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ABSTRACT The liver is the central organ for meta-
bolism and influence the growth and development of the
animals. To date, little is known about the microRNA
(miRNA) in pigeon livers, particularly in different
developmental stages. A comprehensive investigation
into miRNA transcriptomes in livers across 3 pigeon
developmental stages (1, 14, 28 d old) and an adult stage
(2 y old) was performed by small RNA sequencing. We
identified 312 known miRNA, 433 conserved miRNA,
and 192 novel miRNA in pigeon livers. A set of differ-
entially expressed (DE) miRNA in livers were screened
out during pigeon development. This set of miRNA
might be involved in hepatospecific phenotype and liver
development. A Short Time-series Expression Miner
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analysis indicated significant expression variations in DE
miRNA during liver development of pigeons. These DE
miRNA with different expression patterns might play
essential roles in response to growth factor, cell
morphogenesis, and gland development, etc. Protein–
protein interaction network and Molecular Complex
Detection analysis identified several vital target genes
(e.g., TNRC6B, FRS2, PTCH1, etc.) of DE miRNA,
which is closely linked in liver development and enriched
in PI3K cascade and regulation of growth. Our results
expanded the repertoire of pigeon miRNA and may be of
help in better understanding the mechanism of squab’s
rapid development from the perspective of liver
development.
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INTRODUCTION

Pigeons (Columba livia) arewidely distributed over the
whole world and domesticated for thousands of years
(Tolba, 2015), which have been domesticated for produc-
tion of meat, racing, and experimental animals in physi-
ology (Prinzinger and Misovic, 2010), behavior (Ware
et al., 2017), and atmospheric environmental monitoring
(Cui et al., 2016). As a typical representative of altrices,
pigeon squabs have an extremely high growth rate. At
the 28th d after hatch, the bodyweight of pigeons is about
25 times that of newly hatched squabs (Gao et al., 2016).
As the main biosynthetic and metabolic organ, the liver
has pivotal functions in the synthesis of several vital pro-
teins, the metabolism of various biologically useful mate-
rials, the detoxification of toxic substances, and immune
defense (Xu et al., 2019). Aside from direct involvement
in anabolism, the liver supplies approximately 75% total
circulating insulin-like growth factor-I (IGF-I), which is a
crucial regulator of skeletal muscle development and
could enhance the ability for the muscle to grow
(Schwander et al., 1983; Barton, 2006). Animals that
cannot express IGF-I exhibit severe growth retardation
(Baker et al., 1993). More interestingly, liver indexes of
pigeon squabs in early-stage (1- to 7-day-old) have
greater values than that of 28- to 35-day-old squabs
(Gao et al., 2016), suggesting the liver may have a crucial
function in early development stages. Nevertheless, little
is known about the mechanism of this phenomenon dur-
ing squab development.
The liver has been studied mostly biochemically and

histopathologically, which consists of different types of
cells including hepatocytes, liver sinusoidal endothelial
cells, hepatic stellate cells, Kupffer cells, etc. (Chen and
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Verfaillie, 2014). Genetic studies using gene-targeting
technology have identified a number of cytokines, intra-
cellular signaling molecules, and transcription factors
involved in liver development and regeneration
(Tanimizu and Miyajima, 2007). Specifically, the regula-
tory network consists of signaling pathways involving
fibroblast growth factors (FGF), bone morphogenetic
proteins, Wnt, hepatocyte nuclear factors, and
CCAAT/enhancer-binding protein (Darlington, 1999;
Liu et al., 2017). In addition, as post-transcriptional reg-
ulators of gene expression, microRNA (miRNA) are
abundant in the liver and exert crucial roles in normal
liver development and the fine-tuning of fundamental
biological liver processes (Chen and Verfaillie, 2014).
For example, miR-122 directly or indirectly stimulates
the expression levels of 24 hepatocyte-specific genes
(Chen and Verfaillie, 2014) and promotes the hepatic dif-
ferentiation and maturation (Deng et al., 2014). MiR-
27a and -27b influence fat accumulation and cell prolifer-
ation during rat hepatic stellate cell activation (Ji et al.,
2009). MiR-103 and -107 participate in the regulation of
insulin sensitivity (Trajkovski et al., 2011). MiR-33 re-
duces fatty acid degradation by targeting multiple genes
involved in fatty acid b-oxidation (Gerin et al., 2010).
Furthermore, knockdown of miR-30a would result in
defective biliary morphogenesis (Hand et al., 2009). To
date, miRNA in liver tissues of some domestic species
(e.g., pig (Liu et al., 2017), bovine (Becker et al.,
2011), chicken (Hicks et al., 2010)) have been surveyed
using high-throughput sequencing. However, miRNA
in pigeon liver have not been identified. Here, we aim
to explore the miRNA expression profiles in livers and
their potential roles during pigeon development. Our
findings will be instrumental in understanding the roles
of miRNA in pigeon liver development and growth.
MATERIALS AND METHODS

Animal Ethics Statement

All animals used in this study were farmed in accor-
dance with the Regulations for the Administration of Af-
fairs Concerning Experimental Animals (Ministry of
Science and Technology, China, revised in June 2004)
and approved by the Institutional Animal Care and
Use Committee in the College of Animal Science and
Technology, Sichuan Agricultural University, Sichuan,
China, under permit no. DKY-S20174201.

Preparation of Experimental Animals and
Tissues

White King pigeons and squabs were purchased from
the Feng Mao pigeon breeding farm (Mianyang, China).
Parent White King pigeons (8 males and 8 females at 2 y
old) and 48 squabs (mixed sex)were grouped into 4 stages
(16 replicates for each stage, the age of 1 d, 14 d, 28 d, and
2 y old). After weighing the body weight, pigeons were
anesthetized with ether and subsequently euthanized.
Next, the whole liver of each pigeon was separated and
weighed. The liver tissues from the same anatomical loca-
tion were collected from pigeons representing each of the
4 stages. Subsequently, the samples for small RNA
sequencing were immediately frozen in liquid nitrogen
and stored at 280�C until RNA extraction.
RNA Extraction and High-throughput
Sequencing

Total RNA was respectively extracted from frozen
liver samples collected from male pigeons with TRIzol
reagent (Invitrogen, Carlsbad, CA) in accordance with
the manufacturer’s protocol. The quantity of total
RNA was assessed using an Agilent 2100 Bioanalyzer
with Agilent RNA 6000 nano Reagents Part 1 kit (Agi-
lent Technologies). Each development stage has 3 repli-
cates that came from the 3 pigeons. The total RNA of
each replicate was individually used for library construc-
tion. For each library, small RNA ranging from 10 to
45 nt in length was purified by polyacrylamide gel elec-
trophoresis and ligated using proprietary adapters. The
modified small RNA was then reverse-transcribed to
cDNA and amplified by PCR. Finally, libraries were
sequenced by an Illumina HiSeq 2500 platform and
generated 50 bp single-end reads.
Identification and Differential Expression
Analysis of miRNA

The bioinformatics pipeline for miRNA discovery
and profiling was carried out as previously described,
with some improvements (Ma et al., 2018). To identify
the pigeon miRNA, the initial sequence was subjected
to a series of stringent filters (such as removing low-
quality reads, repeated sequences, and adapter se-
quences), and the output was called clean data.
Filtered sequences were then mapped to the pigeon
reference genome (C. livia, ColLiv2, GenBank assembly
accession: GCA_001887795.1) (https://www.ncbi.nlm.
nih.gov/assembly/GCA _001887795.1) with stringent
criteria (0 mismatches for full length) using Bowtie
software. Next, mappable reads were extended in the
reference genome as predicted miRNA precursors.
Only candidate precursors that perfectly matched to
known pigeon (C. livia) mature miRNA annotated by
miRBase (Release 22.0) (Kozomara et al., 2019) were
identified as known pigeon miRNA. Subsequently, to
identify the conserved miRNA, we performed align-
ments between remaining candidate precursors and
seed sequences of mature miRNA from chicken (Gallus
gallus), the zebra finch (Taeniopygia guttata) and other
mammals, allowing no mismatch. Novel miRNA were
further predicted using the miRDeep2 core algorithm
(Friedlander et al., 2008). edgeR was used for differen-
tial expression analysis among different stages in
the OmicShare tools (www.omicshare.com/tools). A
unique miRNA was considered to be differentially
expressed (DE) when jlog2(fold change) j.1 and false
discovery rate , 0.05.

https://www.ncbi.nlm.nih.gov/assembly/GCA%20_001887795.1
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Figure 1. Body weight, liver weight, and liver index changes during development of pigeons. (A) Body weight, (B) liver weight, (C) liver index.
(n 5 16).
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qRT-PCR

MicroRNA was reverse-transcribed respectively using
Mir-X miRNA First-Strand Synthesis Kit (Takara,
Otsu, Japan) following the manufacturer’s recommenda-
tions. The qRT-PCR assays were performed on a CFX96
Real-Time PCR Detection System (Bio-Rad, Hercules,
CA) using SYBR Premix Ex Taq II (Takara, Dalian,
China) in accordance with the manufacturer’s protocols.
The qRT-PCR was carried out on 3 biological replicates.
Relative miRNA levels were normalized against U6
snRNA and calculated using the 22DDCt method. Infor-
mation on the primer sequences used is available in
Supplementary Table 1.

STEM Analysis

A time-series analysis of the miRNA expression data
was performed using Short Time-series Expression
Miner software (STEM) http://www.cs.cmu.edu/
wjernst/stem/(Ernst and Bar-Joseph, 2006). By using
STEM analysis, each miRNA was assigned to the model
profile most closely matched to its time series based on
the correlation coefficient. Short Time-series Expression
Miner software was run using the log normalize data op-
tion, with all other settings set to the defaults.

Prediction and Functional Annotation of
miRNA Target Genes

The TargetScan algorithm (http://www.targetscan.
org) was applied to predict the target genes of DE
miRNA (Agarwal et al., 2015). Enrichment analyses
for the target genes of DE miRNA in different expression
Table 1. Pigeon miRNA identified in 12 sRNA li

Group (number of pre-miRNA/miRNA) 1 d

Known miRNA 162/293
Conserved miRNA 168/217
Putative novel miRNA 72/101
profiles were performed using Metascape (http://
metascape.org/gp/index.html) with the default parame-
ters set (Zhou et al., 2019).
Protein–Protein Interaction Network
Analysis of miRNA Targets

Targets of miRNA were used to construct protein–
protein interaction (PPI) networks by using the Meta-
scape tool with default parameters. Subsequently, using
the Molecular Complex Detection (MCODE) algorithm,
densely connected network components were first identi-
fied. Enrichment analysis was applied to each MCODE
component independently, and the 3 best-scoring (by
P-value) terms were retained as the functional descrip-
tion of the resulting modules.
Construction of the miRNA–mRNA
Regulatory Network

MicroRNA interacting with mRNA of seed genes iden-
tified from the PPI network were predicted using Tar-
getScan (http://www.targetscan.org). Omicshares tool
(https://www.omicshare.com/tools/) was used for the
construction of the miRNA–mRNA regulatory network.
Statistical Analysis

Phenotypic data were analyzed and compared for sta-
tistically significant differences using ANOVA in R.
Results were considered statistically significant for
P-values , 0.05.
braries.

14 d 28 d 2 y Total

165/298 153/274 153/275 172/312
221/285 127/155 109/143 332/433
89/128 61/86 48/66 137/192

http://www.cs.cmu.edu/%7Ejernst/stem/
http://www.cs.cmu.edu/%7Ejernst/stem/
http://www.targetscan.org
http://www.targetscan.org
http://metascape.org/gp/index.html
http://metascape.org/gp/index.html
http://www.targetscan.org
https://www.omicshare.com/tools/


Figure 2. Top 10 unique miRNAwith the highest expression levels in
pigeon livers over the 4 stages from 1-day-old to 2-y-old. A plot of the
unique miRNA vs. their total copy number % of all unique miRNA for
each library. The 7 miRNA that are present in the top 10 miRNA in
all libraries are connected by lines.
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RESULTS

Phenotypic Measurements

In this study, we investigated body weight, liver
weight, and liver index changes during pigeon develop-
ment. As shown in Figure 1A, body weight progressively
increased from the time squabs were 1-day-old until the
pigeons reached the age of 2-y-old. However, liver weight
and liver indexes exhibited first-increase and then-
decrease tendency with the development of the squabs.
Particularly, both liver weight and liver index in 14-
day-old and 28-day-old squabs were conspicuously
higher than those of 2-y-old pigeons.
Figure 3. MicroRNA transcriptome profiles in pigeon livers across the 4 di
expression of miRNA among 12 miRNA libraries. (B) Principal component
Summary of Deep-sequencing Data

To identify miRNA and investigate miRNA expression
changes during the development of pigeon squabs, 12 total
RNA samples were used to construct small RNA libraries.
Libraries were sequenced using Illumina HiSeq 2500 plat-
form and 50 bp single-end reads were generated. All
sequence data have been submitted to the NCBI Gene
Expression Omnibus with the accession number
GSE149501. In total,weobtained 176.64million raw reads
(Supplementary Table 2). The adapter sequences,
contamination, and low-quality reads were then trimmed,
and the remaining reads were considered high-quality
clean reads. The proportion of high-quality clean reads
ranged from76.18 to 93.00% in the 12 libraries. The length
distribution analysis (Supplementary Figure 1) showed
that most (57.89w 80.22%) of the small RNAs in the 12
libraries were approximately 21–24 nt in length, which is
the typical length of Dicer-processed products.
MicroRNA Transcriptome Profiles During
Liver Development

A total of 937 mature miRNA derived from 641 pre-
miRNA were identified in pigeon livers across 3 develop-
ment stages (1 d, 14 d, and 28 d) and an adult stage (2 y)
(Table 1). These miRNA candidates were classified into
3 types: pigeon known miRNA, conserved miRNA, and
putative novel miRNA. There are 312 pigeon known
miRNA corresponded to 172 pigeon known pre-miRNA
(Supplementary Table 3). Of the pigeon conserved
miRNA, 433 corresponded to 332 other 2 avian species
(G. gallus and T. guttata) and mammalian species pre-
miRNA (Supplementary Table 4), whereas 192 putative
novel miRNA corresponded to 137 candidate pre-
miRNA (Supplementary Table 5).
fferent age groups. (A) Hierarchical clustering analysis for the normalized
analysis (PCA) of miRNA across all 12 libraries.



Figure 4. Differentially expressed miRNA in pigeon livers during development. (A) An upset plot of the intersections between 4 different age
groups. (B) Volcano plot of the DE miRNA between 2 different age groups. The x-axis indicates the difference in expression level on a log2 (fold
change). The y-axis represents the corresponding false discovery rate on a negative log 10(FDR).
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To uncover the possible roles of miRNA in pigeon livers
during development, we ranked themiRNA by expression
level (Figure 2). The miRNA expression profile was
different across the 4 different age groups. Of note, the
expression abundance of the top 10 unique miRNA ac-
counts for 69.68–84.58% of the total counts in each stage.
In addition, the set of the top 10 uniquemiRNA over the 4
stages came to a total of 15 unique miRNA. Of these
miRNA, 7 miRNA (cli-miR-22-3p, cli-miR-26-5p, cli-
miR-30a-5p, cli-miR-30 d-5p, cli-miR-30e-5p, cli-miR-
143-3p, and cli-miR-148a-3p) overlapped in all 4 stages.
Subsequently, we conducted a hierarchical clustering
analysis and principal component analysis based on the
miRNA expression profiles. As shown in Figure 3A, a clus-
tering ofmiRNAexpressionprofiles inpigeon liversmainly
based on developmental stage and time. The younger
squabs (1 d and 14 d) were tightly clustered into a sub-
group, and separated from 28-day-old and 2-year-old pi-
geons. It suggested that the development stage
contributes to the different miRNA transcriptome of pi-
geon livers. This set of dissimilarities was confirmed by
principal component analysis (Figure 3B).



Figure 5. Validation of the sequencing data using qPCR. Six randomly selected DE miRNA in pigeon livers were validated by real-time qPCR
(n 5 3). The Pearson product–moment correlation coefficient (r) was calculated using R.
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Differentially Expressed miRNA During
Liver Development Stages

To screen the DE miRNA among pigeon livers during
development, differential expression analysis by taking
jlog2(fold change) j.1 and false discovery rate ,0.05
Figure 6. The miRNA expression analysis by STEM clustering. MicroRN
STEM software. Line plots (left panels) and box plots (right panels) are used t
tively. Representative miRNA of each cluster are listed at the right. In each l
FC, fold change; RPM, reads per million reads; STEM, Short Time-series E
as criteria was performed after removing miRNA of
less than 10 count reads. We totally identified 177
miRNA that were DE during the liver development
(Figure 4A, Supplementary Table 6), accounting for
18.89% of total identified miRNA in pigeon livers. Spe-
cifically, 6 contrasts were generated (1 d vs. 14 d, 1 d
A are organized into different clusters based on expression patterns using
o show fold changes (log2 scale) and expression levels (log2RPM), respec-
ine plot, one representative miRNA is highlighted in red. Abbreviations:
xpression Miner.



Figure 7. Function enrichment analysis of target genes of miRNA (read counts .1,000) in different profiles (Profile 0, 7 and 13). The x-axis
indicates –log (P-value).The y-axis indicates functional categories.
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vs. 28 d, 1 d vs. 2 y, 14 d vs. 28 d, 14 d vs. 2 y, 28 d vs.
2 y), and screened out 48, 40, 92, 54, 117, and 2 DE
miRNA (Figure 4B), respectively.

To confirm the small RNA-Seq results, we selected 6
miRNA (miR-29a-3p, miR-143-3p, miR-215-5p, miR-
29 b-3p, miR-363-3p, miR-1388-5p) to conduct qPCR
assay using 3 independent samples. The results were in
line with our sequencing result (Pearson r 5 0.915 6
0.065, Figure 5), which highlighted the reliability of
our sequencing data.
Distinct miRNA Expression Patterns During
Liver Development

Differentially expressed miRNA expression patterns
in pigeon livers during development were assessed using
the STEM algorithm. The STEM clustering tool
assigned each miRNA to the model profile that most
closely matched its temporal expression profile. Three
significant model profiles (profiles 0, 7, and 13) from
the 20 distinct expression patterns were generated



Figure 8. Function enrichment analysis of shared target genes in the 3 profiles (Profile 0, 7, and 13). (A) Venn diagram revealed that 197 common
target genes existed in the 3 profiles. (B) The network of enriched terms is colored by cluster-ID, and nodes that share the same cluster are typically
close to each other. (C) Bar plot of enriched terms across common target genes in the 3 profiles, colored by P values.
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(Figure 6 and Supplementary Table 7). Profiles 0, 7, and
13 comprised 20, 46, and 12 miRNA, respectively. The
expression level of miRNA in expression pattern
0 decreased across all 4 stages, whereas other miRNA
in expression patterns 7 and 13 exhibited a decreasing
tendency with fluctuation.

Enrichment Analysis of Target Genes of
miRNA in Different Profiles

Given miRNA function presents a dose-dependent
manner (Carlsbecker et al., 2010), only the relatively
more abundantmiRNA(.1,000 read counts)were carried
out the prediction of potential target genes. As depicted in
Figure 7, the target genes of miRNA in profile 0 were
enriched in developmental growth (GO: 0048589), cellular
response to growth factor stimulus (GO: 0071363), heart
development (GO: 0007507), etc. The target genes of
miRNA in profile 7 are mainly involved in response to
growth factor (GO: 0070848), cellular response to growth
factor stimulus (GO: 0071363), cell morphogenesis
involved in differentiation (GO: 0000904), etc., whereas
the target genes of miRNA in profile 13 were enriched in
cell–cell adhesion via plasma-membrane adhesion mole-
cules (GO: 0098742), regulation of neuron differentiation
(GO: 0045664), synapse organization (GO: 0050808),
etc. (Supplementary Table 8). From these results, we
found that some enriched GO categories were overlapped
by 3 different profiles. Therefore, we analyzed intersection
target genes ofmiRNA indifferent profiles. ThemiRNA in
aforementioned 3 different profiles (profiles 0, 7, and 13)
shared 197 intersection target genes, which mainly
enriched in gland development (GO: 0048732), cell part
morphogenesis (GO: 0032990), developmental growth
(GO: 0048589), etc. (Figures 8A–8C, Supplementary
Table 9). In addition, we also performed a meta-
enrichment analysis based on 3 target gene lists, which
suggested that target genes from3profilesmainly enriched
in developmental growth (GO: 0048589), tissue morpho-
genesis (GO: 0048729), response to growth factor (GO:
0070848), Wnt signaling pathway (GO: 0070848), etc.
(Figures 9A–9C).



Figure 9. Meta-enrichment analysis summary for target genes of miRNA (read counts.1,000) in the 3 profiles (Profile 0, 7, and 13). (A) Overlap
among target gene lists, where purple curves link identical genes, and blue curves link genes belong to the same enriched ontology term. The inner circle
represents gene lists, where hits are arranged along the arc. Genes hit multiple lists are colored in dark orange, and genes unique to a list are shown in
light orange. (B) The network of enriched terms is colored by cluster ID, and nodes that share the same cluster are typically close to each other. (C)
Heatmap of top 20 enriched terms across 3 target gene lists corresponding 3 profiles, colored by P-values.
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Protein–Protein Interaction Network and
MCODE Enrichment Analysis

Protein–protein interaction networkwas generated us-
ing Metascape and visualized with Cytoscape 3.4.0
(Figure 10A). In total, 98 nodes and 157 PPI relation-
ships were obtained. The MCODE method was applied
to identify closely related proteins from the PPI network.
TheMCODE algorithm subclustered PPI network into 4
subclusters containing 13 genes from which 3 genes,
TNRC6B, FRS2, andPTCH1, were defined as seed genes
(Figure 10B, Supplementary Table 10). The Gene
Ontology (GO) enrichment analysis was applied to
each MCODE network to assign “meanings” to the
network component. The enriched terms of module 1
included nuclear-transcribed mRNA poly(A) tail short-
ening, positive regulation of mRNA catabolic process,
nuclear-transcribed mRNA catabolic process,
deadenylation-dependent decay, etc. The enriched cate-
gories for module 2 included PI3K cascade, insulin
receptor substrate (IRS)-mediated signaling, IRS-
related events triggered by IGF1R, etc. Module 3
included regulation of growth (SupplementaryTable 11).
MicroRNA-Target Regulatory Network

To screen out the miRNA having binding sites to seed
genes (TNRC6B, FRS2, and PTCH1) from the 3
different profiles, we performed target gene prediction
by using TargetScan and constructed the mRNA–
miRNA network. As shown in Figure 10C, 10 miRNA
(miR-107-3p, miR-15c-5p, miR-92-3p, miR-103-3p,
miR-18a-5p, miR-148a-5p, miR-16a-5p, miR-20 b-5p,
miR-9-5p, miR-10 b-5p) target TNRC6B. Two miRNA
(miR-18a-5p, miR-20 b-5p) target FRS2, and 3 miRNA
(miR-16a-5p, let-7d-3p, miR-15c-5p) target PTCH1. Of
these, cli-miR-20 b-5p can antagonize both TNRC6B
and FRS2, and cli-miR-16a-5p can antagonize both
TNRC6B and PTCH1, whereas cli-miR-15c-5p targets
TNRC6B and PTCH1.



Figure 10. Protein–protein interaction (PPI) networks and miRNA–mRNA regulatory networks. (A) A PPI network. (B) PPI MCODE compo-
nent. Red, blue, green, and violet colors indicate modules 1, 2, 3, and 4, respectively. (C) miRNA–mRNA regulatory networks. White nodes denote
seed genes, and orange nodes denote miRNA; Gray edges denote miRNA–mRNA interaction relationship.
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DISCUSSION

The liver is a key metabolic organ as well as a predom-
inant source of IGF-I (Schwander et al., 1983), exerting vi-
tal functions in the normal growth and development of
animals. In the present study, the liver indexes of squabs
are higher than those of adult pigeons. It implies that
the liver has pivotal functions during the early develop-
ment of pigeons. Accordingly, the present study is focused
on the identification of miRNA in pigeon livers during
development and the exploration of their potential func-
tion. As a class of gene expression regulatory factors,
miRNA expressed in the liver tissues (Hicks et al., 2010;
Becker et al., 2011; Liu et al., 2017), while it has not
been reported in pigeons. In the present study, we used
deep sequencing to identify the miRNA and their expres-
sion levels in pigeon livers. We totally identified 937
mature miRNA in pigeon livers across 3 development
stages and an adult stage, and DE miRNA were deter-
mined.We found some of thesemiRNA that had been pre-
viously reported to be associated with liver development
and regeneration, for example, miR-21, miR-148, miR-
26, let-7 family, miR-22, miR-19 b, miR-106, miR-23,
miR-29, miR-30, miR-145, etc. (Liu et al., 2010; Finch
et al., 2014). Among these miRNA, miR-148a-3p
exhibited the highest abundance in livers on day 1 and
day 28, whereas miR-22-3p and miR-26-5p are the richest
miRNA at 14-day-old and 2-y-old, respectively. This is
basically consistent with the reported studies that miR-
148a is themost abundantmiRNA in chicken hepatocytes
(Wang et al., 2014) and porcine livers of different breeds
(Li et al., 2012). Gailhouste et al. found miR-148a pro-
moted the hepatospecific phenotype (Gailhouste et al.,
2013). By contrast, miR-26a andmiR-22 regulatedmouse
hepatocyte proliferation during liver regeneration (Zhou
et al., 2012) and participating in hepatic steatosis (Hu
et al., 2020), respectively. These results indicated that
miR-148a, miR-22-3p, andmiR-26-5pmight affect pigeon
liver development through promoting the hepatospecific
phenotype and regulating the hepatocyte proliferation
and metabolism.

In this study, we screened out 177 DE miRNA during
pigeon liver development. Of these, 78 DE miRNA were
significantly clustered in 3 expression profiles. GO and
Kyoto Encyclopedia of Genes and Genomes enrichment
analysis revealed that the target genes of DE miRNA
(read counts .1,000) in different profiles were involved
in response to growth factor, cellular response to growth
factor stimulus, etc. Previous studies found that at least
3 growth factors, EGF, TGF alpha, and HGF, are com-
plete mitogens for hepatocytes in culture and stimula-
tors of liver growth (Fausto and Webber, 1993).
Furthermore, the liver is an important source of IGF-1
mediating many of the growth-promoting actions of
GH (Norbeck et al., 2007). In our study, we found cli-
miR-454-3p was predicted to target pigeon IGF-I
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mRNA, whereas several DE miRNA (e.g., cli-miR-16a-
5p, cli-miR-133a-3p, cli-miR-9-5p, cli-let-7d-3p, cli-
miR-15c-5p, cli-let-7f-5p, etc.) were predicted to target
pigeon IGF-I receptor mRNA. More intriguingly, some
vital target genes identified by PPI and MCODE anal-
ysis are mainly enriched in IRS-related events triggered
by IGF1R, PI3K cascade, and regulation of growth.
These findings imply that DE miRNA in squab livers
are highly implicated in liver development and pigeon
growth by targeting growth factor–related genes and
signaling pathways. Besides, the liver is the biggest
gland in an organism, while the overlapped target genes
of the DE miRNA (read counts .1,000) in profiles were
enriched in gland development, which is the most signif-
icantly enriched term for these target genes. Accord-
ingly, combining the enrichment results of target genes
of DE miRNA in different profiles, it can be concluded
that these miRNA may participate in pigeon develop-
ment at the cellular, organ, and organismal levels.

By means of gene–gene network reconstruction anal-
ysis, several key target genes of DE miRNA in different
profiles were identified during the pigeon development,
including trinucleotide repeat–containing 6 B
(TNRC6B), fibroblast growth factor receptor sub-
strate 2 (FRS2), patched 1 (Ptch1), etc. These target
genes are responsible for the regulation of liver develop-
ment in pigeons via multiple signaling pathways.
TNRC6B, the predicted target gene of at least 10 DE
miRNA in this study, is localized to mRNA-degrading
cytoplasmic P bodies and is functionally required to
mediate miRNA-guided mRNA cleavage (Meister
et al., 2005). Alterations in TNRC6B gene expression
affected cell proliferation and cell adhesion (Murakami
et al., 2013). Considering that cell proliferation and
cell adhesion were the critical processes during develop-
ment (Ekblom et al., 1986), it was worthwhile further to
explore the potential roles of TNRC6B in pigeon devel-
opment. Fibroblast growth factor signal pathway con-
trols liver specification and regulates the metabolism of
lipids, cholesterol, and bile acids. Fibroblast growth fac-
tor signaling also promotes hepatocyte proliferation
(Tsai et al., 2013). For example, FGF8 and FGF10 func-
tion as paracrine signals in embryonic liver development,
and FGF21 regulates glucose and lipid metabolism in
white adipose tissue (Itoh et al., 2016). FRS2 is the
main mediator of signaling in the FGF pathway. Mean-
while, FRS2 also functions as a molecular sensor inte-
grating external regulatory signals into the FGF
pathway (Zhou et al., 2009). Some downregulated DE
miRNA (e.g., cli-miR-20 b-5p and cli-miR-18a-5p)
have binding sites in FRS2mRNA, suggesting that these
DE miRNA might be implicated in pigeon liver develop-
ment via FGF signaling pathway. Hedgehog (Hh)
signaling is highly linked with the development and ho-
meostasis of various organs. Yoshikazu Hirose et al.
demonstrated that Hh signal pathway modulates the
hepatoblast proliferation, and further suggest that this
pathway needs to be shut off for hepatic differentiation
of hepatoblasts to proceed normally (Hirose et al.,
2009). Ptch1, as another predicted key target gene of
DE miRNA (e.g., cli-miR-16a-5p and cli-miR-15c-5p),
is a negative regulatory factor of the Hh signaling
pathway (Yu et al., 2015). Therefore, some miRNA
have a chance to regulate hepatoblast proliferation and
differentiation by targeting Ptch1 to act on Hh signaling
pathway during pigeon liver development.
In summary, we totally identified 312 known miRNA,

433 conserved miRNA, and 192 novel miRNA in pigeon
livers across 3 developmental stages and an adult stage us-
ing small RNA sequencing. These miRNA might play
pivotal roles in response to growth factor, cell morphogen-
esis, gland development, and regulate liver development
and pigeon growth by targeting growth factor–related
genes and signaling pathways. Our results expanded the
repertoire of pigeon miRNA and may be of help in better
understanding the mechanism of squab’s rapid develop-
ment from the perspective of liver development.
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