
ent strand out of the double helix to sterically allow
access of DNMT1 to the demethylated daughter strand
[25,26]. The lower levels of DNMT1 and UHRF1 expres-
sion in the cultures from younger animals potentially
suggest these cultures may be less engaged in high fidel-
ity maintenance of methylation levels. In contrast, cul-
tures from older animals, having gone through a major
developmental shift, are now expressing higher levels of
both genes in an effort to maintain DNA methylation.
However, differences in DNA methylation due to differen-
tial expression of DNMT1 and UHRF1 would potentially
occur as minor changes rather than active, wholesale
modifications in DNA methylation status.

The role of methylation in the development of the innate
immune response is limited
The innate immune response in intestinal epithelial cul-
tures had previously been linked to DNA methylation of
the NF-κB inhibitor IκBα as measured by production of
IL-8 following TNF-α exposure [27]. In our experiments
the relative increase in LPS-induced IL-8 response fol-
lowing AZA treatment was much greater in fibroblasts
from younger individuals. This eliminated the differences
seen between the cultures due to age in the absence
of AZA, suggesting that DNA methylation plays an
important role in the development of the immune
response. To more directly determine where DNA
methylation was changing over time within individuals
we performed MIRA-Seq on DNA from fibroblast cul-
tures established from skin biopsies collected from
three animals at two ages.
While RNA-Seq data showed major changes in the

transcriptome of an individual due to age, MIRA-Seq
analysis of the bovine methylome showed fewer alter-
ations than expected. Our methylation analysis identified
only twenty 3Kb regions that were differentially methyl-
ated between younger and older individuals. While our
comparison within individuals showed little statistically
significant changes in methylation levels, this was not due
to high variability between individuals. This would appear
to indicate that there is a limited change in methylation
seen within an individual over the 11-month period
investigated within this study. While highly variable
methylation levels have been reported in healthy hu-
man populations there has been a more limited de-
scription of methylation differences within individuals
[28,29]. The results from our data suggest that there
are a restricted number of wholesale age-dependent
changes in the fibroblast methylome that can be de-
tected by the MIRA-Seq analysis. However in light of
the results following AZA exposure it appears that
more subtle changes, not detectable by MIRA-Seq, are
occurring that affect the innate immune response.
DNA methylation quantification by MIRA-Seq has
been shown to be less sensitive due to the nature of
the assay in comparison to other methods, including
reduced representation bisulfite sequencing and whole
genome bisulfite sequencing, which would limit the
ability of our study to detect any minor changes in
methylation levels [30].
A limitation of the current study is the low-resolution

nature of MIRA-Seq. Exposure of cultures to AZA dem-
onstrated that DNA methylation is playing a role in the
development in the immune response by rescuing the
phenotype of young cultures. While MIRA-Seq allows
for an overall visualization of the methylome and can
discern differences in overall quantity of methylated
CpGs down to approximately a 100 bp resolution, subtle
methylation patterns are missed. This is problematic as
regions altered by just a few CpG dinucleotides have
been shown to have appreciable effects on gene expres-
sion [31,32]. Previous studies that successfully found
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differences in methylation due to development did so
with a single base pair resolution [33,34]. In addition,
work conducted in human epidermal tissues found that
the overall methylome was relatively stable within an in-
dividual over time, and alterations were limited to minor,
local changes which again would be lost in our analysis
[33]. Future studies would benefit from an increase in
the resolution of the analysis technique.

The role of methylation on bovine fibroblast gene
expression
MIRA-Seq data allowed for the construction of a
genome-wide DNA methylation heat map. This map,
the first built for the bovine fibroblast methylome,
displayed dense regions of methylation interspersed
throughout all of the genome. As a composite of the
six MIRA-Seq libraries created, we are able to see re-
gions of methylation likely playing major regulatory
roles in fibroblast gene expression and differentiation.
While there is currently a dearth of information on
the methylation status of different bovines tissues, the
construction of the fibroblast methylome is an important
first step towards a comparative analysis of methylation
across cell types within the bovine system.
MIRA-Seq analysis of our samples was able to confirm

several important phenomena seen previously in other
target species in terms of DNA methylation’s relation-
ship to gene expression, and the non-random placement
of methylated CpG dinucleotides across the genome.
Our data reaffirmed the relationship between gene ex-
pression and methylation levels in that heavily methyl-
ated genes had a significant tendency towards lower
expression levels [35]. In addition, our data suggested
that the placement of methylation along DNA is not a ran-
dom process, but biased in relation to DNA sequences
with distinct functions. More specifically, methylation
levels are clearly depleted in the promoter region of genes.
Analysis also showed no differences in methylation levels
between gene and intergenic regions, suggesting that the
promoter region of a gene is highly sensitive to methyla-
tion and the one most highly regulated in terms of de novo
DNA methylation, confirming what has been previously
reported [33].
While RNA-Seq technology was able to define major

differences in the recognition and response of bovine
dermal fibroblasts to LPS, data investigating the role of
DNA methylation in this process was inconclusive. The
results from this investigation would suggest that major
regulatory changes are occurring within the fibroblasts
of individuals due to age, potentially due to differential
levels of methylation, or a change in the sensitivity to
DNA methylation due to age. As these genes have dem-
onstrated the ability to be regulated due to age alone, it
is possible to determine biomarkers from this study to
identify malleable candidate genes that can potentially
be manipulated to produce a more ideal phenotype.
While our results focused on the innate immune
response, it would seem likely that many cellular pro-
cesses are undergoing similar alterations during devel-
opment. In addition, our data using AZA as a global
de-methylation agent points to DNA methylation as a
major player in the alteration of cellular responsive-
ness to LPS. A MIRA-Seq-based genome-wide scan of
methylation however was able to find only a handful
of candidate regions differentially methylated due to
age. These regions require further investigation with a
more sensitive tool for measuring methylation levels
on a larger sample size.

Conclusions
The LPS-induced transcriptome of bovine dermal fi-
broblasts is greatly altered due to age, with epigenetic
regulation playing a potentially important role. Using
multiple cultures from single individual would appear
to give researchers an ideal model for investigating
not only the role of aging in disease but also general
mechanisms controlling the innate immune response.
By investigating effectors altering LPS responsiveness,
this data may be applicable to finding variations within
a population in relation to variation in phenotypic re-
sponse to pathogens.

Methods
Animals and experimental design
All experiments were performed in accordance with
approval of the Institutional Animal Care and Use Com-
mittee at the University of Vermont. Three pairs of der-
mal fibroblast cultures, collected from the same animals
at 5 and 16 month of age, were selected from a previ-
ously described collection of cultures obtained from 15
Holstein heifers [27]. Fibroblast isolation from the 15
animals and their ability to produce IL-8 in response to
LPS has previously been described [5]. The selected cul-
ture pairs for the current experiment came from three
mid-level responding animals. Mid-level cultures were
selected in order to not artificially increase variation
within the investigated population as to ensure that dif-
ferences seen due to age were not lost to inter-animal
variation. The rankings of these cultures remained con-
sistent across samplings and age had no effect on rela-
tive response [5]. Sampling at each age occurred within
a several week timeframe, though no batch effect was
detected to play a role in methylation level or LPS re-
sponse (data not shown). To test the presented hypoth-
esis, three distinct experiments were performed: IL-8
protein analysis, RNA-Seq, and MIRA-Seq. Within each
experiment, LPS challenge or RNA/DNA collection were
conducted at the same time in side-by-side wells. Each
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experiment utilized a different aliquot of cryopreserved
cells from the individuals examined, though the aliquots
were all taken from 5th passage cells to control for cell
expansion dynamics, including any potential alterations
in DNA methylation levels due to growth.

Fibroblast epigenetic treatment and LPS challenge
Following recovery from cryopreservation and expansion
in a T-75 cm2 flask, cells were trypsinized and seeded in
6-well culture plates at 1.25 × 105 cells/mL in a total
volume of 2 mL. Growth media consisted of DMEM
with 5% fetal bovine serum (Thermo-Scientific, Waltham,
MA), 1% insulin-transferrin-selenium (Life Technologies,
Carlsbad, CA), and 1× penicillin/streptomycin (Thermo-
Scientific) at 37°C with 5% CO2. Cells were exposed to 10
μM 5-aza-2′deoxycytidine (AZA; Sigma, St. Louis, MO)
for 96 hours to achieve DNA demethylation, which consti-
tuted our epigenetic modification treatment. Control cells
were grown for 4 days with comparable amounts of the
AZA vehicle (PBS) added. Dosages and exposure time to
AZA were modeled after previous experiments conducted
that displayed low cytotoxicity from treatment in
conjunction with effective epigenetic remodeling at
similar or lower concentrations than those used in our
trials [1,36,37]. Cell viability measurements were not
conducted for each individual AZA exposure pre-
sented here, however, previous trials utilizing AZA
modification demonstrated >99% viability for all cells
examined across multiple replicates.
Following epigenetic modification, cells were washed

3× with PBS and exposed to LPS for 24 hours. LPS treat-
ment consisted of growth media supplemented with 100
ng/mL of ultra-pure LPS isolated from Escherichia coli
O111.B4 (Sigma-Aldrich). Following appropriate expos-
ure time, media was removed, spun at 500 × g for 5
minutes to remove cell debris, and immediately stored
at −20°C until further analysis.

Quantification of IL-8
The concentration of IL-8 in fibroblast conditioned
media was quantified by a custom sandwich ELISA pre-
viously described [8] using mouse anti-bovine IL-8
monoclonal antibody (clone 170.13 generously gifted by
S. Maheswaren, University of Minnesota) and biotinyl-
ated goat anti-human IL-8 antibody (R&D Systems Inc.,
Minneapolis, MN) as capture and detection antibodies,
respectively, and recombinant bovine IL-8 (Thermo
Scientific, Rockford, IL) as assay standard. The detection
limit of the assay was approximately 300 pg/ml. IL-8
protein production was analyzed between groups (cul-
tures from younger vs. older animals) using a paired Stu-
dent’s t-test (Graph Pad Prism 6.0). Analysis of real time
gene expression data was conducted using a two-way
ANOVA model with repeated measures (Graph Pad
Prism 6.0). Comparisons with P < 0.05 were consid-
ered statistically significant within experiments.

RNA-Seq
Additional aliquots of the fibroblast cultures that were
collected at 5 and 16 months of age from the same three
animals were revived from cryopreservation, expanded,
and seeded in duplicate wells of a 6-well culture plates
at 1.25 × 105 cells/mL in a total volume of 2 mL. After
two days the cultures were exposed to LPS (100 ng/ml)
0, 2, and 8 hours in the presence of LPS. Total mRNA
was collected using the 5-Prime PurePerfect RNA
Purification Kit (Gaithersburg, MD), which includes a
DNase treatment step to eliminate DNA contamination.
Resulting RNA was quantified and assessed using a
Qubit Spectrofluorometer (Life Technologies Carlsbad,
CA) and an Agilent Bioanalyzer 2100 (Agilent technolo-
gies Santa Clara, Ca) to ensure that all samples had an
RNA integrity number (RIN) value of 8 or greater.
Library construction was carried out using Illumina
TruSeq RNA Sample Prep LT version 2 (Illumina Inc.
Boston, MA). Briefly, 500 ng of total RNA was PolyA
enriched using magnetic beads followed by reverse tran-
scription using Superscript II (Invitrogen). cDNA was
then fragmented, end repaired, and adenylated followed
by a ligation of Illumina adaptors with a unique adaptor
sequence (barcode) for each sample. PCR amplification
was performed using Illumina Reagents followed by
quantification and assessment of quality (as described
above) along with high accuracy qPCR quantitation
(KAPA Biosciences kit # 4824; Barre, VT). All DNA
clean-up steps were performed with the AMPure XP
Magnetic Beads (Beckman Coulter). Sequencing was
performed using 12pM/flow cell lane on an Illumina
CBOT for flow cell cluster generation and the HiSeq1000
for sequencing by Synthesis equipped with the HiSeq
Control and sequence Analysis Software. The 18 samples
were multiplexed across 7 lanes of a flow cell and se-
quenced as a single end 100 bp read.
Raw sequence reads were filtered to eliminate reads

that had a median quality (Q) score below 20, more than
3 uncalled bases, or were less than 25 bp following trim-
ming and aligned to the reference UMD v 3.1 bovine
genome using the software package NextGENe v. 2.3.4
(Softgenetics, State College, PA). Alignment parameters
required >85% of the each read’s length to map to the
reference sequence for it to be considered a mapped
read. After reads were mapped with NextGENe, total
raw read counts for each gene were generated. These
read counts were used for further statistical analysis to
determine differentially expressed genes as described
below. RNA sequencing data is publicly available within
the gene expression omnibus (GEO) repository as
GSE61027 within the SuperSeries GSE61168.
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DNA isolation and methylated CpG Island recovery assay
(MIRA-Seq)
MIRA-Seq libraries were created to investigate genome
wide methylation levels in fibroblasts from the 3 individ-
uals at 5 and 16 months of age (n = 3/age). 1.5 ug of
genomic DNA was isolated from fibroblasts having no
previous LPS exposure using the 5-Prime (Gaithersburg,
MD) Pure Perfect Archive DNA Extraction kit and soni-
cated in 150 ul of water for 10 minutes with alternating
cycles of 30s on followed by 30s off using a Diagenode
Bioruptor 300 (Denville, NJ). Sonicated DNA was puri-
fied using the Qiagen MinElute PCR Purification kit.
Fragmented DNA then underwent end repair using New
England Biolabs (Ipswich, MA) NEBNext End Repair
Module following manufacturer’s instructions. End-
repaired DNA was recovered with AMPure XP Beads
(Beckman Coulter, Pasadena, CA) per manufacturer’s
instructions and then dA-tailed using the New England
Biolab NEBNext dA-Tailing Module. Following subse-
quent cleanup using the AMPure XP Beads, universal
adapters were ligated onto the DNA fragments using
T4 DNA ligase (NEB). Barcoded adaptors were then at-
tached with the NEBNext Multiplex Oligos for Illumina
kit (NEB) followed by purification using AMPure XP
Beads.
Next, MIRA pulldown was performed using the Me-

thyl Collector Ultra Kit (Active Motif, Carlsbad CA) per
manufacturer’s instructions. The methylated DNA rich
library DNA was then run out on a 1% agarose gel with
1% SYBR Green and fragments of approximately 300-
700 bp in size were excised. DNA was then eluted from
the gel using the Qiagen MinElute Gel Extraction kit.
PCR amplification of the libraries was conducted using

the NEBNext DNA Library kit universal adaptors with
Amplitaq Gold with GeneAmp (Life Technologies,
Carlsbad, CA). Cycling conditions were: initial de-
naturation at 98°C for 30 seconds; then 14 cycles
consisting of denaturation at 98°C for 10 seconds, an-
nealing at 65°C for 30 seconds and extension at 72°C
for 30 seconds with a final extension of 72°C for 5 mi-
nutes. PCR products were cleaned using the AMPure
XP Beads and run on a 1% agarose SYBR Green gel to
remove excess primers as previously described. The
DNA library was excised from the gel then purified
using the Qiagen MinElute Gel Extraction kit. Each li-
brary was tested for enrichment of methylated DNA
by performing PCR using a primer pair designed to
amplify a known methylated gene (LIT1) as a positive
control as well as a primer pair that amplifies an
unmethylated gene (MP68) to ensure adequate deple-
tion of unmethylated DNA. LIT1 primer sequences
were 5′-TGCTCTGGACGTGGTCCGCCTGG-3′ for
forward sequence and 5′-CCGGGCGACCGTGGC
GACCT-3′ for reverse. MP68 sequences were 5′-GG
GCCTGGGCCTTGCCCTCA-3′ for forward and 5′-
TGCAAAAGGCTAGCTGGCTGCAAT-3′ for reverse.
Sequencing of the libraries was performed using a
12pM/lane bridge amplification on an Illumina CBOT
for flow cell cluster generation and the HiSeq1000
for sequencing by Synthesis equipped with the HiSeq
Control and sequence Analysis Software. MIRA sequen-
cing data is publicly available within the GEO repository
as GSE61101 within the SuperSeries GSE61168.
Analysis of RNA-Seq
Raw sequence reads were filtered to eliminate reads that
had a median quality (Q) score below 20, more than 3
uncalled bases, or were less than 25 bp following trim-
ming and aligned to the reference UMD v 3.1 bovine
genome using the software package NextGENe v. 2.3.4
(Softgenetics, State College, PA). Alignment parameters
required >85% of the each read’s length to map to the
reference sequence for it to be considered a mapped
read. After reads were mapped with NextGENe, total
raw read counts for each gene, as defined by the UCSC
build, were generated.
RNA-Seq data was analyzed by the well-established

statistical methods employed by edgeR in the R software
package (version 3.0.1). As an initial step, genes with low
read counts, defined as at least one mapped read per
million mapped reads (counts per million; CPM) in less
than 50% of the samples being compared, were elimi-
nated. For example, comparison of cultures from youn-
ger and older animals at a given time point employed
analysis of n = 3 samples/group, so at least 3 samples
needed a CPM equal to or greater than 1 to be consid-
ered for analysis.
Comparison of cultures from the animals at different

ages at different time points for RNA-Seq was conducted
using a paired generalized linear model likelihood-ratio
test using the limma package. Paired analysis was also
used to determine the response to LPS (0 h vs. 2 h, and
0 h vs. 8 h post-LPS). Raw p-values were adjusted to ac-
count for multiple comparisons using the Benjamini-
Hochberg method [38].
When analyzing the effects of age on the LPS re-

sponse, genes were considered differentially expressed
if they passed the false discovery rate (FDR) < 0.05
and fold-change (FC) ≥ 2 thresholds. To determine the
effects of LPS on gene expression, cultures at the 2
and 8-hour time points were compared to 0 h cultures.
The Database for Annotation, Visualization and Inte-
grated Discovery (DAVID; http://david.abcc.ncifcrf.
gov) was used for functional annotation and analysis
by uploading the official gene symbol of statistically
significant genes (FC ≥ 2; CPM > 1; FDR < 0.05 for
RNA-Seq).

http://david.abcc.ncifcrf.gov
http://david.abcc.ncifcrf.gov
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Analysis of MIRA-Seq
Raw sequence reads were filtered to eliminate reads that
had a median quality (Q) score below 20, more than 3
uncalled bases, or were less than 25 bp following trim-
ming and aligned to the reference UMD v 3.1 bovine
genome using the software package NextGENe v. 2.3.4.
Alignment parameters required >85% of the each read’s
length to map to the reference sequence for it to be con-
sidered a mapped read. After reads were mapped with
NextGENe, total raw read counts for each gene, as de-
fined by the UCSC build, were generated.
Data was analyzed by in the R software package (ver-

sion 3.0.1) using the edgeR module. As an initial step,
genes with low read counts, defined as at least one
mapped read per million mapped reads (counts per
million; CPM) in less than 50% of the samples being
compared, were eliminated. Comparison of methyla-
tion levels for cultures from young and old animals
was conducted using a paired generalized linear model
likelihood-ratio test using the limma package.
DMR identification was performed on 3Kb windows to

allow for an overall scan of the bovine fibroblast
methylome. Raw p-values were adjusted to account for
multiple comparisons using the Benjamini-Hochberg
method [38]. When analyzing differential DNA methy-
lation levels, MIRA-Seq data was considered different
between group if they passed the FDR < 0.1 and FC ≥
2 thresholds. Finally, genome wide methylation was vi-
sualized as a composite of the six MIRA-Seq libraries
created using the free software package, Circos [39].

Quantitative real-time PCR
A subset of genes identified by RNA-Seq analysis was se-
lected for expression analysis by quantitative real-time
PCR (RT-PCR) using oligonucleotide primers specific to
toll-like receptor (TLR)-4, IL-8, tumor necrosis factor
(TNF)-α, and cluster of differentiation (CD)-14 (Table 4).
The same RNA samples from the genome-wide expres-
sion study were used. First-strand cDNA synthesis was
conducted using the Improm-II Reverse Transcriptase
Kit (Promega). Messenger RNA expression was quanti-
fied by RT-PCR with a CFX96 Real-Time Instrument
(Bio-Rad, Hercules, CA) using PerfeCTa SYBR Green
Super-Mix, Low ROX kit (Quanta Biosciences). Cycling
conditions were: initial denaturation at 95°C for 2
Table 4 Primer pairs used for amplification of target genes b

Gene Forward primer sequence

CD14 CTCCAGCACCAAAATGAC

IL-8 GCTGGCTGTTGCTCTCTTG

TNF TCTTCTCAAGCCTCAAGTAACAAGC

TLR4 ACTGCAGCTTCAACCGTATC

B-Actin GCAAATGCTTCTAGGCGGACT
minutes; then 40 cycles consisting of denaturation at 95°C
for 15 seconds, annealing at 60°C for 30 seconds and ex-
tension at 72°C for 1 minute. All samples were run in du-
plicate. Melt curve analysis was also performed to check
amplification of the desired gene product. The β-actin
gene was used as reference gene for normalization proced-
ure. Cycles to threshold (Ct) were calculated for each
sample and analyzed using the ΔCt method with fold
change being 2ΔΔCt.
Analysis of RNA-Seq and MIRA-Seq relationship
In order to determine the relationship between DNA
methylation and gene transcription levels, the average
reads per kilobase per million matched reads (RPKM)
from the RNA-Seq and MIRA-Seq of the six cultures
from younger and older animals was investigated. Values
were calculated for promoter methylation levels as well
as for annotated genes (as defined by the UMD v3.1
genome) from both the MIRA-Seq data and the RNA-
Seq data at 0, 2, and 8 hours post-LPS exposure. The re-
lationship of mRNA transcription levels and DNA
methylation was then determined by a two-tailed Fisher’s
exact test in the R software package in which high or
low methylation levels were investigated for an associ-
ation to either high or low RNA expression levels. For
gene expression RPKM values, length was calculated as
the cumulative size of the gene exons, while for gene
methylation, gene body length was the total size of both
intronic and exonic segments. All values were normal-
ized to library and transcript size by conversion of read
counts into RPKM values. RNA-Seq RPKM values
were binned into either high or low levels at a cutoff
of RPKM = 5 while MIRA-Seq RPKM values were di-
vided into high or low levels at RPKM = 0.5.
To determine whether the type genomic region assessed

had an affect on DNA methylation levels, average RPKM
was calculated for gene promoters, gene bodies, and
intergenic regions. Gene body and intergenic regions
were determined by annotation from the UMD version
3.1 bovine genome, while gene promoters were defined
as −2500 to +500 bp of a gene transcription start site.
To determine differential methylation levels based upon
genomic location, a one-way ANOVA with a Bonferroni
post-test for multiple comparisons was run.
y RT-PCR

Reverse primer sequence Reference

TCCTCTTCCCTCTCTTCC [40]

AGGTGTGGAATGTGTTTTTATGC [41]

CCATGAGGGCATTGGCATAC [42]

TAAAGGCTCTGCACACATCA [13]

CAATCTCATCTCGTTTTCTGCG [41]
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Availability of supporting data
The data discussed in this publication have been deposited
in NCBI’s Gene Expression Omnibus and are accessible
through GEO SuperSeries accession number GSE61168
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE61168).

Additional files

Additional file 1: Genes displaying differential expression (FDR <
0.05; CPM > 1; 2 < FC < −2) due to LPS at hour 2 as compared to
hour 0. A positive fold change indicates higher expression at hour 2
than at hour 0. CPM = Counts per Million. FDR = False discovery rate. Data
shown for comparisons with FDR < 0.05; CPM > 1, and fold change > 2.

Additional file 2: Genes displaying differential expression (FDR <
0.05; CPM > 1; 2 < FC < −2) due to LPS at hour 8 as compared to
hour 0. A positive fold change indicates higher expression at hour 8 than
at hour 0. CPM = Counts per Million. FDR = False discovery rate. Data shown
for comparisons with FDR < 0.05; CPM > 1, and fold change > 2.

Additional file 3: Differentially expressed genes (FDR < 0.05; CPM >
1; 2 < FC < −2) between young (5 months) and old (16 months)
fibroblast cultures from the same individual exposed to 100 ng/ml
LPS for 0, 2, or 8 hours. A positive fold change indicates higher
expression in old cultures. CPM = Counts per Million. FDR = False
discovery rate.
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