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ABSTRACT: Prohormone convertase 1/3 is a serine 
endoprotease belonging to the subtilisin-like propro-
tein convertase family that is encoded by the proprotein 
convertase subtilisin/kexin type 1 (PCSK1) gene, and its 
major function is the processing and bioactivation of the 
proproteins of many kinds of neuroendocrine hormones, 
including insulin, cholecystokinin, and adrenocortico-
tropic hormone. The results of our previous genomewide 
association study indicated that the PCSK1 gene might 
be an important candidate gene for fatness traits in 
chickens. The objectives of this study were to investi-
gate the tissue expression profiles of PCSK1 gene and 
to identify functional variants associated with fatness 
and growth traits in the chicken. The results indicated 
that PCSK1 mRNA was widely expressed in various 
tissues, especially neuroendocrine and intestinal tissues. 
Of these 2 tissue types, PCSK1 mRNA expression in 
lean males was significantly higher than in fat males. A 
SNP in the 3′ untranslated region of PCSK1 (c.*900G > 

A) was identified. Association analysis in the Arbor 
Acres commercial broiler population and Northeast 
Agricultural University broiler lines divergently select-
ed for abdominal fat content (NEAUHLF) population 
showed that the SNP c.*900G > A was associated with 
abdominal fat weight, abdominal fat percentage, BW, 
metatarsus length, and metatarsal circumference. In the 
5th to 19th generation (G5 to G19) of NEAUHLF, the 
allele frequency of c.*900G > A changed along with 
selection for abdominal fat content. At G19, allele G of 
c.*900G > A was predominate in the lean line, whereas 
allele A was predominate in the fat line. Functional anal-
ysis demonstrated that allele A of c.*900G > A reduced 
mRNA stability and consequently downregulated gene 
expression. These results suggested that c.*900G > A 
was a functional SNP for fatness and growth traits in the 
chicken. The results of this study provide basic molec-
ular information for the role of PCSK1 gene in avian 
growth and development, especially obesity.
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INTRODUCTION

Prohormone convertase 1/3 (PC1/3), a member of 
subtilisin-like proprotein convertase family (Seidah 
and Prat, 2012), is responsible for the post-translational 
cleavage of many prohormones and proneuropeptides 
that participate in the regulation of central and 
peripheral energy metabolism (Raffin-Sanson et al., 
2003; Rehfeld et al., 2008; Yang et al., 2010).

Human QTL mapping results indicated that the 
proprotein convertase subtilisin/kexin type 1 (PCSK1) 
gene is located in a QTL region for obesity (Hager 
et al., 1998; Chagnon et al., 2001; Bell et al., 2004; 
Chen et al., 2005). A genomewide association study 
revealed the PCSK1 gene was associated with human 
obesity (Herbert et al., 2006) and mutations in this 
gene could cause severe monogenic obesity in humans 
(Jackson et al., 1997; Kilpeläinen et al., 2009; Chang 
et al., 2010), because the abnormal PC1/3 hinders 
maturation of important hormones involved in energy 
metabolism (Mbikay et al., 2007; Rehfeld et al., 2008). 
In an obese mouse model, the N222D PC1/3 mutation 
caused multiple endocrine defects and increased 
deposition of fat in white adipose tissue due to a defect 
in insulin maturation (Lloyd et al., 2006). Another 
PCSK1 knockout mouse model was associated with 
severe dysplasia, because the absence of the PCSK1 
gene leads to reduced progrowth hormone releasing 
hormone (proGHRH) processing and secondary GH 
deficiency. Hence, the size of these mice was about 
60% of normal at 10 wk (Zhu et al., 2002).

In our previous study, the 55.43 to 56.16 Mb 
(WUGSC 2.1/galGal3) PCSK1 region of the chicken 
Z chromosome was identified to be the most heavily 
selected region associated with the fatness trait 
(Zhang et al., 2012). However, the function of the 
chicken PCSK1 gene on fat deposition remains 
unclear. Therefore, the aims of the current study were 
to investigate tissue-specific expression profiles of 
the chicken PCSK1 gene and to identify functional 
variants associated with fatness and growth traits.

MATERIALS AND METHODS

Ethics Statement
The study protocol was approved by the 

Laboratory Animal Management Committee of 
Northeast Agricultural University (Harbin, P.R. 
China), and all animal experiments were conducted in 
accordance with the guidelines for the Care and Use 
of Experimental Animals established by the Ministry 
of Science and Technology of the People’s Republic 
of China (approval number 2006-398).

Experimental Populations and Management

The Northeast Agricultural University broiler 
lines divergently selected for abdominal fat content 
(NEAUHLF) have been established since 1996, 
according to the abdominal fat percentage (AFP; 
abdominal fat weight/BW at 7 wk of age) and plasma 
very-low-density lipoprotein (VLDL) concentration. 
The original generation of NEAUHLF came from the 
same base line, which originated from an Arbor Acres 
grandsire line. Then, the chickens were separated into 2 
lines by directional selection, according to their plasma 
VLDL concentration at 7 wk of age. From the 1st to 
19th generation (G1 to G19), birds from each line were 
raised in 2 hatches. Male birds of 2 lines had access 
to feed and water ad libitum from hatching to 7 wk of 
age, and females were under feed restriction starting 
from 3 wk of age. Plasma VLDL concentrations were 
measured for all male birds from both hatches at 7 wk of 
age. Male birds in the first hatch were slaughtered and 
AFP was calculated. Then, sibling birds in the second 
hatch, from the families with extreme AFP (lower or 
higher than the average value in the lean line and the fat 
line, respectively), were used as candidates for breeding. 
Simultaneously, plasma VLDL concentration and BW 
at 7 wk of age (BW7) of male birds in the second hatch 
and egg production of female birds of both hatches were 
also considered (Guo et al., 2011). After 19 generations, 
the average AFP were 0.729% in the lean line and 4.97% 
in the fat line. A total of 2,743 male birds from G5 to G19 
of NEAUHLF were used in the present study.

Another flock, an Arbor Acres commercial broiler 
population composed of 370 birds (170 male birds and 
200 female birds), was also used in the current study.

All birds were kept in similar environmental 
conditions and had free access to feed and water. 
Commercial corn–soybean–based diets that met all 
NRC requirements (NRC, 1994) were provided in the 
study. The birds were fed starter feed (3,100 kcal ME/
kg and 210 g/kg CP) from hatching to 3 wk of age and 
then a grower diet (3,000 kcal ME/kg and 190 g/kg 
CP) from 4 to 7 wk of age.

Phenotype Measurements

The phenotypic data of the birds involved in this 
study were recorded, and genomic DNA was collected 
and properly kept. Body weight was measured at 1, 3, 
5, and 7 wk of age. At 7 wk of age, metatarsus length 
(MeL), metatarsal circumference (MeC), keel length, 
and chest width were measured before slaughter 
(Zhang et al., 2010), and then carcass weight and 
abdominal fat weight (AFW) were measured after 
slaughter. Abdominal fat weight was calculated as the 
ratio of AFW to BW7 (AFP = AFW/BW7).
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Sample Collection and Gene Expression

In total, 12 male birds derived from the G19 
NEAUHLF population (6 birds from each line) were 
slaughtered at 7 wk of age after fasting for 10 h. 
Twenty-nine tissue samples, including the ileum, testis, 
gizzard fat, cerebrum, hypothalamus, pectoralis muscle, 
pituitary body, cerebellum, jejunum, pancreas, tibia, 
duodenum, residual brain, articular cartilage, gizzard, 
proventriculus, spleen, liver, metatarsus, kidney, heart, 
femur, abdominal fat, leg muscle, subcutaneous fat, 
sternum cartilage, sternum, mesentery fat, and crop 
fat, were collected. After washing with 0.75% NaCl 
solution, all tissues were snap-frozen in liquid nitrogen 
and stored at −80°C until used for RNA extraction.

Total RNA was extracted from each tissue (100 mg 
each) using Trizol reagent (Invitrogen Corp., Carlsbad, 
CA) in accordance with the manufacturer’s protocol. 
Ribonucleic acid quality was assessed by visualization 
of the 18S and 28S rRNA bands on a denaturing 
formaldehyde agarose gel. Only RNA with a 28S:18S 
ratio of 1.8 to 2.1 was used for reverse transcription. In 
particular, total RNA of each sample from 3 lean male 
birds and 3 fat male birds (randomly selected from the 6 
sampled birds in each line) was pooled in equal amounts. 
The pooling sample of each tissue was used for detection 
of tissue-specific PCSK1 mRNA expression. Samples 
from individual birds were used for the comparison 
of PCSK1 mRNA expression levels between fat and 
lean birds. Reverse transcription was performed using 
the RNeasy Plus Mini Kit (QIAGEN GmbH, Hilden, 
Germany) according to the manufacturer’s protocol.

Quantitative reverse-transcription PCR (qRT-
PCR) was used to analyze gene expression levels 
against TATA box binding protein (TBP) as an internal 
reference (Cabiati et al., 2012). Quantitative reverse-
transcription PCR was performed using the FastStart 
Universal SYBR Green Master kit (Roche AG, Basel, 
Switzerland) on a 7500 Real-Time PCR System 
(Applied Biosystems Inc., Foster City, CA). A 1-µL 
aliquot of each reverse-transcription reaction product 
was amplified in a 10-µL PCR reaction mixture, 
which was then amplified in an ABI Prism 7500 
sequence detection system (Applied Biosystems Inc.) 
programmed for 1 cycle at 95°C for 10 min and 40 cycles 
at 95°C for 15 s and at 60°C for 1 min. Dissociation 
curves were analyzed using Dissociation Curve 1.0 
software (Applied Biosystems Inc.) for each PCR 
reaction to detect and eliminate possible primer dimer 
artifacts. The relative expression level of the target 
gene to TBP was determined using the TC2 D−  method, 
in which CT is the cycle threshold value and ΔCT = 
CT(PCSK1) − CT(TBP). The statistical significance 
of the comparison of PCSK1 mRNA expression levels 
between fat and lean birds was evaluated using the 

2-tailed Student’s t-test. The primers used for qRT-PCR 
(Table 1) were designed to cross introns.

Sequencing of PCSK1 Exons and Detection of Variants

Six birds from the NEAUHLF G15 population 
(3 individuals per line) were selected to detect 
polymorphisms in all exons of the PCSK1 gene. Total 
RNA isolated from the intestinal tissues of these 6 birds 
was reverse transcribed into cDNA as described above. A 
5,825-bp fragment of PCSK1 gene from each individual 
was cloned from cDNA and ligated into a T-vector and 
then sequenced (Invitrogen, Shanghai, P.R. China). 
Primers used for cloning are listed in Supplemental 
Table S1 (see the online version of the article at http://
journalofanimalscience.org). Variants of these sequences 
were detected using the DNAMAN package version 
4.0 (Lynnon BioSoft, Vaudreuil-Dorion, QC, Canada). 
After sequence alignments, 4 SNP were detected, 1 in 
the coding sequence (CDS) region and 3 others in the 
3′ untranslated region (UTR). The SNP in the CDS 
region is a silent mutation, named c.927T > C. The SNP 
in the 3′-UTR were named c.*856G > A, c.*900G > 
A, and c.*1164C > T. c.*900G > A and c.*1164C > T 
were located in the restriction endonuclease recognition 
sites of Hpy188I and HinfI, respectively. No restriction 
endonuclease can recognize the other SNP. So we first 
genotyped the c.*900G > A by the PCR-RFLP method 
and investigated its biological function.

Genotyping of SNP

Genomic DNA was isolated from venous blood 
samples by the conventional phenol–chloroform 
method. The SNP c.*900G > A was genotyped 
by the PCR-RFLP method. The primers (5′ GGT 
TTA GAC TAG TGA CAG TCA TAT TC 3′ and 5′ 
CCT TCC CTC TAT TTA TGA CTC TC 3′) were 
designed to amplify a 565-bp fragment containing the 
SNP c.*900G > A using Primer Premier 5 software 
(PREMIER Biosoft International, Palo Alto, CA) 

Table 1. Primers used in the quantitative reverse-tran-
scription PCR
Gene1 Accession number Primers (5′–3′)2

PCSK1 XM_003643060 F: ACT AAG CGT GCT GCT GTG AC
R: CAC TCC AAG CCA TCA TCT AAT AC

TBP NM_205103 F: GCG TTT TGC TGC TGT TAT TAT GAG
R: TCC TTG CTG CCA GTC TGG AC

hRluc AY535007 F: TGA TCG AGT CCT GGG ACG A
R: ACA ATC TGG ACG ACG TCG GG

1PCSK1 = proprotein convertase subtilisin/kexin type 1; TBP = TATA 
box binding protein; hRluc = synthetic Renilla luciferase.

2F = forward; R = reverse.
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based on the chicken genome sequence retrieved 
from the GenBank database (https://www.ncbi.nlm.
nih.gov/genbank; accessed 20 November 2012) 
under the accession number NC_006127. Each 25-
µL PCR reaction volume included 50 ng of template, 
1x reaction buffer, 5 pM of each primer, 0.16 mM of 
deoxyribonucleotide triphosphate, 1.5 mM MgCl2, 
and 1 unit Taq polymerase. The PCR reaction 
conditions were 94°C for 5 min, 30 cycles of 95°C for 
30 s, 55°C for 30 s, 72°C for 30 s, and a final extension 
at 72°C for 7 min. Two microliters of 565-bp PCR 
products were digested with 1 unit of the restriction 
endonuclease Hpy188I in a 10-µL reaction volume at 
37°C for 12 h. The genotypes were analyzed by 1.5% 
agarose gel electrophoresis. The χ2 test was used to 
evaluate differences in allele frequencies between 
the lean and fat lines. To assess the change of allele 
frequencies over generations, a multinomial logistic 
regression model was used (Schiavo et al., 2016). 
This model assumes a linear relationship between 
time (generation) and a log transformation of the ratio 
between allele frequencies. Following the likelihood 
ratio theory, a significance test was performed using 
Wilks test statistics, which took −2 times the difference 
of the log likelihood between the alternative model 
and the null model. The corresponding P-value was 
computed using a χ2 distribution with 1 df. Model 
fitting and the likelihood ratio test were performed 
using the NNET package (Venables and Ripley, 2002) 
in R version 2.15.1 (http://www.R-project.org/).

Association Analyses

The associations between the SNP c.*900G > A 
and fatness and growth traits were analyzed using the 
Generalized Linear Mixed Model included with the 
JMP 4.0 software package (SAS Inst. Inc., Cary, NC). 
The models used were as follows:

y = μ + G + S + f + d(f) + G × S + BW7 + e and [1]

y = μ + G + L + GE + f(l) + d(f, l) + G × L + 
G × GE + BW7 + e. [2]

Model [1] was used for association analysis of the 
Arbor Acres commercial broiler population, which 
was fitted with the genotype (G) and sex (S) as fixed 
effects; family (f) and dam nested within family [d(f)] 
as random effects; G × S as the interaction of G by S 
effect; and BW7 as a linear covariate (except for the 
percentage traits and BW traits). Model [2] was used 
for association analysis of the NEAUHLF population, 
which was fitted with the genotype (G), line (L), and 

generation (GE) as fixed effects; family (f) nested 
within line [f(l)] and dam nested within the line and 
family [d(f, l)] as random effects; G × L and G × GE 
as the interaction of G by L and G by GE effects; and 
BW7 as a linear covariate (except for the percentage 
traits and BW traits). In the NEAUHLF population, 
only male birds were slaughtered and phenotyped; 
therefore, sex effect was not included in model [2].

In both model [1] and model [2], y is the dependent 
variable for the traits measured in the population, μ is 
the overall population mean of the traits, and e is the 
residual random error. Significant differences between 
least squares means of different genotypes were 
calculated using a contrast test.

Luciferase Reporter Assay

The reporter construct was prepared by amplifying 
the 148-bp 3′-UTR of the PCSK1 gene containing the 
SNP c.*900G > A using the forward primer 5′ CCC 
TCG AGG GAC TTG AAA GAA CCA ACC 3′ and 
the reverse primer 5′ TTG CGG CCG CAT GGT CAC 
AGG TTA AGG ATG 3′ from 2 individuals carrying 
different alleles. The PCR products were ligated into 
the psiCHECK-2 basic vector downstream of the 
Renilla luciferase (hRluc) gene at the XhoI and NotI 
restriction sites (New England BioLabs Inc., Ipswich, 
MA) to produce the reporter plasmids PCSK1G-
psiCHECK-2 and PCSK1A-psiCHECK-2.

DF-1 is an immortalized fibroblast cell line 
derived from East Lansing Line 0 leghorn layer 
embryos (Himly et al., 1998). The DF-1 cell line 
is widely used in cellular and molecular studies in 
chickens, including the luciferase reporter assay 
(Kwok et al., 2008; Mannstadt et al., 2008; Wang et 
al., 2013); therefore, we used this cell line in this study. 
DF-1 cells were cultured in Dulbecco’s modified 
Eagle’s medium (Invitrogen Corp., Carlsbad, CA; 
11965-092) with 10% fetal bovine serum (Biological 
Industries USA, Inc., Cromwell, CT). Transfections 
were performed using Lipofectamine 2000 Reagent 
(Invitrogen Corp., Carlsbad, CA) according to the 
manufacturer’s instructions. DF-1 cells were seeded 
in 12-well plates, transfected with 1.0 µg/well of the 
reporter plasmid the next day, and harvested after 
32 h. Then, the activities of firefly luciferase (hFluc) 
and hRluc were measured. Luciferase activity was 
read using a Synergy 2 device and Gene 5 software 
(BioTek Instruments, Inc., Winooski, VT). Relative 
luciferase activity was calculated as the ratio of hRluc 
activity to hFluc activity. Five independent replicates 
were performed. The statistical significance of the 
luciferase reporter assay was evaluated using the 
2-tailed Student’s t-test.
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Messenger RNA Decay Measurements

To estimate mRNA decay rates, transcription was 
inhibited by the addition of 5 µg/mL actinomycin D 
(ActD; Sigma-Aldrich Corp., Darmstadt, Germany) 
to the medium (Eberhardt et al., 2002) 24 h after 
transfection with the reporter plasmids. Ribonucleic 
acid was extracted at the indicated time points, and qRT-
PCR was used to assess the amount of hRluc transcripts 
remaining at 0, 2, 4, 6, 9, and 12 h after ActD treatment 
by the absolute quantitative method. The percentage 
of remaining hRluc transcripts was calculated with 
the 0-h time point set to 100%. A linear relationship in 
each group was ensured, and the regression equation 
was built according to the amount of RNA in each time 
point. The half-life was calculated according to the 
regression equation.

RESULTS

Characterization of the Tissue Expression  
of the PCSK1 Gene

PCSK1 gene expression was measured in 29 different 
tissues collected from lean and fat birds. The results 
showed that chicken PCSK1 was widely expressed in 
various tissues and highly expressed in neuroendocrine 
tissues (the pituitary body, hypothalamus, cerebrum, 
testis, and residual brain) and intestinal tissues (the 
duodenum, jejunum, and ileum; Fig. 1).

Comparison of PCSK1 mRNA Expression  
Levels between Fat and Lean Males

Then, PCSK1 gene expression levels in those 8 
highly expressed tissues (the duodenum, jejunum, 
ileum, pancreas, residual brain, cerebrum, pituitary 

body, and hypothalamus) were compared between 
birds from fat lines and birds from lean lines. The 
PCSK1 expression levels of lean line broilers were 
significantly higher than those of fat line broilers in 7 
of the tissues tested (excluding the pancreas; P < 0.05 
or P < 0.01; Fig. 2).

Associations of c.*900G > A in the PCSK1 Gene 
with Fatness and Growth Traits in the Arbor Acres 
Commercial Broiler and Northeast Agricultural 
University Broiler Lines Divergently Selected For 
Abdominal Fat Content Populations

A SNP located in the 3′-UTR of PCSK1 (c.*900G > 
A) was detected and genotyped. The genotype and 
allele frequencies of c.*900G > A in the Arbor Acres 
commercial broiler and NEAUHLF populations are 
shown in Supplemental Table S2 (see the online version 
of the article at http://journalofanimalscience.org) and 
Table 2, respectively. Association analyses between 
c.*900G > A and fatness and growth traits in the Arbor 
Acres commercial broiler (200 female and 170 male 
birds) and NEAUHLF (2,743 male birds across G5 to 
G19) populations were performed using model [1] and 
model [2], respectively. The results indicated that the 
SNP c.*900G > A was significantly associated with 
AFW and AFP in both populations (P < 0.01). The 
SNP c.*900G > A was significantly associated with 
BW at 5 wk of age, BW7, carcass weight, MeL, MeC, 
chest width, BW at 1 wk of age, and keel length in 
the Arbor Acres commercial broiler population and 
significantly associated with BW at 1 wk of age, MeL, 
and MeC in the NEAUHLF population (P < 0.05 or 
P < 0.01; Table 3).

Figure 1. Characterization of the tissue expression pattern of the chicken proprotein convertase subtilisin/kexin type 1 (PCSK1) gene in transcriptional 
level in 7 wk of age lean and fat male broilers of the Northeast Agricultural University broiler lines divergently selected for abdominal fat content 
population. TATA box binding protein (TBP) was used as an internal reference gene. 
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Comparison of Allele Frequencies of the PCSK1 
SNP C.*900G > A between the Fat and Lean Lines 
from the 5th to the 19th Generation of Northeast 
Agricultural University Broiler Lines Divergently 
Selected For Abdominal Fat Content Populations

Analysis of the change in the allele frequency of the 
SNP c.*900G > A along with selection for abdominal 
fat indicated that the frequency of allele A significantly 
increased in the fat line along with the generations (P = 
1.21 × 10−49) based on multinomial logistic regression 
model whereas the frequency of allele G significantly 
increased in the lean line along with the generations (P = 
1.52 × 10−102; Fig. 3). In the lean and fat lines at G19, the 
frequencies of allele G were 0.989 and 0.074, respectively, 
whereas those of allele A were 0.011 and 0.926, 
respectively, which meant allele G was predominate in 
the lean line and allele A was predominate in the fat line. 
The changing trends of the frequencies of these 2 alleles 
were similar to the changing trends of AFP between the 
2 lines. There was no significant difference in the allele 
frequency of the SNP c.*900G > A between the lean and 
fat lines in the G5 and G6 populations, whereas there 
were significantly different allele frequencies between 
the 2 lines from G7 to G19 (Fig. 3; Table 3).

Effects of c.*900G > A on Luciferase Activity  
and mRNA Stability

To investigate the biological effects of the different 
alleles, 2 plasmids were constructed that contained 2 
different alleles (A or G) of the SNP c.*900G > A. The 
luciferase reporter assay was performed using DF-1 
cells. The results showed that there were significant 
differences (P < 0.01) in relative luciferase activities 

between the 2 constructs carrying the 2 different alleles, 
and the luciferase activity of the construct carrying 
allele G (PCSK1G-psiCHECK-2) was about 1.6-fold 
that of the construct carrying allele A (PCSK1A-
psiCHECK-2; Fig. 4A).

Furthermore, differences in mRNA stability 
between alleles G and A of c.*900G > A were 
detected. DF-1 cells were transiently transfected with 
the luciferase constructs carrying different alleles and 
harvested at 0, 2, 4, 6, 9, and 12 h after ActD treatment. 
Then, mRNA levels were absolutely quantified by qRT-
PCR. As shown in Fig. 4B, the degradation rates of the 
hRluc mRNA fragments carrying different alleles were 
dissimilar. The half-life of the hRluc mRNA fragment 
with allele G was about 8.5 h, whereas the half-life of 
the hRluc mRNA fragment with allele A was about 6.4 
h, indicating that the mRNA stability of hRluc carrying 
allele A was lower than that carrying allele G.

DISCUSSION

Prohormone convertase 1/3 is a member of 
the proprotein convertase family, and its major 
function is processing the proproteins of many 
kinds of neuroendocrine hormones, such as insulin, 
cholecystokinin, and adrenocorticotropic hormone, to 
make them become bioactive (Raffin-Sanson et al., 2003; 
Rehfeld et al., 2008; Yang et al., 2010). In mammals, 
the PCSK1 gene has been reported to be an important 
factor affecting growth and development, especially 
fat deposition (Jackson et al., 1997; Zhu et al., 2002; 
Lloyd et al., 2006; Fontanesi et al., 2012). However, the 
function of the PCSK1 gene has remained relatively 
unknown in chickens. Therefore, studying the expression 
characteristics and identifying the functional variants of 
the chicken PCSK1 gene could elucidate the mechanism 
of this gene on growth and fat deposition and guide 
further investigations of the chicken PCSK1 gene.

The results of this study showed that chicken PCSK1 
mRNA was mainly expressed in neuroendocrine and 
intestinal tissues (Fig. 1), which was similar to the 
results of studies in other species. In humans, the PCSK1 
gene is mainly expressed in the pituitary, brain (Seidah 
et al., 1992), and intestinal tissues (Martín et al., 2013). 
Similarly, the mouse PCSK1 gene is also expressed 
in the pituitary (Ftouhi et al., 1994), hypothalamus 
(Nilaweera et al., 2003), pancreas islet (Liu et al., 2012), 
and intestines (Gagnon et al., 2009). Deficiencies 
of many kinds of neuroendocrine hormones that are 
involved in metabolism and energy balance, such as 
proopiomelanocortin (Souza et al., 2016) and insulin 
(Elisha et al., 2017), are reported to be associated with 
human obesity. On the other hand, hormones secreted 
by the gut are also associated with obesity through 

Figure 2. Difference of proprotein convertase subtilisin/kexin type 1 
(PCSK1) mRNA expression levels between lean and fat male birds. TATA box 
binding protein (TBP) was used as an internal reference gene. The results were 
expressed as means ± SEM (n = 6 animals/group). *P < 0.05; **P < 0.01. 
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regulation of appetite and energy absorption (Nagaraj 
and Manjappara, 2016; ten Kulve et al., 2016; Dardzińska 
et al., 2017). Combining the expression characteristics 
of the chicken PCSK1 gene in the present study and the 
function of PC1/3 reported in mammals, it is reasonable 
to speculate that the function of PC1/3 in the chicken 
may be similar to that in mammals; therefore, chicken 
PC1/3 may process a variety of proneuropeptides and 
prohormones into functional hormones involved in the 
regulation of central and peripheral energy metabolism. 
The results of quantitative analysis in the current study 
showed that PCSK1 mRNA expression was higher in 
neuroendocrine tissues and intestinal tissues in lean 
male chickens than in fat male birds (Fig. 2). This 
phenomenon indicated that there may be differences in 
transcriptional and/or post-transcriptional processes of 
the PCSK1 gene between lean and fat birds, and to some 
extent, these differences may contribute to the disparity 
of abdominal fat deposition between the 2 lines.

There were some reports about the association of 
PCSK1 mutations with human obesity. Compound 
heterozygous PCSK1 mutations were reportedly 
detected in a patient who presented with several 
neuroendocrine diseases, including reactive 
hypoglycemia and severe obesity with onset in infancy 
(Jackson et al., 1997). Three nonsynonymous SNP 
(rs6232, rs6234, and rs6235) in PCSK1, which lead 
to the substitution mutations N221D (rs6232), Q665E 
(rs6234), and S690T (rs6235), respectively, were found 
to be associated with extreme obesity in 7 independent 
European case–control studies (Benzinou et al., 2008). 
Furthermore, the N221D mutation was reported to cause 
a significant decrease in the enzymatic activity of PC1/3 
(Benzinou et al., 2008; Blanco et al., 2015). In other 
species, PCSK1 gene mutations were also reportedly 
associated with fat deposition and obesity. Fontanesi 
et al. (2012) resequenced a 5.1-kb fragment of the 
porcine PCSK1 gene and detected 14 polymorphisms. 

Table 2. The comparisons of allele frequencies between the lean and fat lines of Northeast Agricultural University 
broiler lines divergently selected for abdominal fat content from the 5th to the 19th generation (G5 to G19) populations

 
Generation

 
Line

Genotype frequency1 Allele frequency  
χ2GG AG AA G A

G5 Lean line 0.136 (14) 0.621 (64) 0.243 (25) 0.447 0.553 1.369
(P = 0.242)Fat line 0.067 (1) 0.533 (8) 0.400 (6) 0.333 0.667

G6 Lean line 0.219 (30) 0.496 (68) 0.285 (39) 0.467 0.533 1.544
(P = 0.214)Fat line 0.162 (12) 0.486 (36) 0.351 (26) 0.405 0.595

G7 Lean line 0.416 (37) 0.427 (38) 0.157 (14) 0.629 0.371 23.143
(P < 0.001)Fat line 0.117 (11) 0.521 (49) 0.362 (34) 0.378 0.622

G8 Lean line 0.659 (56) 0.282 (24) 0.059 (5) 0.800 0.200 76.864
(P < 0.001)Fat line 0.141 (13) 0.391 (36) 0.467 (48) 0.337 0.663

G9 Lean line 0.699 (65) 0.280 (26) 0.022 (2) 0.839 0.161 111.070
(P < 0.001)Fat line 0.126 (12) 0.347 (33) 0.526 (50) 0.300 0.700

G10 Lean line 0.762 (64) 0.226 (19) 0.012 (1) 0.875 0.125 144.140
(P < 0.001)Fat line 0.049 (4) 0.341 (28) 0.610 (51) 0.220 0.780

G11 Lean line 0.884 (84) 0.116 (11) 0.000 (0) 0.942 0.058 227.428
(P < 0.001)Fat line 0.042 (4) 0.263 (25) 0.695 (66) 0.174 0.826

G12 Lean line 0.936 (88) 0.064 (6) 0.000 (0) 0.968 0.032 269.171
(P < 0.001)Fat line 0.000 (0) 0.247 (23) 0.753 (70) 0.124 0.876

G13 Lean line 0.747 (71) 0.253 (24) 0.000 (0) 0.874 0.126 197.705
(P < 0.001)Fat line 0.000 (0) 0.305 (29) 0.695 (66) 0.153 0.847

G14 Lean line 0.817 (76) 0.172 (16) 0.011 (1) 0.903 0.097 263.877
(P < 0.001)Fat line 0.000 (0) 0.128 (12) 0.872 (82) 0.064 0.936

G15 Lean line 0.705 (67) 0.274 (26) 0.021 (2) 0.842 0.158 213.103
(P < 0.001)Fat line 0.000 (0) 0.189 (18) 0.811 (77) 0.095 0.905

G16 Lean line 0.884 (84) 0.116 (11) 0.000 (0) 0.942 0.058 279.868
(P < 0.001)Fat line 0.000 (0) 0.168 (16) 0.832 (79) 0.084 0.916

G17 Lean line 0.905 (86) 0.095 (9) 0.000 (0) 0.953 0.047 297.227
(P < 0.001)Fat line 0.032 (3) 0.074 (7) 0.895 (85) 0.068 0.932

G18 Lean line 0.895 (85) 0.095 (9) 0.011 (1) 0.942 0.058 284.676
(P < 0.001)Fat line 0.000 (0) 0.149 (14) 0.851 (80) 0.074 0.926

G19 Lean line 0.978 (90) 0.022 (2) 0.000 (0) 0.989 0.011 314.075
(P < 0.001)Fat line 0.000 (0) 0.147 (14) 0.853 (81) 0.074 0.926

1Numbers shown in parentheses are the number of individuals with the specified genotype.
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Association analysis results showed that among these 14 
polymorphisms, 3 tag SNP were significantly associated 
with backfat thickness and visible intermuscular fat in 
the Duroc Italiana strain of the domestic pig (Fontanesi 
et al., 2012). In a mouse model of obesity, the N222D 
mutation of the PCSK1 gene led to decreased processing 
of substrates, such as proinsulin and hypothalamic 
and pituitary proopiomelanocortin (Lloyd et al., 2006; 
Prabhu et al., 2014). In the current study, we wanted to 
first sequence the exons of the PCSK1 gene to detect 
genetic variants, and PCSK1 was highly expressed 
in the chicken intestine. Therefore, we sequenced 
PCSK1 cDNA prepared from intestinal tissues to get 
all exonic sequences and detected variants in the 5′-
UTR, CDS, and 3′-UTR of PCSK1. One variant in 
the 3′-UTR, named c.*900G > A, was first genotyped. 
The association between the SNP c.*900G > A in the 
3′-UTR of the chicken PCSK1 gene and fatness traits 
(AFW and AFP) in both the Arbor Acres commercial 
broiler population and NEAUHLF population was 
detected (Table 3). The results indicated that similar to 
that in the human, pig, and mouse, the chicken PCSK1 
gene plays an important role in fat deposition.

The gradually separate allele frequencies of the 
SNP c.*900G > A supported the above conclusion from 
another perspective. Results of the logistic regression 
showed that allele frequency significantly changed 
during G5 to G19. As shown in Fig. 3, the changes in 

the allele frequency of c.*900G > A were surprisingly 
similar to the change in the mean AFP in the NEAUHLF 
populations. Therefore, the PCSK1 gene was selected 
along with selection against abdominal fat in NEAUHLF, 
which means that the PCSK1 gene may play important 
roles, either directly or indirectly, in the deposition of 
abdominal fat and the SNP (c.*900G > A) in the 3′-
UTR of the PCSK1 gene could be an important genetic 
marker to reduce abdominal fat deposition in chickens.

Besides the fatness trait, the PCSK1 gene also 
plays an important role in the growth of animals. 
A PCSK1 knockout mouse model expressed an 
unexpected phenotype, prenatal lethality and growth 
retardation, rather than obesity (Zhu et al., 2002). A 
further study using this model indicated that processing 
of proGHRH was defective because of the absence of 
PC1/3, thereby leading to secondary GH deficiency 
(Zhu et al., 2002). Single nucleotide polymorphisms in 
the PCSK1 gene were also associated with the growth 
performance of Italian Large White and Italian Large 
White × Italian Landrace pigs (Fontanesi et al., 2012). 
The results of the current study showed that the PCSK1 
gene was widely expressed in chicken tissues and 
significant associations were detected between the SNP 
c.*900G > A and growth traits in both the Arbor Acres 
commercial broiler and NEAUHLF populations (Table 
3). Other mammal research showed that GHRH was the 
product of proGHRH modification by the PC1/3 (Dey 
et al., 2004). Moreover, chicken GHRH (cGHRH) 
is reportedly important for food intake of chickens 
(Tachibana et al., 2015). At the same time, the release 
of chicken GH was found to be mediated by cGHRH 
(Harvey et al., 2014). We previously evaluated the 
serum GH levels in the fat and lean lines. The serum 
chicken GH level in lean birds was significantly higher 
than that in fat birds (P < 0.01; unpublished data). Taken 
together, these findings indicate that the PCSK1 gene 
could affect the growth traits of chickens by taking part 

Table 3. Association analysis of PCSK1 SNP c.*900G > 
A on fatness and growth traits in the Arbor Acres com-
mercial broiler population and Northeast Agricultural 
University broiler lines divergently selected for abdom-
inal fat content (NEAUHLF) population (P-value)

 
 
Trait1

P-value
Arbor Acres commercial 

broiler population2
NEAUHLF  
population3

BW1 0.0388* 0.0363*
BW3 0.8207 0.4319
BW5 0.0096** 0.1932
BW7 <0.0001** 0.1533
CW <0.0001** 0.7977
MeL <0.0001** 0.0118*
MeC <0.0001** 0.0115*
KeL 0.0472* 0.1319
ChiW <0.0001** 0.4669
AFW <0.0001** <0.0001**
AFP <0.0001** <0.0001**

1BW1, BW3, BW5, and BW7 = BW at 1, 3, 5, and 7 wk of age, 
respectively; CW = carcass weight; MeL = metatarsus length; MeC = 
metatarsal circumference; KeL = keel length; ChiW = chest width; AFW = 
abdominal fat weight; AFP = abdominal fat percentage.

2This population included 370 birds (170 male birds and 200 female birds).
3This population included 2,743 male birds.
*P < 0.05; **P < 0.01.

Figure 3. The change of allele frequencies of SNP c.*900G > A 
along with the selection for abdominal fat content from the 5th to the 19th 
generation (G5 to G19) in the Northeast Agricultural University broiler 
lines divergently selected for abdominal fat content population. AFP = 
abdominal fat percentage. 
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in cGHRH processing, thereby further affecting food 
intake. Therefore, the SNP c.*900G > A of the PCSK1 
gene might be a functional variant that influences not 
only fatness but also growth traits in chickens.

In this study, we observed that the allele frequencies 
of c.*900G > A followed the dynamic pattern of AFP 
changes in the NEAUHLF. However, we could not 
determine whether this variation was functional or 
not from this phenomenon. Therefore, we performed 
the luciferase reporter assay and analyzed the mRNA 
stability to investigate the biological effects of this 
variation. First, the dual luciferase reporter gene 
plasmids with either allele G or allele A inserted in 
the 3′-UTR of hRluc were used to transiently transfect 
chicken DF-1 cells. The results showed that allele A 
significantly decreases the relative activity of hRluc, 
compared with allele G (Fig. 4), which indicated 
that allele A might negatively regulate PCSK1 gene 
expression. As mentioned above, there was a significant 
difference in PCSK1 mRNA expression levels between 
the 2 chicken lines. Also, mutations in the 3′-UTR 
could affect mRNA stability (Wang et al., 2006; 
Kamiyama et al., 2007; Laguette et al., 2011). Taken 
together, these findings suggest that the SNP c.*900G 
> A might enforce some biological effects by affecting 
mRNA stability. Therefore, a mRNA stability assay 
was used to verify this conjecture. The results showed 
that stability of the hRluc mRNA carrying allele A was 
lower than that of allele G, further indicating that allele 
A decreases the stability of PCSK1 mRNA, thereby 
reducing expression of mutational PCSK1 at the mRNA 
level. Moreover, other studies demonstrated that the 
SNP in the 3′-UTR could regulate gene expression in a 

variety of ways, including interacting with microRNAs 
(Zhang et al., 2011; Wang et al., 2016a,b) and proteins 
(Suhl et al., 2015), and affecting the secondary structure 
and, consequently, the stability of mRNA (Werk et 
al., 2014). The results of these experiments indicated 
that this variation may be functional. However the 
mechanism of how c.*900G > A affects the stability of 
PCSK1 mRNA will require further studies.

In summary, the results of the present study showed 
that PCSK1 mRNA was expressed in various tissues and 
highly expressed in neuroendocrine and intestinal tissues. 
The SNP c.*900G > A in the 3′-UTR of the PCSK1 gene 
was found to be associated with fatness and growth traits 
in chickens. There was a significant difference in the 
allele frequency of c.*900G > A between the fat and lean 
lines. The stability of PCSK1 mRNA was lower with 
allele A of c.*900G > A, resulting in reduced PCSK1 
mRNA expression. The results obtained in this study 
indicated that the PCSK1 gene played an important 
role in chicken growth and development, especially in 
obesity, and will guide further detailed investigations of 
PCSK1 gene function in these processes.
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