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Abstract: Cardiomyocytes in postnatal heart are terminally differentiated and thus possess limited capacity to re-
generate. Loss of cardiomyocytes through apoptosis and necrosis can lead to heart failure and other serious conse-
quences. Compared to mammals, substantially less research has been conducted on chicken cardiomyocytes; thus, 
the apoptosis pathways and many relevant genes remain unknown. To elucidate the pathways and genes involved 
in chicken myocardial cell apoptosis, primary cultures of chicken embryo cardiomyocytes were sham-treated or 
exposed to the apoptosis inducer dithiothreitol (DTT), and RNA-Seq with technical replicates conducted to identify 
differentially expressed genes and transcripts. Relevant differentially expressed transcripts were used to construct 
a protein-protein interactive network for chicken apoptosis. Sequencing detected a total of 19,268 known genes 
and 2,160 novel genes. In the DTT treatment group, 6468 genes showed significant differential expression based 
on DEseq analysis, of which 47.99% were upregulated and 52.01% downregulated. The initiation of apoptosis was 
primarily dependent on caspase-8 and caspase-9, whereas the execution stage was dependent on caspase-3. Up-
regulated genes also included many involved in the WNT and MAPK pathways. Repression of apoptosis was primar-
ily dependent on Bcl-2, IAP, and SIVA. These results provide a foundation for detailed analysis of avian myocardial 
apoptosis, including genes and LncRNAs that constitute, regulate, or link various pro- and anti-apoptotic pathways.
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Introduction

Myocardial cell apoptosis is a critical pathogen-
ic process in many types of heart disease. 
Apoptotic cardiomyocytes lose their contractili-
ty and gradually exhibit reduced function, lead-
ing to heart failure [1-3]. Tan and colleagues 
reported that broilers with higher rates of 
growth exhibit abnormally elevated myocardial 
cell apoptosis, leading heart failure and ascites 
syndrome [4]. Therefore, myocardial cell apop-
tosis may limit commercial productivity.

To date, most studies on myocardial cell apop-
tosis have been performed in mammals. As a 
result, mammalian apoptosis pathways are well 
established, such as the death receptor path-
way [5] and the mitochondrial signaling path-
way [6, 7]. Many general apoptosis-associated 
genes and molecules have been identified, 

such as members of the caspase family [8], as 
well as cardiomyocyte-specific molecules like 
apoptosis repressor with CARD domain (ARC) 
[9]. However, there has been little relevant 
research on chickens, so apoptosis pathways 
remain unclear. Moreover, certain key apopto-
sis genes observed in mammals have not been 
found in chicken heart.

The sequencing of mRNA transcripts (termed 
RNA-Seq) is a well-developed technology that 
has been widely used in recent years to screen 
for differentially expressed genes, including th- 
ose without prior annotation [10-12]. However, 
few RNA-seq studies have been conducted in 
chickens. Although some work has been con-
ducted on chicken resistance to Campylobacter 
jejuni colonization using mRNA sequencing 
[13], this phenomenon is unrelated to apopto-
sis in cardiomyocytes. 

http://www.ijcep.com
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In the late-stage chicken embryo, heart devel-
opment is nearly complete, and the number of 
cardiomyocytes rarely increases thereafter, so 
primary cells isolated at this stage are thought 
to express similar apoptotic signaling pathways 
as mature cardiomyocytes in vivo [14-16].

Dithiothreitol (DTT) is a reducing agent that can 
induce apoptosis by activating caspase-3 [17]. 
To identify the apoptotic pathways present in 
chicken cardiomyocytes and any novel genes 
involved, apoptosis was induced using DTT and 
RNA samples were sequenced using 100-bp 
paired-end reads on the Illumina Hiseq 2000 
platform. Functions of differentially expressed 
genes were analyzed by GO and KEEG, and  
protein-protein networks constructed using 
STRING.

Materials and methods

Pretreatment and apoptosis induction in pri-
mary cardiomyocytes from chicken embryos

Monolayer cultures of embryonic chicken car-
diomyocytes were prepared by the methods of 
DeHaan with some modifications [18-20]. Bri- 
efly, White Leghorn eggs were obtained from 
Beijing Merial Vital Laboratory Animal Techno- 
logy (Beijing, China). At embryonic day 14 (E14), 
embryos were removed and decapitated in a 
Petri dish filled with Medium 199/EBSS (Hy- 
Clone, Logan, Utah, USA) supplemented with 
3% fetal bovine serum (FBS, Gibco, Grand 
Island, New York, USA). Ventricular tissues were 
isolated, pooled, and treated with 0.05% tryp-
sin-EDTA to obtain a cell suspension as 
described [21]. We used the differential attach-
ment technique to obtain high purity cells after 
0.5 h of incubation. Cells were incubated in 
growth medium (Medium 199/EBSS containing 
10% FBS) at 37°C under a 5% CO2 atmosphere. 
Cultures were washed three times at 8, 24, and 
48 h to remove dead and dying cells. The serum 
concentration in the medium was then changed 
from growth (10%) to maintenance (2%) condi-
tions, and incubation was continued for 36 h. 
The cells were then divided into two groups: a 
control group and an experimental group treat-
ed with 2 mM DTT for 10 h. The DTT dose and 
exposure time were determined by prior testing 
and by referencing previous studies [17]. The 
degree of apoptosis was estimated by DAPI 
staining. The control group was treated in the 
same way but with omission of DTT. All individu-
al treatments were repeated twice; replicates 

were named_1 and _2, respectively (e.g., 
DTT_1 and DTT_2). The RNA sample obtained 
from each replicate was bi-directionally se- 
quenced, for four sequencing results per sam-
ple (named accordingly as DTT_1_1, DTT_1_2, 
DTT_2_1, and DTT_2_2). 

RNA sample collection and preparation

Total RNA was extracted using standard proto-
cols (TRIzol, Invitrogen, CA, USA) and treated 
with DNase to remove any potential genomic 
DNA contamination. The quality of RNA was 
monitored by electrophoresis on 1% agarose 
gels. RNA purity and concentration were 
checked using a NanoPhotometer spectropho-
tometer (Implen, CA, USA) and Qubit RNA Assay 
Kit in a Qubit 2.0 Fluorometer (Life Technolo- 
gies, CA, USA). RNA integrity was assessed 
using the Bioanalyzer 2100 system (Agilent 
Technologies, CA, USA).

Library preparation for transcriptome sequenc-
ing

After total RNA extraction, mRNA was purified 
using poly-T oligo-attached magnetic beads 
[13]. Briefly, 3 µg of RNA was used as the input 
for each RNA sample preparation. Sequencing 
libraries were generated using a NEB Next Ultra 
RNA LibraryPrep Kit (Illumina, NEB, USA) follow-
ing the manufacturer’s instructions. Index 
codes were assigned to attribute the sequenc-
es to each sample. 

Clustering of the index-coded samples was per-
formed on a cBot Cluster Generation System 
(Illumina) according to the manufacturer’s in- 
structions. After cluster generation, the library 
preparations were sequenced on anIllumina 
HiSeq 2000 platform, and 100-bp paired-end 
reads were generated [22].

Sequencing quality control and reads mapping 
to the reference genome

After sequencing, raw data in fastq format were 
first processed through in-house perl scripts. In 
this step, clean data were obtained by remov-
ing low-quality reads and reads containing the 
adapter sequence or poly-N. At the same time, 
Q20, Q30, and the GC content of the clean data 
were calculated. All subsequent analyses were 
based on these clean datasets.

Reference genome and gene model annotation 
files were directly downloaded from the Genome 
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website (http://www.ncbi.nlm.nih.gov/genome/ 
111?project_id=10808). An index of the refer-
ence genome was built using Bowtie v2.0.6, 
and paired-end clean reads were aligned to the 
reference genome using TopHat v2.0.9 [22].

Quantification of gene expression levels

The reads mapped to each gene were counted 
by HTSeq v0.5.4p3. The RPKM (reads per kilo-
base of the exon model per million mapped 
reads) of each gene was then calculated based 
on gene length and read counts mapped. This 
method considers the effects of sequencing 
depth and gene length for the read counts and 
is currently the most reliable method for esti-
mating gene expression levels [21]. 

Alternative splicing and differential expression 
analysis

Alternative splicing was determined by Cufflinks 
2.1.1 and ASprofile 1.0 software. Differential 
expression analysis was performed using the 

DESeqR package (1.10.1). DESeq provides sta-
tistical methods for determining differential 
expression in digital gene expression data 
using a model based on the negative binomial 
distribution. The resulting P-values were adjust-
ed using Benjamini and Hochberg’s approach 
for controlling the false discovery rate; that is, 
genes with an adjusted P<0.05 by DESeq were 
classified as differentially expressed. Corrected 
P values of 0.005 and log2 (fold change) values 
of 1 were set as the threshold for significant dif-
ferential expression. 

GO and KEGG enrichment analysis of differen-
tially expressed genes

After functional annotation, genes were further 
classified by Gene Ontology (GO) assignments. 
GO enrichment analysis of differentially expre- 
ssed genes was performed using the GOseq R 
package, in which gene length bias was cor-
rected. GO terms with corrected P<0.05 were 
considered significantly enriched in differen-
tially expressed genes [23].

Table 1. Major characteristics of RNA-seq in the Dithiothreitol (DTT) and Control group
Sample name Raw reads Clean reads Clean bases Error rate (%) Q20 (%)▲ Q30 (%)▲ GC content (%)«

Control_1_1 61286178 57687170 5.77G 0.03 97.15 91.50 53.26
Control_1_2 61286178 57687170 5.77G 0.04 96.03 89.60 53.32
Control_2_1 57289438 53642113 5.36G 0.04 97.03 91.19 54.04
Control_2_2 57289438 53642113 5.36G 0.04 95.75 88.93 54.09
DTT_1_1 60625569 56773931 5.68G 0.04 97.06 91.21 54.16
DTT_1_2 60625669 56773931 5.68G 0.04 95.88 89.13 54.23
DTT_2_1 58512360 55415481 5.54G 0.03 97.45 92.14 52.55
DTT_2_2 58512360 59247377 5.54G 0.04 96.43 90.38 52.60
▲Q20 (%) and Q30 (%) are the percentages of reads with Phred quality scores > 20 and > 30, respectively. «GC content (%) is 
G+C bases as a percentage of total bases.

Table 2. Alignment between reads and reference genome
Sample name Control_1 Control_2 DTT_1 DTT_2
Total reads 115374340 107284226 113547862 110830962
Total mapped 91503521 (79.31%) 83841695 (78.15%) 88185209 (76.66%)   89930237 (81.14%)
Multiple mapped 1600343 (1.39%) 1402762 (1.31%) 1290942 (1.14%)  1249805 (1.13%)
Uniquely mapped 89903178 (77.92%) 82438933 (76.84%) 86894267 (76.53%)  88680432 (80.01%)
Read-1 45188675 (39.17%) 41417088 (38.61%) 43660592(38.45%) 44552779 (40.20%)
Read-2 44714503 (38.76%) 41021845 (38.24%) 43233675 (38.08%)  44127653 (39.82%)
Reads map to ‘+’ 44938933 (38.95%) 41207084 (38.41%) 43406284 (38.23%) 44320942 (39.99%)
Reads map to ‘-’ 44964245 (38.97%) 41231849 (38.43%) 43487983 (38.3%) 44359490 (40.02%)
Non-splice reads 55928960 (48.48%) 50563133 (47.13%) 52566632 (46.29%)  53055356 (47.87%)
Splice reads 33974218 (29.45%) 31875800 (29.71%) 34327635 (30.23%) 35625076 (32.14%)
Reads map to ‘+’, Reads map to ‘-’: reads to positive and negative chain of Genome, read-1, -2: repeat sequencing of each 
sample.
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The Kyoto Encyclopedia of Genes and Genomes 
(KEGG) is a database resource for the hierar-
chal categorization of genes and gene groups 

identified from genome sequencing and other 
high-throughput methods (http://www.genome.
jp/kegg/). We used KOBAS software to test the 

Figure 1. Correlations among technical replicates in each group. R2: square of the Pearson correlation coefficient.

Figure 2. Statistics of the different alternative splicing events. The abbreviations indicate the different types of alter-
native splicing events as follows: SKIP: skipped exon; XSKIP: approximate SKIP; MSKIP: multi-exon SKIP; XMSKIP: 
approximate MSKIP; IR: intron retention; MIR: multi-IR; XMIR: approximate MIR; XIR: approximate IR; AE: alternative 
exon ends; XAE: approximate AE; TSS: alternative 5’ first exon; TTS: alternative 3’ last exon.
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statistical enrichment of differentially expre- 
ssed genes in KEGG pathways [24, 25].

Novel transcript prediction and alternative 
splicing analysis

The Cufflinks v2.1.1 Reference Annotation 
Based Transcript (RABT) assembly method was 
used to construct and identify both known and 
novel transcripts from the TopHat alignment 

tive splicing event statistics are shown in Figure 
2. The most common AS types were TSS (alter-
native 5’ first exon) and TTS (alternative 3’ last 
exon). We found some genes with more than 
five AS types.

To assess global transcriptional changes asso-
ciated with apoptosis induction, we applied pre-
viously described methods [21] to identify dif-
ferentially expressed genes from the normalized 

Table 3. Primers used for the qPCR analysis
Gene Forward Reverse
AMPN TGCAGCACTGAGACCTGGAT CAGTTGCTGCGGATGAAGTC
EGLN CGAGGCCATCAACTTCCTTC TCCACATGACGCACATACCC
DDX4 TCTTGTGGCAACTTCGGTAGC ACGACCAGTTCGTCCAATTCG
FGF10 AGACACGTGCGGAGCTACAAT ACCTTGCCGTTCTTCTCGAT
FOXO3 ACAAACCGTGCACTGTGGAGT TGGAGCTTCTCTGCATCATCC
GHOX7 TTGATCAGAACATTCCCGTCC GGAAATTAGCCTCAGCCTGGT
TGFBR AGACTGCAGCGATGTTTGTGC GGCAGCAATTCTGTGTTGTGG
NF-κB GGACTTAAAATGGCAGGAGAG GCTGTTCGTAGTGGTAAGTCTG
MAPK GCGGCTCCGCTAAAATGCCG GGGGTGAGGTTCTGGTAGCGC
CASP8 ACTGACATGGACTGAAGGA TTACAGTGACGTGCTCCA
CASP9 TCAGACATCGTATCCTCCA AAGTCACAGCAGGGACA
CASP3 GATGCTGCAAGTGTCAGA ATCGCCATGGCTTAGCA
Bcl GCTTTGAGCAGGTAGTGA CAAGTACGTGGTCATCCAA
Bcl-2 TGAGCAGAGGTCACGTA CACACTGTGGAACAGCA
CytC CCTGTCCTGGTGCATGATG TACTCTGATCCAGCTCTGCCTGAA
BAK1 GCCCTGCTGGGTTTCGGTAA AATTCGGTGACGTAGCGGGC
TNFRSF CCTGCTCCTCATCATTGTGT TGATCCATGTACTCCTCTCC
P53 ACCTGCACTTACTCCCCGGT TCTTATAGACGGCCACGGCG
XIAP GGGCATCACATAGGAGCGCA TCCTTCCACTCTTGCAATCC
β-actin CTGATGGTCAGGTCATCACCATT ACCCAAGAAAGATGGCTGGA

Figure 3. Volcano plot of differen-
tially expressed genes. Each point 
represents one gene; red color 
indicates upregulation and green 
indicates downregulation.

results. Alternative splic- 
ing events were classified 
into 12 basic types by 
ASprofile v1.0. The number 
of AS events was estimat-
ed separately in each sam- 
ple.

SNP analysis

We used Picard-tools v1.96 
and SAM tools v0.1.18 to 
sort and identify duplicated 
reads and reorder the BAM 
alignment results for each 
sample. The GATK2 soft-
ware was used for SNP ca- 
lling.

Results

Sequencing quality control

After RNA sequencing, we 
assessed the quality of the 
data. The Q20, Q30, and 
GC content in the clean 
data were calculated (Tab- 
le 1). Alignments between 
reads and the reference 
genome are presented in 
Table 2. Replicates of each 
sample were sequenced, 
and the correlations be- 
tween replicates are shown 
in Figure 1.

Alternative splicing and 
differential expression 
analysis

Alternative splicing (AS) 
analysis was performed 
using Cufflinks 2.1.1 and 
ASprofile 1.0. The alterna-
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data. The results showed that 6468 genes 
were significantly differentially expressed 
between control and DTT-treated cultures. A 
volcano plot of differential gene expression 
(Figure 3) shows that 47.99% of all differentially 
expressed genes were upregulated and 52.01% 
downregulated.

Validation of differential gene expression data 
by qPCR

To validate the differentially expressed genes 
identified by sequencing, we selected 19 genes 
for qPCR confirmation, including 9 downregu-
lated genes (AMPK, EGLN1, DDX4, FGF10, 
FOXO3, GHOX4.7, TGFBR, NF-κB, and MAPK) 
and 10 upregulated genes (CASP8, CASP9, 
CASP3, Bcl, Bcl2, BAK1, TNFRSF1A, CytC, P53, 
and XIAP). The primers for the qPCR assays are 
shown in Table 3. For the selected gene popula-
tion, there was a strong correlation between 
RNA-Seq and qPCR results (r2=0.900) (Figure 
4), confirming the reliability of differential 
expression analysis using RNA-Seq.

GO and KEGG enrichment analyses of differ-
entially expressed genes

GO enrichment analysis of differentially 
expressed genes was performed using the 

lation of signal transduction’, and ‘regulation of 
cell communication’. Alternatively, few genes 
were assigned to categories thought unrelated 
to apoptosis, such as ‘cyanoamino acid 
metabolism’. 

We also analyzed the biological pathways that 
were modulated during apoptosis in our sam-
ples. The genes were assigned to 152 path-
ways in the KEGG database. A few pathways, 
including the cytokine-cytokine receptor inter-
action pathway, MAPK signaling pathway, meta-
bolic pathways, and regulation of the actin cyto-
skeleton pathway, contained large numbers of 
differentially expressed genes, while others, 
such as sulfur metabolism, contained only a 
few (Figure 6).

Discussion

Cardiomyocytes are terminally differentiated 
during the late embryonic period; thus, the 
myocardium has limited regenerative capacity 
throughout postnatal life. Apoptosis and necro-
sis are the main causes of myocardial cell loss, 
and cell loss through either pathway has seri-
ous consequences, such as ascites, growth 
retardation, decreased productive perfor-
mance, and even death. To date, there has 
been little research on apoptosis in chicken 
cardiomyocytes that may eventually guide inter-

Figure 4. Validation of the RNA-Seq approach using qPCR. Nineteen genes 
that were differentially expressed between the DTT and control groups (10 
upregulated and 9 downregulated) were selected. Their levels of expression 
were quantified by qRT-PCR analysis. The log2 changes in expression for 
the qRT-PCR and RNA-Seq data were closely correlated (r2=0.900; P<0.01), 
confirming the accuracy of the RNA-Seq approach for quantification.

GOseq R package. GO terms 
with corrected P<0.05 were 
considered significantly enrich- 
ed in differentially expressed 
genes. Genes were catego-
rized into 11510 GO terms 
within three domains: ‘biologi-
cal process’, ‘cellular compo-
nent’, and ‘molecular function’ 
(Figure 5). In the ‘biological 
process’ domain, the GO terms 
with highest enrichment of dif-
ferentially expressed genes 
were ‘regulation of response 
to stimulus’, ‘response to stre- 
ss’, and ‘macromolecule local-
ization’. In the cell ‘component 
domain’, terms with highest 
enrichment were ‘intracellu-
lar’, ‘cell’, and ‘cell part’. We 
also observed a high percent-
age of differentially expressed 
genes assigned to ‘intracellu-
lar signal transduction’, ‘regu-
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ventions to prevent prenatal cardiomyocytes 
during apoptosis and constructed preliminary 
functional signaling pathways. 

At low doses, DTT can protect against oxidative 
stress and improve cell viability [26], while lon-
ger and higher doses induce apoptosis, possi-
bly by caspase-3 activation [17]. To our knowl-
edge, ours is the first RNA-Seq study of 
apoptotic chicken cardiomyocytes induced 
using DTT. We reveal a population of differen-
tially expressed genes that can be used to elu-
cidate key gene pathways and other molecular 
processes involved in apoptosis. 

Applicability of RNA-Seq for screening apop-
totic response

RNA-Seq technology is a novel tool for high-
throughput whole-genome or transcriptome 
profiling with low cost and high sensitivity and 
specificity [21]. In this study, we use pooled 
samples and replicates to further reduce spuri-
ous results. Furthermore, the quality of se- 
quencing was monitored by error rate distribu-

tion and base content distribution. We detect-
ed 21,788 transcripts, a number similar to pre-
vious RNA-Seq studies of other eukaryote cells 
[21, 27]. Many of these genes were significantly 
differentially expressed between control and 
apoptotic cells. This differential gene expres-
sion dataset may contain genes responsible for 
induction and execution of apoptotic programs 
as well as cytoprotective processes. We also 
found novel transcripts, most without open 
reading frames, suggesting that the expression 
of many microRNAs or long non-coding RNAs  
is involved in control of apoptosis in avian 
cardiomyocytes. 

Screening for apoptotic signaling pathways 

We monitored certain key genes involved in 
each signaling pathway based on their degree 
of differential expression. For example, we 
compared the expression of PERK, IRE-1 and 
AIF-6 to determine whether an endoplasmic 
reticulum stress response is induced by DTT 
[22]. Indeed, differential expression between 
control and DTT groups indicated that DTT 
caused endoplasmic reticulum stress. 

Figure 5. Results of 
GO enrichment analy-
ses, including biologi-
cal process, cellular 
component, and mo-
lecular function.
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In HL-60 cells, DTT-induced apoptosis was 
independent of the mitochondria [17]. There- 
fore, we selected AIF, CytC and Bax to evaluate 
whether the mitochondrial pathway is involved 
in DTT-induced apoptosis in our system. In con-
trast to previous findings, our DEG analysis 
showed that expression levels of all three index 
genes were increased in the DTT group com-
pared to the control group, suggesting that the 
mitochondrial pathway may be involved in DTT-
induced apoptosis. 

The WNT signaling pathway was identified 
through KEGG enrichment analysis. In total, 
117 genes in this pathway were detected, 38 of 
which were significantly upregulated, including 
LRP, GSK3, APC, Axin and β-catenin. Thus, we 
conclude that the WNT pathway is another 
important pathway related to apoptosis in 
chicken cardiomyocytes, in accord with mam-
malian studies [28]. Similarly, many genes 
linked to the MAPK signaling pathway were 
upregulated.

Figure 6. Statistics of KEGG enrichment. The size of each point indicates the number of differentially expressed 
genes in that pathway, and the color of each point indicates the q-value (adjusted p value). A higher enrichment 
factor indicates a greater degree of enrichment.
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KEGG analysis also identified 61 genes involved 
in P53 signaling pathway, but only 28 were dif-
ferentially expressed, and some key molecules 
showed no change in expression, such as P53-
binding protein 1. 

We also found that expression of several path-
ways with no direct relevance to apoptosis were 
altered, such as ‘lysosome’, ‘steroid biosynthe-
sis’, ‘phagosome’, and ‘NOD-like receptor sig-
naling pathway’. We concluded these pathways 
may also take an important role in this apopto-
sis. In addition to expected differential expres-
sion of genes associated with ‘response to oxy-
gen level’ and ‘response to stress’, and genes 
directly related to apoptosis, such as those 
grouped in ‘induction of apoptosis’, ‘cellular 
component disassembly involved in execution 
phase of apoptosis’, and/or ‘negative regula-
tion of execution phase of apoptosis’, we also 
found that differentially expressed genes were 
enriched in ‘protein binding’ and ‘regulation of 
cellular’ groups. Therefore, the response to DTT 
appears to involve a complex array of signaling 
pathways that may involve 6468 or more genes. 
Nonetheless, among these are the traditional 
apoptosis pathways described in mammals 
(although this is the first report to link them to 
apoptosis in chickens). 

Key molecules involved in the initiation, execu-
tion, and repression of apoptosis

To further investigate the initiation of apopto-
sis, we evaluated the expression of caspase-2, 
caspase-8, caspase-9 and caspase-10 [29-
31], and stage-specific effects were assessed 
by examining caspase-3, caspase-6, and cas-
pase-7 [32, 33]. Apoptosis initiation was mainly 
dependent on caspase-8 and caspase-9, wh- 
ereas caspase-10 was downregulated, similar 
to the findings of Tartier [17]. Execution was 
mainly dependent on caspase-3. Regarding the 
repression of apoptosis, we compared the 
expression levels of the following genes: Bcl-2, 
CFLAR, CAAP1, IAP, BFAR, TRIA1, API5, and 
SIVA [34-37]. Based on differential expression, 
apoptosis repression in chicken cardiomyo-
cytes may depend strongly on Bcl-2, IAP and 
SIVA. A few genes associated with suppression 
of apoptosis, such as BFAR, exhibited highly 
significant downregulation. The GO enrichment 
results also indicated that two novel genes may 
be involved in apoptosis repression, although 
this requires verification. No myocardial speci-

ficity of the anti-apoptotic gene ARC was 
observed in chickens.

Conclusion

We used RNAseq technology to screen for 
apoptosis-associated genes in chicken cardio-
myocytes. Many novel genes and alternatively 
spliced transcripts were discovered among the 
6,468 genes significant differentially expressed 
after DTT-induction. Included were genes in- 
volved in initiation, execution, and repression 
of apoptosis, as well as many involved in signal-
ing pathways associated with stress respons-
es. Initiation of this type of apoptosis was pri-
marily dependent on caspase-8 and caspase-9, 
whereas the execution stage was dependent 
on caspase-3. Identified signaling pathways 
altered by apoptosis included WNT and MAPK, 
while repression of apoptosis appeared primar-
ily dependent on Bcl-2, IAP and SIVA. These 
results present possible targets for invention to 
improve chicken health and increase agricul-
tural productivity.
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