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Abstract

known about the epigenetic effects of infection.

epigenetic regulation in response to MDV infection.

Background: Marek’s disease (MD) is a highly contagious, lymphomatous disease of chickens induced by a
herpesvirus, Marek’s disease virus (MDV) that is the cause of major annual losses to the poultry industry. MD
pathogenesis involves multiple stages including an early cytolytic phase and latency, and transitions between these
stages are governed by several host and environmental factors. The success of vaccination strategies has led to the
increased virulence of MDV and selective breeding of naturally resistant chickens is seen as a viable alternative.
While multiple gene expression studies have been performed in resistant and susceptible populations, little is

Results: In this study, we investigated temporal chromatin signatures induced by MDV by analyzing early
cytolytic and latent phases of infection in the bursa of Fabricius of MD-resistant and —susceptible birds. Major
global variations in chromatin marks were observed at different stages of MD in the two lines. Differential
H3K27me3 marks were associated with immune-related pathways, such as MAP kinase signaling, focal adhesion and
neuroactive ligand receptor interaction, and suggested varying degrees of silencing in response to infection.
Immune-related microRNAs, e.g. gga-miR-155 and gga-miR-10b, bore chromatin signatures, which suggested
their contribution to MD-susceptibility. Finally, several members of the focal adhesion pathway, e.g. THBS4 and
ITGAT, showed marked concordance between gene expression and chromatin marks indicating putative

Conclusion: Our comprehensive analysis of chromatin signatures, therefore, revealed further clues about the
epigenetic effects of MDV infection although further studies are necessary to elucidate the functional
implications of the observed variations in histone modifications.

Background

Marek’s disease (MD) is a highly infectious disease caused
by an a-herpesvirus, Marek’s disease virus (MDV) that
affects chickens worldwide. MD pathogenesis can be
divided into three major stages: an early cytolytic
phase, which occurs between 3 and 6 days post infec-
tion (dpi), is characterized by the infection of B lym-
phocytes, the first major targets of MDV. The infected
B cells enter circulation and induce the activation of
CD4+ T cells which in turn become infected. Subse-
quently, CD4+ T cells form the primary vehicle for
MDV multiplication and dissemination, along with a
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smaller percentage of other cells including B and CD8
+ T lymphocytes. Around 7 dpi, the infection enters a
latent phase defined by the absence of expressed viral
antigens and virus production. This switch to latency
is believed to be governed by many viral and host
factors, such as, viral interleukin (vIL)-8, which acts as a
chemoattractant for T lymphocytes [1], and upregulated
chicken major histocompatibility complex (MHC) class II
molecules on infected cells promoting the initiation of host
immune response [2]. In MD-resistant chickens, latent
infection persists at a low level in lymphoid tissues and
CD4+ T lymphocytes. However, in MD-susceptible geno-
types, a second cytolytic phase occurs 2—-3 weeks after the
primary infection, wherein latently infected lymphocytes
are transformed and proliferate rapidly to form tumors in
various tissues.
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The primary lymphoid organs of spleen, thymus and
the bursa of Fabricius are important focal points of MD
progression. Cytolytic infection initiates in the spleen be-
fore spreading to other lymphoid organs, which lag
behind by a day. This is accompanied by significant cy-
tolysis of B and T lymphocytes in addition to varying
levels of inflammatory response. Bursal follicles and the
thymic cortex undergo regressive changes in this stage
of MD leading to organ weight loss, while there is
massive apoptosis of thymocytes. In the spleen, however,
inflammation results in an increase in organ weight. The
above changes are reduced within two weeks of infec-
tion, with the organs almost returning to their normal
form and structure. However, in MD-susceptible chick-
ens, a second wave of cytolytic infection around 14-
21dpi results in marked inflammation, severe atrophy of
bursa and thymus and permanent immunosuppression.

Our prior studies of host response to latent MDV in
spleen and thymus [3,4], revealed associations between
histone modifications and immune-related functions. In
spleen, MDV-challenged chickens showed changes in
epigenetic status of genes related to cell adhesion, G-
protein coupled signaling pathways and ion transport.
Also, the expression of various miRNAs appeared to be
regulated by the trimethylation of lysine 4 and 27 of his-
tone H3. Further, widespread differential histone modifi-
cation enrichments were detected in the thymus at
genes related to cancer and host response to viruses. We
also detected bivalent domains on immune-related
transcriptional regulators in both MD-susceptible and
resistant chicken lines. Thus, it was clear that MDV in-
fection induced significant epigenetic changes in the
birds, and the individual response was dependent on
genetic background.

The bursa of Fabricius is the primary site for lympho-
cyte B-cell development and antibody repertoire forma-
tion in birds. There have been several studies of the
effect of MD, particularly in the spleen, but relatively
few concerning the bursa of Fabricius [5,6]. The latter
is a primary lymphoid organ evolutionarily unique to
birds and critical to the development of the B cell
lineage [7]. B lymphocytes in all the major lymphoid or-
gans are the primary targets of the virus in the early
stages of the disease [8]. Embryonal bursectomy re-
sulted in the abolition of early lytic infection along with
reduced viremia and tumor formation, in spite of com-
parable MD incidence [6]. Bursal atrophy was observed
in MD-susceptible line L7, chickens with the effect re-
duced in the MD-resistant line L6s; individuals [8],
while the bursa-dependent immune system was im-
paired in infected chickens [9]. It is, therefore, evident
that the bursa of Fabricius plays an important role in
MD pathogenesis, and it is vitally important to under-
stand its immunological effect of MDYV infection.
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To address the above issues, we performed a temporal
analysis of chromatin signatures induced by MDYV infec-
tion in inbred chicken lines having contrasting responses
to the disease. The tissue of interest was the bursa of
Fabricius and we included both the cytolytic and latent
phases of MD in this study. The biological consequences
of chromatin profiles are context-specific and similar
patterns can lead to a variety of outcomes [10]. There-
fore, we focused on changes of chromatin enrichments
as evidence of possible epigenetic regulation. Our pri-
mary goal was to associate the dynamic changes of chro-
matin induced by MDYV infection to the underlying
biological pathways to reveal the functional effects of the
viral infection. Due to the inherent complexities of such
experiments, it is difficult to separate cause from effect,
but the results could provide further clues about this
complex disease and define future avenues of research.

Results

Genome-wide histone modification profiling

We sampled two critical time-points of MD progression, 5
and 10 dpi, representing early cytolytic and latent stages
of MD, respectively. Chromatin immunoprecipitation
followed by massively parallel sequencing (ChIP-Seq) was
performed on bursal tissues obtained from MD-resistant
line L63 and MD-susceptible line L7, chickens. Two his-
tone H3 trimethylation marks having opposing effects on
gene regulation were profiled — H3 lysine 4 trimethylation
(H3K4me3), which is associated with the 5" end of active
genes, and H3 lysine 27 trimethylation (H3K27me3),
which marks broad regions for silencing. More than 390
million reads from 32 samples were mapped to the
chicken genome and analyzed using the WaveSeq peak-
calling algorithm [4]. Subsequently, peaks were merged to
obtain unambiguous regions of enrichment and annotated
with overlapping genes.

To verify data quality, we calculated the correlation
between biological replicates using read counts in a 2
kilobase region around the transcription start sites of an-
notated genes (-1000 bp to +1000 bp). Pearson correl-
ation coefficients between replicates were excellent, with
a majority above 95% suggesting highly consistent ChIP-
Seq experiments (Additional file 1). The median number
of peaks detected was 15126 for H3K4me3 and 46850
for H3K27me3 (Additional file 2). The number of en-
richment regions and associated genes were comparable
across time points (Table 1), with a majority of peaks for
both histone marks present in all conditions. These ob-
servations were consistent with our earlier studies [3,4],
which showed that these histone marks occupied largely
similar genomic regions in both lines, irrespective of in-
fection status. Thus, the changes induced by MDV infec-
tion likely involved subtle variations at specific genomic
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Table 1 Histone modification peaks and associated genes by dpi

Histone DPI Merged Peaks Filtered Gene Overlaps Unique Genes
By DPI H3K4me3 5 18100 15115 6430 7499
10 29625 16855 6488 7530
H3K27me3 5 94461 51290 24520 11776
10 98105 56294 27057 12035
Across DPI H3K4me3 17161 6645 7730
H3K27me3 47602 24339 13044

Merged peaks are filtered by removing those appearing in only one sample. ‘Gene Overlaps’ refers to number of peaks that overlapped annotated genes.

loci rather than de novo establishment or abrogation of
histone marks.

Differential chromatin marks indicate functional
differences in MD response

We obtained a set of unambiguous enrichment regions
at each dpi by merging peak calls across samples. Subse-
quently, read counts were calculated within these re-
gions and comparisons between samples carried out
using edgeR [11] with a false discovery rate of 0.1 used
to define differentially marked regions (DMRs). We used
four pair-wise comparisons in our analysis — two of
these were ‘within-line’ comparisons, wherein infected
and control birds from lines L63 and L7, were compared
amongst themselves. The remaining two were ‘between-
line’ comparisons, in which either control or infected
birds from the two lines were compared (L63v72N and
L63v72]1, respectively). Differences detected in within-
line comparisons arose primarily due to MDYV infection,

while variations detected in the L63v721 comparison
would represent disparities in disease response. On the
other hand, the L63v72N comparison would reveal base-
line differences between the two lines.

DMRs induced by MDV infection

The within-line comparisons yielded striking differences
between the two lines. The susceptible line L7, displayed
large numbers of differential H3K4me3 and H3K27me3
marks at 5 dpi, while a similar phenomenon was ob-
served in line L63 at 10 dpi (Table 2).To examine func-
tional significance, the MD-induced DMRs were
annotated with overlapping genes and analyzed for func-
tional enrichments using DAVID [12,13].

Several interesting KEGG pathways were significantly
enriched among the genes displaying MD-induced
DMRs (Table 3).The ubiquitin-mediated proteolysis
pathway, which is associated with various processes such
as cell cycle and inflammatory response [14,15] showed

Table 2 DMRs detected in within- and between-line comparisons

Within-line
comparisons

L6; infected vs

L7, infected vs

control control
Histone Mark DPI DMRs Mapped to Unique DMRs Mapped to Unique
Genes Genes Genes Genes
H3K4me3 5 53 46 52 1820 1241 1478
10 13458 7744 8184 72 41 51
H3K27me3 5 0 0 0 8775 3489 2330
10 3865 2056 2573 12 9 11
Betweep-line
comparisons
L65 vs L7, control L65 vs L7, infected
Histone Mark DPI DMRs Mapped to Unique DMRs Mapped to Unique
Genes Genes Genes Genes
H3K4me3 5 2071 1253 1369 6427 4269 4639
10 498 259 271 2613 1651 2088
H3K27me3 5 3454 1394 707 13807 5881 4355
10 2550 1557 2136 2937 1599 1725

DPI: days post infection; DMR: Differentially marked region; Mapped to genes: Number of DMRs that overlap genes; Unique genes: Number of unique

genes overlapped.
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Table 3 Selected KEGG pathways enriched in MD-induced DMRs

Histone DPI Line KEGG pathway Count P-value Adjusted p-value FDR
H3K4me3 5 L7, gga04120:Ubiquitin mediated proteolysis 20 0.011523 0.258461 12.60988
10 L65 gga03040:Spliceosome 76 1.27E-07 1.83E-05 15x107*
gga04120:Ubiquitin mediated proteolysis 66 0.070518 0409344 5798318
gga04110Cell cycle 61 0.071502 0.39873 5850744
H3K27me3 5 L7 gga04512:ECM-receptor interaction 21 5.79E-04 0.070325 0.667972
gga04080:Neuroactive ligand-receptor interaction 45 0.004334 0.239385 4905434
gga04510:Focal adhesion 32 0.0364 0.540977 34.90982
gga04010:MAPK signaling pathway 37 0.052973 0533259 46.75692
gga04310:Wnt signaling pathway 23 0.097339 0.6588 6945459
10 L65 gga04080:Neuroactive ligand-receptor interaction 48 0.001017 0.12119 1172739
gga04010:MAPK signaling pathway 38 0.041861 0.595512 39.09871
gga04510:Focal adhesion 32 0.042927 0.548881 39.87981
gga04310:Wnt signaling pathway 24 0.069217 0679767 5647578

DPI: Days post infection; Count: Number of genes associated with pathway; FDR: False discovery rate. P-value, adjusted p-value and FDR were calculated using

default parameters in DAVID [12,13].

significant variations in H3K4me3 marks at the cyto-
lytic stage of infection in the susceptible line and also
at the latent stage of infection in the resistant line.
Similarly, variations in H3K27me3 levels were ob-
served in both lines but at different time-points of
infection, on genes linked to the cell proliferation-
associated mitogen-activated protein (MAP) kinase
signaling [16] and Wnt signaling pathways [17].
H3K27me3 DMRs were also observed on genes associ-
ated with the focal adhesion pathway, which affects
cancer cell migration [18] and the neuroactive ligand
receptor-interaction pathway, a collection of signaling
molecules and receptors. Interestingly, the cell cycle
pathway, the dysregulation of which is a hallmark of
cancer, and the spliceosome pathway which regulates
alternative splicing, displayed H3K4me3 DMRs unique
to line L63 at 10 dpi.

Various immune-related gene ontology (GO) terms
were also enriched among genes associated with MD-
induced DMRs, suggesting differing outcomes of MD in
the two lines (Additional file 3).For instance, at 5 dpi in
line L7,enriched GO categories were associated with
stress and DNA damage response (H3K4me3), cell-cell
signaling, biological adhesion and cell proliferation
(H3K27me3). A similar scenario was observed in line
L63 at 10 dpi, in addition to terms associated with regu-
lation of apoptosis, lymphocyte activation and cytokine
production. Thus, subtle differences in enriched func-
tional terms hinted at possible variations in underlying
immune response. Overall, the two lines displayed simi-
lar effects of MDV infection, but at different points of
disease progression suggesting a ‘phase-difference’ in
epigenetic effects of MDYV infection.

Epigenetic differences between resistant and susceptible
lines

On comparing the two lines, several differences were ob-
served between the control birds, but a greater number
of DMRs were obtained from the L63v72I comparison
(Table 2). At 5 dpi among control birds, genes associated
with immune-related GO terms, e.g. regulation of cyto-
kine production, various signaling pathways, regulation
of apoptosis and cell proliferation, displayed perturbed
H3K4me3 enrichments, while terms related to signaling
pathways showed variations in H3K27me3 levels. This
phenomenon was also observed at the latent stage of in-
fection, but with a few notable differences, e.g. T cell ac-
tivation was enriched among H3K27me3 DMRs. These
results suggested baseline epigenetic differences between
the two lines, which could contribute to innate differ-
ences in immune response.

Symptomatic of the highly divergent responses to
MDYV infection in the two lines, infected birds exhibited
more than twice as many DMRs as the control birds
over the two time-points. Functional analysis revealed a
wide array of enriched functional terms and pathways.
Notable examples included MAP kinase signaling, Wnt
signaling, focal adhesion and neuroactive ligand-receptor
interaction pathways, which were also enriched in
H3K27me3 DMRs from within-line comparisons. In
addition, larger numbers of immune-related GO terms
were enriched in H3K4me3 and H3K27me3 DMRs at 5
dpi, such as, cell cycle, cell proliferation and apoptosis.

Thus, comparisons of the MD-resistant and suscep-
tible lines revealed innate differences in histone modifi-
cation profiles in addition to variations induced by MDV
infection. Several immune-related pathways and GO
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functional terms were enriched among genes displaying
differential chromatin marks, indicating the functional
significance of such epigenetic differences.

Critical pathways exhibit common H3K27me3 signatures

Strong statistical enrichment and association with mul-
tiple comparisons or time-points can be considered to be
indicative of functional relevance and several of the above
enriched pathways satisfied this criterion (Figure 1). Inter-
estingly, the neuroactive-ligand receptor interaction path-
way and immune-related pathways such as, MAP kinase
signaling (Figure 1A) and focal adhesion were associated
with H3K27me3 DMRs in both lines and shared a com-
mon chromatin signature. A majority of genes exhibited
increased H3K27me3 levels after infection in the suscep-
tible line at 5 dpi and in the resistant line at 10 dpi,
suggesting epigenetic silencing at different stages of
MD. However, these pathways also displayed higher
H3K27me3 levels in infected birds from line L6; com-
pared to line L7,, indicating higher levels of silencing in
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the resistant line in response to infection. To further in-
vestigate the functional significance of these variations, we
examined the underlying genes associated with DMRs in
the above pathways.

Neuroactive ligand-receptor interaction (Figure 1B), as
mentioned above, is a collection of signaling molecules,
such as, hormones and neurotransmitters, and their
corresponding receptors. Several classes of G protein-
coupled receptors, e.g. dopamine, 5-hydroxytryptamine
(5-HT) and histamine receptors, in addition to a variety
of others, such as, leptin, glutamate and y-aminobutyric
acid (GABA) receptors, displayed H3K27me3 variations
in both lines (Figure 1B). However, there were some im-
portant differences as well. The cytotoxic T-lymphocyte
and natural killer cell-specific serine protease, granzyme
A (GZMA), and the growth hormone receptor (GHR),
both displayed increased H3K27me3 levels in infected
L7, birds at 5 dpi. GZMA was upregulated in spleen tis-
sues of MDV-infected chickens irrespective of genetic
background [19], GHR was upregulated in resistant birds

Lipoxin A

Line L7, & L6,

Cholecystokinin
B Phosphatidylinositol b
e " signaling system B

Galanin

protteraton,
atereniaton

INK and p38 MAP
Kinase pathway

Serum, oytotoxi dngs,

ONA damage

ERKS pathway
Serum, EGF, reactive
ygen speces s Protferaton,
ateceniaton

{iERs)- »{ Errs | *

ona

Sk tyrosinknase

MAPKKKK MAPKKK ~ MAPKK  MAPK Tranecription

chromatin signature are represented by filled boxes.

A GPCRs
Class A Rhodopsin like
Acetylcholine
Epinephrine
norepinephrine o,
Dopamine
Histamine
5-Hydroxytryptamine
(5-HT) o
Trace amine
Peptide
Angiotensin I, I
Apelin
Bombesin
Bradykinin
Anaphylatoxin
M Linel7, z:' °
. SN
Line L6,

o
2
3
2

H
%

!

>
5
]
2

E]
<]
2
2
®

2

o
gllgl |

3
2

:
H-
3

cell
eycle

Figure 1 Critical KEGG pathways exhibit common H3K27me3 signatures. A) MAP kinase signaling; B) Neuroactive ligand-receptor interaction; C)
Focal adhesion signaling. Several genes from these pathways display a common H3K27me3 pattern: there are increased repressive marks at 5 dpi
in the susceptible line and at 10 dpi in the resistant line, while overall levels are higher in the resistant line. Genes showing the common

-@-

Channelsfother receptors.

Cannabinoid
Anandamide

Class B Secretin like.

N-Acetylaspartyl-
glutamate

Ghrelin Urotensin Il

GABA

Kiss1 peptide
o Acetyicholine

Melanocortin

@B MSH

Nucleotides
ACTH

Gonadotropin-
releasing hormone,

MC2R

ﬂ!ﬂ Hormone protein
Melanin-concentrating

hormone

Motiln

Thyrotropin-

L-Cysteic acid |
releasing hormone.

Neuromedin U Growth hormone-
releasing hormone

L-Homocysteic

Neuropeptide FF Glycine
o Melatonin
p-Alanine
Neuropeptide Y aie
o Lysosphingolipid
N-Arachidonoyl-

and LPA
Neuropeptide W/B Lysophosphatidic acid

Neurotenein_ Anandamide

Palmitoyl-
Opioids ethanolamide
Porphyrins

Orexin

Cortisol
Oxytocin
Class C

Metabotropic
glutamate/pheromone

Growth hormone

Somatostatin )
Nucleotide like Metabtropic gltamate Triodothyronine,
Tachykinin o °

Adenosine
Substance ©

Leptin
Nucleotides

Substance K
< Prolactin
Neuromedin K

Regulaton of actn
cytoskeleton

=
v spatng
/ patvay
col prooraion

PlaK-AKt sgnaiing —
paimvay O

Goll motitty

Phospnatiy s
‘sgnaing system

cetayce
Cytkine-cyokine
receptor neracton cellsurvival
—
| | N
o T o —sfanrs]|
[er 1 ]

oA !




Mitra et al. BMC Genomics (2015) 16:311

at 10 dpi [20]. In bursa tissues, GZMA was upregulated
in both lines at 10 dpi, but no difference was detected in
GHR transcript levels. Certain DMRs were unique to the
resistant line, e.g. the platelet-activating factor receptor
PTAFR, which exhibited higher H3K27me3 marks in in-
fected birds from line L6.

MAP kinase signaling pathways regulate a wide variety
of cellular processes ranging from cell proliferation to
apoptosis [21] and have been linked to MD-induced
tumorigenesis via the virus-encoded oncogene Meq [22].
In the classical MAP kinase pathway, growth factors, e.g.
fibroblast growth factors (FGFs), activate Ras-related
proteins to trigger protein kinase cascades involving Raf,
MEK and ERK, leading to varying outcomes including
cell proliferation and cell differentiation. Moreover,
extracellular signals, such as, reactive oxygen species
and stress, can activate the p38 and JNK MAP kinase
pathways via cytokines, e.g. TGFB and IL-1, leading to
proliferation and apoptosis. Several FGF and RAS genes,
in addition to multiple calcium channel genes, displayed
H3K27me3 DMRs in both lines, suggesting potential
hot-spots of epigenetic regulation. H3K27me3 DMRs
were also observed on various members of the p38 and
JNK MAP kinase pathways, such as, p38 MAP kinases,
MAPKI2 and MAPKI3, and immune-related genes, e.g.
TGFB2, NFATC2.

Focal adhesions consist of macromolecular protein
complexes that connect the actin cytoskeleton of a cell
to the extra-cellular matrix (ECM) (Figure 1C). Focal ad-
hesions are also sites of integrin-mediated signal trans-
duction which plays critical roles in cell migration and
angiogenesis [23]. Several genes encoding extra-cellular
matrix proteins, e.g. various collagens, laminins and
integrins, in addition to actinin and vinculin displayed
H3K27me3 changes in both lines. Moreover, several
growth factors, e.g. PDGFA, and receptor tyrosine ki-
nases, were also associated with H3K27me3 DMRs and
were possible sites of epigenetic regulation.

Thus, important immune-related pathways, e.g. MAP
kinase signaling and focal adhesion, exhibited H3K27me3
DMRs which suggested potential hot-spots of epigenetic
silencing and regulation. Moreover, immune-related genes
belonging to the neuroactive ligand-receptor interaction
pathway displayed H3K27me3 variations unique to each
line indicating the presence of differing epigenetic re-
sponses to MDV infection.

Immune-related microRNAs are associated with
differential chromatin marks

Various classes of non-coding transcripts have been sub-
jects of intense study in recent years, and as a result,
regulatory roles for many such species, e.g. microRNAs
(miRNAs), have been uncovered. MiRNAs are a class of
small non-coding RNAs that regulate gene expression at
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the post-transcriptional level. Several regulatory roles for
miRNAs have been discovered, ranging from immune
response, inflammation and tumorigenesis [24-27].
Thus, in addition to annotated protein-coding genes, we
were interested in investigating non-coding transcripts
associated with differential histone marks. We down-
loaded microRNA annotations from miRBase [28] and
searched for nearby DMRs and genes to reveal function-
ally important miRNAs (Additional file 4).

Based on their position relative to nearby genes,
miRNAs can be classified into three categories: inter-
genic, intragenic (sense orientation) and intragenic-
reverse (anti-sense orientation). We found H3K27me3
and H3K4me3 DMRs associated with 198 unique miR-
NAs, a majority of which (109 out of 198; 55%) were
intergenic. The small size of miRNAs relative to
DMRs leads to two issues; first, it is difficult to attri-
bute chromatin marks to miRNAs that overlap larger
protein-coding genes. Second, the overall fold-
difference for a large DMR could be different in the
vicinity of the miRNA, leading to false positives. Thus,
to account for the above, we concentrated on inter-
genic miRNAs for subsequent analysis.

Close examination of the list of DMR-associated miR-
NAs revealed several immune-related miRNAs, e.g. gga-
miR-155, gga-miR-148a (H3K4me3), gga-miR-10b and
gga-miR-137 (H3K27me3). The widely studied miRNA,
miR-155, is critical for normal B cell differentiation [29]
and plays a major role in immune response and inflam-
mation by regulating members of the tumor-necrosis
factor superfamily [30]. MiR-155 also controls antiviral
CD8+ T cell responses by regulating interferons, and
mir-155-deficient mice had reduced viral clearance [31].
All samples exhibited strong H3K4me3 marks around
gga-miR-155 at both time-points, suggesting activation,
but the chromatin marks were higher in the resistant
line L63 particularly at 10 dpi (Figure 2A). MiR-148a in-
duces apoptosis in colorectal cancer [32] and increases
cell proliferation in gastric cancer [33]. Gga-miR-148a
displayed increased H3K4me3 marks in infected birds
from the resistant line at 10 dpi, while no changes were
evident at the earlier time-point (Figure 2B). The first
discovered mammalian miRNA, miR-21, has been impli-
cated in a wide variety of cancers as it targets tumor
suppressors for repression [34-36] (Figure 2C). Similar
to gga-miR-155, strong H3K4me3 marks were observed
at the promoter of gga-miR-21 in all samples, with a
slight reduction in line L7, at 10 dpi (Figure 2A).

MiR-10b is highly upregulated in breast cancer and
triggers metastasis of tumor cells [37]. At 5 dpi, line L63
displayed high levels of H3K27me3 aroundgga-miR-10b
both before and after infection, compared to L7, birds
(Figure 2D). Meanwhile, at 10 dpi, only infected birds from
the resistant line L63 showed high H3K27me3 levels at this
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locus. MiR-137 acts as a tumor suppressor in neuro-
blastoma by downregulating a histone demethylase [38]
and also regulates cell migration and proliferation in
breast cancer [39]. MDV-infected line L7, birds dis-
played increased levels of H3K27me3 compared to con-
trol birds, on gga-miR-137 at 5 dpi, while line L6g
displayed higher levels irrespective of infection status
(Figure 2E). At the latter time-point, H3K27me3 marks
were reduced in control birds from both lines, but line
L6;3 displayed increased H3K27me3 levels in infected
birds.

Thus, several miRNAs with immune-related functions
showed changes in histone modifications and were likely
subject to epigenetic regulation as a result of MDV in-
fection. The varying responses in the two chicken lines
particularly around gga-miR-155, gga-miR-10b and gga-

miR-137, also suggested the possible contribution of
these miRNAs to differential MD-resistance.

Differential chromatin and differential gene expression

Having investigated global chromatin profiles, we were
interested in examining the correlation between chroma-
tin marks and gene expression levels. Our prior studies
[3,4] had revealed mixed results — absolute expression
levels correlated well with H3K4me3 (positive) and
H3K27me3 (negative) levels, but no relationship was ap-
parent between differential expression and differential
histone marks. Similarly, in the current study, we found
moderate correlation between chromatin marks and
absolute gene expression (Additional file 5), but low
overlap between differential chromatin and differential
transcript levels. However, in spite of modest global
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correlations, transcriptional changes consistent with epi-
genetic variations for certain loci could indicate epigen-
etic regulation. Thus, to find genes whose expression
levels correlated with chromatin marks, we carried out a
systematic comparison of DMR-associated genes and
differentially expressed genes from RNA-Seq experi-
ments carried out in the same tissue. Subsequently, we
focused on functionally important DMRs to discover
possible candidates for further analysis.

Relatively few differentially expressed genes were asso-
ciated with DMRs enriched in the pathways outlined
above, with H3K27me3 DMRs at 5 dpi being a notable
exception. Thrombospondin 4 (THBS4), a member of
the focal adhesion pathway, is an adhesive glycoprotein
that plays a major role in proliferation and development
of erythroid cell lineages, while also mediating cell-cell
signaling and cell-matrix interactions [40]. Recently, this
gene was found to be downregulated in various gastric
tumors [41] and shown to have tumor suppressor
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properties [42]. THBS4 displayed significantly increased
H3K27me3 levels (Figure 3A) and was also highly down-
regulated (fold-change = -4.58x, FDR=3.68x10"*) in
MD-infected susceptible chickens at 5 dpi. Tenascin-R
(TNR), belongs to a family of extra-cellular matrix pro-
teins, which are involved in regulating cell adhesion [43].
Other members of the tenascin family, TNC and TNW,
are associated with disease, with increased expression
correlating with higher cell motility and loss of focal ad-
hesions, while TNR performs multiple functions in the
central nervous system [44]. Higher H3K27me3 levels
around TNR (Figure 3B), accompanied reduced tran-
script levels, in MD-infected line L7, birds at 5 dpi.
Endothelial differentiation sphingolipid-G receptor 3
(EDG3), is a G protein-coupled receptor that contributes
to the regulation of cell migration [45] and vascular
endothelial cell function [46]. EDG3 is necessary for the
stimulation of the serine threonine kinase, Akt3, by the
vascular endothelial growth factor (VEGF), and reduced
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levels of Akt kinase leads to increased apoptosis of
cancer cells [47]. EDG3 displayed increased H3K27me3
levels in line L7, birds in response to MDYV infection
at 5 dpi (Figure 3C), which was coupled with signifi-
cantly lower transcript levels (fold-change=-1.8x,
FDR = 0.0879).

One of the few genes that was differentially expressed
and associated with a strong H3K27me3 DMR in line
L63 was integrin alpha 1 (ITGAI). ITGA1 encodes the
alpha 1 subunit of integrin receptors for collagen and
laminin on the cell surface, which regulate cell-cell adhe-
sion and may be involved in inflammation. /ITGAI dis-
played reduced H3K27me3 levels (Figure 3D) and
increased expression after infection in resistant birds at
10 dpi (fold-change = 3.16x, FDR = 0.0757). Interestingly,
line L7, birds exhibited higher H3K27me3 and
H3K4me3 marks in response to infection at 5 dpi, but
no change in gene expression was observed.

Thus, there was limited overlap between differential
chromatin marks and differentially expressed genes, with
the majority attributable to H3K27me3 DMRs observed
at 5 dpi in the susceptible line. Integrated analysis of
ChIP-Seq and RNA-Seq experiments revealed interesting
candidates for further analysis, e.g. THBS4 and ITGAIL.
However, the low concordance between the two inde-
pendent experiments highlights the complexity of
the chromatin landscape and the multitude of regula-
tory factors involved in determining transcription
and phenotype.

Discussion

The chromatin code is a universal, multi-layered guide
to the transcriptional regulatory machinery that allows
tremendous diversity to be encoded into the genome,
while providing an essential link between the genetic
material and environmental cues. Interpreting the bio-
logical consequences of variations in chromatin marks is
exceedingly complex and can be likened to an attempt
to discern the outcome of a voluminous treatise from its
preface. The task of understanding the broader genomic
effects of a complex disease, such as MD, from epigen-
etic profiling is a similarly daunting undertaking. Our
prior studies of the epigenetic effects of latent MD on
resistant and susceptible chicken lines [3,4] have pro-
vided us with some perspective. Here, we expanded the
scope of such studies by investigating two critical stages
of MD progression.

There were striking global differences in chromatin
modifications between the two lines, as we observed a
large number of MD-induced DMRSs in line L7, at 5 dpi
and in line L63 at 10 dpi. Important immune-related
pathways, e.g. MAP kinase signaling and focal adhesion,
were associated with H3K27me3 DMRs in both lines, in-
dicating functional similarities in epigenetic response at
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different stages of MDV infection. However, the same
pathways displayed higher H3K27me3 levels in infected
line L63 birds compared to line L7, suggesting a greater
degree of silencing in the resistant line. The MAP kinase
signaling pathway has been widely associated with prolif-
eration [16] and is targeted by the Meq protein to in-
duce viral transformation [22]. Our results suggest that
this pathway might be preferentially silenced in the re-
sistant line by H3K27me3, which leads to increased
transformation and tumorigenesis in susceptible birds.
Several G protein-coupled receptors, members of the
neuroactive ligand-receptor interaction pathway, were
also associated with H3K27me3 DMRs in both lines.
However, certain differences were also apparent, notably
GZMA and GHR, which showed increased H3K27me3
in L7, birds at 5 dpi in response to MDYV infection. The
functional significance of these chromatin changes is un-
clear as there was no apparent effect on gene expression.
In the resistant line, H3K4me3 DMRs were associated
with the cell cycle and spliceosome pathways, but ob-
served fold-changes were small and therefore, they were
not chosen for further analysis.

In addition to protein-coding genes and pathways, sev-
eral cancer-related miRNAs were associated with both
H3K4me3 and H3K27me3 DMRs. Lower H3K4me3
levels and possible reduction in transcript levels around
gga-miR-155 in line L7,could contribute to higher MD-
susceptibility. Two miRNAs associated with seemingly
opposite effects in breast cancer, gga-miR-10b and gga-
mir-137, both exhibited putative epigenetic silencing in
the resistant line. MiR-10b initiates tumor invasion and
metastasis in breast cancer [37], while miR-137 reduces
the proliferative and migratory capacities of breast can-
cer cells [39]. Apart from Gga-mir-155 [48] none of the
above miRNAs have been previously reported in the
context of MD and their roles in determination of MD-
resistance bear further analysis. Also, we focused our at-
tentions on intergenic miRNAs in this study to avoid the
ambiguities involved in overlapping genes and miRNAs.
However, it is equally important to investigate the roles
of other classes of miRNAs in the context of MD-
resistance and susceptibility and will be the subject of
future work.

The global comparison of histone modifications and
gene expression revealed moderate correlations, while
the overlap between differentially expressed genes and
differential chromatin enrichments was low. As men-
tioned above, this could be a consequence of the com-
plexity of transcriptional regulatory mechanisms and
relatively few factors assayed. However, our data can be
used to infer the location of hotspots of epigenetic regu-
lation. Using this approach we identified several genes, a
majority of which were associated with H3K27me3
DMRs and whose expression correlated well with
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observed chromatin marks. Three members of the focal
adhesion pathway, THBS4, TNR and ITGA1, displayed
increased H3K27me3 levels in infected line L7, birds at
5 dpi. In the case of THBS4 and TNR, this was accom-
panied by a significant downregulation, while ITGAI
displayed a concordant increase in H3K4me3 marks but
no change in gene expression. On the other hand, in line
L63, infected birds showed a reduction of H3K27me3
levels around ITGAIat 10 dpi and a corresponding up-
regulation, while there were no significant changes in
chromatin marks or gene expression on THBS4 or TNR.
THBS4 is a putative tumor suppressor [42] and its
downregulation could be associated with increased MD-
susceptibility in line L7, birds. Moreover, the dysregula-
tion of ECM genes and receptors is a hallmark of cancer
metastasis. Our data suggests that this pathway is a hot-
spot of epigenetic regulation as a consequence of MDV
infection and merits further investigation in the context
of MD-resistance.

Conclusions

In summary, we conducted a comprehensive analysis of
the chromatin landscape induced by MDYV in two inbred
chicken lines with contrasting responses to the disease.
We found major global variations in chromatin marks
occurring at different stages of infection in the two lines.
Functional analysis of genes associated with differential
H3K27me3 enrichments revealed enriched pathways,
such as, MAP kinase signaling, focal adhesion and neu-
roactive ligand-receptor interaction that were shared be-
tween lines. However, infected birds from lines L63 and
L7, displayed different H3K27me3 levels on members of
these pathways, indicating varying degrees of silencing
in response to infection. In addition, several immune-
related miRNAs, e.g. gga-miR-155 and gga-miR-10b,
were associated with differential chromatin marks and
could contribute to increased MD-susceptibility in line
L7, chickens. Finally, several members of the focal adhe-
sion pathway, THBS4, TNR and ITGAI, were associated
with differential chromatin and transcript levels, indicat-
ing that this pathway may by a hotspot of epigenetic
regulation in response to MDYV infection. Taken to-
gether, our results shed further light on the epigenetic
effects of MD, revealing striking global differences and
possible functional impact of epigenetic variations. Add-
itional functional assays are necessary to elucidate the
underlying mechanisms behind the large-scale chroma-
tin changes and the effect on MD-resistance and
susceptibility.

Methods

Animals and viruses

Two specific-pathogen-free inbred lines of White Leg-
horn, either resistant (L63) or susceptible (L7,) to MD,
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were hatched, reared and maintained in Avian Disease
and Oncology Laboratory (ADOL, Michigan, USDA).
Eight chickens from each line were injected intra-
abdominally with a partially attenuated very virulent plus
strain of MDV (648A passage 40) at 14 days after hatch
with a viral dosage of 500 plaque-forming units (PFU).
Another eight chickens were not infected as age-
matched controls. Infected and control chickens (n = 4)
from both lines were terminated at 5 or 10dpi to collect
bursa tissues. All procedures followed the standard ani-
mal ethics and use guidelines of ADOL (31320-008-00D)
and University of Maryland (R-08-62).

Analysis of ChIP-Seq data

Chromatin immunoprecipitation (ChIP) was carried out
using bursa samples from MDYV infected and control
birds as described elsewhere [8]. Briefly, about 30 mg
bursa samples were digested with micrococcal nuclease
followed by end-repair with PNK and Klenow enzymes
(NBE, Ipswich, MA, USA) and ChIP with the specific
antibody. This was followed by addition of 3’ adenine,
[lumina adaptor ligation, PCR amplification (17 cycles)
and size-selection (~150 bp), cluster generation and se-
quencing on the Illumina Hi-Seq 2000. Sequence reads
were aligned to the May 2006 version of the chicken
genome (galGal3) using bowtie version 0.12.7 [49]. De-
fault alignment policies of bowtie were enforced: a valid
alignment could have a maximum of two mismatches
and if a read aligned equally well to multiple places in
the genome, one was chosen at random. If multiple
reads mapped to the same genomic location, only one
was kept to avoid amplification bias. The total number
of reads obtained for each sample is listed in Additional
file 6. For visualization purposes, read counts were com-
bined from two replicates of each sample and normal-
ized to reads per million mapped reads (RPM). Between-
replicate correlations were calculated using normalized
reads in a 2 kb region around the TSS, with low-scoring
regions in both replicates (bottom 25%) not included in
the calculation. We also plotted the density of the normal-
ized reads around the TSS averaged over two replicates of
each sample (Additional file 7). The distributions of both
H3K4me3 and H3K27me3 were uniform across all sam-
ples with no outliers.

Peak-calling was carried out using the WaveSeq algo-
rithm [4]. We used recommended values for parameters:
for H3K4me3 data, the mother function was ‘morlet’
and gap size was 2 (400 bp), while for H3K27me3, the
mother function was ‘mexican hat’ and gap size was 10.
The p-value threshold for H3K27me3 was also lowered
to 0.4. Peaks detected in the same genomic region of
multiple samples were merged to include all peaks and
those appearing in only one sample were removed as
possible false positives. Filtered peaks were annotated
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with genes based on overlaps in the transcription start
site (TSS) region for H3K4me3 and gene body (TSS to
transcription termination site, TTS) for H3K27me3.
Gene annotations consisted of 16426 genes from the
Ensembl database Release 66 [50], which included a ma-
jority of RefSeq genes in addition to predicted genes and
miRNAs.

Functional analysis of DMRs

Reads mapping to filtered peaks were tabulated into a
matrix and analyzed using edgeR [11] and statistical sig-
nificance defined using a false discovery rate of 0.1.Func-
tional analysis of DMRs was performed with DAVID
[12,13] using default parameters. Highly enriched KEGG
pathways were selected based on degree of statistical
significance (FDR <0.3) and biological relevance. If a
pathway was significantly enriched for a particular compari-
son, other instances of this pathway were retained for closer
examination.

MicroRNAs associated with DMRs

MiIRNA annotations were downloaded from miRBase
[28] version 18 and annotated with nearby DMRs and
genes. MiRNAs with complete or partial overlaps with
genes were classified as intragenic or intragenic-reverse,
based on relative orientation. The maximum distance for
annotation with a DMR was chosen to be 1 kb.

Availability of supporting data

The data discussed in this publication have been
deposited in NCBI's Gene Expression Omnibus [51]
and are accessible through GEO Series accession number
GSE65961 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE65961).

Additional files

Additional file 1: Correlation between replicates. High correlation
observed between replicates of samples in present study. Correlation
coefficients correspond to Pearson correlation between normalized read
counts in a 2 kb region flanking the TSS (1000 bp to +1000 bp).

Additional file 2: Peak-calling results. The number of peaks called in
each sample using the WaveSeq algorithm.

Additional file 3: Selected GO terms enriched in MD-induced DMRs.
Enrichment analysis results from DAVID.

Additional file 4: MiRNAs associated with DMRs. Locations of
significant peaks overlapping microRNAs are shown, in addition to any
protein-coding genes that are overlapped.

Additional file 5: Figures S1-S4. ChiIP-Seq vs RNA-Seq - S1) L63, 5dpi,
S2) L72, 5dpi, S3) L63, 10dpi, S4) L72, 10dpi. Moderate to low correlation
observed between ChIP-Seq and RNA-Seq experiments with H3K4me3
marks positively correlated and H3K27me3 negatively correlated with gene
expression. Genes were divided into groups of 100 based on absolute
expression. ChIP-Seq read counts were calculated in the promoter region
(TSS + 500 bp) for H3K4me3 and in the gene body (TSS to TTS) for
H3K27me3.The ChIP-Seq read counts and RNA-Seq read counts
wereaveraged for genes within each group and plotted on
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scatterplots (open black circles). The linear best fit line was drawn
(red) and the corresponding Pearson correlation coefficients are
shown in individual plots.

Additional file 6: Sequencing statistics. The numbers of reads obtained
from sequencing the samples used in this study before are shown.
Additional file 7: Distribution of mean RPKM around TSS. The
densities of mean RPKM from a 2 kb region surrounding the TSS for a)
H3K27me3 and b) H3K4me3 data. All samples showed uniform distributions
for both histone marks.
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