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ABSTRACT. Insulin-like growth factor-binding proteins (IGFBPs) play a key
role in modulating insulin-like growth factors (IGFs), and are considered
candidate genes for growth traits in livestock. In this study, we identified the
complete coding sequences of IGFBP-1 to -6 in the Nanjiang brown goat,
and assessed gene tissue expression patterns by quantitative polymerase
chain reaction. Expression of mMRNA for the six gene targets was detectable
in liver, heart, and longissimus dorsi (LD) muscle. Expression levels
of IGFBP-1, -2 and -5 mRNA were higher in liver than in heart and LD
muscle (P < 0.01), while /IGFBP-6 expression was highest in LD muscle,
and /IGFBP-3 and -4 were predominantly expressed in LD muscle and
liver. Higher IGFBP-2, -3, -4, and -6 mRNA levels were observed in LD,
compared to triceps brachii muscle (P < 0.01). Additionally, the target genes
had different temporal expression profiles during postnatal development.
Histological assessment of muscle sections revealed a constant increase
in muscle fiber diameter with aging. These results suggest that /GFBPs
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may be important for liver and skeletal muscle development, and may
contribute to the biological function of these tissues in goats.

Key words: Insulin-like growth factor-binding protein; Gene expression;
Nanjiang brown goat; Cloning

INTRODUCTION

The insulin-like growth factor (IGF) system, which includes IGF-I and -II; IGF receptors
IGF-IR and IGF-IIR; and IGF binding proteins (IGFBP) -1 to -6, plays a vital role in mammalian
growth, development and metabolism. Insulin-like growth factor-I is extremely important in postnatal
growth, and mediates most of the anabolic actions of growth hormone (GH) in the peripheral
tissues; IGF-Il plays a crucial role during embryonic development. Insulin-like growth factors are
primarily synthesized in the liver but are expressed in various non-hepatic tissues (Ferry et al.,
1999). They exert their biological functions mainly through IGF-IR, a cell surface receptor. During
transfer in biological fluids from the area of synthesis to target organs, IGFBPs act as major carrier
proteins for IGFs, and the two form a complex structure (Rajaram et al., 1997). This structure
prolongs the half-life of circulating IGFs by preventing degradation, and modulates IGF availability
and biological activity in local tissues (Hwa et al., 1999). In addition to acting as an intermediary
for transporting IGFs, IGFBPs regulate free IGF-I plasma concentrations (Hwa et al., 1999), and
prevent hypoglycemia resulting from high IGF circulating concentrations (Duan, 2002).

The IGFBPs are a family of secreted proteins that bind IGFs more strongly than IGF
receptors. The IGFBP members have been characterized in mammals (Rajaram et al., 1997; Duan
and Xu, 2005), and their synthesized levels vary in cells and tissues, suggesting a vital role in
regulation of IGF activity (Duan, 2002). In mammals, one or more IGFBP is present in various
tissues (Hastie and Haresign, 2006; Baxter and Twigg, 2009; Duan et al., 2010), and each IGFBP
displays a unique temporal and spatial expression pattern (Gerrard et al., 1999; Oliver et al., 2005).
This suggests that each IGFBP has distinct capabilities and performs different functions, including
enhancement or inhibition of IGF biological activity (Siwanowicz et al., 2005), and may be affected
by post-transcriptional modifications such as glycosylation, phosphorylation, and proteolysis, and
by cell surface associations (Firth and Baxter, 2002). For example, IGFBPs play distinct roles in the
regulation of tissue formation and growth, especially in skeletal muscle formation (Oksbjerg et al.,
2004; Dayton and White, 2008; Duan et al., 2010).

Currently, information on the IGFBP family, such as IGFBP sequences and their temporal
and spatial expression patterns, is limited in goats. To further understand the roles of IGFBPs
in goat development, we cloned six IGFBP genes and analyzed their tissue distribution at the
mRNA level at five postnatal developmental stages in the Nanjiang brown goat, which is the first
artificial breeding new varieties of meat goats in china. These results will provide an insight into
understanding the function of IGFBPs in goats.

MATERIAL AND METHODS
Animals and sample collection

Female Nanjiang brown goats were raised at the Station of Nanjiang Brown Goat Breeding
Center (Nanjiang, Sichuan, China). All experimental procedures were approved by Sichuan
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province, P.R. China Biological Studies Animal Care and Use Committee.

Samples of liver and longissimus dorsi (LD) muscle were collected from goats at five
different developmental stages (Three goats for each stages): when animals were 3 (postnatal);
30 and 60 (pre pubertal); 90 (pubertal); or 120 (post pubertal) days of age. For spatial expression
analysis, LD (fast-twitch fiber type) and triceps brachii (TB, slow-twitch fiber type) muscle, heart,
and liver were collected from three additional post pubertal goats. Tissues were collected within 30
min of euthanasia (intravenous pentobarbital sodium, 100mg/kg) of goats, and were immediately
frozen in liquid nitrogen.

RNA extraction and cDNA synthesis

Total RNA was extracted from the liver of post pubertal age goats using Trizol reagent,
according to the manufacturer protocol (Invitrogen, Shanghai, China). Total RNA concentration was
measured by Nanodrop (Thermo, Shanghai, China); purity verified from 260/280 nm absorption
ratios; and integrity tested by electrophoresis on an 1% agarose (w/v) gel. For real-time polymerase
chain reactions (PCRs), 2 ug total RNA was used for first-strand cDNA synthesis with the following
reverse transcription (RT) reaction mixture: 2 yL 5X Primescript buffer (TaKaRa, Dalian, China); 0.5
ML Primescript RT enzyme mix I; 0.5 pL oligo dT primer (50 pM); 0.5 yL random 6 mers (100 uM);
and 4.5 pL RNase free dH20. Reverse transcription was performed at 37°C for 15 min followed by
85°C for 5 s, and resulting cDNA was stored at -20°C.

Cloning of goat IGFBP family genes

Primers used for goat /IGFBP cDNA cloning (Table 1) were designed against sheep IGFBP
sequences (GenBank accession numbers shown in Table 1) and synthesized by the Sangon
Biotechnology Company (Shanghai, China). Polymerase chain reactions were performed using
12.5 yL 2X Taq PCR master mix (TIANGEN, Beijing, China); 1 uL each of sense and antisense
primers (final 10 uM); 2 pL first-strand cDNA as a template; and sterile water to attain a final reaction
volume of 25 pL. Reaction conditions were: 4 min of denaturing at 95°C; 35 cycles of amplification
at 94°C for 30 s, Tm (annealing temperature) for 30 s, and 72°C for 1 min; and a final extension of
7 min at 72°C. Amplified products were separated by electrophoresis on a 1.5% agarose (w/v) gel,
and purified using an agarose gel DNA fragment recovery kit (Sangon, Shanghai, China). Products
were ligated and inserted into a pMD 19-T vector (Takara, Dalian, China) and transformed into
Escherichia coli DH5a cells, and positive clones were selected and sequenced by the Sangon
Biotechnology Company (Shanghai, China).

Quantitative real-time PCR and statistical analysis

Quantitative real-time PCR (gqPCR) was performed on six differentially expressed genes
- IGFBP-1 to -6 - each normalized to ACTB, GAPDH, and TOP2B levels. Primer sequences are
shown in Table 1. Reactions were performed using a Bio-Rad CFX96 real-time PCR system (Bio-
Rad, USA) with SYBR Premix Ex Taq Il (containing ROX Reference Dye, Takara, Japan). Each
reaction (15 pL) contained 7.5 pL SYBR Premix Ex Taq Il; 0.6 pyL each of 10 yM sense and anti-
sense primers; 1.2 uL normalized template cDNA; and 5.1 uL sterile water. Amplification conditions
were 95°C for 30 s, and then 40 cycles of 5 s at 95°C and 30 s at the indicated Tm listed in Table
1. Serial dilutions of sample cDNA were used to generate standard curves for each target, PCR
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efficiency was calculated from the regression slope of the assay, and blank controls were set to
monitor contamination. Amplifications were performed in triplicate for each sample. Normalized
factors for internal control genes and relative quantities of target genes were analyzed using
geNorm software (Vandesompele et al., 2002). Relative gene expression levels were calculated
using the 2-* ¢ method (Livak and Schmittgen, 2001), and data expressed as least square mean
+ standard error of the mean (SEM). Data were analyzed to assess effects of tissue, age, and
appropriate interactions. Differences between values were analyzed using the generalized linear
model (GLM) and Student’s t-test analyses in SAS software version 9.0 (SAS, North Carolina,
USA). The significance level for statistical analysis was P < 0.05.

Table 1. List of primer sequences.

Gene name Primer sequence (5'-3') Size (bp) annealing temperature (°C) GenBank accession no.
IGFBP-1 P1 F1: TGGCGATGCCCGAAGTCCT
R1: GCATCTGTTTTCAGTTCTGTAAG 807 62 1NM_001145177
P2 F2: CACTTGATGACCGAGTCCAC
R2: TGTAGAGTTCTCGCTGGCAG 129 61.9 2HM185495
IGFBP-2 P1 F1: ACCACCATGCAGCCGAGACT
R1: CATGTCAGAACTCCTGGAAGC 1077 51.3 1NM_001009436
P2 F2: ATTCCCTACACATCCCCAACT
R2: GGGTTCACACACCAGCACT 103 59 2JQ341160
IGFBP-3 P1 F1: AGCTCGCTGCCGCCCAGT
R1: GCTGATCATGTCCTTGGCAG 1019 53.4 1NM_001159276
P2 F2: GGCAGTGAGTCGGAAGAAGA
R2: GCGAGGTGGGATTTGGAGT 95 59 2JQ341161
IGFBP-4 P1 F1: AGCTTGCTAACTTCCTCGGC
R1: AAGCCAGGACTCAGACCTAG 1017 55.7 1NM_001134302
P2 F2: TCTGACAAGGATGAGGGTGAC
R2: GTGCTCCGGTCTCGAATTT 107 59 2JQ341162
IGFBP-5 P1 F1: AGACTCGGAGAAGATGGTGCTC
R1: TGGGATGGGGTGAGGGAAAGA 861 58 1NM_001129733
P2 F2: AGAGAGACTCCCGTGAGCAT
R2: ACGAACTTGGACTGGGTCAG 159 61.4 2KC485342
IGFBP-6 P1 F1: AGCTTTGCTGCGACTGCTCT
R1: ATGCTCCTGCCAGTGGCCTT 801 59 1NM_001134308
P2 F2: TAAGGAGAGTAAGCCCCAAGC
R2: AGGGACCCATCTCAGTGTCTT 137 59 2JQ341163
ACTB F: CCTGCGGCATTCACGAAACTAC
R: ACAGCACCGTGTTGGCGTAGAG 87 59.7 1NM_001009784
GAPDH F: GCAAGTTCCACGGCACAG
R: GGTTCACGCCCATCACAA 249 59.2 1XM_005680968
TOP2B F: GTGTGGAGCCTGAGTGGTATA
R: AAGCATTCGCCTGACATTGTT 137 59.0 1XM_005698949

“P1” primers were used for PCR of IGFBPs, “P2” primers were used for real-time quantitative PCR. 1 Sequences used
were from GenBank, 2 Sequences were generated from cloning and sequencing.

Morphologic and morphometric analysis

Skeletal muscle fragments were collected from eight sections of LD and TB muscle
samples from three ewes at each of the developmental stages assessed. Samples were immersed
in n-hexane, cooled in liquid nitrogen, and then stored at -80°C in a freezer until sectioning.
Transverse sections (10 pym thick) were obtained using a -20°C cryostat and stained with
hematoxylin and eosin (HE) (Fischer et al., 2008).
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RESULTS
Goat IGFBP bioinformatics analysis

Sequences of IGFBP-1 to -6 cDNA were cloned from goat liver and submitted to GenBank
with the following accession numbers: IGFBP-1 (HM185495); IGFBP-2 (JQ341160); IGFBP-3
(JQ341161); IGFBP-4 (JQ341162); IGFBP-5 (KC485342); and IGFBP-6 (JQ341163). The open
reading frames of IGFBP-1, -2, -3, -4, -5, and -6 were 792, 954, 1019, 777, 819, and 711 bp,
respectively; these encoded 263, 317, 293, 258, 272, and 236 amino acids, respectively. The Arg-
Gly-Asp (RGD) sequence was detected at the C-terminal domain of /IGFBP-1 and -2 (Figure 1).
Heparin-binding motifs (YKKKQCRP, YKRKQCKP and YRKRQCRS) were found in the C-terminal
domains of IGFBP-3, -5 and -6, and putative nuclear localization signals (RPSKGRK and PSRGRK)
were detected in the C-terminal domains of /IGFBP-3 and -5 (Figure 1). Phylogenetic (Figure 2)
and homology (Table 2) analyses indicated that goat IGFBP sequences were similar to orthologs
in other mammals.

Goat-IGFBP1 1 -cemmm- MPEVLAVRAWPHLLS@RAVQLEAT - VGAPQPWREARIES AERLALEPPVPASCE -
Goat-IGFBP2 1 -MQPRLGGPALLMLPPLLILLLMGAGCGEDCGARAEVLFREPIIETPESLIAMKEPPGAAAG
Goat-IGFBP3 1 MLRARPALWAAAMTALALMRGPPINARA[EAGTAGAGPVVRMEIIEDARAVINQ[EAIPPPSPPC
Goat-IGFBP4 e MSLCLVAALLWSNGP[PS - - LGDEATH[PINS EERLER[SMR|ZPVGCEE -
Goat-IGFBP5 1 mcmmmmmea- MVISTALLLMA- - - /¥8\CAlelr - AQGLGSFVHMEEIIEDEKALSMEPIY- - - SPLG
Goat-IGFBP6 I MTPHRMALPPLLMTLLIENNRP[EG - - - - - - ALAR[YPGlHGQGVSRGEPGGCAEEDG
* * * *

Goat-IGFBP1 52 ---e-en--- EMTR s LIS P ML P LEA A F&A REASERA L P GE P REFAHINAT RE
Goat-IGFBP2 60 PAGDARVPCEMVREP[clelelelels VAR LE[CER| PIeG QIR MYRNP G S ELIZARINAV H(e]
Goat-IGFBP3 61 T--wew-wen-- EMVREP{lJeldeir. T(FAL RE[E0 P E}YelG s/eddrSorr PG D P RIZHISAL D¢l
Goat-IGFBP4 47 ---mmeenaa 1AV RE peldeldeln T[AL G KEM P pi¥elG SRS YIIP RGVEK|IRH TIRV HIE
Goat-IGFBP5 44 C----emn EMVKEPlldeldeM T(FALAEE0 S EjX8A QIR MLIAR O DE EK|IRHINAL HIel
Goat-IGFBP6 48 G---ccmmenn PAAE[JYAEAGG[ELRRE[EQQ pN[&a pleddofordr EX ED LRI ofe]

* % * * * ok ok * * * % * * % * *
Goat-IGFBP1 103 QEAEMTTPSD---EATDTKDTTSPENVS-----mmmoooacomommmmo PESSEITQEQ

Goat-IGFBP2 120 E[ETEEKHGDA---VYSASPEQVADNGEEHSEGGLVENHVDGNVNLMGGGGGAGRKPLKSG
Goat-IGFBP3 113 R[ELEMANASAVGRLSPYLLPAPPAPGNGSESEEDHSMGSTENQALPTTRRVPDSKSHLAHT

Goat-IGFBP4 97 QEVMELAEI---EAIQESLQPSDKDE--------2-ccmmmmoonn- GDHPNNSFSPCS

Goat-IGFBP5 96 R[EVELNE------ KSYREQAKIAERDSREHEEPTTSEMAEETYSPKIFRPKHTR- - ISEL

Goat-IGFBP6 98 REREVRAR------------ TPSGENP---cc-cecccccccmcccmccanannnnn KES
* %

Goat-IGFBP1 138 LLDNFHLMTESSEDLPILWNAISNYESLKALE--ISDVKKWKEFEQRELYKV@ADRMARE -
Goat-IGFBP2 177 MKELAVFREKVTEQHRQMGKGGKHHLGLEEPK--KLRPPPARTIZEOQELDQVHMERISTVR
Goat-IGFBP3 173 KMDVIKKGHAKDSQRYKVDYESQSTDTQNFSS--ESKHETEYG)JMRREMEDTIANDKFL -
Goat-IGFBP4 133 AHDRKCLQKHLAKIRDRSTSGGKMKVIGAPRE--EVRPVPQGS-[MOSELHRAMERIAAAS -
Goat-IGFBP5S 148 KAEAVKKDRRKKLTQSKFVGGAENTAHPRVISAPELRQESEQGHEIMRRHMEASHMOEAKAS -
Goat-IGFBP6 116 KPQAGTARSQDVNRRDQQORNSGTSTTPVRPNS--GGVQDTEMG)JYRKHLDSVIIQQIQTE -

* *
Goat-IGFBP1 195 ---QQKAGDKLYKFYLIZUYENKN[EF)HSIQeJelE THLEGE P[e/L @ el Y PWSGKRILGSVAIR[e
Goat-IGFBP2 235 LPDERGPLEHLYSLHI|ZNGKHELNNLIOJSKMELNGQIICEMYAYNPNTGKLIQGAPTIRfY
Goat-IGFBP3 230 ------ NTLSPRATIHI)ZeWKK(EF){KKIQeI8R PK GRKIXeF QDK YGQPLPAF SVKGK[¢
Goat-IGFBP4 189 ---QSRTHEDLYIIPI)3eRNENFHPIQeISHPALDGRINEK G UAYDRKTGVKLPGGLEPK[¢
Goat-IGFBPS 207 ------ PRMVPRAVYLIZUeBRK(EFMKRIoI8K PEIRGRK)HET QU YDKYGMKLPGMEYVD - (¢
Goat-IGFBP6 173 --==--- VFRGAHTLYV)3ehHR[e]FI{RKR[J§R SEIQO GORIIEP [MI[YDRMGQPLPGS SEGGDI¢

* Kk * ** * ok k ko *

Goat-IGFBP1l 252 DPQEOQYFNLQN-----=-=---=--

Goat-IGFBP2 295 DPEMHLFYNGQQGARGVHTQRMQ

Goat-IGFBP3 284 DVH[ELSTESK

Goat-IGFBP4 246 ELDMHQLAGSFRE-

Goat-IGFBPS5 260 DFQHTFDSSNVE-

Goat-IGFBP6 227 SSLEPTGSSG
*

Figure 1. Alignment of goat IGFBP-1, -2, -3, -4, -5, and -6 amino acid sequences Conserved cysteine residues are
indicated by an asterisk (*). Black blocks represent residues conserved in all goat IGFBPs; gray blocks indicate
residues conserved in approximately 80% of goat IGFBPs.
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Figure 2. Phylogenetic tree of goat IGFBP-1 to -6 genes Constructed by the Neighbour-Joining method (1000
bootstraps) using MEGA 4.0. Bootstrap values are shown at branch points. Scale bar indicates the number of
changes inferred as having occurred along each branch. Accession numbers for IGFBP-1: Capra hircus (HM185495),
Ovis aries (NP_001138649), Bos taurus (NP_776979), Sus scrofa (NP_001182034), Homo sapiens (NP_000587),
Mus musculus (NP_032367), Rattus norvegicus (NP_037276), Gallus gallus (NP_001001294), and Danio rerio
(NP_775390). Accession numbers for IGFBP-2: Capra hircus (JQ341160), Ovis aries (NP_001009436), Bos taurus
(NP_776980), Sus scrofa (NP_999168), Homo sapiens (NP_000588), Mus musculus (NP_032368), Rattus norvegicus
(NP_037254), Gallus gallus (NP_990690), and Danio rerio (NP_571533). Accession numbers for IGFBP-3: Capra
hircus (JQ341161), Ovis aries (NP_001152748), Bos taurus (NP_776981), Sus scrofa (NP_001005156), Homo sapiens
(NP_000589), Mus musculus (NP_032369), Rattus norvegicus (NP_036720), Gallus gallus (NP_001094504), and
Danio rerio (NP_991314). Accession numbers for IGFBP-4: Capra hircus (JQ341162), Ovis aries (NP_001127774),
Bos taurus (NP_776982), Sus scrofa (NP_001116601), Homo sapiens (NP_001543), Mus musculus (NP_034647),
Rattus norvegicus (NP_001004274), and Gallus gallus (NP_989684). Accession numbers for IGFBP-5: Capra hircus
(KC485342), Ovis aries (NP_001123205), Bos taurus (NP_001098797), Sus scrofa (NP_999264), Homo sapiens
(NP_000590), Mus musculus (NP_034648), Rattus norvegicus (NP_036949), Gallus gallus (XP_422069), and Danio
rerio (NP_001119935). Accession numbers for IGFBP-6: Capra hircus (JQ341163), Ovis aries (NP_001127780), Bos
taurus (NP_001035585), Sus scrofa (NP_001093660), Homo sapiens (NP_002169), Mus musculus (NP_032370),
and Rattus norvegicus (NP_037236).
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Expression patterns of goat IGFBP

Tissue expression patterns of goat IGFBP-1 to -6 were assessed in liver, heart, and LD and
TB muscle. IGFBP-1 (Figure 3 A), -2 (Figure 3 B) and -5 (Figure 3 E) were predominantly expressed
in liver (P < 0.05), with very low levels in heart and LD muscle. Levels of IGFBP-3 and -4 mRNA were
high in liver and LD muscle (P < 0.05), and lowest in heart (Figure 3 C and D). Expression of IGFBP-6
was detected mainly in LD muscle (P < 0.05), followed by heart and liver (Figure 3 F).

Given muscle types, we further performed qPCR to analyze the expression pattern of
IGFBPs in TB (composed mostly of type I, slow-twitch oxidative fibers) and LD (predominantly
type llb, fast twitch glycolytic fibers) muscle samples (Peinado et al., 2004; Choi and Kim, 2009).
A higher abundance of IGFBP-2, -3, -4, and -6 mRNA was found in LD, compared to TB muscle
(Figure 3 B to D, and F) (P < 0.05), while there was no significant difference in IGFBP-1 and -5
expression between muscle types (Figure 3 A and E).

< :z o 100+
8 &
3 1.5+ ™
s 104 e
(<]
g g
% 0020+ s
g s
5 0.015 2
o
2 i 2
= 0010 5 0.1
o &
© 2.5+ <
@ i
w w
o 0]
= b
o o
5 s
H g
k] 8
© ©
4 o« .
E Liver Heart LD B F Liver Heart LD B
© © 50
& & 45- a
w
T} O 404
s s
° S 35
2 .g 304
] 0 16+
: £ b
B X 104 -
s b b
[ <
© o olK V2224
[ ¢ 0

Liver Heart LD B Liver Heart LD B

Figure 3. Spatial expression profile of IGFBPs in liver, heart, and LD and TB muscle of 120-day-old goats IGFBP-1
(A), -2 (B), -3 (C), -4 (D), -5 (E), and -6 (F). Values are presented as mean + SEM; those with different letters are
significantly different (P < 0.05); LD: longissimus dorsi muscle, TB: triceps brachii muscle.
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Temporal expression profiles of IGFBP during liver and LD muscle development
in goats

In the liver, expression of IGFBP-1 mRNA was down-regulated from 0 to 30 days,
increased and reached its highest level at 60 days, then decreased to 120 days (Figure 4 A).
Expression of IGFBP-2 and -5 mRNA was up regulated from 0 to 90 days then decreased to 120
days (Figure 4 B and E). Expression of IGFBP-3 and -4 mRNA decreased from 3 to 30 days, then
up-regulated strongly, attaining peaks at 120 days (Figure 4 C and D). Expression of IGFBP-6
showed no significant difference during postnatal liver development (Figure 4 F).

In LD muscle, IGFBP-1 and -5 mRNA levels did not change during postnatal development
(Figure 4 A and E); IGFBP-2, -3 and -4 exhibited similar expression trends with an “up-down-up”
expression pattern (Figure 4 B to D); and /IGFBP-6 was down-regulated from days 3 to 90, then
up-regulated slightly (Figure 4 F).
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Figure 4. mRNA levels of IGFBP in different liver and LD muscle developmental stages in the Nanjiang brown goat
IGFBP-1 (A), -2 (B), -3 (C), -4 (D), -5 (E), and -6 (F). Vertical lines represent the SEM. Right Y axis is expression levels
in liver; left Y axis is expression in LD muscle; LD: longissimus dorsi muscle, d: days.

Muscle fiber diameter and association with IGFBP expression in muscles

Following an increase in body weight, overall muscle fiber diameter increased across the
growth time points assessed (Figure 5). There were no significant relative differences in IGFBP
expression over this time (data not shown).
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Figure 5. Longissimus dorsi (LD) muscle fiber diameter (a) and transverse sections at five postnatal developmental
time points. Bars = 50 um.

DISCUSSION
Characterization of IGFBP-1 to -6 in goats

Complete coding sequences were identified for goat /IGFBP-1 to -6. Based on these primary
sequences, phylogenetic analysis segregated each goat /GFBP into its corresponding clade with
very high bootstrap support values. Similar to other mammalian /IGFBPs, sequence alignment of
the six goat IGFBPs revealed common domains, conserved N- and C-terminal domains, and a
variable central L-domain.

A total of 18 or 16 cysteine residues were located in the conserved N-terminal domain
(12 cysteines in IGFBP-1 to -5; 10 in IGFBP-6) and conserved C-terminal domain (6 cysteines)
of the proteins. These cysteine residues have been previously demonstrated to be involved in
intradomain disulphide bond formation (Hwa et al., 1999). Within the N-terminal domain, a local
motif (GCGCCxxC) was also well conserved among goat IGFBPs, with the exception of IGFBP-6,
which substituted a GCAEAGGC sequence, thereby accounting for the two absent cysteine
residues in this gene. It is hypothesized that this motif has an important role in interactions with
IGFs (Hwa et al., 1999; Duan and Xu, 2005).

The L-domain of IGFBPs is considered to be a structural hinge between the N- and
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C-terminal domains (Hwa et al., 1999). We observed that goat IGFBPs had highly variable
L-domains without cysteine residues, with the exception of IGFBP-4, which harbored two cysteine
residues. Since these two cysteine residues are independently presented in this region, they are
unlikely to be involved in disulphide bond formation. In addition, the L-domain of each IGFBP may
maximize specific, high-affinity IGF binding (Hwa et al., 1999).

Similarly to the N-terminal, the C-terminal domain was highly conserved among goat IGFBPs.
The C-terminal has been found to be essential in high-affinity and stable IGF-binding (Hwa et al.,
1999; Baxter, 2000). In addition, sequences of the C-terminal domain of goat IGFBPs showed close
similarity to the thyroglobin-type-1 domain, characterized by the presence of six cysteine residues
and the conserved CWCV motif. It has been hypothesized that the thyroglobin sequence motif might
have an important role in binding between IGFBPs and IGFs and the extracellular matrix (Pedroso
et al., 2009). In addition, mammalian IGFBP-1 and -2 have an arginine-glycine-glutamate (RGD)
sequence in their C-terminal, and this motif has been shown to mediate binding to integrins (Hwa et
al., 1999). Another prominent motif found in the C-terminal domain of goat IGFBP-3, -5 and -6 was
the heparin-binding motif. Studies have shown that the heparin-binding sequences can associate
with glycosaminoglycans, resulting in reduced affinity of IGFBPs to IGFs (Arai et al., 1994).

Tissue distribution of IGFBP in goats

Previous investigations have reported that /GFBPs were expressed in a wide range of
tissues, including liver, kidney, heart, stomach, lung, and muscle (Peng et al., 1996; Saito et al.,
2003; Pedroso et al., 2009). Our study indicated that all IGFBPs were expressed in the tissues
tested. In the liver, IGFBP-1, -2, -3, -4, and -5 had relatively high levels compared to other tissues,
indicating liver is the major source of IGFBPs in postnatal life, when these proteins function as
endocrine factors. This is consistent with observations in other species in which the liver is the
main source of circulating IGFBPs (Green et al., 1994; Zhou et al., 2003). In addition to the liver,
myoblast and skeletal muscle have been showed to synthesize IGFBPs (Oliver et al., 2005; Duan
et al., 2010). Similarly, in our study, we found that IGFBPs were expressed in skeletal muscle,
with the highest levels of IGFBP-6 mRNA detected in LD muscle. Previous studies have shown
that IGFs play critical roles in skeletal muscle growth and hypertrophy (Duan et al., 2010). During
postnatal growth in vivo or in fully differentiated muscle cells in culture, IGF-I stimulates the rate
of protein synthesis and inhibits its degradation rate, thereby enhancing myofiber hypertrophy
(Oksbjerg et al., 2004). Our results indicate that as the major carrier proteins for IGFs, IGFBPs
also play specialized roles during muscle growth.

Differential expression of IGFBP genes in two different muscle types

In LD muscle, which contains mostly fast twitch glycolytic fibers, IGFBP-2, -3, -4 and -6
were expressed at higher levels than in TB muscle, which contains predominantly slow-twitch
oxidative fibers. Meanwhile, no significant difference in expression levels of IGFBP-1 and -5 was
observed between LD and TB muscles. Fiber type composition can vary markedly in different
species and in different muscle types, depending on their function (Klont et al., 1998). Previous
observations that the amount of IGFBP was associated with specific muscle fiber populations,
suggest a role for IGFBPs in the development of specific muscle fiber types during prenatal muscle
formation (Gerrard et al., 1999). The production and secretion pattern of IGFs from muscle cells to
the tissue culture medium may also depend on the type of muscle within a species (Oksbjerg et al.,
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2004). Passive stretch induced increases in /GF-I mMRNA expression within individual muscle fibers
and in the percentage of slow-twitch oxidative fibers (Kocamis et al., 2001). Our data indicate that
IGFBPs might be related to meat quality parameters that are affected by muscle fiber type.

In mammals, the number of muscle fibers is determined at birth, and muscle fibers only
increase in diameter after birth (Parker et al., 2003). The postnatal growth of animals is mainly
reflected in body weight, fatness and body composition, which also results in an increase of muscle
fiber diameter, as previously reported (White et al., 2010). This is consistent with our results from
morphologic and morphometric analysis.

Developmental expression of IGFBPs

Studies on IGFBPs roles in tissue development have shown that IGFBPs play critical roles
in mammalian growth and development (Peng et al., 1996; Gerrard et al., 1999; Pell et al., 2005;
Farin et al., 2010). In our study, three /IGFBP mRNA expression patterns were observed across
time during postnatal liver development: “up-down” (IGFBP-1, -2 and -5), “down-up” (IGFBP-3 and
-4), and fluctuating “up-down” (IGFBP-6) expression. In muscle, we observed that IGFBP-1 and
-5 showed an “up-down” expression pattern, but there was no significant difference between each
stages of age. Two other expression patterns were observed: “up-down-up” (IGFBP-2, -3 and -4),
and a consistently low expression (/IGFBP-6). Our observations of /IGFBP-1 and -3 expression
patterns are consistent with those in pigs (Peng et al., 1996), while IGFBP-2 expression is in
accordance with studies in sheep (Delhanty and Han, 1993). Studies in pigs have shown that in
fetal liver and muscle tissue, IGFBP-2, -4, and -5 expression is time and tissue dependent, while
IGFBP-4 and -5 are modulators of myogenesis (Gerrard et al., 1999).

Insulin-like growth factors play critical roles in liver and muscle development. In IGFBP-1
knockout mice, liver tissue was found to have increased sensitivity to apoptotic stimuli (Leu et
al., 2003), and /GFBP-2 knockout mice exhibited enlarged livers (Wood et al., 2000). Mice null
for IGFBP-3, -4, and -5 showed significantly diminished postnatal growth and enhanced glucose
metabolism, and demonstrated significantly reduced quadriceps muscle size (Ning et al., 2006). In
addition, IGFBP-4 knockout mice show reduced prenatal growth (Ning et al., 2008). More recent
studies have shown that IGFBP-5 plays a key role in muscle growth and differentiation (Mukherjee
et al., 2008; Duan et al., 2010; Safian et al., 2012). However, IGFBP-5 knockout mice had no
obvious abnormalities in muscle development, probably due to the compensatory effects of other
IGFBPs (Ning et al., 2007). Furthermore, in vascular smooth muscle cell, IGFBP-2 or IGFBP-4
exert inhibitory effects on IGF-l-induced DNA synthesis, while IGFBP-5 potentiates the mitogenic
effect of IGF-I (Hsieh et al., 2003). The genes IGFBP-3 and -5 have been shown to have intrinsic
biological activities that are IGF-independent (Firth and Baxter, 2002; Duan and Xu, 2005; Duan et
al., 2010). Taken together, these studies demonstrate that IGFBPs are expressed in spatially and
temporally restricted fashions, and each play distinct roles in regulating tissue development. But
the exact mechanism for this result remains unknown and awaits thorough investigation.
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