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The JAK-STAT signaling pathway plays a key role in cytokine and growth factor activation and is involved
in several cellular functions and diseases. The main objective of this study was to investigate the
expression of candidate JAK-STAT pathway genes and their regulators and interactors in the intestinal
mucosal layer of two genetically disparate chicken lines [Marek’s disease (MD)-resistant line 6.3 and MD-
susceptible line 7.2] induced with necrotic enteritis (NE). Through RNA-sequencing, we investigated 116
JAK-STAT signaling pathway-related genes that were significant and differentially expressed between
the intestinal mucosa of the two lines compared with respective uninfected controls. About 15 JAK-STAT
pathway genes were further verified by qRT-PCR, and the results were in agreement with our sequenc-
ing data. All the identified 116 genes were annotated through Gene Ontology and mapped to the KEGG
chicken JAK-STAT signaling pathway. To the best of our knowledge, this is the first study to represent
the transcriptional analysis of a large number of candidate genes, regulators, and potential interactors in
the JAK-STAT pathway of the two chicken lines induced with NE. Several key genes of the interactome,
namely, STAT1/3/4, STAT5B, JAK1-3, TYK2, AKT1/3, SOCS1-5, PIAS1/2/4, PTPN6/11, and PIK3, were deter-
mined to be differentially expressed in the two lines. Moreover, we detected 68 known miRNAs variably
targeting JAK-STAT pathway genes and differentially expressed in the two lines induced with NE. The
RNA-sequencing and bioinformatics analyses in this study provided an abundance of data that will be
useful for future studies on JAK-STAT pathways associated with the functions of two genetically disparate
chicken lines induced with NE.
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cell functions such as differentiation, proliferation, and apopto-
sis. To activate the JAK-STAT pathway, the cytokines have to first
interact with their corresponding receptors and activate receptor-
associated members of the JAK family (JAK1, JAK2, JAK3, and TYK2).
Then, JAKs activate docking sites of STAT1-6 and other signal-
ing molecules and induce their subsequent translocation into the
nucleus where they modulate the expression of target genes (Kiu

1. Introduction

In mammals, the JAK-STAT pathway is activated by more
than 40 cytokines and growth factors, and is involved in several

Abbreviations: JAK, Janus kinase; STAT, signal transducer and activator of
transcription; SOCS, suppressor of cytokine signaling; IL, interleukin; RT, reverse
transcription; TYK2, tyrosine kinase 2; SH2 (PTPN), src homology 2-containing tyro-
sine phosphatase 2; PIAS, protein inhibitor of activated STAT; AKT, V-Akt murine
thymoma viral oncogene homolog; PIK3R, phosphoinositide-3-kinase regulatory
subunit; IFN, interferon; ERK, extracellular signal-regulated kinase; p38MAPK, P38
mitogen activated protein kinase; CSF, colony stimulating factor; LIF, leukemia
inhibitory factor; GH, growth hormone; PRL, prolactin; CNF, NPHS1 nephrin; OSM,
oncostatin M; NNT-1R/BSF-3R, novel neurotrophin-1R/B cell-stimulating factor-3R;
Epo-R, erythropoietin receptor; Tpo-R, thrombopoietin receptor.
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and Nicholson, 2012). Several studies demonstrated that JAK1
interacts with class I cytokine receptors in humans to stimulate
signals from the IL-2 receptor family (IL-2R, IL-7R, IL-9R, and IL-
15R), IL-4 receptor family (IL-4R and IL-13R), and gp130 receptor
family (IL-6R, IL-11R, LIF-R, OSM-R, CT-1R, CNTF-R, NNT-1R/BSF-
3R, and Leptin-R) (Schindler and Strehlow, 2000; Zgheib et al.,
2013). In addition, JAK1 interacts with class II cytokine receptors
to stimulate signals from IFN-R and IL-10R (Eulenfeld et al., 2012;
Yamauchi-Takihara and Kishimoto, 2000). Similarly, JAK2 stimu-
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lates signals from the single-chain receptor family (Epo-R, Tpo-R,
GH-R, and PRL-R) and IL-3 receptor family (IL-3R, IL-5R, and GM-
CSF-R) (Schindler and Strehlow, 2000; Zgheib et al., 2013). JAK3
stimulates signals from the common gamma chain (yC) receptor
family (IL-4R and IL-21R) (Kaminski et al., 2010; O’Sullivan et al.,
2007). TYK2 was reported to elicit signals from IFN-c, IL-6, IL-10,
and IL-12 (Schindler and Strehlow, 2000; Shanker et al., 2013).
Recently, it has been reported that members of the SOCS family,
which comprise at least eight proteins, are inducible endogenous
regulators of the JAK-STAT pathway (Chaves de Souza et al., 2013).

The expression and functions of JAK-STAT pathway-related
genes have been well demonstrated in mammalian species. In
particular, JAK-STAT pathway dysregulation results in the disrup-
tion of several signaling pathways and causes immune deficiency
syndromes (Aaronson and Horvath, 2002). However, studies in
relation to JAK-STAT signaling pathway genes in avian species are
limited. The aim of this study was to analyze the JAK-STAT signal-
ing pathway cascade that mediates the functions of the intestinal
mucosal layer and the innate immune response of two genet-
ically disparate chickens infected with bacterial and protozoan
pathogens. We performed RNA sequencing (RNA-Seq) and quanti-
tative real-time PCR (qRT-PCR) analyses to evaluate the expression
of JAK-STAT pathway-related genes in the intestinal mucosal layer
of two chicken lines [Marek’s disease (MD)-resistant line 6.3 and
MD-susceptible line 7.2] with necrotic enteritis (NE) induced and
uninfected control. Moreover, we reported the potential miRNAs
targeting the identified JAK-STAT signaling pathway genes in NE-
induced chickens compared with respective controls.

2. Materials and methods
2.1. Experimental birds and care

The two White Leghorn chicken lines, the MD-resistant line
6.3 and MD-susceptible line 7.2, were obtained from the Avian
Disease and Oncology Laboratory (East Lansing, MI, USA) of the
Agricultural Research Service of the United States Department of
Agriculture (USDA). Care and experimental use of the birds were
approved by the Beltsville Area Institutional Animal Care and Use
Committee of the USDA-ARS. All the experiments including bird
management, experimental induction of NE, and sample collection
were performed at USDA-ARS, Beltsville, USA.

2.2. Experimental disease model for NE

NE was experimentally induced in lines 6.3 and 7.2 chickens
as previously described (Jang et al., 2012). Briefly, chickens were
infected with E. maxima (1.0 x 10* oocysts/bird) by oral gavage on
day 14, followed by oral gavage with a field strain of C. perfringens
strain Del-1 (1.0 x 10° colony forming units [CFU]/bird) after 4 days.
For the development of NE, the birds were fed a non-medicated
commercial basal ration of 17% crude protein from 1 to 18 days of
age, and the feed was replaced with a commercial non-medicated
feed containing 24% crude protein at 18-20days of age. Chickens
were raised in Petersime starter brooder units, provided ad libitum
access to water, and maintained under uniform standard manage-
ment conditions. The experimental and control groups were kept
in separate rooms to prevent cross-contamination throughout the
course of the experiment.

2.3. Experimental sample collection and high-throughput
RNA-Seq

Intestinal mucosa samples (ileum: Meckel’s diverticulum to
5 cm proximal to the ileocecal junction) were collected from NE-
induced and control lines of 6.3 and 7.2 chickens (five each) on

post-hatch day 20, according to a previously described protocol
(Hong et al., 2012). Total RNA was extracted from all samples and
used for high-throughput RNA-Seq and data analyses as previously
described (Truong et al., 2015).

2.4. JAK-STAT signaling pathway enrichment analysis

In our previous study (Truong et al., 2015), the total raw reads
generated after processing of sequencing data was over 38 million
reads for the MD-resistant line 6.3 and over 40 million reads for
the MD-susceptible line 7.2. Alignment of the sequence reads with
the Gallus gallus (chicken) genome database revealed the expres-
sion of over 29,900 transcripts affected by NE in these two lines.
Of these, 7841 genes and 2919 genes were significantly upregu-
lated and downregulated, respectively, in EM/CP-infected line 6.3
compared with the uninfected control. Approximately 6043 genes
and 2764 genes were also significantly upregulated and downreg-
ulated, respectively, in EM/CP-infected line 7.2 compared with the
uninfected control. The significantly upregulated and downregu-
lated genes which are obtained from NE-induced lines 6.3 and 7.2
in our previous study were utilized in the present study. All those
genes were subjected to identify their involvement in the chicken
JAK-STAT pathway according to the Kyoto Encyclopedia of Genes
and Genomes (KEGG: http://www.kegg.jp/) database using DAVID
Bioinformatics Resources version 6.7 (http://david.abcc.ncifcrf.gov/
tools.jsp).

2.5. Hierarchical clustering, gene ontology (GO), and interaction
analyses

The genes identified in chicken JAK-STAT pathway were sub-
jected to hierarchical clustering using Cluster (MeV v4.9: www.
tm4.org) and Java Treeview software (http://jtreeview.sourceforge.
net/). Cluster map analysis of genes identified in the two lines was
performed using Euclidean distance. The p values were calculated
using theright-tailed Fisher’s exact test. Next, GO functional enrich-
ment analysis of JAK-STAT pathway genes identified in the two
lines was performed using Blast2GO (version 2.7.1) (http://www.
blast2go.org/). Finally, cytokines and JAK-STAT signaling pathway
gene interactions were analyzed using the Search Tool for the
Retrieval of Interacting Genes/Proteins (STRING) program (version
10), a database of known and predicted gene/protein interactions
(Szklarczyk et al., 2015).

2.6. Real-time PCR verification of JAK-STAT pathway genes

Real-time PCR was used to confirm the differential expression of
JAK-STAT pathway genes revealed by RNA-Seq. Primer sequences
of 15 genes and the internal control gene glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) were designed using Laser-
gene software (DNASTAR Inc. Madison, WI, USA) and synthesized
by Genotech Co. Ltd. (Daejeon, South Korea) (Table 1). cDNA synthe-
sis was performed using Maxima First Strand cDNA Synthesis Kit
(Thermo Scientific) according to the manufacturer’s recommenda-
tions. qRT-PCR was performed using 2 x Power SYBR Green Master
Mix (Roche, IN, USA) according to the manufacturer’s instruc-
tions with a LightCycler 96 system (Roche). Relative gene-specific
expression was calculated using the 2-2ACt method after nor-
malization with chicken GAPDH (Livak and Schmittgen, 2001). All
gRT-PCR analyses were performed in triplicate.

2.7. Prediction of miRNAs targeting JAK-STAT pathway genes
For analysis, miRNAs targeting JAK-STAT signaling pathway

genes were first predicted in silico using the miRecords database
(http://cl.accurascience.com/miRecords/prediction_query.php),
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Table 1

Primer sequences for the real-time PCR analysis of JAK-STAT signaling pathway genes.

Gene Primer Nucleotide sequence (5’-3’) Length Accession No

GAPDH Forward TGC TGC CCA GAA CAT CAT CC 142 NM_204305
Reverse ACG GCA GGT CAG GTC AAC AA

JAK1 Forward GGC TCG TGC GTG TCC TAC 116 NM_204870
Reverse GGT CGT CCG CTT ATC GTG

JAK2 Forward CAG ATT TCA GGC CGT CATTT 120 NM_001030538
Reverse ATC CAA GAG CTC CAG TTC GTAT

JAK3 Forward CAG CCC CAA CCA GAT GTC 106 NM_204996
Reverse CCG CTT GAT GCCTTT GTA G

TYK2 Forward GCC CCA TGC AGG AGG AAT 119 XM_427671
Reverse CTT TGC CAC AGC CAG AAT CAC

SOCS1 Forward CTA CTG GGG ACC GCT GACC 117 NM_001137648
Reverse TTA ACA CTG ATG GCA AAG AAA CAA

S0OCS2 Forward CTG CGG AGT GTC GGA GAT 100 NM_204540
Reverse ATT AAG CTT TCA GGG TTG TGC

SOCS3 Forward GAC ACC AGC CTG CGC CTC AAG A 111 NM_204600
Reverse GCC CGT CAC CGT GCT CCA GTAGA

SOCSs4 Forward AGC CCC TGT AAA CCA AAA Ag 105 NM_001199108
Reverse GGG GGA TCG GAC TCT ACC

SOCS5 Forward CCT CCC AAT GCC CAA ATA 102 NM_001127314
Reverse CCC GGT CAG CTC AGT CATA

SOCS7 Forward AAG TGC GGG TGG TAT TGG 110 XM_004950016
Reverse ATG TAA CGG GGG TCA GAA CT

STAT1 Forward TTG TAA CTT CGC TAT TGG TAT TCC 106 NM_001012914
Reverse TTC CGT GAT GTG TCT TCC TTC

STAT3 Forward AGG GCC AGG TGT GAACTACT 98 NM_001030931
Reverse CCA GCC AGA CCC AGA AAG

STAT4 Forward TTC CAA TGT CAG CCA GTT ACC 105 AB275897
Reverse GCA GCA GGG GGATIG TTA

STAT5B Forward CCC ACC CCCATT ACAACA 114 NM_204779
Reverse GCA GCA GCT CCT CCA CAT

SHP2 Forward ATG TTG GTG GAG GGG AGA A 108 NM_204968
Reverse GGG GCT GCT TGA GTT GC

which integrates the following miRNA target prediction tools:
miRanda, MirTarget2, miTarget, NBmiRTar, RNAhybrid, and Tar-
getScan (Xiao et al., 2009). Next, JAK-STAT pathway gene-targeting
miRNAs differentially expressed in the intestinal mucosal layer of
the NE-induced chicken lines 6.3 and 7.2 were identified based on
our previous study (Hong et al., 2014).

2.8. Statistical analysis

Statistical analysis was performed using SPSS software (SPSS
23.0 for Windows; IBM, Chicago, IL, USA). Data are expressed as
mean values + SE. Statistical comparisons were performed using
Student’s t-test for two-group comparisons, and the level of statis-
tically significant difference was set at P<0.05.

3. Results

3.1. JAK-STAT signaling pathway-related genes in the NE-induced
chicken lines 6.3 and 7.2

Based on our previous RNA-Seq data (Truong et al., 2015) and
mapping that genes to the KEGG pathway database, we found
116 genes differentially expressed between the two NE-induced
chicken lines and involved in the JAK-STAT signaling pathway
(Table S1). Based on P<0.01 and fold change cut-off > 2, several
genes were significantly upregulated and downregulated in the
intestinal mucosal layer of the two lines. In particular, 52 genes and
9 genes were significantly upregulated and downregulated, respec-
tively, from EM/CP co-infection in the intestinal mucosal layer of
line 6.3 compared to control. On the other hand, 37 genes and 4
genes were significantly upregulated and downregulated, respec-
tively, from EM/CP co-infection in the intestinal mucosal layer of
line 7.2 compared to control. Fig. 1 shows the hierarchical cluster-

ing of 116 differentially expressed genes in NE lines 6.3 and 7.2 and
their involvement in the JAK-STAT signaling pathway.

3.2. GO analysis of differentially expressed genes in the
NE-induced chicken lines 6.3 and 7.2

All the upregulated and downregulated genes in the intestinal
mucosal layer of the two NE lines were categorized into three major
functional groups including molecular function, cellular compo-
nent, and biological process according to GO. Each major group
was further divided into several subcategories. The results of GO
analysis in NE line 6.3 revealed that all of the upregulated and
downregulated genes were categorized into two major functional
groups including biological process and molecular function. The
biological process group was divided into 23 subcategories such as
regulation of immune system process, regulation of cell differenti-
ation, immune response, immune system process, and intracellular
signal transduction. The molecular function group was divided into
9 subcategories including cytokine receptor binding and activity,
protein binding, signal transducer activity, and leukemia inhibitory
factor receptor activity. We could not find any GO terms associated
with the cellular component for upregulated and downregulated
genes (Fig. 2A).

The results of GO analysis in NE line 7.2 revealed that all of
its upregulated and downregulated genes were categorized into
three major functional groups including biological process, cellular
component, and molecular function. The biological process group
was divided into 23 subcategories such as regulation of protein
metabolic process, regulation of multicellular organismal process,
intracellular signal transduction, response to chemical, immune
system process, etc. The cellular component group was divided into
4 subcategories including extracellular region, extracellular space,
phosphatidylinositol 3-kinase complex, and extracellular region
part. The molecular function group was divided into 7 subcategories
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Fig. 1. Hierarchical clustering of 116 genes differentially expressed in the NE-induced chicken lines 6.3 and 7.2 compared with respective controls and involved in the JAK-
STAT signaling pathway. Genes shown in red were upregulated, and those shown in green were downregulated in the two NE-induced lines compared with the respective
control. Hierarchical clustering of genes and samples were based on Spearman’s rank correlation analyses. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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Fig. 2. Gene Ontology. All the upregulated and downregulated genes in the intestinal mucosal layer of (A) NE-induced line 6.3 and (B) NE-induced line 7.2 were categorized
into specific functional groups according to Gene Ontology using Fisher’s exact test (P<0.01). The x-axis represents the number of genes. Comparing controls, upregulated
genes are shown in dark blue, and downregulated genes are shown in dark red. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

such as signal transducer activity, cytokine receptor binding, and
protein binding. (Fig. 2B).

Overall, in the NE line 6.3, most of the upregulated and down-
regulated genes fell into the subcategories protein binding and
response to stimulus in terms of molecular functions and biological
processes, respectively. In NE line 7.2, most of the upregulated and
downregulated genes fell into the subcategories protein binding,
extracellular region, and response to stimulus in terms of molecular
functions, cellular component, and biological processes, respec-
tively.

3.3. Evaluation of the role of differentially expressed genes in the
JAK-STAT signaling pathway of NE-induced chickens

All the differentially expressed genes (116 genes) in NE-induced
lines 6.3 and 7.2 were localized to the chicken JAK-STAT signal-
ing pathway to determine their exact role. About 91 genes and 25
genes were upregulated and downregulated, respectively, in NE-
induced line 6.3 compared with the control group. About 94 genes
and 22 genes were upregulated and downregulated in NE-induced
line 7.2 compared with the control group. All these differentially
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Fig. 3. Localization of 116 genes differentially expressed in the intestinal mucosal layer of the NE-induced chicken (A) lines 6.3 and (B) 7.2 in the JAK-STAT signaling pathway.
The position of these genes was searched and marked in the KEGG Gallus gallus (chicken) JAK-STAT signaling pathway. Comparing controls, upregulated and downregulated

genes were indicated in different colors.

expressed genes were critically positioned in the KEGG chicken
JAK-STAT signaling pathway. Fig. 3A and B show the position of
116 genes differentially expressed in the intestinal mucosal layer
of the NE-induced chicken lines 6.3 and 7.2 compared with controls,
respectively.

Based on the structure and function of activated JAK-STAT
(Watanabe et al., 1997), we divided cytokine activation by JAK-STAT
into four groups: the yC family of cytokines, IFN family of cytokines,
gp130 family of cytokines, and single-chain family of cytokines. The
interactions of each family of cytokines with JAK-STAT pathway
genes were examined using the STRING program (Fig. 4). Consid-
ering that IL-2, IL-4, IL-13, CSF2, and IL-21 belong to the yC family
of cytokines, we analyzed the interactions of these cytokines with
JAK-STAT signaling pathway genes and found that these interac-
tions function to upregulate JAK1-3/STAT4-5B/SOCS1 expression
(Fig. 4A). IL-19, IL-22, and IL-26 are members of the IL-10 family;
IL-28 B is a member of the IFN family. The interactions between
the IL-10 family, IFN family, and JAK-STAT signaling function to
upregulate the expressions of JAK1/2, STAT1/3, and SOCS3 (Fig. 4B).
Similar upregulated expressions of SOCS3/JAK1-2/STAT1/3/TYR2
were observed in the interactions with the IL-6, LIF, and CNF genes
of the gp130 cytokine family (Fig. 4C). In addition, upregulated
expressions of JAK1-2/STAT1 and 5B/SOCS1-3 were observed in
the interactions with the GH and PRL genes of the single-chain
cytokine family (Fig. 4D).

3.4. Real-time PCR analysis of JAK-STAT signaling pathway genes
in the NE-induced chicken lines 6.3 and 7.2

To further understand the role of the JAK/STAT/SOCS signaling
pathway in the two genetically disparate chicken lines induced

with NE, the expressions of JAKs (JAK1-3, TYK2), STATs (STATI1,
3-5B), SOCSs (SOCS1-5, 7), and SHP2 were randomly selected and
quantitatively determined by qRT-PCR. As shown in Fig. 5, after
EM/CP co-infection, all JAKs, STAT1, SOCS4, and SOCS7 were sig-
nificantly decreased in the intestinal mucosal layer of NE line 6.3
compared with that of the NE line 7.2. The expression of STAT4,
STAT5B, SOCS2 and SHP2 mRNA were markedly decreased in NE
line 7.2 compared with the control. We compared the results
obtained from qRT-PCR with those generated from RNA-Seq anal-
ysis of these transcripts. Expression trends were consistent for
all transcripts in both analyses, with a correlation coefficient of
R2=0.927 for line 6.3 and R? =0.8676 for line 7.2 (Fig. 6).

3.5. Potential miRNAs targeting JAK-STAT signaling pathway
genes in the NE-induced chicken lines 6.3 and 7.2

Initially, all the 116 genes identified in the JAK-STAT signaling
pathway were analyzed in the miRecords database to identify their
potential miRNAs. In the results, miRNAs targeting 51 genes were
not known. The remaining 65 genes were shown to be targets of one
or more miRNAs (Table S2). Subsequently, the JAK-STAT signaling
pathway gene-targeting miRNAs were compared with those in our
earlier study (Hong et al., 2014) to identify their differential expres-
sion in the intestinal mucosal layer of the NE-induced chicken lines
6.3 and 7.2. The analysis revealed that approximately 68 miRNAs,
variably targeting JAK-STAT signaling pathway genes, were differ-
entially expressed in the intestinal mucosal layer of the NE-induced
chicken lines 6.3 and 7.2 compared with respective controls. In par-
ticular, most of the identified miRNAs were upregulated in NE line
7.2 chickens (Table S2).
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4. Discussion

The objective of the present study was to investigate and eval-
uate the expression of JAK-STAT pathway genes by RNA-Seq and
gRT-PCR analyses of two genetically disparate chicken lines (line
6.3 and line 7.2) induced with NE compared with respective con-
trols. For RNA-Seq data analysis, this required integration of the
available studies on the JAK-STAT pathways by listing the com-
ponents, modulators, and interactions along with their functional
relations to one another to build a comprehensive JAK-STAT inter-
actome that sheds light on the relationship between associated
molecules. On the other hand, GO term enrichment of JAK-STAT
pathway-related genes was performed. To our knowledge, the
expression analysis of JAK-STAT-SOCS family genes are not clear in
two genetically disparate chickens of lines 6.3 and 7.2 induced with
NE disease. Therefore, the findings of RNA-Seq data analysis were
further validated by qRT-PCR for randomly selected JAK-STAT-SOCS
family genes in the two NE lines.

In this study, the transcriptional expression levels of candi-
date JAK-STAT pathway genes in the intestinal mucosal layer of
NE-induced chickens were examined, and several genes demon-
strated significantly altered expression between the two NE lines
compared with respective controls. The expression profiles of sev-
eral core genes of the interactome and their key modulators such
as JAK1-3, TYK2, STAT1, STAT3, STAT4, STAT5B, SOCS1, SOCS2,
S0OCS4, SOCS5, PTPNG6, and PTPN11, were found to be significantly
different at the transcriptional level, in the two NE lines. In the
RNA-Seq dataset, most of the JAK and STAT family genes were
significantly upregulated in the two NE lines compared with the
respective controls. Among the negative regulators of this pathway,
the expressions of SOCS3 and SOCS7 were significantly upregulated

in NE line 7.2 and downregulated in NE line 6.3 compared with the
respective controls. On the other hand, the expressions of SOCS1,
SOCS2, SOCS4, and SOCS5 were markedly upregulated in the two
NE lines compared with the controls; however, the expressions of
these genes in NE line 6.3 were markedly higher than of those in
NE line 7.2. These results indicated that the negative feedback of
the SOCS family plays an important role in the intestinal mucosa
response to NE disease. Moreover, JAK-STAT-SOCS and PIAS gene
expressions in the two NE lines were validated by qRT-PCR anal-
ysis, and the correlation between RNA-Seq data and qRT-PCR was
determined as R2 =0.927 in NE line 6.3 and R2 =0.867 in NE line 7.2.

The interactions between JAK2 and STAT3-4 are also activated
by IFN-y (Kohlhuber et al., 1997). JAK2 interacts with cytosolic pro-
teins, mediating signals to the nucleus by activation of the STAT3
transcription factor. STAT3 can be phosphorylated on tyrosine’% by
JAK upon activation and on serine’2’ mainly by ERK and p38MAPK
(Kurdi and Booz, 2007). Previous studies indicated that JAK2-STAT3
activation is necessary for normal embryogenesis, differentiation of
embryonic stem cells, and protection against reperfusion-induced
injury in neonatal and adult cardiomyocytes (Foshay et al., 2005;
Takeda et al., 1997). STAT3 plays an important role in signal trans-
duction after interaction of the type I interferons IFN-o and IFN-3
with their receptors (Farrar et al., 2000). STAT4 is important in the
development of Th1 cells, acting as a member of the IL-12 signaling
pathway and playing arole in IFN-vy induction (Leonard and O’Shea,
1998). IL-18 is also able to induce IFN-y in a STAT4-dependent
manner with either IL-12 or IFN-a (Matikainen et al., 2001). The
combined effect of IL-12, IL-18, and IFN-y provides a suitable con-
dition for T cells to differentiate into Th1/17 cells (Berenson et al.,
2004).IFN-a also activates STAT4 in human T and NK cells, resulting
in the upregulation of IFN-y expression (Matikainen et al., 2001).
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Fig. 5. Quantitative real-time PCR analysis of JAK-STAT and SOCS pathway genes in the intestinal mucosal layer of NE-induced lines 6.3 and 7.2 compared with respective
controls. Data are expressed as mean values & SE (n=3) and significant differences in gene expression levels between NE line 6.3 and NE line 7.2 are indicated as follows: *

P<0.05, ** P<0.01, and *** P<0.001.

Moreover, the interaction between JAK2 and STAT3-4 play impor-
tant roles in mediating cytokines (IFN-vy, IL-1{3, IL-18, IL-12, and
IL-17) response to various diseases in mammalian species. Par-
ticularly, the IFN family, IL-12, and IL-17 family cytokines were
induced in the rat kidney in response to ischemia and reperfu-
sion injury (Yang et al., 2008), and autoimmune diseases such as
inflammatory bowel disease, psoriasis, Crohn’s and Behcet’s dis-
ease and rheumatoid arthritis (O’Shea and Plenge, 2012). Increased
STAT3 and STAT4 have been reported in chicken lymphoid cells
treated with Lactobacillus acidophilus (Brisbin et al., 2008), which
activate the expression of Th1/17 cytokines including IL-2, IL-12,
IFN-a, and IFN-y. The upregulation of JAK2, STAT3, and STAT4 in
two chicken lines induced with NE indicated that the interaction
between JAK2 and STAT3-4 might play an important role in T cell
population development in the intestinal response to NE disease.
The JAK1 gene is an upstream kinase of STAT3 protein and par-
tially responsible for its constitutive activity. The level of JAK1
expression was found to be particularly high in chicken bursa,
thymus, and B and T lymphoid cell lines, which could be due to post-
translational modification that activates JAK1 kinase (Bartunek
et al,, 1999). The interactions between JAK1, STAT1, STAT3, or
STAT5B coordinate different receptor complexes. IL-2, IL-4, IL-6,
IL-7, IL-9, IL-10, IL-13, IL-21, IL-22, IFN-«, IFN-f3, and IFN-vy signals
are relayed to JAK1, and they are involved in signaling by STAT1,
STAT3, and STAT5B in human (Luo and Laaja, 2004). Several pub-

lications in mammalian species demonstrated that the increased
level of signaling genes including JAK1, STAT1, STAT3, and STAT5B
in pathogen infection potently induced common Th1, Th2 or Th17
cytokines, and also control early differentiation of Th1/Th2/Th17
cells (Heltemes-Harris et al., 2011; O’Shea and Plenge, 2012; Tao
et al., 2010). Upregulated JAK1 level and STAT1/3/5B mRNA in NE-
induced chickens may lead to increased expressions of IL-2, IL-4,
IL-6, IL-7, IL-9, IL-10, IL-22, and IFN-« in the two chicken lines. The
expressions of IL-4, IL-6, IL-9, and IL-10 were higher in NE line 7.2
than in NE line 6.3; however, the receptor levels of IL-4, IL-6, and
IL-10 were higher in NE line 6.3 than in NE line 7.2. Moreover, com-
paring the NE-induced chickens to control groups, the expression
of 8 genes (IL-2, IL-4, IL-6, IL-9, IL-10, IL-13, IL-22, and IFN-a) in NE
line 6.3 and 9 genes (IL-2, IL-4, IL-6, IL-7, IL-9, IL-10, IL-13, IL-22,
and IFN-v) in NE line 7.2 were higher than that of respective control
groups. These results clearly suggest that the interactions between
JAK1 and STAT1/3/5B mRNA regulated the expression of IL and IFN
family members and their receptors in the intestine in response to
NE disease.

TYK2 is a JAK family protein that is activated in response to
multiple cytokines, including type I IFNs, IL-6, IL-10, IL-12, and IL-
23. In humans, TYK2 binds to cytokine receptors via its catalytic
activity framework. TYK2 is necessary for type I IFNR expression in
humans (Ragimbeau et al., 2003), and the role of TYK2 as a frame-
work protein may involve other cytokine receptors besides type I
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Fig. 6. Comparison of the log; (FC) of 15 selected transcripts using RNA-Seq and
qRT-PCR data on the intestinal mucosal layer of two genetically disparate NE induced
chicken lines.

IFNR (Ragimbeau et al., 2003). The overall effect of TYK2 activity
on cytokine responses is still poorly understood in chickens. Based
on RNA-Seq and qRT-PCR analyses, the upregulation of the TYK2
gene in the two NE lines demonstrated the function of TYK2 in the
immune response of the two NE-induced chicken lines.

The mammalian PIAS family consists of four members: PIAS1,
PIAS2, PIAS3, and PIAS4 (Kohlhuber et al., 1997; Shuai and Liu,
2003). Previous studies have revealed the antibodies specific for
PIAS proteins and identified PIAS-STAT interactions in mammalian
cells. After cytokine stimulation, PIAS1, PIAS2, and PIAS3 interact
with STAT1, STAT3, and STAT4, respectively (Arora et al., 2003;
Liu et al, 1998). In addition, PIAS4 was shown to be associ-
ated with STAT1 (Liu et al.,, 2001). The PIAS-STAT interaction is
cytokine-dependent, and PIAS proteins do not interact with STATs
in unstimulated cells. In this study, we investigated 3 PIAS genes
including PISA1, PIAS2, and PIAS4. The genes were upregulated in
the two NE lines and were particularly high in NE line 6.3. Genetic
studies on the PIAS-mediated regulation of the JAK-STAT pathway
are unclear in chickens; thus, our study may provide clues on the
role of PIAS proteins in regulating the JAK-STAT signaling pathway.

MicroRNAs regulate a wide range of biological processes includ-
ing embryo development, cell differentiation, cell proliferation, cell
metabolism, and programmed cell death by regulating one or a
few mRNA targets (Shivdasani, 2006). MicroRNAs preferentially
binds to the 3’UTR of the transcribed mRNA to regulate its expres-
sion and function (Rengaraj et al., 2011). In this study, JAK-STAT
signaling pathway genes were predicted to be variably target by
68 miRNAs in NE-induced chickens. Comparing the expression of
miRNA-target of JAK-STAT signaling pathway genes between two
NE-induced chicken lines showed that the expression of 57 miR-
NAs were upregulated and 11 miRNA were downregulated in the
intestine of the MD-susceptible line 7.2. The majority of miRNA-
target of JAK-STAT signaling pathway genes was downregulated
in the intestine of the MD-resistant line 6.3. This result suggests
that the expression of JAK-STAT signaling pathway genes might be
more regulated at the posttranscriptional level in the intestine of

NE-induced genetically disparate chicken lines. Particularly, PIK3RI
was predicted to be the target of up to 36 miRNAs. The PIK3RI gene
plays an important role in activating Protein-Tyr kinases through
its SH2 domain and signaling pathways such as the JAK-STAT and
AKT/PIK3 signaling pathways (Fahmi et al., 2013 and Fukao et al.,
2002). Moreover, PIK3RI is essential in the development and induc-
tion of T and B lymphocytes, macrophage cells, and mast cells
during pathogenic immune responses and cytokine production
(Fahmi et al., 2013; Fukao et al., 2002).

5. Conclusion

The JAK-STAT signaling pathway regulates the adaptive and
innate immune arms of mucosal immunity as well as epithelial
repair and regeneration. Here, we report the differential expression
of several key members of the JAK-STAT pathway and their inter-
actors in the intestinal mucosal layer of two chicken lines induced
with NE. In addition, we found other important candidates of the
JAK-STAT interactome such as STAT1/3/4, STAT5B, JAK1-3, TYK2,
AKT1/3, SOCS1-5, PIAS1/2/4, PTPN6/11, and PIK3 that were dif-
ferentially expressed in the two NE lines examined by RNA-Seq
and qRT-PCR analyses. Moreover, we detected 68 miRNAs variably
targeting JAK-STAT pathway genes and differentially expressed in
the two NE lines. The RNA-Seq and bioinformatics analyses in this
study provided an abundance of data that will be useful for future
studies on JAK-STAT pathways associated with the functions of two
genetically disparate chicken lines.
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