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ABSTRACT Transforming growth factor beta receptor
Il (TGFBR2), a core member of the transforming growth
factor-g (TGF-B) signaling pathway. To date, chicken
TGFBR2 (¢cTGFBR?2) genomic structure has not been
fully explored. Here, the complete sequences of ¢ TGFBR2
transcript isoforms were determined by 5 and 3’ rapid
amplification of cDNA ends (5’ & 3' RACE) and reverse
transcription polymerase chain reaction (RT-PCR); the
tissue expression profiling of ¢TGFBR2 transcript iso-
forms was performed using quantitative real-time poly-
merase chain reaction (QRT-PCR). The results showed
that ¢TGFBR2 gene produced 3 transcript isoforms
though alternative transcription initiation, splicing, and
polyadenylation, which were designated as ¢TGFBR2-1,
cTGFBR2-2, and c¢TGFBR2-3, respectively. These 3
¢TGFBRZ2 transcript isoforms encoded 3 protein isoforms:
¢TGFBR2-1, cTGFBR2-2, and ¢cTGFBR2-3. Duplication
analysis revealed that, unlike other animal species,
c¢TGFBR2 gene harbored a 5.5-kb intragenic tandem
duplication. Tissue expression profiling in the 4-wk-old
Arbor Acres (AA) broiler chickens showed that

c¢TGFBR2-1 was ubiquitously expressed, with high
expression in abdominal fat, subcutaneous fat, lung, giz-
zard, and muscle; ¢cTGFBR2-2 was highly expressed in
heart, kidney, gizzard, and muscle; ¢TGFBR2-3 was
weakly expressed in all the tested chicken tissues. Tissue
expression profiling in the 7-wk-old broiler chickens of the
fat and lean lines of Northeast Agricultural University
broiler lines divergently selected for abdominal fat content
(NEAUHLF) showed that ¢ TGFBR2-1 was significantly
differentially expressed in all the tested tissues except
heart, c¢TGFBR2-2 was significantly differentially
expressed in all the tested tissues except subcutaneous fat
and liver, and ¢TGFBR2-3 was significantly differentially
expressed in all the tested tissues between the lean and fat
lines. Intriguingly, in the fat line, the 3 ¢TGFBR2 tran-
script isoforms were expressed to varying degrees in all the
3 tested fat tissues, while in the lean line, only ¢TGFBR2-
1 was expressed in all the 3 tested fat tissues. This is the
first report of intragenic tandem duplication within
TGFBR2 gene. Our findings pave the way for further
studies on the functions and regulation of cTGFBR2 gene.
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INTRODUCTION

Transforming growth factor-g8 (TGF-B) signaling
pathway regulates a variety of biological processes
throughout embryonic development and postnatal life,
as well as during the presentation of human disease
(Lonn et al., 2009; Moustakas and Heldin, 2009; Pardali
et al., 2010; Xu et al., 2012). There are 3 TGF-8 forms
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(TGF-B1, 2, and 3) and 3 TGF-p receptors (TGFBRI,
2, and 3) (Vander Ark et al., 2018). TGFBR2 plays an
important role in the TGF-8 signaling pathway. Upon
ligand binding, TGFBR2 forms a signaling complex
with TGFBRI1 and activates TGFBR1 via phosphoryla-
tion. The activated TGFBRI in turn phosphorylates its
downstream receptor-regulated SMADs (R-SMADs,
SMAD2/3). Subsequently, the activated R-SMADs
bind to SMAD4, migrate to the nucleus, and regulate
TGF-B target gene transcription.

TGFBR2 serves as an initial regulator of the TGF-2 sig-
naling pathway and is involved in many cellular processes
(Moustakas and Heldin, 2009). Loss or reduction of its
expression can lead to uncontrolled cell growth (Yuan et
al., 2020). Defects by TGFBR2 knockout involve many


https://doi.org/10.1016/j.psj.2022.102169
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:wangning@neau.edu.cn

2 NING ET AL.

phylogenetic and major organ systems, including develop-
mental defects of the kidney, skeleton, and lymphatic net-
work (James et al., 2013; Peters et al., 2017; Dumbrava et
al.; 2021). During the development of chicken embryos,
TGFBR2 shows dynamically and frequently overlapping
expression patterns in numerous embryonic cell layers and
structures, and is involved in chicken-specific developmen-
tal processes including somitogenesis, cardiogenesis, and
vasculogenesis (Cooley et al., 2014).

TGFBR2 genomic structure has been intensively stud-
ied in mammals. Both human and mouse TGFBR2 genes
are composed of 8 exons and 7 introns. Due to alternative
splicing, TGFBR2 gene generates 2 transcript isoforms in
humans and mice, which encode 2 protein isoforms,
named as TBRII and TBRII-B, respectively (Hirai and
Fijita, 1996; Krishnaveni et al., 2006). Recently, a novel
human TGFBR2 transcript isoform named as TSRII-SE
was discovered, which encodes a soluble protein (Bertolio
et al., 2021). To date, chicken TGFBR2 (cTGFBR2)
genomic structure has not been fully explored, and
whether the ¢ TGFBR2 gene encodes multiple transcript
and protein isoforms is unclear. In the present study, we
for the first time characterized ¢TGFBR2 transcript iso-
forms, dissected the ¢TGFBR2 genomic structure and
identified a 5.5-kb intragenic tandem duplication.

MATERIALS AND METHODS
Experimental Animals and Tissue Collection

Our animal experiments were conducted according to
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 no. 2006-398)
and were approved by the Laboratory Animal Manage-
ment Committee of Northeast Agricultural University

Table 1. The primers used in the present study.

(Harbin, Heilongjiang, PRC). All experimental chickens
were fed under the same environmental conditions with
free intake of food and water. Abdominal fat, subcutane-
ous fat, gizzard fat, heart, liver, spleen, lung, kidney, giz-
zard, proventriculus, pancreas, and muscle tissue were
collected from 4-wk-old Arbor Acres (AA) broiler chick-
ens. All of the above tissues except the lung were collected
from 7-wk-old broiler chickens of fat and lean lines of
Northeast Agricultural University broiler lines divergently
selected for abdominal fat content (NEAUHLF) (24th
generation). All samples were washed with a solution con-
taining 0.75% NaCl, snap frozen in liquid nitrogen, and
stored at —80°C until RNA isolation.

RNA Isolation and Reverse Transcription

The frozen tissue samples were ground into powder in
liquid nitrogen by using a mortar and pestle. Total RNAs
were isolated using Trizol reagent (Invitrogen, Carlsbad,
CA) according to the manufacturer’s protocol. RNA qual-
ity was assessed by denaturing formaldehyde agarose gel
electrophoresis and quantified by using a spectrophotome-
ter. The extracted RNA was reverse transcribed using the
PrimeScriptTM RT reagent Kit (Takara, Dalian, China)
according to the manufacturer’s protocol.

5 and 3 Rapid Amplification of cDNA Ends

The 5 and 3’ rapid amplification of cDNA ends (5" &
3 RACE) of ¢TGFBR2 was performed using the
SMARTer RACE 5/3 Kit (Takara, Dalian, China)
according to the manufacturer’s protocol. The gene-spe-
cific primers for the 5 and 3' RACE were designed by
Primer 6.0 based on ¢TGFBR2 mRNA (NM_ 205428.1).
The primer sequences are listed in Table 1. The RACE
products were separated by agarose gel electrophoresis

Type Primer name Primer sequence

RACE primer 5RACE-GSP1 R: ACAGCGAGATGTCATTTCCCAGA
5RACE-GSP2 F: TTTCCCAGAGGACCAAAGC
3RACE-GSP1 F: CTCCATGGCTTTGGTCCTCTG
3RACE-GSP2 F: CTCGCTGTAATGGTGTTGG

RT-PCR primer TGFBR2-1-F/TGFBR2-1-R F: TGCAGCGCCGAAGTGAAGTTTTC

TGFBR2-1-F/ TGFBR2-2-R
TGFBR2-1-F/ TGFBR2-3-R
TGFBR2-2-F/ TGFBR2-1-R
TGFBR2-2-F/ TGFBR2-2-R
TGFBR2-2-F/ TGFBR2-3-R

PCR primer Genome- F/R

qRT-PCR primer c¢TGFBR2-total-F /R
c¢TGFBR2-1-F/R
c¢TGFBR2-3-F/R

TBP-F/R

R: TACATCTCCCTGCCCAGAGCCAC
F: TGCAGCGCCGAAGTGAAGTTTTC
R: GAACAGAGTCAGGCTGTGGTATG
F: TGCAGCGCCGAAGTGAAGTTTTC
R: GTCCGTAAAGACCACTCAACATA
F: GGGGAGAAGGAACTACTGTAAGA
R: TACATCTCCCTGCCCAGAGCCAC
F: GGGGAGAAGGAACTACTGTAAGA
R: GAACAGAGTCAGGCTGTGGTATG
F: GGGGAGAAGGAACTACTGTAAGA
R: GTCCGTAAAGACCACTCAACATA
F: AGAAGGATGATGGGGGACTGA

R: TGGTTTGAGCACGTTGTTGC

F: CTAAGAGACAGAGGGCGACC

R: ACAGCTTCTCCCTGAGAGCT

F: TAGAAGCAAGGAAAATGG

R: CTGGCTTATGGGGATCAA

F: TTGGTCCTCTGGGAAATG

R: AGATGGGCTTTGTAGTGC

F: GCGTTTTGCTGCTGTTATTATGAG
R: TCCTTGCTGCCAGTCTGGAC

Abbreviations: TGFBR2, transforming growth factor beta receptor Il; TBP, TATA-box binding protein.
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and recovered using DNA Gel Recovery Kit (Axygen,
Union City, CA) following the manufacturer’s protocol.
All recovered products were cloned using pEASY blunt
simple cloning vector (TransGen, Beijing, China)
according to the manufacturer’s protocol, and trans-
formed into Escherichia coli (E. coli). Single colonies
were picked for PCR identification and sent to Genewiz
biological company (Suzhou, China) for Sanger sequenc-
ing.

Reverse Transcription Polymerase Chain
Reaction and Genomic PCR

Reverse transcription polymerase chain reaction (RT-
PCR) was used to identify ¢TGFBR2 transcript isoforms
on the cDNAs generated from various chicken tissues.
The primers are shown in Table 1. Thermal cycling was
performed as follows: 5 min for the initial denaturation at
95°C, followed by 40 cycles of 15 s at 95°C, 15 s at 60°C,
and 180 s at 72°C, and ending with a final extension time
of 10 min at 72°C in a Master cycler nexus GSX1 (Eppen-
dorf, Hamburg, Germany). Genomic PCR was used to
detect the intragenic tandem duplication of ¢TGFBR2
gene on blood genomic DNAs extracted from 4 different
chicken breeds (Northeast Agricultural University F2
Resource Line, NEAUHLF, AA broiler chickens, and Lin-
dian chickens), which were stored in our laboratory. The
primers are shown in Table 1. The forward primer was
located in exon 3 of ¢TGFBR2 gene and the reverse
primer was located in exon 2'. If there is an intragenic tan-
dem duplication comprising exons 2 and 3 and intron 2 in
the ¢TGFBR2 gene, genomic PCR. amplification with this
primer pair generates a 2,000-bp product, otherwise, no
PCR products would be obtained. Thermal cycling was
performed as follows: 5 min for the initial denaturation at
95°C, followed by 40 cycles of 30 s at 95°C, 30 s at 63°C,
150 s at 72°C, and ending with a final extension time of
10 min at 72°C in a Master cycler nexus GSX1 (Eppen-
dorf, Hamburg, Germany). PCR products were purified,
cloned into pEASY blunt simple cloning vector (Trans-
Gen, Beijing, China), and sent to Genewiz biological com-
pany (Suzhou, China) for Sanger sequencing.

Quantitative Real-Time Polymerase Chain
Reaction

The relative expression of ¢TGFBR2-1, cTGFBR2-2,
and ¢TGFBR2-3 were determined by quantitative real-
time polymerase chain reaction (QRT-PCR) using Fast-
Start Universal SYBR Green Master [Rox| (Roche, Basel,
Switzerland). The primers are shown in Table 1. The
expression levels of ¢TGFBR2-1 and ¢TGFBR2-3 were
detected with primer pairs ¢TGFBR2-1-F/R and
c¢TGFBR2-3-F/R, respectively. The expression level of
c¢TGFBR2-2 was calculated by the total expression of
c¢TGFBR2-1 plus ¢cTGFBR2-2 detected with the primer
pair cTGFBR2-total-F/R minus the ¢ TGFBR2-1 expres-
sion detected with the primer pair cI'GFBR2-1-F/R. The
qRT-PCR was performed on ABI Prism 7500 sequence

detection system (Applied Biosystems, Foster City, CA).
The cycling conditions were used as follows: 30 s at 95°C,
followed by 40 cycles of 5 s at 95°C and 30 s at 60°C.
TATA-box binding protein (TBP) was used as an inter-
nal reference, and the relative gene expression was calcu-
lated using the 272C method.

Western Blotting Analysis

The frozen tissue samples were ground into powder in
liquid nitrogen by using a mortar and pestle and lysed
using RIPA buffer containing 1% PMSF (Beyotime,
Shanghai, China). Proteins were separated by 12% SDS-
PAGE and transferred onto nitrocellulose membranes
(Millipore, Bedford, MA). Then the membranes were
blocked for 120 min and incubated overnight at 4°C
with primary antibodies against TGFBR2 (1:1,000,
Santa, Dallas, Texas) and B-actin (1:1,000, Beyotime,
Shanghai, China). After the blots were rinsed with
PBST 3 times, they were incubated with HRP-conju-
gated anti-mouse secondary antibody (1:3,000, Beyo-
time, Shanghai, China) for 60 min at room temperature.
The blots were observed with an ECL Plus detection kit
(Beyotime, Shanghai, China).

Bioinformatics Analysis

c¢TGFBR2 genomic sequence was downloaded from the
National Center for Biotechnology Information (NCBI)
website (https://www.ncbi.nlm.nih.gov/nuccore/NC 052
533.17report=fasta&from=39709134&t0=39773208).
Intragenic tandem duplication analysis was performed using
the DNASTAR software. Open reading frame (ORF) anal-
ysis and sequence identity analysis were performed using
the DNAMAN software. Sequence alignment was per-
formed using the basic local alignment search tool
(BLAST) (https://blast.ncbinlm.nih.gov/Blast.cgi). Pro-
tein domain analysis was performed using SMART (http://
smart.embl-heidelberg.de/). Polyadenylation signal (PAS)
analysis was performed using the ITB tools (http://itbtools.
ba.itb.cnr.it /utrscan).

Statistical Analysis

Results are expressed as means + SD. Comparisons
between groups were performed using the multiple ¢
tests. Statistical differences were considered significant
when P < 0.05.

RESULTS

Identification of the 5 and 3 Terminal
Sequences of cTGFBR2 mRNA

To obtain the full-length ¢ TGFBR2 mRNA, we per-
formed the 5 and 3’ RACE on the pooled cDNA sam-
ples. The 5 RACE and 3’ RACE PCR products were
analyzed by electrophoresis on 2% agarose gels. The
results showed that there were 2 different-sized 5’


https://www.ncbi.nlm.nih.gov/nuccore/NC_052533.1?report=fasta&from=39709134&to=39773208
https://www.ncbi.nlm.nih.gov/nuccore/NC_052533.1?report=fasta&from=39709134&to=39773208
https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://smart.embl-heidelberg.de/
http://smart.embl-heidelberg.de/
http://itbtools.ba.itb.cnr.it/utrscan
http://itbtools.ba.itb.cnr.it/utrscan

4 NING ET AL.

M 5'RACE

2000 bp

1000 bp —
750 bp
500 bp

250 bp

100 bp

5'—| 1

Typea |2|3| 4 |3'

Typeb 5 —'la| 1

BESEENE

[] Exon

M 3'RACE

5000 bp —p
3000 bp —,
2000 bp —

—

8]

1000 bp —»
750 bp —»|

w

500 bp

250 bp

100 bp —p|

[ ]

o] 7 =+
6] 7 |
6] 6a |

[] Exon

Type A s

[ ]

TypeB s 3
; 3

[ ]

Type C 5

Figure 1. Identification of the 5" and 3’ terminal regions of ¢TGFBR2 transcript isoforms. (A) 5 RACE analysis of ¢TGFBR2 transcript iso-
forms. M, marker. (B) 3 RACE analysis of ¢ TGFBRZ2 transcript isoforms. M, marker. (C) Schematic structure of the 5'-terminal region of cTGFBR2
transcript isoforms. (D) Schematic structure of the 3'-terminal regions of ¢ TGFBR2 transcript isoforms. Exons are numbered inside the boxes.

RACE PCR products (Figure 1A) and 3 different-sized
3’ RACE PCR products (Figure 1B). All 5 and 3
RACE PCR products were purified, cloned and
sequenced. A total of 36 recombinant plasmids contain-
ing the 5 RACE PCR products were sequenced. The
sequencing analysis identified 2 distinct 5-terminal
sequences of ¢TGFBR2: 1,493 (11 colonies) and
1,918 bp (25 colonies) in size, which were designated as
Type a and Type b, respectively (Figure 1C). A total of
82 recombinant plasmids containing the 3 RACE PCR
products were sequenced. The sequencing analysis iden-
tified 3 distinct 3’-terminal sequences of ¢TGFBR2: 913
(39 colonies), 2,560 (26 colonies), and 1,640 bp (17 colo-
nies), which were designated as Type A, Type B, and
Type C, respectively (Figure 1D).

Identification of cTGFBR2 Transcript
Isoforms

Based on the 5" and 3’ RACE analysis results, we spec-
ulated that the ¢cTGFBR2 gene may generates at most 6
transcript isoforms (Figure 2A). To identify ¢TGFBR2
transcript isoforms, we designed the transcript isoform-
specific primer sets for the 6 possible transcript isoforms
(Table 1 and Figure 2A) and performed RT-PCR on the
pooled ¢cDNA. The expected RT-PCR product sizes for
6 possible ¢TGFBR2 transcript isoforms were 1,953,
2,904, 2,360, 2,028, 3,321, and 2,777 bp, respectively.
The RT-PCR products were analyzed by electrophoresis
on 2% agarose gels. The RT-PCR with primer sets
TGFBR2-1-F/TGFBR2-1-R, TGFBR2-2-F/TGFBR2-

2-R, and TGFBR2-2-F/TGFBR2-3-R yielded the
expected RT-PCR products, but RT-PCR with other 3
primer sets (TGFBR2-1-F/TGFBR2-2-R, TGFBR2-1-
F/TGFBR2-3-R, and TGFBR2-2-F/TGFBR2-1-R)
yielded no RT-PCR products (Figure 2B). The 3
expected RT-PCR products were cloned and a total of
180 recombinant plasmids were sequenced. The sequenc-
ing results showed, as expected, the sizes of these 3 RT-
PCR products were 1,953 (52 colonies), 3,321 (49 colo-
nies), and 2,777 bp (79 colonies), respectively. Collec-
tively, these results suggest that the ¢TGFBR2 gene
produces 3 transcript isoforms, which were designated
as ¢cTGFBR2-1, cTGFBR2-2, and ¢TGFBR2-3. Their
nucleotide sequences were deposited in GenBank data-
base under accession numbers ON164837, ON164838,
and ON164839, respectively.

There are 2 ¢TGFBR2 transcript sequences
(NM_205428.2 and XM _ 015281321.4) in GenBank
database. Sequence identity analysis using DNAMAN
software showed that ¢TGFBR2-1 shared 57.88 and
50.36% nucleotide identities, respectively, with the 2
reported ¢TGFBR2 transcript sequences; ¢TGFBR2-2
shared 86.08 and 97.18% nucleotide identities, respec-
tively, and ¢TGFBR2-3 shared 46.71 and 57.88% nucle-
otide identities, respectively. The 5 UTR sizes of the 3
¢TGFBR2 transcript isoforms were 140, 223, and
223 bp, respectively. The 3’ UTR sizes of the 3
¢TGFBR2 transcript isoforms were 535, 2,196, and
1,413 bp, respectively. The coding region sequence of
c¢TGFBR2-1 and ¢TGFBR2-2 were completely identical
to that of NM 205428.2 and XM 015281321.4, respec-
tively. The ¢TGFBR2-1 contained an additional 23
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Figure 2. Identification of ¢TGFBRZ2 transcript isoforms. (A) Schematic structure of 6 possible ¢ TGFBR2 transcript isoforms and schematic
location of the 6 transcript isoform-specific primer sets used for the identification of ¢TGFBRZ transcript isoforms. (B) RT-PCR identification of
c¢TGFBR2 transcript isoforms. RT-PCR was performed on pooled ¢cDNA to identify ¢TGFBR2 transcript isoforms with the 6 transcript-specific
primer sets. RT-PCR products were analyzed by 2% agarose gel electrophoresis. M, marker. Lane 1, RT-PCR with primer set TGFBR2-1-F and
TGFBR2-1-R; Lane 2, RT-PCR with primer set TGFBR2-1-F and TGFBR2-2-R; Lane 3, RT-PCR with primer set TGFBR2-1-F and TGFBR2-3-
R; Lane 4, RT-PCR with primer set TGFBR2-2-F and TGFBR2-1-R; Lane 5, RT-PCR with primer set TGFBR2-2-F and TGFBR2-2-R; Lane 6,

RT-PCR with primer set TGFBR2-2-F and TGFBR2-3-R.

nucleotides in 5" UTR and lacked 1,663 nucleotides in 3’
UTR, compared with the NM 205428.2. The
cTGFBR2-2 contained an additional 106 nucleotides in
5 UTR and lacked 2 nucleotides in 3 UTR, compared
with the XM 015281321.4. The ¢TGFBR2-3 contained
an additional 83 nucleotides in 5" UTR, and an addi-
tional 878 nucleotides in 3 UTR, compared with the
cTGFBR2-1. The ¢TGFBR2-3 possessed the same 5
UTR as ¢TGFBR2-2 but lacked 783 nucleotides in 3’
UTR relative to the c TGFBR2-2.

ORF analysis using DNAMAN software showed that
these 3 identified ¢TGFBR2 transcript isoforms could
encode 3 protein isoforms: cTGFBR2-1 (557 amino acids),
c¢TGFBR2-2 (671 amino acids), and ¢TGFBR2-3 (628
amino acids; Figure 3A). Comparison of amino acid
sequences of cI'GFBR2-1, cTTGFBR2-2, cTGFBR2-3 with
the published chicken TGFBR2 (cTGFBR2) revealed
that, ¢TGFBR2-1 shared 100% identity with
NP 990759.1 (encoded by NM 205428.2), cTGFBR2-2

shared 100% identity with XP_015136807.1 (encoded
by XM _ 015281321.4), but cTGFBR2-3 shared 74.52
and  91.51% identity with NP_990759.1 and
XP_015136807.1, respectively. By comparison,
¢TGFBR2-3 contained an additional 114 amino acids at
its N-terminal, compared with the ¢TGFBR2-1, while
lacked the C-terminal 43 amino acids, compared with the
c¢TGFBR2-1 and cTGFBR2-2 (Figure S1).

The protein structural domain analysis using the
SMART database showed that, similar to human and
mouse TGFBR2, the 3 cT'GFBR2 isoforms consisted of 4
primary structural domains: the signal peptide (SP),
transforming growth factor beta receptor 2 ectodomain
(ecTbetaR2), transmembrane region (TR), and serine/
threonine-protein kinases (S TKc; Figure 3A). By com-
parison, cI'GFBR2-2 and ¢cTGFBR2-3 have 1 more ecThe-
taR2 domain than cTGFBR2-1 (Figure 3A). To confirm
the presence of these 3 cTGFBR2 isoforms, we performed
western blotting using TGFBR2 monoclonal antibody (sc-
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Figure 3. Structural analysis and detection of cTGFBR2 protein isoforms. (A) The domains of cTGFBR2 isoforms were predicted using

SMART (http:

smart.embl-heidelberg.de/). SP, signal peptide; ecTbetaR2, Transforming growth factor beta receptor 2 ectodomain; TR, Trans-

membrane region; S TKc, Serine/threonine-protein kinases. (B) Western blotting analysis of cTGFBR2 protein isoform expression in the pooled
tissue protein lysate (abdominal fat, heart, liver, kidney, gizzard, and muscle). The pooled tissue protein lysate was generated from the 4-wk-old AA

broilers and immunoblotted with the indicated antibodies.

17799, Santa, Dallas, Texas) to detect cTGFBR2 in the
pooled protein sample consisting of abdominal fat, heart,
liver, kidney, gizzard, muscle in equal proportions. West-
ern blotting detected the predicted 63, 76, and 71 kDa pro-
tein bands of cTGFBR2 isoforms (Figure 3B), suggesting
that ¢cTGFBRZ2 gene indeed encodes 3 protein isoforms.

Characterization of cTGFBR2 Genomic
Structure

To determine the genomic structure of the ¢ TGFBR2
gene, we aligned these 3 ¢TGFBR2 transcript isoform

sequences against chicken genome sequence (GRCg7h)
using the BLAST at the NCBI. As expected, these 3
¢TGFBR2 transcript isoforms were mapped to the
c¢TGFBR2 locus on chromosome 2 in the Gallus gallus
genome database (GRCg7b). The c¢TGFBR2 gene
spanned a region of approximately 64-kb (Chr.2:
39,709,028-39,773,208). The nucleotide lengths of each
exon and intron of ¢TGFBR2 gene are as follows: exon
la/1 (83/222 bp), intron 1 (26,763 bp), exon 2 (151 bp),
intron 2 (1,517 bp), exon 3 (191 bp), intron 3 (1,747 bp),
exon 2’ (151 bp), intron 4 (1,622 bp), exon 3’ (191 bp),
intron 5 (11,718 bp), exon 4 (800 bp), intron 6 (4,245
bp), exon 5 (142 bp), intron 7 (8,713 bp), exons 6/6a
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Figure 4. Schematic structure of ¢TGFBR2 genomic and transcript isoforms. Abbreviations: ATG, start codon; TAA and TAG, stop codon;
TSS, transcription start site; PAS, polyadenylation signal; CR-PAS, coding region PAS; UTR-PAS, untranslated region PAS.

(128/1,464 bp), intron 8 (1,955 bp), and exons 7/7a
(715/1,661 bp; Figure 4). The ¢TGFBR2-1 consisted of
7 exons (exons 1-7), ¢cTGFBR2-2 consisted of 9 exons
(exon 1a/1, exons 2-6, exons 2" and 3', exons 7/7a), and
c¢TGFBR2-3 consisted of 8 exons (exon la/1, exons 2-5,
exons 2" and 3, exons 6/6a; Figure 4). All the intron/
exon splice junctions followed the GT-AG rule.

Furthermore, BLAST analysis revealed that the
c¢TGFBR2 gene had 2 alternative transcription start
sites (TSS1 and TSS2), which were 82 bp apart. The
¢TGFBR2-2 and c¢TGFBR2-8 shared TSS1 and
c¢TGFBR2-1 employed TSS2 (Figure 4). These 3
c¢TGFBR2 transcript isoforms shared the same start
codon (ATG) on exon 1, the ¢TGFBR2-1 and
c¢TGFBR2-2 shared the same stop codon (TAG)
located in exon 7, whereas ¢TGFBR2-3 positioned its
stop codon (TAA) in exon 6a (Figure 4). Sequence
analysis showed that ¢cTGFBR2 gene had 3 alternative
3’ UTRs (535, 2,196, and 1,413 bp, respectively), indi-
cating that the ¢cTGFBR2 gene undergoes alternative
polyadenylation (APA). We used ITB tools to identify
the PASes for the 3 alternative 3 UTRs. The results
showed that as expected, cTGFBR2 gene had 3 PASes
(AATAAA), one of the PASes, located in exon 6a, was
6 bp upstream of the poly (A) site of ¢TGFBR2-8
(Figure 4). The other 2 PASes, located in the exons 7
and 7a, were 9 and 16 bp, respectively, upstream of the
poly (A) sites of c¢TGFBR2-1 and c¢TGFBR2-2
(Figure 4). The PAS in exon 6a was a coding region
PAS (CR-PAS), which led to the production of the
novel protein isoform ¢cTGFBR2-3. The other 2 PASes
were the untranslated region PAS (UTR-PAS), and
did not affect the coding capacity of ¢cTGFBR2, but
caused the different 3 UTR lengths between
cTGFBR2-1 and ¢cTGFBR2-2.

Intragenic Duplication of cTGFBR2 Gene

The structural domain analysis showed that the
¢TGFBR2-1 protein isoform had 1 ecTbetaR2 domain,
while both ¢cTGFBR2-2 and ¢TGFBR2-3 protein iso-
forms had 2 tandem ecTbetaR2 domains, which had
high amino acid sequence identity (90.99%; Figure 5A).
Using DNAMAN software, we analyzed the mRNA
sequences coding the 2 tandem ecTbetaR2 domains in
¢TGFBR2-2 and ¢cTGFBR2-3. The results showed that
the coding sequences for the 2 tandem ecTbetaR2
domains (324 and 330 bp, respectively) shared 97.08%
nucleotide identity (Figure 5B).

Protein domain repeats derive from the intragenic tan-
dem duplication (Bjorklund et al., 2010). To verify the pres-
ence of intragenic tandem duplication in the ¢TGFBR2
gene locus, we performed duplication analysis of the
c¢TGFBR2 genomic sequence (Chr.2:  39,709,028-
39,773,208, 64-kb) using DNASTAR software. The results
displayed that the ¢TGFBR2 genomic sequence had an
intragenic tandem duplication of 5.5-kb (Chr.2: 39,736,096-
39,741,665). Duplication region 1 (Chr.2: 39,736,096-
39,737,954) was 1,859 bp in length and consisted of exons 2
and 3, and intron 2. Duplication region 2 (Chr.2:
39,739,702-39,741,665) was 1,964 bp in length and consisted
of exons 2" and 3, and intron 4. These 2 intragenic duplica-
tion regions shared 87.68% nucleotide identity (Figure 5C),
and the nucleotide identities between exon 2 and exon 2/,
exon 3 and exon 3, intron 2 and intron 4, were 93.38,
100.00, and 85.71%, respectively. Duplication region 1
encoded the first ecTbetaR2 domain of cTGFBR2-2 and
¢TGFBR2-3, and duplication region 2 encoded the second
ecThetaR2 domain of cTGFBR2-2 and cTGFBR2-3.

To test whether this ¢TGFBR2 intragenic tandem
duplication is commonly present in chickens, we
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A Region 1 Region 2

c¢TGFBR2-2 and cTGFBR2-3 N ecTbetaR2 ecTbetaR2 C Amino acid identity: 90.99%
B Region 1 Region 2

¢TGFBR2-2 and cTGFBR2-3 5121 3 12" 3 3 Nucleotide identity : 97.08%
(6

Region 1 Region 2
¢cTGFBR2 genomic sequence 5 —.ﬂl_ 3 a_l 31 — Nucleotide identity: 87.68%

151 bpl 191 bp

1517 bp

151 bpl 191 bp

1622 bp

Figure 5. Schematic of ¢TGFBR2 intragenic duplication. (A) Schematic of ¢cTGFBR2 with a tandem repeat of 2 ecTbetaR2 domains.
(B) Schematic of ¢ TGFBR2 transcript isoforms with a tandem duplication of exons 2 and 3. (C) Schematic of ¢ TGFBR2 genomic intragenic duplica-

tion. The black square represents the region of intragenic duplication.

performed the duplication-specific genomic PCR to
detect the intragenic tandem duplication in 4 chicken
breeds: Northeast Agricultural University F2 Resource
Line, NEAUHLF, AA broiler chickens, and Lindian
chickens (a local Chinese chicken breed). The genomic
PCR results showed that a single band of the expected
size (2,000-bp) was amplified using the duplication-spe-
cific primer pair Genome-F/R in all the 4 tested chicken
breeds (Figures 6A and 6B), and Sanger sequencing fur-
ther confirmed that c¢TGFBR2 gene harbored the

A
c¢TGFBR? genomic sequence
B &
N
M ox 1 2

2000 bp —

1000 bp —P
750 bp —

500 bp —»

250 bp —

100 bp —»

5 —I— 3

intragenic tandem duplication in all the tested chickens.
To test whether this intragenic tandem duplication is
chicken-specific, we performed bioinformatics analysis of
TGFBR2 genomic, mRNA, and protein sequences in
various animal species including goose, duck, horse, pen-
guin, eagle, human, and mouse. The bioinformatics anal-
ysis showed that there was no intragenic tandem
duplication in TGFBR2 genomic and mRNA sequences,
and no tandem domain repeats in TGFBR2 protein in
these tested animal species. Taken together, these

Forward primer
—

3|

<

Reverse primer

Figure 6. PCR identification of ¢T'GFBR2 intragenic duplication. (A) Schematic locations of PCR primers used for the identification of
c¢TGFBR2 intragenic duplication. (B) Genomic PCR identification of the intragenic duplication of ¢ TGFBRZ2 in various chicken breeds. M, marker;
Control, water as the negative control; Lanes 1 and 2, Northeast Agricultural University F2 Resource Line; Lanes 3 and 4, Lindian chicken breed;

Lanes 5 and 6, NEAUHLF; Lanes 7 and 8, AA broiler chicken.
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results suggest that the tandem domain repeat and
intragenic tandem duplication of the TGFBR2 gene is
chicken-specific.

Tissue Expression Patterns of cTGFBR2
Transcript Isoforms

To understand the functions of these 3 ¢TGFBR2
transcript isoforms, we performed tissue expression pro-
filing of the 3 ¢TGFBR2 transcript isoforms in various
tissues of the 4-wk-old AA broiler chickens using qRT-
PCR with the primer pairs (Table 1, Figure 7A). The
results showed that the ¢TGFBR2-1 was ubiquitously
expressed in all the tested chicken tissues, with high
expression in abdominal fat, subcutaneous fat, lung, giz-
zard, and muscle, but low expression in gizzard fat,
heart, liver, spleen, kidney, proventriculus, and pan-
creas. The ¢cTGFBR2-2 was highly expressed in the
heart, kidney, gizzard, and muscle, whereas low or no
expression was detected in abdominal fat, subcutaneous
fat, gizzard fat, liver, spleen, lung, proventriculus, and
pancreas. The ¢cTGFBR2-3 was weakly expressed in all
the tested tissues, with no expression in abdominal fat,
subcutaneous fat, gizzard fat, spleen, lung, proventricu-
lus, and pancreas (Figure 7B). These results suggest
that the 3 ¢TGFBR2 transcript isoforms may play dif-
ferent roles in different tissues and organs.

To confirm the tissue expression profiling results, we
also performed tissue expression profiling of the 3
c¢TGFBR2 transcript isoforms in the 7-wk-old chickens
of NEAUHLF. In both lean and fat lines, only
¢TGFBR2-1 was ubiquitously expressed in all the tested
tissues (Figure 7C). Comparison of gene expression
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between the lean and fat lines revealed that ¢TGFBR2-
1 was significantly differentially expressed in all the
tested tissues except the heart, and ¢ TGFBR2-2 was sig-
nificantly differentially expressed in all the tested tissues
except the subcutaneous fat and liver, and ¢TGFBR2-3
was significantly differentially expressed in all the tested
tissues (Figure 7C, P < 0.05).

It is worth noting that, in the fat line, the 3 ¢ TGFBR2
transcript isoforms were expressed to varying degrees in
all the 3 tested fat tissues (Figure 7C). However, in the
lean line, only ¢TGFBR2-1 was expressed in all the 3
tested fat tissues, ¢TGFBR2-2 and ¢TGFBR2-3 were
only expressed in subcutaneous fat (Figure 7C). These
results suggest that the expression of the 3 ¢cTGFBR2
transcript isoforms is differentially regulated in adipose
tissues at different anatomic sites.

DISCUSSION

In the present study, we demonstrated that ¢TGFBR2
gene produces 3 transcript isoforms (c¢TGFBR2-1,
c¢TGFBR2-2, cTGFBR2-3) though alternative transcrip-
tion initiation, splicing, and polyadenylation and these
transcript isoforms encode 3 cTGFBR2 protein isoforms
(cTGFBR2-1, cTGFBR2-2, cTGFBR2-3). Among these
3 ¢TGFBR2 transcript isoforms, ¢cTGFBR2-3 was a novel
¢TGFBR2 transcript isoform, which encodes a novel
¢TGFBR2 protein isoform.

Intragenic duplication plays an important role in the
evolution, inheritance and variation of life, and involves
gene expression, transcription regulation, chromosome
construction and physiological metabolism (Brahmachari

cTGFBR2-3
0.006

0.004:

0.002 .

-

mRNA relative expression

0.000:
CEE OV RP O S
¢TGFBR2-3

Hl Lean Line
I FatLine

Hl LeanLine
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°
1S

mRNA relative expression
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[
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Figure 7. Tissue expression profiling of ¢TGFBRZ2 transcript isoforms in various chicken tissues. (A) Schematic locations of qRT-PCR primers
used in the tissue expression profiling of ¢ T’GFBRZ2 transcript isoforms. (B) Expression profiling of the 3 ¢TGFBR2 transcript isoforms in various tis-
sues of the 4-wk-old AA chickens. (C) Expression comparison of the 3 ¢TGFBR2 transcript isoforms in various tissues of fat and lean lines of
NEAUHLF. Abbreviations: AF, abdominal fat; SF, subcutaneous fat; GF, gizzard fat; H, heart; Li, liver; Sp, spleen; Lu, lung; K, kidney; G,

gizzard; P, proventriculus; Pa, pancreas; M, muscle.
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et al., 1995; Saier Jr, 2016; Nava Rodrigues et al., 2019;
Xu et al., 2022). For example, a recent study showed the
crest phenotype in domestic chicken is caused by a
197 bp duplication in the intron of HOXC10 (Li et al.,
2021). Many eukaryotic proteins contain tandem domain
repeats (Light et al., 2012), which are often caused by
intragenic duplication (Bjorklund et al., 2010). In the
present study, we demonstrated that the intragenic
duplication resulted in a tandem repeat of 2 tandem ecT-
betaR2 domains in ¢cT’GFBR2. Protein domain repeats
have 2 modes of evolution: 1) the conservative mode,
whereby repeats occur before species differentiation and
thus the same repeat structure is maintained within dif-
ferent species (Hughes, 2000); 2) the concerted mode,
whereby repeats are homogenized within species by inde-
pendent duplication after species differentiation (Thomas
et al., 1997). In the present study, we demonstrated that
the intragenic tandem duplication of the TGFBR2 gene
is chicken-specific. We reason that intragenic tandem
duplication of ¢TGFBR2 gene occurs after species differ-
entiation, and has evolved in a concerted fashion in chick-
ens.

It has been shown that there are marked species differ-
ences in TGF-8 signaling pathway (Kruithof et al., 2012).
For example, chickens had significantly higher TGF-8
signaling activity in lower jaw skeleton than ducks (Smith
et al., 2022). Chickens and mice exhibited distinct TGF-8
ligand expression patterns during the epithelial to mesen-
chymal cell transformation (Azhar et al., 2003; Molin et
al., 2003) and had contradictory requirements for the
TGF-B ligands and receptors during the endocardial-to-
mesenchymal cell transformation (Jiao et al., 2006;
Yamagishi et al., 2012). In the present study, we provided
evidence that TGFBR2, the core receptor of the TGF-8
signaling pathway, differs in structure between chickens
and other species. Our finding might partially explain the
differences in TGF-8 signaling pathway activity between
chickens and other species.

APA is one of the important post-transcriptional
mechanisms and plays an important regulatory role in
many biological processes (Nourse et al., 2020). PAS is
divided into CR-PAS and UTR-PAS, of which UTR-
PAS is the most common (Chen et al., 2017). UTR-PAS
generates various transcript isoforms with different 3’
UTR lengths (Jambhekar and Derisi, 2007). CR-PAS
causes genes to encode different C-terminal protein iso-
forms, and some of the isoforms may lack functional
domains (Tian and Manley, 2017). In the present study,
we for the first time demonstrated that ¢cTGFBR2 gene
undergoes APA and that ¢TGFBR2 gene possesses both
UTR-PAS and CR-PAS. Similarly, chicken growth hor-
mone receptor (GHR) gene has been shown to have both
CR-PAS and UTR-PAS (Lau et al., 2007). TGFBR2 is
known to play vital roles in multiple developmental pro-
cesses. Considering the importance of APA in posttran-
scriptional regulation, it is essential to explore the roles
and molecular mechanisms of APA in ¢TGFBR2.

Tissue expression profiling analysis showed that the
c¢TGFBR2-1 was ubiquitously expressed in all the tested
tissues of the 4-wk-old AA broiler chickens and the 7-

wk-old broiler chickens of NEAUHAL, which was simi-
lar to the tissue expression pattern of human TGFBR2
(Fagerberg et al., 2014), suggesting that ¢TGFBR2-1
and human TGFBR2 may have similar functions in tis-
sue development. In the present study, our results
showed that ¢TGFBR2-1 in 10 tested tissues,
¢TGFBR2-2 in 9 tested tissues, and ¢TGFBR2-3 in all
the tested tissues, displayed significantly differential
expression levels between the fat and lean lines of
NEAUHAL, suggesting that these 3 ¢TGFBR2 tran-
script isoforms may contribute to various trait differen-
ces between the fat and lean lines of NEAUHAL.

Intriguingly, in the present study, we found that the
expression of these ¢cTGFBR2 transcript isoforms in the
abdominal fat and gizzard fat was significantly higher in
the fat line than in the lean line (Figure 7C). It has been
known that activation of TGF-8 signaling pathway
inhibits adipogenesis, and the expression of adipogene-
sis-related genes such as PPARy (Feng and Derynck,
2005; Hill, 2009; Li and Wu, 2020). TGFBR2 knock-
down in hASCs cells significantly increased the expres-
sion of PPARy and C/EBPx and promoted
adipogenesis (Kim et al., 2009). Our previous study
found that PPARy mRNA expression in chicken abdom-
inal fat was significantly higher in the fat line than in the
lean line at 7-wk-old broiler chickens of NEAUHAL (Sun
et al., 2014). Based on our previous study, and the inhib-
itory role of TGF-8 signaling pathway in mammalian
adipogenesis and adipogenesis-related genes expression,
we supposed that the expression of the 3 ¢TGFBR2
transcript isoforms in abdominal fat would be lower in
the fat line than in the lean line. However, our expression
results contradicted this supposition. This unexpected
result may be explained by 2 reasons. First, it has been
shown that TGFBR2 gene expression was promoted by
activation of PI3K/Akt signaling pathway (Budi et al.,
2015), and that PI3K/Akt pathway activity was higher
in obese individuals than in normal individuals (Chi et
al., 2017). Hence, PI3K/Akt signaling pathway activity
in the abdominal fat may be higher in the fat line than
in the lean line, leading to increased expression of
¢TGFBR2 transcript isoforms in the fat line relative to
the lean line. Second, adipose tissue TGFBR2 expression
may be differentially regulated between chickens and
mammals.

In conclusion, we defined ¢TGFBR2 genomic struc-
ture, characterized ¢TGFBR2 transcript and protein
isoforms, and identified an intragenic tandem duplica-
tion within ¢TGFBR2. To the best of our knowledge,
this is the first report of the intragenic tandem duplica-
tion within TGFBR2 gene. Our findings pave the way
for further investigating the roles and regulation of
c¢TGFBR2 gene.
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