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Abstract
Background/Aims: Accumulating evidences have demonstrated that long noncoding RNAs 
(lncRNA) play important roles in hepatic lipid metabolism in mammals. However, no systematic 
screening of the potential lncRNAs in the livers of laying hens has been performed, and few 
studies have been reported concerning the effects of the lncRNAs on lipid metabolism in the 
livers of chickens during egg-laying period. The purpose of this study was to compare the 
difference in lncRNA expression in the livers of pre-laying and peak-laying hens at the age of 
20 and 30 weeks old by transcriptome sequencing and to investigate the interaction networks 
among lncRNAs, mRNAs and miRNAs. Moreover, the regulatory mechanism and biological 
function of lncLTR, a significantly differentially expressed lncRNA in the liver between pre- and 
peak-laying hens, was explored in vitro and in vivo. Methods: Bioinformatics analyses were 
conducted to identify the differentially expressed (DE) lncRNAs between the two groups of 
hens. The target genes of the DE lncRNA were predicated for further functional enrichment. 
An integrated analysis was performed among the DE lncRNA datasets, DE mRNAs and DE 
miRNA datasets obtained from the same samples to predict the interaction relationship. In 
addition, in vivo and in vitro trials were carried out to determine the expression regulation of 
lncLTR, and polymorphism association analysis was conducted to detect the biological role of 
lncLTR. Results: A total of 124 DE lncRNAs with a P-value ≤ 0.05 were identified. Among them, 
44 lncRNAs including 30 known and 14 novel lncRNAs were significant differentially expressed 
(SDE) with FDR ≤ 0.05. Thirty-two lncRNAs were upregulated and 12 were downregulated in 
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peak-laying group compared with pre-laying group. The functional enrichment results revealed 
that target genes of some lncRNAs are involved in the lipid metabolism process. Integrated 
analysis suggested that some of the genes involved in lipid metabolism might be regulated by 
both the lncRNA and the miRNA. In addition, an upregulated lncRNA, designated lncLTR, was 
demonstrated to be induced by estrogen via ERβ signaling. The c242. G>A SNP in lncLTR was 
significantly associated with chicken carcass weight, evisceration weight, semi-evisceration 
weight, head weight, double-wing weight, claw weight traits, and blood biochemical index, 
especially for the blood triglyceride content. Conclusion: A series of lncRNAs associated with 
lipid metabolism in the livers of chickens were identified by transcriptome sequencing and 
functional analysis, providing a valuable data resource for further studies on chicken hepatic 
metabolism activities. LncLTR was regulated by estrogen via ERβ signaling and associated with 
chicken carcass trait and blood triglyceride content.

Introduction

Long noncoding RNAs (lncRNAs) are a class of long nonprotein-coding RNA exceeding 
200 nucleotides in length. They are poorly conserved and modulate gene expression 
through a variety of mechanisms, which are not yet clearly understood [1, 2]. Although the 
molecular regulatory mechanisms of the majority of lncRNAs are largely unclear, it is known 
that lncRNAs control every level of gene expression programs [3] and act by activating or 
repressing the transcriptional activity of other genes either in cis or in trans, or by modifying 
their transcript abundance [4]. In addition, lncRNAs have been reported to be involved in 
posttranscriptional gene regulation by controlling some biological processes, such as 
RNA maturation, transport, protein synthesis, and transcriptional gene silencing through 
modification of the chromatin structure [1, 2, 5].

Many studies have suggested that lncRNAs serve as important controllers during 
adipogenesis [6], adipocyte differentiation [7], liver development [8], and hepatic lipid 
metabolism [9]. Some lncRNAs play an important role in the cholesterol metabolism in HepG2 
cells [10]. LincRNA-DYNLRB2-2 is essential for the regulation of cholesterol homeostasis 
[11]. A liver-enriched lncRNA-lncLSTR regulates the TDP-43/FXR/apoC2-dependent 
pathway to maintain systemic lipid homeostasis in mice [12]. With the ability to promote 
lipogenesis, lncRNA-HULC can stimulate the accumulation of intracellular triglycerides and 
cholesterol both in vitro and in vivo [13].

Aberrant expression of lncRNAs can cause miRNA disorders due to the length of lncRNAs, 
and they can control the miRNA abundance through binding and sequestration of the 
miRNA, functioning as so-called “miRNA sponges” [14, 15]. A study has demonstrated that 
a highly upregulated lncRNA may serve as an endogenous sponge, which can downregulate 
a series of miRNA activities in liver cancer [16]. As is well-known, miRNAs exert their 
functions by either direct degradation or translational repression through interacting 
with complementary sequence motifs in the 3’ untranslated regions of target mRNAs for 
a specific gene [17]. Both lncRNAs and miRNAs are endogenously expressed regulators of 
gene expression [18]. Given the complex interaction among lncRNAs, miRNAs and mRNAs, it 
is necessary to integrate these datasets to further reveal the regulatory mechanisms among 
lncRNAs-mRNAs-miRNAs [19].

Although extensive profiling of the lncRNA transcriptome in the chicken liver has been 
reported [20], the physiological significance of lncRNAs in the hepatic lipid metabolism of 
chicken remains poorly understood. The liver is the most critical site for lipid synthesis in 
chicken, where more than 90% of total fatty acid de novo synthesis occurs [21]. To satisfy the 
physiological adaptation required for laying lipid-rich eggs in laying hens [22], large amounts 
of egg-yolk precursors consist of proteins and lipids, including triacylglycerols, cholesteryl 
esters, cholesterol esters, and free fatty acids synthesized in the liver, which are transferred 
to the ovarian follicles [23]. This process is highly dependent on the induction of estrogen 
[22], which suggests that in addition to protein-coding RNAs, the ncRNAs, including lncRNAs, 
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involved in lipid metabolism may also be affected by estrogen. Alterations of specific lncRNA 
levels in chicken liver may be responsible for the changes in physiological or pathological 
functions of divergent origin. The precise regulatory mechanisms of lncRNAs involved in 
chicken liver lipid metabolism are largely unknown.

To gain insight into the role of lncRNAs that serve as hepatic lipid metabolism regulatory 
molecules and to reveal the regulatory relationship among lncRNAs, mRNAs and miRNAs in 
chicken, we first analyzed the potential target protein-coding genes and miRNAs of lncRNAs, 
and then performed an integrated analysis. Elucidation of the expression patterns of 
lncRNAs and their interaction network with miRNAs and putative target genes will broaden 
understanding of the hepatic lipid metabolism process during egg-laying stage in poultry. 
Therefore, identifying the expression profiles of lncRNAs in chicken liver may facilitate 
understanding of the functional roles of lncRNAs during lipid metabolism.

With the completion of a number of genome-wide association studies and transcriptome 
sequencing analyses, more candidate genes and significant SNPs have been found to affect 
chicken growth traits [24, 25]. However, very few studies have addressed other genetic 
factors controlling chicken growth, such as lncRNA regulation and epigenetic inheritance, 
and therefore the genetic mechanisms responsible for chicken growth are far from clear. It is 
generally considered that the regulatory mechanism controlling the expression of lncRNAs 
is complex (e.g., genetic variation), and lncRNAs can serve as important intermediate 
controllers in the regulation of downstream molecular and cellular functions. As one of the 
most common and concerning genetic variants, single-nucleotide polymorphisms (SNPs) are 
universally present in lncRNAs genes, and they may directly or indirectly lead to changes in 
lncRNA expression levels through various means and hence participate in various biological 
processes [26]. Therefore, revealing the SNPs occurred in lncRNAs will uncover their 
functional mechanisms underlying association specifically mediated by lncRNAs. However, 
the associations between genetic polymorphisms of lncRNA and chicken economic traits have 
been less investigated. We found that the expression level of lncRNA-NONGGAT003016.2 
(termed “lncRNA estrogen mediated regulator”) was 9.6-fold higher in livers of pre-laying 
hens compared with peak-laying hens. The lncRNA was designated lncLTR (a lncRNA acting 
as a Liver Triglyceride synthesis Regulator).

In this study, the potential lncRNAs that might associate with hepatic lipid metabolism 
in egg-laying chickens were identified by analyzing the differential expression profiles of 
lncRNAs in livers between pre- and peak-laying hens. The interactions among lncRNAs, 
mRNAs and miRNAs were investigated by network construction. In addition, the regulatory 
mechanism of lncLTR, a significantly differentially expressed lncRNA in liver between pre- 
and peak-laying hens, was explored both in vitro and in vivo, and its biological function was 
investigated by an association analysis using a F2 resource population.

Materials and Methods

Bioinformatics analyses
The transcriptome data of chicken liver (GSE70010, NCBI GEO database) [27], which were obtained 

using the RNA-seq technique on the Illumina HiSeq 2500 platform (Illumina) with liver tissues of hens at 
pre- and peak-laying physiological stages with three replicates for each stage, was used to identify chicken 
liver-enriched lncRNAs. The transcriptome data were re-annotated through an integrated analysis based 
on the annotation of the NONCODEV5 database (version 2016) and Ensemble database (Ensembl release 
88). To identify potentially novel reliable lncRNAs, the known transcripts that appeared in NONCODEV5 
or Ensembl were filtered out by the Cuffcompare program of the Cufflinks package to identify putative 
noncoding transcripts.

According to the various genomic positions of lncRNA types with respect to other genes, the lncRNAs 
were classified [28]. Cufflinks (version: 2.1.1) [29] was used to analyze the expression levels of known and 
novel lncRNAs by the number of uniquely mapped fragments per kilobase of exon per million fragments 
mapped (FPKM). Differential gene expression was determined with a P-value ≤ 0.05, and significance was 
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determined by normalizing the reads and calculating the P-value using Fisher’s exact test. The false discovery 
rate (FDR) was used to determine the threshold of the P-value in multiple tests and analyses. LncRNAs with 
FDR ≤ 0.05 were identified as significant differentially expressed (SDE) lncRNAs [30].

LncRNA target gene prediction and annotation
LncRNA plays a role through acting on protein-coding genes via the trans-acting factor and/or cis-

acting element. The closest coding genes 10 kb upstream and downstream of lncRNAs screened using the 
BEDTools v2.25.0 program [31] were considered as the putative cis-acting targets of lncRNA. In addition, 
lncRNAs can regulate the expression of genes that are located on other chromosomes in a trans acting 
manner [32], and the genes were considered the putative trans targets of lncRNAs. Then, the putative 
differentially expressed (P-value ≤ 0.05) (DE) target genes of SDE lncRNAs (including both cis and trans) 
were identified from the DE gene (P-value ≤ 0.05) dataset presented in previous transcriptome sequence 
results [27].

To understand the possible functions of DE lncRNAs, all their cis and trans-acting genes were 
submitted to KOBAS 3.0 [33] for functional enrichment analysis using the Gene Ontology (GO) dataset and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway dataset (http://kobas.cbi.pku.edu.cn/index.
php). Given the P-values in our analysis, only the GO terms and KEGG pathways with P-values ≤ 0.05 were 
taken into account as statistically significant enrichment [34].

Interactions among lncRNAs, mRNAs and miRNAs
To evaluate the co-expression relationships between SDE lncRNAs and DE mRNAs obtained from the 

same transcriptome data as reported previously [27], their co-expression networks were constructed based 
on a correlation coefficient of more than 0.98 and P-value ≤ 0.0001 using Cytoscape (Version 3.3.0) [35]. 
The effects of miRNAs on lncRNAs have been less frequently reported in a domestic animal model. To fully 
understand the possible interaction between lncRNAs and miRNAs, the target miRNAs of SDE lncRNAs were 
predicted by adopting the miRanda software from the liver miRNA differential expression dataset GSE74242, 
which was sequenced from the same experimental mode. Moreover, based on the predicted target pairs of 
miRNA-lncRNA and miRNA-mRNA analyzed according to previous work [36], the miRNAs that interacted 
with both lncRNAs and mRNAs were selected to perform the interaction network using Cytoscape software.

LncLTR protein-coding potential prediction
The protein-coding potential of the lncLTR sequence was evaluated by two commonly used algorithms, 

Coding-Non-Coding Index (CNCI) [37] and Coding Potential Calculator (CPC) [29]. For CPC, as a rule, 
transcripts with a score between −1 and 1 are marked as ‘weak noncoding’ or ‘weak coding’, a score more 
than 1 are classified as “coding”, and a score less than -1 as “noncoding”, respectively. For CNCI, the transcripts 
with scores greater than 0 are classified as coding, while those less than 0 are noncoding. The CNCI score 
of lncLTR is -0.0364544, indicating that it is a noncoding RNA. The CPC score of lncLTR is -0.688335, which 
was calculated with http://cpc.cbi.pku.edu.cn/programs/cpc.do using default thresholds. Furthermore, 
the coding potential of lncLTR was also predicted with the functional domain database Pfam, which also 
indicated the absence of a Pfam domain. LncLTR was scanned to identify putative open reading frames 
(ORFs) exceeding 150 bp using ATG as the start codon and TAA, TAG, and TGA as stop codons and revealed 
seven short ORFs, one of which was 375 bp and the others less than 300 bp, and below the cutoff for the 
lncRNAs. We then searched the putative ORFs in protein databases, including the nonredundant GenBank 
CDS translations+ SwissProt, excluding environmental samples of unknown sources from WGS projects, and 
we found no matches to any known protein. Finally, we searched these putative ORFs against the Conserved 
Domain Database (http://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi) and found no matches.

Animals and sample preparation
To explore the expression pattern and possible biological role of lncLTR, in vivo and in vitro trials were 

conducted. All the experimental animals used in the research were raised in the same environment with ad 
libitum food and water in the core breeding farm of Henan Agricultural University. At the age of 10, 15, 20, 
30 and 35 weeks old, eight Lushi Green-shelled-egg hens were collected from each group, respectively. The 
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chickens were ethically slaughtered. Liver tissues were collected, snap frozen in liquid nitrogen, and stored 
at −80°C until use. The animal experiments were carried out according to the protocol approved by the 
Institutional Animal Care and Use Committee of Henan Agricultural University (Permit Number: 11-0085).

Effect of estrogen on the expression of lncLTR in birds
Forty healthy Hyline brown hens at the age of 10 weeks old were randomly divided into four groups. 

Chickens in the three treatment groups were given 17β-estradiol at 0.5, 2, and 8 mg/kg body weight 
dissolved in olive oil, respectively. Chickens that received olive oil only were used as controls. All chickens 
were ethically slaughtered at 12 hours after treatment. Liver tissues were collected, snap frozen in liquid 
nitrogen, and stored at -80°C for further analysis.

Cell culture
Fertilized specific pathogen-free chicken eggs purchased from Beijing Meiliyaweitong Experimental 

Animal Technology Co. Ltd. (Beijing, China) were incubated at 38°C with a relative humidity of 65%. 
According to previous methods [38, 39], hepatocytes of chicken embryo were collected from the livers at 
embryonic day 18. In brief, livers separated from the chicken embryos were washed with D-Hanks solution 
(Solarbio, Beijing, China) and digested using collagenase type II (Sigma, USA) at 37 ̊C for 30 min. Dispersed 
cells were filtered through a 200-mesh sieve and a 500-mesh sieve and separated from other cells through 
noncontinuous density Percoll gradient centrifugation. The cells were then resuspended in Williams’ E 
complete medium (Sigma St Louis, MO, USA) containing 10% fetal calf serum and 100 U/mL penicillin and 
100 mg/mL streptomycin. Hepatocytes were seeded in a 6-well plate at a density of 1.0×106 cells/well. 
The cells were incubated in an incubator at 37°C under a water-saturated atmosphere containing 95% air 
humidity and 5% CO2.

To evaluate the effect of estrogen on gene expression, cells reaching 80% confluence were starved for 
6 hours with serum-free medium and stimulated with different concentrations of 17β-estradiol (25 nM, 50 
nM and 100 nM). The control group received vehicle alone. The cells were collected 18 hours after treatment 
and stored at -80°C. All experiments were repeated at least three times with triplicates in each assay.

  To investigate the subtypes of estrogen receptor mediating the estrogen signaling, the cells reaching 
80% confluence were starved for 6 hours, then treated with 100 nM 17β-estradiol alone or combined 
with 1 μM of different estrogen receptor antagonists MPP, or tamoxifen, or ICI 182, 780. The control group 
received ethanol (solvent for 17β-estradiol) and DMSO (solvent for the antagonists) at a final concentration 
of 0.1% each. The cells were collected after treatment for 24 h and stored at -80 °C for further analysis. All 
experiments were repeated at least three times with triplicates in each assay.

SNP detection and association analysis
To identify SNPs that may naturally occur in lncLTR and investigate the potential biological effect of the 

SNPs on various traits in chicken, an F2 population of 860 chickens generated from a cross of Gushi chickens 
(a slow-growing local chicken) and Anka chickens (a fast-growing broiler) as previously described [40, 41] 
was used for the SNP scanning and association analysis in this experiment. All the chickens were managed 
under the same environment with free access to feed and water, and they were slaughtered at 12 weeks of 
age. A total of 860 genomic DNA samples were extracted from serum blood samples of F2 individuals using 
the phenol-chloroform method [42]. Growth traits including body weight and body size were recorded 
at different stages, and traits including carcass, meat quality and blood biochemistry parameters were 
carefully measured after slaughter [43, 44].

A DNA pool constructed by mixing one hundred DNA samples selected randomly from the F2 individuals 
with the same working concentration and equal amounts was used as the PCR template. The PCR reaction 
component contained approximately 50 ng of genomic DNA, 0.5 μM each forward and reverse primer, and 5 
μL of 2× Taq MasterMix (Cwbiotech, Beijing). The amplification conditions included an initial denaturation at 
94 °C for 5 min, followed by 35 cycles of 94 °C for 30 s, 55 °C for 30 s, and 72 °C for 30 s, with a final extension 
at 72 °C for 10 min. The PCR products were sequenced by Shanghai Sangon Bio Co. Ltd. (Shanghai, China) to 
identify the mutation in lncLTR. The PCR restriction fragment length polymorphism (PCR-RFLP) method was 
used to analyze the SNP. The relevant restriction enzyme was selected using online software (http://watcut.
uwaterloo.ca/template.php). The PCR products were digested in a restriction enzyme mixture overnight at 
37°C. Finally, the digested products were checked by 2.0% agarose gel electrophoresis and genotyped. The 
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different genotypes were further 
confirmed by PCR product 
sequencing at Shanghai Sangon 
Bio Co. Ltd. (Shanghai, China). 
Nucleotide sequence alignments 
were performed using DNAMAN 
software.

The following two linear 
mixed-model procedures of 
SPSS statistical 23.0 were used for association analysis between the genotype and chicken economic traits:

Model I: Yijklm = µ+ Gi + Sj + Hk + fl + eijklm

Model II: Yijklm = μ + Gi + Sj + Hk + fl + b (Wijklm-W) + eijklm

where Yijklm represents the individual value, μ the observation mean, Gi the fixed effect of genotype 
(i = genotypes), fl the random effect of family (l = 7), Sj fixed effect of sex (j = f, m), Hk the fixed effect of 
hatch (k = 2), and eijklm the random error. b is the regression coefficient for carcass weight, Wijklm the carcass 
weight of the individual, and W the average carcass weight. Model I was used to evaluate growth and meat 
quality traits. Considering the effect of body weight on carcass traits, the average carcass weight was used 
as the concomitant variable in model II, and it was applied to calculate the carcass traits. A P-value ≤ 0.05 
was determined to be significant, and the Bonferroni test was performed for multiple comparisons of the 
genotypes.

Quantitative Real time PCR (qPCR) verification
The relative expression levels of lncRNAs were detected using qPCR technology. The concentration and 

quality of all the RNA samples were assessed using the NanoDrop ND-1000 spectrophotometer (Thermo 
Scientific) and formaldehyde-agarose gel electrophoresis. The cDNA was synthesized using a cDNA 
Synthesis kit (Invitrogen) according to the manufacturer’s instructions. In the experiment, β-actin was used 
as the housekeeping gene for the lncRNAs. ApoVLDL II as the estrogen response marker gene [45] was used 
as the positive control in the estradiol treatment experiments. The primers of all the genes of interest for 
qPCR were designed to span an exon- exon junction and are listed in Table 1. The relative expression levels 
of genes were quantified using the SYBR Green method with the Roche instrument LightcycleR96. The final 
volume of each reaction was 10 µL, including 5 µL of SYBR Green PCR Master Mix (Takara), 3.5 µL of RNase-
free water, 0.5 µL each of the forward and reverse primers, and 0.5 µL of cDNA template. The amplification 
process was as follows: 95°C for 3 min, 40 cycles of 95°C for 12 sec, 61°C for 40 sec, and 72°C for 30 sec, 
followed by an additional 10-min extension at 72°C. All reactions were run in three duplicates, and the 
relative gene expression levels were analyzed using the 2-∆∆ct method [46].

Statistical Analysis
Results are presented as the means ± standard deviations. Statistical analysis was performed by using 

the Student’s t test, and a P-value ≤ 0.05 was considered significant.

Results

LncRNA identification
The process applied to analyze the known and novel transcript lncRNAs is showed in 

Fig 1. A total of 6543 differentially expressed lncRNAs, including 5953 known and 590 novel 
lncRNAs, were obtained for the liver of peak-laying hens (S1 Table -  for all supplemental 
material see www.karger.com/10.1159/000494785/). Compared with pre-laying hens, 
124 lncRNAs with a P-value ≤ 0.05 were identified, among which 44 were significantly 
differentially expressed (SDE) with an FDR ≤ 0.05, including 30 known and 14 novel lncRNAs 
(32 upregulated and 12 downregulated). NONGGAT008948.2, NONGGAT006128.2 and 
NONGGAT004598.2 were not expressed in the liver of pre-laying chickens, and the predicted 
novel lncRNA TCONS_00086867 was not expressed in peak-laying hens (S2 Table). Among 
the annotated known SDE lncRNAs, 12 were annotated in the NONCODE database, and the 

Table 1. The primers used for qPCR verification and PCR

Usage Gene ID Forward Primer 
(5'-3') 

Reward Primer 
(5'-3') PCR product (bp) 

qPCR NONGGAT003016.2 GGGACAAAGACTCACCCACTG CATTGGGGTCTTCCTGTGTGA 109 
 NONGGAT003795.2 ACTATCACTCGCACTACCGC GTTACCTGACTCAAGGGGGC 161 
 NONGGAT007149.2 AGTTCATCCTCCCAGTTCCA CCAGGTAGGTGATGGAATCAA 181 
 NONGGAT002911.2 CCCCATTTCTCCTTTCCTTC GAGAACGGCGAGAGGTGTAG 250 
 NONGGAT004633.2 GGGATTTATGGAGGTGCTGA CCATCGGGGTATGTGGAGTA 203 
 TCONS_00077066 ACCCTGAGCTGGAATAGAGTG AAGTGCTGCCCCGCTGAGACC 120 
 
 

NONGGAT002034.2 
β-actin 

TGGGATAACAGCACGGACAC 
CAGCCAGCCATGGATGATGA 

CCAGGAGTGCAAATGATGCG 
ACCAACCATCACACCCTGAT 

111 
118 

PCR NONGGAT003016.2 AGGGAGCCTTGTTCAGTTGG AGCAAGGAAATCCACAGCGA    508 
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rest were annotated in Ensemble Release 89. The top ten most abundant lncRNAs expressed 
in peak-laying chicken liver were significantly differentially expressed (FDR ≤ 0.05) (Fig 
2). LncRNAs, including ENSGALT00000090391, TCONS_00074801, and TCONS_00077066, 
were highly expressed in both groups. The expression levels of ENSGALT00000063846 and 
NONGGAT000547.2 were increased 14- and 20-fold in the liver of peak-laying chickens, 
respectively. The significantly differentially expressed ENSGALT00000083946 with 50-fold 
downregulation had the highest abundance in the pre-laying stage. In addition, according to 
the various genomic positions of lncRNA types with respect to other genes, all the lncRNAs 
detected in both groups were classified into six types (S3 Table) as follows: intergenic, 
bidirectional, exonic_antisense, exonic_sense, intronic_sense and intronic_antisense. Of 
these, 56% (n=3674) were intergenic lncRNAs, followed by bidirectional (14%), exonic_
antisense (13%), and exonic_sense (11%) (Fig 3).

Characteristic comparison between lncRNAs and mRNAs
To ensure that the predicted lncRNAs, including known and novel lncRNAs, fit the 

general characteristics, the transcript length, exon number and expression difference 
between lncRNAs and mRNAs were compared. As shown in Fig 4, the overall transcript 
length distribution of the lncRNAs (median 662 nucleotides) was shorter than the mRNAs 
(median 1, 558 nucleotides; t-test, P-value ≤ 1.0×10-4), which was expected given the bias of 
lncRNAs having fewer exons and the relative lower expression abundance than the protein-
coding genes.

Fig. 1. Flow chart of known lncRNA 
identification and novel lncRNA prediction. 
I denotes a transfrag falling entirely within 
a reference intron; u denotes the unknown, 
intergenic transcript; and x denotes exonic 
overlap with the reference on the opposite 
strand.

Fig. 1 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. The top ten most abundantly expressed lncRNAs 
in the liver of pre- and peak-laying chickens. All the 
lncRNAs were significantly expressed with an FDR ≤ 
0.05.

Fig. 2 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. The classification of lncRNAs expressed in the 
liver of chicken.

Fig. 3 
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Fig. 4. LncRNA 
t r a n s c r i p t 
c h a r a c t e r i z a t i o n . 
(A) Distribution of 
transcript lengths 
for lncRNAs (red) 
and protein-coding 
genes (green). (B) 
Distribution of the 
number of exons 
per transcript for 
lncRNAs (red) and 
p r o t e i n - c o d i n g 
genes (green). (C) 
Distribution of the 
transcript FPKM for 
lncRNAs (red) and 
protein-coding genes 
(green).

Fig.4  
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qPCR validation of 
differentially expressed 
lncRNAs
To estimate the 

reliability of the sequence 
data, seven DE lncRNAs 
(P-value ≤ 0.05), including 
six annotated and one novel 
lncRNA detected in the liver of 
pre- and egg-laying chickens 
were randomly selected 
for qPCR identification 
(Fig 5). Our data showed 
that expression patterns of 
lncRNAs NONGGAT003016.2, 
N O N G G A T 0 0 3 7 9 5 . 2 , 
N O N G G A T 0 0 7 1 4 9 . 2 , 
N O N G G A T 0 0 2 9 1 1 . 2 , 
N O N G G A T 0 0 4 6 3 3 . 2 , 
TCONS_00077066 and 
NONGGAT002034.2 obtained 
from RNA-seq were consisted 
with the validation results 
acquired via qPCR analysis. 
Our qPCR results suggested 
that the sequence result was 
reliable for further study.

Fig. 5. The expression abundance and qPCR verification results of 
some differentially expressed lncRNAs in the liver of pre- and peak-
laying chickens. A denotes the RNA-seq results; B denotes the qPCR 
results. *P-value ≤ 0.05; **P-value ≤ 0.01.

Fig. 5 

 
 
 
 
 
 
 
 
 
 
 
 

Table 2. The significantly enriched pathways of putative target genes of up- and down-regulated differentially 
expressed lncRNAs

Category ID Term P-Value Target 
mRNA 

Acting 
way LncRNA 

Up-regulated 
lncRNAs 

gga00400 Phenylalanine, tyrosine and 
tryptophan biosynthesis 0.0127 GOT2  Trans ENSGALT00000088168   

gga04080 Neuroactive ligand-
receptor interaction 

0.0135  
DRD3 

PARD3 
NTSR1 

Trans 
Cis 
Cis 

ENSGALT00000075378 
ENSGALT00000054392 

NONGGAT003734.2 
NONGGAT003736.2 

ENSGALT00000059156 
gga01210 2-Oxocarboxylic acid 

metabolism 0.0272 GOT2 Trans ENSGALT00000088168 
gga00360 Phenylalanine metabolism 0.0293 GOT2 Trans ENSGALT00000088168 
gga00120 Primary bile acid 

biosynthesis 0.0314 CH25H Cis NONGGAT008154.2 
gga00220 Arginine biosynthesis 0.0334 GOT2 Trans ENSGALT00000088168 
gga00100 Steroid biosynthesis 0.0334 DHCR24 Trans ENSGALT00000080371 
gga01040 Biosynthesis of unsaturated 

fatty acids 0.0396 SCD Cis ENSGALT00000063846 
Down-
regulated 
lncRNAs 

gga00590 Arachidonic acid 
metabolism 0.0114 TBXAS1 Cis NONGGAT000448.2 

gga03018 RNA degradation 0.0198 BTG2 Cis NONGGAT005465.2 
NONGGAT005466.2 
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Fig. 6. The top enrichment GO terms for the target gene of up and downregulated differentially expressed 
lncRNAs in the liver of pre- and peak-laying chickens. Terms with P-value ≤ 0.01 are shown. A denotes 
target gene-enriched GO terms for upregulated lncRNAs; B denotes target gene-enriched GO terms for 
downregulated lncRNAs.

Fig. 6 
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Functional annotation of lncRNAs
To correlate the differentially expressed lncRNAs with biological functions, we analyzed 

the functional bias of the 86 and 22 potential target genes for the 95 upregulated and 
29 downregulated lncRNAs (P-value ≤ 0.05) according to the pathway analysis and GO 
enrichment, respectively (S4 Table).

The pathway analysis indicated that the target genes of the upregulated lncRNAs were 
significantly enriched in 8 pathways (Table 2). Most of the pathways were related to acid 
metabolism and biosynthesis, and some of those were related to lipid metabolism. The 
stearoyl-CoA desaturase (SCD) gene, as the potential target of ENSGALT00000063846, was 
enriched in the biosynthesis of unsaturated fatty acids pathway. The 24-dehydrocholesterol 
reductase (DHCR24), the putative target gene of both ENSGALT00000080371, was enriched 
in steroid biosynthesis. In addition, as the target of NONGGAT008154.2, cholesterol 
25-hydroxylase (CH25H) was enriched in primary bile acid biosynthesis. The target genes 
of the downregulated lncRNAs were significantly enriched in two pathways, including 
arachidonic acid metabolism and RNA degradation.

GO annotation, an alternative approach for speculating about the possible function of 
a gene based on the GO numbers of target genes, was also performed to identify potential 
target genes of SDE lncRNAs. Our data showed that among the target genes upregulated by DE 
lncRNAs, the top four most significantly enriched GO terms were small molecule biosynthetic 
process, lipid biosynthetic process, alcohol metabolic process, and lipid metabolic process 
(P-value ≤ 0.01). Interestingly, most of the terms were correlated with lipid-related metabolic 
and biosynthetic processes (Fig 6A). To the target genes of the downregulated DE lncRNAs, 
the top four most significantly enriched GO terms were regulation of nuclear-transcribed 
mRNA catabolic process, nuclear-transcribed mRNA poly(A) tail shortening, positive 
regulation of nuclear-transcribed mRNA catabolic process, and dentate gyrus development 
(P-value ≤ 0.01) (Fig 6B).

Network regulation
LncRNAs exert their biological functions by regulating target genes. Co-expression 

network analysis could predict the target genes of lncRNAs by analyzing their expression 
patterns. To address the relationship of how lncRNAs function in concert with their target 
mRNAs to participate in chicken hepatic metabolism and to identify critical regulators in the 
process, cis- and trans-targets of the SDE lncRNAs were predicted based on the DE expressed 
mRNA dataset obtained previously. Pearson’s correlation coefficients of SDE lncRNAs and 
their DE target genes, equal to or greater than 0.98 and with a P-value ≤ 0.0001, were used 
to draw the network using Cytoscape (S5 Table). A total of 184 mRNAs were identified to 
have common patterns with 29 lncRNAs. The co-expression network was composed of 393 
connections and 213 network nodes. As the network indicated, one lncRNA could interact 
with dozens of mRNAs, and one mRNA could be correlated with many lncRNAs (Fig S1).

To identify putative miRNA-lncRNA interactions, miRNAs were gathered from miRbase 
21. The miRNA target sites in the SDE lncRNAs were also predicted using Miranda and 
filtered by the DE miRNAs available from the GSE74242 dataset. The interaction network 

Fig. 7. The expression of 
lncLTR in the liver of 20- 
and 30-week-old chickens. 
(A) The high-throughput 
sequencing results for lncLTR 
in the liver of three 20- and 
30-week-old chickens; (B) 
the qRT-PCR validation 
results for lncLTR expression 
in the liver of three 20- and 
30-week-old hens. Different lowercase letters in each Fig. denote a significant difference (P-value ≤ 0.05).

Fig. 7 
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indicated that 11 SDE lncRNAs interacted with 14 DE miRNAs, including 25 network nodes 
and 18 connections (S6 Table, Fig S2). Our data also suggested that one lncRNA could be 
targeted by several miRNAs, and some lncRNAs shared the same target miRNA.

LncRNAs and miRNAs are endogenously expressed regulators of gene expression [47]. 
We analyzed possible interaction networks among lncRNAs, miRNAs and mRNAs in chicken 
liver. Based on the interaction between lncRNAs and miRNAs, the DE target genes of the DE 
miRNAs (S7 Table) were analyzed based on our previous work [36], and the network was 
constructed using Cytoscape. It was found that 14 miRNAs, 11 lncRNAs and 159 protein-
coding genes were involved in the network (Fig S3).

Characterization of the lncLTR sequence and expression pattern
The expression of lncLTR was significantly increased in the liver of 30-week-old 

compared with 20-week-old chickens based on the sequence data. The qPCR validation 
showed that the lncLTR increased 4.5-fold in the liver of peak-laying relative to pre-laying 
hens (Fig 7). Further analysis indicated that lncLTR was an intergenic long noncoding RNA 
with a known sequence size of 776 bp localized in a region of chicken genome chromosome 
16:261196-268788. Analysis using the commonly used algorithms indicated that the lncLTR 
lacked any coding capacity. In addition, none 
of the predicated short open reading frames 
(ORFs) in the lncLTR matched any known 
proteins or functional protein motifs in the 
current proteome databases.

Tissue expression pattern
To understand the expression 

characteristic of the lncLTR in the liver of 
egg-laying chickens at different physiological 
periods, time course expression analysis 
in liver tissue was conducted. The results 
revealed significantly different expression 
levels of the lncLTR gene at different 
development stages (Fig 8). Before the peak-
laying stage, lncLTR expression levels were not 

Fig. 8. The relative expression levels of lncLTR in 
the liver of chickens at different growth stages. 
Data are expressed as the means ± SD (n = 8).

Fig. 8 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9. The relative expression levels of lncLTR and ApoVLDL II in the liver of 17β-estradiol treated chicken. 
ApoVLDL II was used as a positive control in response to 17β-estradiol. (A) The effect of 17β-estradiol on 
the expression of ApoVLDL II in the liver of 10-week-old pullets after treatment for 12 h. (B) The effect 
of 17β-estradiol on the expression of lncLTR in the liver of 10-week-old pullets after treatment for 12 h. 
Different letters in each Fig. indicate a significant difference among different 17β-estradiol concentrations 
(P-value ≤ 0.05). For each treatment, the data are expressed as the means ± SD (n = 10).

Fig. 9 
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significantly different among 10-, 15- and 20-week-old chickens. However, expression levels 
of the lncRNA were significantly increased at the peak-laying period (30 and 35 weeks old) 
in comparison to the pre-laying stages (P-value ≤ 0.05).

Effect of estrogen on lncLTR expression in vivo
To detect whether the mRNA level of lncLTR in chicken liver was affected by estrogen, 

10-week-old hens were treated with different concentrations of 17β-estradiol (0, 0.5, 2, 
8 mg/kg body weight). The expression of ApoVLDL II, an estrogen response marker gene, 
was quantified to estimate whether 17β-estradiol played a biological role after treatment. 
Our results showed that the expression of ApoVLDL II was significantly upregulated after 
the chickens were treated with different concentrations of 17β-estradiol (P-value ≤ 0.05). 
The mRNA expression level of lncLTR was also significantly increased when chickens were 
stimulated with 17β-estradiol at doses of 2 mg/kg and 8 mg/kg body weight (P-value ≤ 0.05) 
(Fig 9).

Fig. 10. The relative expression levels of lncLTR and ApoVLDL II in 17β-estradiol-treated chicken embryo 
hepatocytes. ApoVLDL II was used as a positive control in response to 17β-estradiol. (A) The effect of 
17β-estradiol on the expression of ApoVLDL II in hepatocytes after treatment for 12 h. (B) The effect of 
17β-estradiol on the expression of lncLTR in hepatocytes after treatment for 12 h. Different letters in each 
Fig. indicate a significant difference among different 17β-estradiol concentrations (P-value ≤ 0.05). For each 
treatment, the data are expressed as the means ± SD (n = 6).

Fig. 10 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 11. Effects of ER antagonists on 17β-estradiol-induced expression of lncLTR and ApoVLDL-II in chicken 
embryo hepatocytes. E2:17β-estradiol (100 nM); ICI: ICI 182,780 (1 μM), TAX: tamoxifen (1 μM), and MPP: 
(1,3-bis (4-hydroxyphenyl)-4-methyl-5-[4-(2-piperidinylethoxy) phenol]-1H-pyrazoledihydrochloride) (1 
μM). Different letters indicate significant difference among the different treatments (P-value ≤ 0.05). For 
each treatment, the data are expressed means ± SD (n = 6).

Fig. 11 
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Effect of estrogen on 
lncLTR expression 
mediated by ERβ
To further verify the effect 

of estrogen on the expression 
of lncLTR and to determine 
which estrogen receptor 
(ER) mediated the function 
of estrogen in the regulation 
of lncLTR expression, chicken 
hepatocytes were treated 
with different concentration 
of 17β-estradiol (0, 25, 50 
and 100 nM) and different 
combinations of 17β-estradiol 
with 3 different estrogen 
receptor antagonists, 
respectively. MPP (1, 3-bis 
(4-hydroxyphenyl)-4-methyl-
5-[4-(2-piperidinylethoxy) 
phenol]-1H -pyrazoledihydrochloride) was used as the highly selective antagonist for ER-
alpha, ICI 182, 780 (Sigma-Aldrich) as the antagonist for both ERα and ERβ, and tamoxifen 
(Sigma-Aldrich) as the antagonist for both ERα and ERβ, although it may also act as an 
agonist of GPR30 on certain genes in some species [48, 49]. All antagonists were dissolved in 
DMSO. The results showed that the expression of ApoVLDL II was significantly upregulated 
after treatment with different concentrations of 17β-estradiol (P-value ≤ 0.05). Compared 
with the vehicle-treated controls, the mRNA level of lncLTR was significantly increased in 
the 17β-estradiol treated groups (P-value ≤ 0.05), but there were no significant differences 
among the different doses (P-value > 0.05) (Fig 10). In addition, in comparison to the control 
group, the upregulation effect of estrogen on lncLTR was not be inhibited by the specific 
antagonist of ERα, MPP, but by the common antagonists of ERα and ERβ ICI 182, 780 and 
tamoxifen (Fig 11), suggesting that estrogen could induce the expression of lncLTR via ERβ.

Fig. 12. Validation of 
the different genotypes 
of the c242.G>A 
mutation by PCR product 
sequencing and RFLP-
PCR. (A) The genomic 
DNA sequence atlas of 
the GA heterozygous 
genotype. (B) Agarose gel 
electrophoresis (2.0%) 
showing the SauI-RFLP 
fragments of the lncLTR 
gene PCR products. 
(C) The genomic DNA 
sequence atlas of GG 
wild genotype. (D) The 
genomic DNA sequence 
atlas of the AA mutation 
genotype. The 508-bp PCR products were digested into two fragments (425 and 83 bp) marked as the AA 
genotype, undigested (508 bp) fragments marked as the GG genotype, and three fragments (508, 425, and 
83 bp) marked as the GA genotype.

Fig. 12 

 
 
 
 
 
 
 
 Table 3. Association analysis of different genotypes in lncLTR gene 

with chicken phenotypic traits. Note: BW12 = body weight at the age 
of 12-week-old; CW = carcass weight; EW = evisceration weight; SEW 
= semi-evisceration weight; HW=head weight; CLW = claw weight; 
DWW = double wings weight; LDH = lactic dehydrogenase; CHE = 
cholinesterase; TG = triglyceride. Means with different superscripts 
in the line means significant difference P-value ≤ 0.05 among different 
genotypes; *means P-value ≤ 0.05

Traits SNP genotype (mean ± SE) 
GG  AA  GA  P-value  

Body weight BW12(g)  1348.07±20.66 a 1393.09±19.25 a  1328.43±15.91 b  0.011*  
Carcass Trait CW(g)  89.67±0.20  90.18±0.18  89.70±0.14  0.043*  
 EW(g)  916.63±15.31 ab  951.45±14.24 a  903.2±11.95 b  0.008*  
 SEW(g)  1096.69±17.46 ab  1134.05±16.19 a  1083.47±13.56 b  0.018*  
 HW(g)  43.07±0.53ab  44.08±0.48 a  42.64±0.39 b  0.044*  
 CLW(g)  58.69±1.08 a  58.69±1.08 a  57.46±0.82b  0.040*  
 DWW(g）  120.92±2.06b 127.10±1.89a  119.65±1.55b  0.002*  
Blood biochemical index LDH(U/L)  2786.19±51.38ab  2694.19±47.13b  2832.16±39.65a  0.033*  
 CHE(KU/L)  1.92±0.06ab 1.85±0.06b  1.99±0.05a  0.045*  
 TG (mmol/L)    0.39±0.01b  0.42±0.00ab  0.43±0.01a  0.007*  
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A SNP in lncLTR revealed potential function
A single nucleotide polymorphism (SNP), c242.G > A, in lncLTR was detected via 

sequencing of the PCR product. The 508-bp PCR amplification products were digested with 
SauI restriction enzyme. Three genotypes, including AA (425 and 83 bp), AG (508, 425 and 
83 bp) and GG (508 bp), were identified via PCR-RFLP analysis, and the wild and mutation 
homozygotic genotypes were confirmed by PCR sequencing in the F2 population generated 
by the Gushi×Anka chickens (Fig 12).

To investigate the functional effect of the c242.G>A polymorphism in lncLTR on chicken 
phenotypic traits, least squares analysis between genotype of the c242. G>A polymorphism 
in lncLTR and economic traits, including growth, meat quality, carcass weight, and blood 
biochemical parameter traits, were performed (S8 Table). The association results showed 
that the SNP was significantly associated to the 12-week-old body weight trait (P-value ≤ 
0.05), and the individuals with the AA genotype had a relatively higher body weight than 
those carrying GA at the age of 12 weeks, although the latter was relatively higher than the 
GG genotypes. The carcass traits were significantly associated with the SNP, and chickens 
with the AA genotype had heavier carcass weights, evisceration weights, semi-evisceration 
weights, head weights, double-wing weights, and claw weights than GA chicken (P-value ≤ 
0.05), but the GA chickens were relatively heavier than the chickens with the GG genotype. 
A significant association was also found between the SNP and the blood biochemical 
parameters, including the serum lactic dehydrogenase, cholinesterase and triglyceride 
content (P-value ≤ 0.05), while the serum lactic dehydrogenase and cholinesterase content 
of chickens with the AA genotype were significantly higher than the GA (P-value ≤ 0.05) 
but not the GG genotype. Interestingly, the SNP was significantly associated with the serum 
triglyceride content, while GA chickens had significant higher levels than GG (P-value ≤ 0.05) 
but not AA chickens (Table 3). These results indicated that the SNP in lncLTR might influence 
triglyceride synthesis and chicken carcass traits.

Discussion

Understanding the function of lncRNA is critical to recognizing the contribution of these 
genes to biological processes involved in hepatic function. To the best of our knowledge, there 
are currently no reports in the literature examining the differentially expressed lncRNAs 
in egg-laying chicken hepatic tissues. The current study is for the first time to identify the 
expression profiles of hepatic lncRNAs in the livers of pre- and peak-laying chickens. Most 
importantly, many significant differentially expressed lncRNAs, including known and novel 
ones, were found in the liver of peak-laying compared with pre-laying chickens.

Because eggs are one of the richest sources of lipids [50], the physiological formation 
process of eggs is highly dependent on the metabolic function of the liver in chicken. The 
liver is a central metabolic organ, in which most of the de novo synthesis of fatty acid 
occurs in chicken [51, 52]. The regulatory mechanisms underlying the protein-coding RNA 
involved in hepatic lipid metabolism have been extensively studied in chickens. Noncoding 
RNAs, including miRNAs and lncRNAs, have also been found to contribute to hepatic lipid 
metabolism in mammals. For example, miR-122 has been reported to be a key regulator of 
hepatic cholesterol and fatty acid metabolism in adult mice [53]. miR-33a/b contributes to 
the regulation of fatty acid metabolism in hepatic cell lines [54]. Some lncRNAs play key roles 
as regulators in hepatic metabolism. For example, LncLGRAs, the transcriptional regulatory 
factor of the hepatic GCK gene, can inhibit the expression of GCK and reduce hepatic glycogen 
content in mice during fasting [55]. Enhanced expression of lncRNA MALAT1 either in vivo or 
in vitro activates nuclear SREBP1c expression and induces its intracellular lipid accumulation 
in mouse hepatocytes [56]. Our previous studies have indicated that significant differentially 
expressed mRNAs and miRNAs in peak-laying chickens are highly relevant to hepatic 
lipid metabolism [27, 36]. However, the functions exerted by lncRNAs in the regulation of 
chicken hepatic lipid metabolism are largely unknown. Therefore, the underlying roles of 
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SDE lncRNAs and the molecular regulatory network in this important physiological process 
remain to be elucidated.

Recently, a growing number of studies have demonstrated that lncRNAs are important 
factors in controlling mRNA expression [57], in cis (on neighboring genes) or in trans 
(distant genes). Predicting the function of lncRNA target genes can accelerate the study of 
lncRNAs. The results of bioinformatics analysis of the putative target genes of SDE lncRNAs 
showed that some target genes of lncRNAs were significantly enriched in diverse pathways. 
GO annotation showed that the target genes of upregulated lncRNAs were mainly enriched 
in lipid-related metabolic and biosynthetic processes, while they were enriched in various 
terms for the target genes of the downregulated lncRNAs. This finding might be explained 
by the observation that during the laying period, the lipid content and proportions of major 
lipid constituents were significantly increased in yolk [58, 59]. This result suggests that these 
differentially expressed lncRNAs may be associated with chicken hepatic lipid metabolism to 
some extent during the egg-laying stage.

A large number of studies have suggested that protein-coding mRNAs and lncRNAs can 
interact with each other and compete for miRNA binding [60]. The co-expression network 
analysis revealed a total of 393 connections and 213 network nodes between 184 coding 
genes and 29 lncRNAs. As the network indicated, one lncRNA could interact with dozens of 
mRNAs, and one mRNA could be correlated with several lncRNAs. It is reasonable to envision 
that some of these lncRNAs function as regulators of hepatic metabolism in chickens. 
Moreover, an ever-increasing number of studies have started to uncover the interaction 
among lncRNAs and miRNAs in mammals. In this study, integrated analyses of lncRNA-
mRNA, lncRNA-miRNA and lncRNA-miRNA-mRNA were conducted. We identified miR-22-3p 
as the most abundant SDE miRNA in chicken liver, playing a key role in the development of 
fatty liver in mice by steering the target genes and significantly increasing lipid accumulation 
in human hepatoma (HepG2) cells [61]. Our previous works have shown that miR-22-3p and 
miR-101-2-5p are involved in chicken hepatic lipid metabolic processes through targeting 
related genes [62, 63]. As the potential target of miR-22-3p, lncRNA ENSGALT00000080371 
might also be related to chicken hepatic lipid metabolism. In addition, NONGGAT000885.2 
and NONGGAT002584.2 have been predicted to be targets of miR-146c-5p and miR-146a-
5p, and both miR-146c-5p and miR-146a-5p have a relatively high abundance and are 
significantly downregulated in the liver of peak-laying chickens [36]. In addition to its 
relationship with human diseases, miR-146a-5p has been demonstrated to inhibit TNF-
α-induced adipogenesis by targeting insulin receptor in primary porcine adipocytes [64], 
which may aid in understanding the possible function of lncRNAs. LncRNAs can be regulated 
by miRNAs that reduce their stabilities, and they can also function as molecular decoys or 
sponges of miRNAs [60].

Similar to miRNAs, many lncRNAs can also be induced by hormones [65], ligands [66], 
or lipoprotein [11], and these lncRNAs, especially the liver-enriched lncRNAs, can regulate 
lipid metabolism [67] despite having unclear functions. In our study, lncLTR expression was 
upregulated in chickens at the age of 20 weeks and was even more highly expressed at the age 
of 30 and 35 w. Many lncRNAs have been shown to be expressed in a cell-, tissue- and stage 
specific manner during development and differentiation [68, 69], suggesting that lncLTR may 
be involved in liver lipid metabolism or directly related to laying performance. As reported 
previously, the egg-laying process is highly dependent on the induction of estrogen [22], 
which led us to hypothesize that the SDE lncRNAs expressed in peak-laying chicken liver 
may also be affected by estrogen. The significant alteration of the ApoVLDL II mRNA level 
in the in vivo experiments indicated that 17β-estradiol played a biological role in chicken. 
The expression of lncLTR in liver tissue was significantly increased when chickens were 
stimulated with 17β-estradiol at doses of 2 mg/kg and 8 mg/kg body weight. This finding 
indicated that 17β-estradiol could induce the expression of lncLTR. Our in vitro experiments 
further confirmed that estrogen could promote the expression of lncLTR in chicken 
hepatocytes. Estrogen stimulates gene expression by binding to its receptors, including 
nuclear receptors (ER-α and ER-β) [70-73] and a membrane receptor (a G protein-coupled 
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receptor, GPR30) [74]. Co-administration of 17β-estradiol and ER-specific antagonists to 
primary chicken hepatocytes showed that MPP, the highly selective antagonist for ER-α, 
did not suppress the expression of lncLTR. In contrast, lncLTR expression was significantly 
reduced by co-administration of 17β-estradiol with the antagonist ICI 182, 780 or tamoxifen 
in hepatocytes. These data suggested that ER-β mediated the effect of estrogen during the 
induction of lncLTR expression in chicken liver. Moreover, some other SDE lncRNAs might 
also be controlled by estrogen, and further studies beyond the scope of this analysis will be 
conducted to test this hypothesis.

It is generally considered that the regulatory mechanism responsible for lncRNA 
expression is complex, and the biological roles of lncRNAs are difficult to confirm. The effects 
of SNPs on functional lncRNAs, however, are attracting more attention because of their 
potential influence on complex traits and diseases [75, 76]. The results of our association 
analysis between the SNP and various traits showed that the c242.G>A SNP significantly 
influenced broiler growth traits at the later stage, as well as carcass traits. The A allele led to 
a heavier body weight and carcass traits than the G allele, presenting as a favorable mutation. 
Excitingly, the SNP was significantly associated with the blood biochemical parameter, 
including serum lactic dehydrogenase, cholinesterase, and especially triglyceride content. 
Triglycerides, as one of the main components of egg yolk precursors, is highly synthesized in 
the liver during the egg-laying period [23]. Thus, the SNP in lncLTR may influence triglyceride 
synthesis and chicken carcass traits. Given the results of the estrogen and SNP analysis trials, 
lncLTR is most likely involved in hepatic lipid metabolism in response to estrogen in chicken 
liver.

Conclusion

Our study describes, for the first time, the global expression profiling of lncRNAs in 
chicken liver. By conducting an integrated analysis of lncRNA-mRNA-miRNA, we found that 
many differentially expressed lncRNAs existed in chicken liver. Bioinformatics analysis 
helped to reveal possible associations between lncRNAs and coding genes to unravel potential 
functional roles of lncRNAs in the liver of egg-laying chickens. The integrated analysis among 
lncRNAs, mRNAs, and miRNAs enabled elucidation of the complex regulatory mechanism 
of chicken hepatic lipid metabolism. The expression of LncLTR was significantly higher 
in the liver of peak-laying than pre-laying hens. In vivo and in vitro experimental studies 
demonstrated that the expression of lncLTR was regulated by estrogen via ERβ. The c242.G>A 
SNP in lncLTR was related to triglyceride synthesis and chicken growth and carcass traits. 
Our data provide valuable information for explaining the mechanism responsible for lipid 
metabolism, and they lay the foundation for further studies on the molecular mechanisms 
of lncLTR action.
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