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Abstract Gene co-expression network analysis has been a
research method widely used in systematically exploring gene
function and interaction. Using the Weighted Gene Co-
expression Network Analysis (WGCNA) approach to con-
struct a gene co-expression network using data from a cus-
tomized 44K microarray transcriptome of chicken epidermal
embryogenesis, we have identified two distinct modules that
are highly correlated with scale or feather development traits.
Signaling pathways related to feather development were
enriched in the traditional KEGG pathway analysis and func-
tional terms relating specifically to embryonic epidermal de-
velopment were also enriched in the Gene Ontology analysis.
Significant enrichment annotations were discovered from cus-
tomized enrichment tools such as Modular Single-Set
Enrichment Test (MSET) and Medical Subject Headings
(MeSH). Hub genes in both trait-correlated modules showed
strong specific functional enrichment toward epidermal devel-
opment. Also, regulatory elements, such as transcription fac-
tors and miRNAs, were targeted in the significant enrichment
result. This work highlights the advantage of this
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Introduction

Avian feathers and scutate scales are intricate structures of
birds and perform multiple functions such as flight, thermal
regulation, and protection (Gill 1995). Hundreds of genes (i.e.,
signaling pathway genes, structural genes, cell adhesion
genes, etc.) have been associated with the morphogenesis of
these two structures (Harris et al. 2002; Widelitz et al. 1999;
Andl et al. 2002; Bell and Thathachari 1963; Baden and
Maderson 1970; Haake et al. 1984; Rogers 1985; Fischer
et al. 1997, Shames et al. 1994; Tucker 1991; Maderson
et al. 2009), and gene co-expression network analysis is a
new approach to discover gene interactions in a large gene
expression datasets (Van Noort et al. 2003; Stuart et al.
2003; Horvath and Dong 2008; Ng et al. 2014; Chang et al.
2015). It is based on the quantitative pairwise relationships
among thousands of gene transcript profiles (Zhou et al.
2002; Steffen et al. 2002; Stuart et al. 2003; Zhang and
Horvath 2005; Carey et al. 2005; Schifer and Strimmer
2005; Chuang et al. 2008; Langfelder and Horvath 2008).
Gene network construction has been applied to identify gene
pathways and the genes underlying complex traits (Barabasi
and Oltvai 2004; Featherstone and Broadie 2002; Thieffry
et al. 1998).

Here we performed a Weighted Gene Co-expression
Network Analysis (WGCNA) using a customized 44K chick-
en microarray dataset of total RNA extracted from feather and
scutate scale tissue during chicken embryonic development
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(Li et al. 2008). A WGCNA network is defined as sets of
cluster nodes with each node representing a single transcript
(Langfelder and Horvath 2008). The edges, which are the
connections between nodes, are calculated by the Pearson’s
correlation coefficient based on the expression profile of the
transcripts (Langfelder and Horvath 2008). WGCNA can
identify gene modules which are the clusters of highly inter-
connected genes (Langfelder and Horvath 2008) associated
with a trait. This method has been successfully applied in
the diverse field of genomic research (Xue et al. 2013; Wang
et al. 2014; Hickner et al. 2015). There are two types of co-
expression networks: condition free and condition-dependent
networks. The condition free co-expression network normally
utilizes large datasets from different conditions including tis-
sue types, biological traits, and experimental conditions to
construct the basis for genetic architecture of gene expression
profiles. The traditional (condition free or dependent) gene co-
expression network analysis is limited by the small group of
differential gene expression data which are chosen using arbi-
trary thresholds. In order to study the specificity of epidermal
development in the chicken embryo, we defined and applied
the trait conditions (condition dependent network analysis)
during epidermal embryogenesis and built modules showing
the trait relatedness with all annotated genes in the customized
microarray.

Material and methods
Tissue samples and microarray experiment

Chicken dorsal feather (DF) and scutate scale (SC) tissues
were taken at days 8, 17, and 19 of chicken embryonic devel-
opment, while wing feather (WF) tissue was taken at days 17
and 19. A customized version of the chicken 44K Agilent
microarray was used to analyze mRNA extracted from these
tissue samples with a total of 31 individual microarray
expression samples analyzed. The details of experiment can
be found in Bao et al. (2016) and Greenwold et al. (2014).

Data set pre-processing

The raw gene expression Feature Extraction (FE) files pro-
duced by Agilent High-Resolution Microarray Scanner
(Agilent Technologies; Palo Alto, CA) were imported into
Agilent GeneSpring software (13.0 GX version: Agilent
Technologies; Palo Alto, CA). The customized probes were
639 miRNA genes, 27 x-keratin genes, 102 (3-keratins, and 2
Histidine-Rich Protein (HRP) genes. All the probes in the
microarray were normalized with the percentile shift algo-
rithm internally and the percentile target was set as the default
75% and the preprocess baseline for all samples was set to the
median option. All the probes with the same Entrez Gene ID
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and Gene Symbol ID were grouped on average as the same
gene and this also applied to the probes having the same cus-
tomized annotation.

Network construction and module detection

After the normalization and grouping steps of all probe
expressions, there were 12,601 genes with Entrez Gene IDs or
customized annotations, while 13,118 genes did not have any
type of Primary Accession annotations. We used the hclust
function in WGCNA to achieve standard hierarchical clustering
for the identification of outlier microarray samples and there is no
obvious outlier sample (Supplemental Fig. 1) (Langfelder and
Horvath 2008). The clustering result also complies with previous
clustering results (Bao et al. 2016). We define the biological traits
(scale, feather, day, stages, etc.) as a binary system (1 or 0
represents positive or negative; Supplemental Table 1) to relate
each detected module. The adjacency of the unsigned network
matrix was calculated based on the absolute Pearson correlation
coefficient raised to the power 3. Soft-thresholding power 12 was
determined by the optimum scale-free topology which target the
balance between scale-free fit index and the mean connectivity
(Supplemental Fig. 2). The modules were detected by the
calculation of Topological Overlap Measure (TOM) and the static
tree was cut by merging height as 0.25 with the minimum module
size as 30 genes. All modules were named by a different color
(i.e., steelblue, brown, darkred, etc.; see also Fig. 1).

Hub gene detection

The hub genes are defined as the ones having multiple inter-
node connections based on the weight calculation (Langfelder
and Horvath 2008). The intra-modular hub genes within the
particular trait-related module are more important than the
whole network hub genes (Zhang and Horvath 2005; Horvath
et al. 2006; Langfelder et al. 2013). The weight threshold was
set at default value (0.05) for the Medical Subject Headings
(MeSH) enrichment analysis of module hub genes.

Traditional functional annotation and analysis of module
genes

KOBAS (KEGG Orthology Based Annotation System, V3.0;
http://kobas.cbi.pku.edu.cn/; Xie et al. 2011) was performed
to identify biological pathways and Gene Ontology terms for
the genes in 11 modules having both moderate Module-Trait
and Module Membership correlations (Supplemental Table 2;
see below in “Results”). The foreground genes are the ones
having Entrez Gene ID annotations and the background was
set as the whole genome of the chicken. The KEGG pathway
database (Kanehisa and Goto 2000) were loaded to perform
the hypergeometric/Fisher’s exact test and the FDR correction
method (Benjamini and Hochberg 1995). GO classification
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Fig. 1 The heatmap of Module-Trait relationships for the co-expression
network. Each row, identified by different colors, represents modules of
highly correlated genes and each column corresponds to a defined
external trait. Each cell contains the corresponding correlation and p

count of all nonduplicate enriched GO annotations were per-
formed by CateGOrizer (Hu et al. 2008).

Gene enrichment analysis using the Modular Single-Set
Enrichment Test

Enrichment for chicken epidermal development-related genes
(EDRGs) of the most significant microarray results, based on
the ranking of Gene Significance (GS) value, was assessed using
the Modular Single-Set Enrichment Test (MSET) algorithm
(Eisinger et al. 2013). GS value is the correlation measurement
based on the gene expression profile and the external traits
(equation: GS; = |cor (Gene;, Trait)|; Langfelder and Horvath
2008). Therefore, each gene has its own GS value corresponding
to the specific trait, and the higher the absolute value of the GS,
the more important the gene is to the trait (Langfelder and
Horvath 2008). The gene set of interest, relating to chicken
epidermal development, was established from a customized gene
set having 302 genes as recently reported by Bao et al. (2016).
This customized gene set essentially combines the Lowe et al.
(2015) curated feather development-related genes and the chick-
en o- and {3-keratins annotated by Greenwold et al. (2014). All
background genes were ranked by the descending absolute value
of gene significance (GS) for feather and scale traits. The GS
value of each gene corresponding to a trait was calculated by
WGCNA and the details can be found at Supplemental File 1.
The number of genes for each MSET randomization step was
determined by the number of genes with GS > |0.85|. Each
analysis used 5000 simulations for the randomization.

value for each respective module and trait. The brown module and
black module are highlighted with a gold rectangle. The module-scale
trait correlation is 0.95 for the brown module and the module-feather trait
correlation is —0.97 for the black module

Medical Subject Headings-informed enrichment analysis

We downloaded the enrichment tool package meshr,
MeSH database package MeSH.db, and the chicken-
specific annotation package MeSH.Gga.eg.db from
Bioconductor (http://bioconductor.org/packages/release/
data/annotation/html/MeSH.Gga.eg.db.html) (Tsuyuzaki
et al. 2015; Morota et al. 2016). We screened all genes
having an Entrez Gene ID for the enrichment analysis
since the MeSH terms are widely associated with this
particular annotation. After loading all three packages,
the hypergeometric test was performed on the back-
ground genes (all microarray genes with Entrez Gene
IDs). We performed MeSH enrichment analyses on
selected module hub genes and the selection of the hub
genes in each module was based on the weight (w > 0.
05) and the connectivity (n > 2) threshold calculated by
WGCNA. Significantly enriched (p value <0.05) MeSH
terms can be detected as three categories: A (Anatomy),
D (Chemicals and Drugs), and G (Phenomena and
Processes).

Results
Network structure

We used 26,359 expressed genes from the customized 44K
chicken microarray to construct a scale-free co-expression
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Fig. 2 The gene scatter plot of correlation for Module Membership
(MM) and Gene significance (GS). Each spot represents a single gene.
The horizontal axis is the module membership value which represents the
connectivity of a single gene and the virtual module representative gene
(eigengene). The vertical axis is the gene significance (GS) value which
represents the correlation of a single gene and the external trait. Figure 1

network using the WGCNA algorithm. We identified 33 mod-
ules which included most of the genes in the customized mi-
croarray. There are 338 genes categorized as non-module
genes that are not co-expressed with other module genes.
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shows that brown module has a high module-scale trait correlation and
black module also has a high module-feather trait correlation. The top
figure shows that the brown module has high correlation of MM-scale GS
(r = 0.98, p = 2e—22), while the bottom figure shows that the black
module (» = —0.97, p = le-18) has high correlation of MM-feather GS.
All the EDRG genes in each module

Figure 1 is the heatmap of the Module-Trait relationship for
the co-expression network. Each row is identified by different
colors, representing modules of highly correlated genes and
each column corresponds to a defined external trait. Each cell
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contains the corresponding eigengene (E) significance which
is the correlation between each module eigengene and the
defined external trait (scale, feather, etc.) of the samples. In
this study, the eigengene is the virtual gene of the module that
represents the expression profile in the whole module. We
found that 9 out of the 33 modules are moderately correlated
(r > 0.5, p <0.01) with scale traits (Fig. 1). Six of the 33
modules are moderately correlated (» > 0.5, p < 0.01) with
the feather traits (Fig. 1). It is notable that the brown module
(r=10.98, p =2e—22) and the black module (r=—-0.97, p = le
—18) have very strong correlation values with scale and feath-
er traits, respectively.

In contrast to the eigengene significance, each gene in the
whole network has its own GS which is a measure of the
correlation between a single gene and the external traits. In
other words, the higher the absolute value of the GS, the more
important the gene is to the trait. To further investigate the
relationship between the traits and the genes, we plotted the
correlation of module membership (MM) and the GS for each
module (Fig. 2). Since the module membership is defined as
the correlation between each gene and the modular eigengene,
it is reasonable that the modules having high correlation of
module membership and gene significance with the external
trait tend to be more related to the trait because the eigengene
is a more reliable representative gene for the whole module.
Based on this intra-modular analysis, we further identified
seven modules with the scale trait and five modules with the
feather trait that have both moderate correlations (» > 0.5,
p < 0.01) for Module-Trait correlation and MM-GS correla-
tion (Supplemental Table 2). One of these modules
(greenyellow) correlates with both the scale and feather traits.
As Fig. 2 shows, the brown module with the scale trait and the
black module with the feather trait have strong correlations
(> 0.9, p <0.01) in the scatter of the MM-GS correlation
plot and they are the only modules that also have strong
Module-Trait correlations (» > 0.9, p < 0.01). Therefore, these
two modules have great potential to influence epidermal de-
velopment during chicken embryogenesis. Below we will
present the analyses of these two important modules (brown
and black) using novel enrichment methods (MSET and
MeST) to understand the chicken epidermal development.

KEGG pathway and Gene Ontology enrichment

We used an integrative functional enrichment tool (KOBAS
3.0) on the 11 unique modules having both moderately corre-
lated Module-Trait and MM-GS relationships to identify the
biological pathways and Gene Ontology (GO) terms. We re-
corded all the significantly enriched KEGG pathways, GO
annotations, corrected p values, and correlated traits for each
ofthe 11 modules (Supplemental File 2). All 11 modules have
enriched KEGG pathways and GO annotations. It is notable
that some well-known signaling pathways (Wnt and TGF-

beta) known to be involved in feather skin differentiation
(Chang et al. 2004; Jiang et al. 2004; Chuong et al. 1991) were
enriched. There are 1582 unique enriched GO terms across the
11 modules and 1123 (71%) of them are classified as
Biological Process root terms.

Enrichment for chicken epidermal development genes
using MSET analysis

A set of genes relating to chicken epidermal development
(EDRGs) was compiled as stated in the “Material and
methods” section. We ran four sets of MSET analyses using
the background genes: all microarray genes using their feather
GS value, all microarray genes using their scale GS value,
brown module genes using their scale GS value, and black
module genes using their feather GS value. For the MSET
analysis using the whole microarray background (feather
and scale GS values), we preprocessed the gene module
dataset and obtained 13,241 genes having either Gene
Symbol annotations or our customized - and [3-keratin an-
notations. The enrichment analyses of scale and feather traits
are based on the rankings of the GS values of scale and feather
traits obtained with WGCNA. MSET analyses found signifi-
cant enrichment in both top (genes with GS > |0.85|) microar-
ray results (scale and feather traits) indicating that chicken
epidermal development genes appear in the significant micro-
array data at a rate higher than what would be due to random
chance (Fig. 3). Alpha («-) and beta (3-) keratins were
enriched in both of the top list of genes in the analysis based
on ranked feather/scale GS value as the background. By ap-
plying the same threshold for the top gene selection under the
MSET algorithm, we also performed a MSET analysis on the
background genes of the brown and black modules ranked by
scale GS (brown module) and feather GS (black module) for
each module. Both of these analyses found significant enrich-
ment for the “top genes” based on the trait GS threshold
(genes with GS >0.85|; see “Material and methods” section)
and «- and [3-keratins are still enriched in the brown module
with scale GS (Fig. 3).

Hub gene enrichment analysis for the highly correlated
trait modules

The MeSH database provides 16 different categories of MeSH
terms (Tsuyuzaki et al. 2015) derived from the National
Library of Medicine (NLM). We chose three major categories
(A, Anatomy; D, Chemicals and Drugs; and G, Phenomena
and Processes) as they related directly to this study and ig-
nored other unrelated categories such as “Psychiatry and
Psychology,” “Geographical Locations,” “Humanities,” etc.
Table 1 lists the statistically significant MeSH terms enriched
for the hub genes in the brown and black modules. The MeSH
term “Chicken Embryo” in the Anatomy (A) category
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Fig. 3 The output of MSET enrichment analysis for the customized
chicken epidermal development-related gene database within the chicken
embryonic epidermal development expression data. The background
genes for window a and b are the whole microarray genes and the im-
portance ranking are based on scale gene significance (GS) and feather
gene significance (GS) for each gene, respectively. Likewise, the

(MeSH: D002642) was enriched in the brown module and this
term has the highest number of unique curated literature
sources (4836) relating to the background genes of the brown
module. Another MeSH term “Gene Expression Regulation,
Developmental” (MeSH: D018507) was also significantly
enriched in both the brown and black modules. These results
depict the scenario that the module hub genes are involved in
gene regulation of chicken embryogenic development. The
“Feathers” MeSH term (MeSH: D005241) of the Anatomy
(A) category was enriched in the black (feather trait) module
hub genes while it is not enriched in brown (scale trait) mod-
ule genes. These findings validate the WGCNA module de-
tection approach based on trait correlation and the effective-
ness of our strategy indicating that the black module hub
genes specifically contribute to feather structure during chick-
en embryogenesis. It is notable that the “MicroRNAs” term
(MeSH: D035683) was found to be significant and has the
most (1700) unique curated literature sources relating to the
background genes in the Chemicals and Drugs (D) category
for the black module hub genes.

We selected all edges (gene connections) with nodes
(genes) having Gene Symbol annotations, then collected all
unique nodes with the frequency calculation. There are 785
and 400 unique genes having at least two edges for the brown
and black modules, respectively. The highest number of edges
for the hub genes in the brown module is 653, while the
highest number of edges for the hub genes in the black module
is 328. We also found that there are 20 and 10 EDRGs in the
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background genes for window ¢ and d are the black module and brown
module, respectively. The gene importance order of black and brown
modules is based on the value of the feather gene significance (GS) and
scale gene significance (GS) for each gene. The vertical axis represents
the probability of X number of matches to the customized database found
in a randomly generated set of simulated results from the background

brown and black modules, respectively (Supplemental
Table 3). We ranked these EDRGs based on the number of
edges (edge connectivity) in the modules. For each module,
more than half of the EDRGs are among the top 50% of all
nodes with the most connectivity in each module.
Furthermore, three claw 3-keratin EDRGs in the brown mod-
ule and the retinoic acid receptor beta (RARB) gene in the
black module ranked among the top 5% of edge connectivity
among all the other nodes. Most of the EDRGs in brown or
black modules have at least 20 connections and only one
EDRG in each module has the minimum two connections.
Therefore, EDRGs in these highly correlated epidermal
traits-related modules have high connectivity and likely play
an important role in chicken epidermal embryogenesis
(Supplemental Table 3).

Discussion

In this study, we did not employ the traditional method of
using differentially expressed genes to construct the co-
expression network. Typically, researchers will screen their
datasets to remove genes that are not differentially expressed
or lack annotation (Miller et al. 2014; Maschietto et al. 2015;
Wong et al. 2015). In contrast, Hudson et al. (2009) used their
entire dataset and found that modifications of transcription
factors (TF) such as reversible phosphorylation can act inde-
pendently of the TF expression levels. Similarly, we took
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Table 1 A list all MeSH terms enriched for the hub genes in brown and black modules. The enrichment analysis was performed on three major
categories (A, Anatomy; D, Chemicals and Drugs; and G, Phenomena and Processes)
Module with hub MeSH category Enriched MeSH terms
genes
Black D: Chemicals and Actinin; Fibroblast Growth Factor 10; Receptors, Fibroblast Growth Factor; Multienzyme Complexes;
Drugs Receptors, Cytoplasmic and Nuclear; Microfilament Proteins; Muscle Proteins; MicroRNAs;
G: Phenomena and ~ Wnt Signaling Pathway; Muscle Contraction; DNA Breaks, Double-Stranded; Structure-Activity
Processes Relationship; Nucleic Acid Hybridization; Molecular Weight; Gene Expression Regulation,
Developmental
A: Anatomy; D: Interneurons; Actin Cytoskeleton; Hindlimb; Adipose Tissue; Wing; Ear, Inner; Gizzard; Lymphoid
Chemicals Tissue; Muscle, Smooth; Feathers
Brown D: Chemicals and Receptors, Somatostatin; Octoxynol; Neuropilin-1; Neuropilin-2; TNF Receptor-Associated Factor 6;

Drugs

G: Phenomena and
Processes

A: Anatomy; D:
Chemicals

Cystine; Tissue Inhibitor of Metalloproteinase-2; RNA, Small Nucleolar; Matrix Metalloproteinase 9;
haker Superfamily of Potassium Channels; Inhibitor of Differentiation Protein 2; Inhibitor of
Differentiation Protein 1; Smad5 Protein; elF-2 Kinase; Sp3 Transcription Factor; terleukin-1
Receptor-Associated Kinases; MAP Kinase Kinase Kinases; Thyroxine; Spl Transcription Factor;
Proto-Oncogene Proteins c-jun; Reactive Oxygen Species; Toll-Like Receptor 3; Proto-Oncogene Proteins
c-maf; Semaphorins; Semaphorin-3A; Antigens, Differentiation; Thyrotropin; Collagen Type I; Ubiquitins;
Platelet-Derived Growth Factor; Peptide Library; Alanine; Proto-Oncogene Proteins c-fos;
Triiodothyronine; Frizzled Receptors; Viral Proteins; Oligonucleotides, Antisense; Ribosomal Proteins;
Receptors, G-Protein-Coupled; Protein Precursors; RNA, Untranslated; Amino Acids; Helix-Loop-Helix
Transcription Factors; Single-Chain Antibodies; Receptors, Cell Surface; Green Fluorescent Proteins;
Homeodomain Proteins; Nerve Tissue Proteins

Sequence Tagged Sites; Molecular Dynamics Simulation; Gene Order; Chromosomes, Human, Pair 7;
Peptide Library; Spermatogenesis; Enzyme Induction; Genome, Human; Osteogenesis; Gene
Rearrangement; MAP Kinase Signaling System; Brain Chemistry; Lymphocyte Activation; Enzyme
Activation; Down-Regulation; Up-Regulation; Introns; Open Reading Frames; Species Specificity; Gene
Library; Signal Transduction; Gene Expression Regulation, Developmental; Sequence Homology, Amino
Acid; Amino Acid Sequence

Arteries; Tectum Mesencephali; Peripheral Nerves; Synaptic Vesicles; Mandible; Primitive Streak;
Chromosomes, Human, Pair 7; Dendrites; resynaptic Terminals; Head; Pericardium; Myocytes, Cardiac
Heart Valves; Neurons, Afferent; Lung; Lymphoid Tissue; Eye; Limb Buds; Heart; Extremities; Mesoderm;
Neurons; Brain; Chick Embryo;

advantage of this method and used a large number of micro-
array datasets (31 arrays) and we were able to include most of
the available expression data on the 44K microarray chips and
build a more robust co-expression network related to epider-
mal developmental traits. The detection of co-expressed mod-
ules related to phenotypic traits can facilitate the identification
of grouped genes and their regulatory mechanisms. The
workflow of this study is summarized in Fig. 4.

Unlike quantitative traits such as body weight, length, etc.,
the qualitative traits are difficult to measure and to build a
Module-Trait relationship. Based on previous work defining
the embryonic stages of the chicken (Hamburger and
Hamilton 1951), we used the strategy of 1 for positive and 0
for negative of Bohne et al. (2014) to discover the modules
related to the scale or feather traits. Figure 1 not only shows
the correlation of the scale and feather traits to the clustered
module genes, it also shows correlation with other non-
quantitative traits, such as stages (day 8, day 17, and day
19), which will be studied in the future.

Although 11 modules meet the basic correlation threshold
(r>0.5) for Module-Trait and MM-GS relationships, only the

brown module for the scale trait and the black module for the
feather trait have very strong correlations (7 > 0.9). Therefore,
we focused on analyzing these two EDRG modules, which are
highly correlated to avian epidermal development. Chang
et al. (2015) applied a cosine similarity algorithm to identify
the differentially expressed/coregulated genes in chicken de-
veloping epidermal tissue and found five significantly
enriched KEGG pathways: ECM-receptor interaction, Focal
adhesion, Melanogenesis, Calcium signaling pathway, and
Vascular smooth muscle contraction. Their further verification
work found that voltage-gated calcium channel subunits were
expressed spatio-temporally in the epithelium and this strong-
ly suggests that the calcium signaling pathway is involved in
early skin development as a novel pathway. Besides the ECM-
receptor interaction pathway, all the other four KEGG path-
ways were also enriched in our analysis. Our first KEGG
pathway analysis, using an earlier version of KOBAS (2.0),
failed to identify any enriched pathways for the black module
because of the missing Entrez Gene ID annotations. This may
also explain the missing ECM-receptor interaction pathway
enrichment. Although the enriched GO terms are numerous
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Fig. 4 The workflow of this [ Construct a gene co-expression network and detect ]
m

study

odules relating to chicken epidermal development traits

[Modules with high Module-Trait andJ

MM-GS correlations are selected

Traditional KEGG pathway and
GO enrichment analysis on Module
genes based on the curated database

MSET analysis of entire microarray

and modules which are related to the

customized epidermal development
related genes (EDRGs) database

MeSH analysis of Module hub genes

and complicated, we are able to identify informative terms
such “skin development,” “embryo development ending in
birth or egg hatching,” and “morphogenesis of embryonic
epithelium” that legitimizes tissue type in our analysis.
Interestingly, we found that Tenascin C (TNC) is involved in
an enriched Gene Ontology term (GO:0070161). Previous
studies have shown that TNC is dynamically expressed and
alters the cell adhesiveness during feather and scutate scale
development (Fischer et al. 1997; Shames et al. 1994;
Tucker 1991). Furthermore, TNC was also discovered to be
a possible miRNA target gene during epidermal development
in the chicken embryo (Bao et al. 2016).

The traditional KEGG pathway and Gene Ontology analy-
sis is based on the established and curated pathways and gene
database. However, there are no miRNAs or beta-keratins in-
volved in any chicken KEGG pathways. Considering our
WGCNA modules contain a large number of these genes,
we did not find it appropriate to only perform the KEGG
pathway and Gene Ontology analyses and we therefore addi-
tionally utilized performed MSET analysis. MSET employs a
simple randomization test (Eisinger et al. 2013) allowing com-
parison of the microarray results with independently curated
gene sets that are not commonly associated or categorized in
other enrichment tools. In other words, the background genes
for the enrichment are customized based on the research inter-
ests. In our case, the customized gene set is the EDRGs. It is
interesting that the brown module for the scale trait has five (3-
keratins enriched as the top microarray genes. Considering (3-
keratins are the major structural genes for avian scales and the
MSET analysis is sensitive to the gene significance result, this

@ Springer

The results are functionally enriched
with epidermal development traits

indicates the trait-specific modules heavily utilize this specific
type of 3-keratin.

Topologically, central genes in the co-expression network,
the hub genes, have more internode connections. It is reason-
able that hub genes are more likely to be required for network
integrity and play more important regulatory functions.
Therefore, the identification and characterization of hub genes
in the network is helpful to understanding the basis of the
epidermal development network. However, we cannot simply
input the hub genes of a module to perform the KEGG path-
way enrichment analysis as the results may not be fruitful
because the lack of other non-hub genes associated with path-
ways may heavily influence the enrichment results. Therefore,
we ran the KEGG pathway analysis using KOBAS 3.0 on all
the hub genes in black module and brown module and com-
pared it to the analysis with all of the module genes. The
enrichment results for all genes in black and brown modules
produced a total of 19 enriched pathways while there was no
enriched pathway for the hub genes in black module and only
one “Ribosome” KEGG pathway enriched for the hub genes
in the brown module. The traditional enrichment methods
(KEGG pathway and GO enrichment) were not useful in iden-
tifying the functional role of modular hub genes.

In contrast to the enriched MeSH Anatomy term “Feathers”
(D005241) for the black module with the feather trait, we did
not find the “Scale” MeSH term enriched in the brown module
based on the scale trait, because there is no anatomical or
epidermal term “Scale” deposited in the NLM. However, the
brown module hub genes may still be important for the for-
mation ofthe scale, butarenotdetectable. Datasets such as the
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brown module hub genes may be candidates to be deposited
in the NLM to improve its number of MeSH terms.

Besides the “Feathers” term enriched in the black module,
there are hub genes in the black and brown modules that are
enriched for the MeSH Anatomy (A) category, which are re-
lated to epidermal development, such as “Wing” (D014921),
“Hindlimb” (D006614), and “Limb Buds” (D018878).
During embryonic days 9 to 16, the feather buds undergo a
complicated process to eventually become the feather folli-
cles, which involves the connection to nerve fibers and mus-
cles to provide physiological functions (Yu et al. 2002, 2004).
Interestingly, we found that many muscle or nerve-related
MeSH terms were enriched either for the Chemicals and
Drugs (D) category or Phenomena and Processes (G) category
such as “Muscle Contraction” (D009119) and “Nerve Tissue
Proteins” (D009419). In addition, we found that the MeSH
term “Thyroxine” (D012269) is enriched with a high p value
in the brown module D category. Thyroxine initiates epider-
mal thickening, secondary periderm formation and even con-
tributes to the cornification of embryonic chicken skin in cul-
ture (Tammi and Maibach 1987). The classic “Wnt Signaling
Pathway” (D060449) is enriched as the top ranked G term in
the black module, and some other enriched MeSH terms such
as “Signal Transduction” (D015398) indicate that the signal-
ing transduction pathways are involved, but the data are too
general for annotation.

We noticed that there are two genes of the SMADs protein
family present in our customized feather-related gene set, and
that the SMADS protein was another gene family member
enriched as MeSH D category in the brown module. Ng
et al. (2015) conducted a transcriptome analysis of
regenerating adult feathers of the chicken and found that
SMADS5 was significantly enriched as one of the
differentially expressed genes in multiple functional
enrichment annotations. Considering our MeSH enrichment
results, we suggest that SMADS is involved in signaling
pathway regulation as early as the embryonic developmental
stages examined here. Lowe et al. (2015) curated and collect-
ed the feather development-related genes with specific stan-
dards such as feather phenotype mutation or defined region of
the feather, thus it is inevitable that they missed some genes
contributing to epidermal development, such as those found
by Ng et al. (2015) in their transcriptome analysis. Therefore,
our MeSH enrichment results based on module hub genes
may provide a new approach for selection of candidate genes
involved in avian epidermal development.

We also found that two TF genes (specific protein 1 [Sp1],
specific protein 3 [Sp3]) are enriched by MeSH. Ng et al.
(2015) found that Sp3 was significantly upregulated in the late
body feather development. Spl was predicted by Ingenuity
Pathway Analysis (IPA) canonical pathway analysis to be an
upstream regulator gene contributing to the gene expression
differences between distal and proximal body feathers in the

chicken. These results together with other pathway enriched
terms suggest that module hub genes play important roles in
TF regulation to coordinate with the biological signaling cas-
cade process of chicken epidermal embryogenesis. This re-
search has utilized the co-expression network and various en-
richment strategies to characterize the most highly featured
gene modules instead of exhaustively listing every single on-
tology. The entire gene regulatory network is very complicat-
ed when we consider the thousands of target gene possibilities
produced by TF and miRNA genes. Hopefully, this study will
shed light on our understanding of the co-expression networks
and the important role of hub genes in the featured modules.

Conclusions

The detection of chicken co-expression network modules dur-
ing embryonic epidermal development in the chicken is useful
for understanding the relatedness between modules and the
traits via customized enrichment methods. Specifically, for
the modules with strong correlations of high Module-Trait
and MM-GS values, the MSET enrichment results demon-
strate the important functional role of epidermal-related genes
in both whole genome and modular datasets. The novel appli-
cation of MeSH enrichment for identifying the hub genes,
which have more gene connections, allows for the discovery
of their functional roles in the formation of chicken epidermal
structures.
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