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Abstract Follistatin (FST), which was first found in

the follicles of cattle and pigs, has been shown to be an

essential regulator for muscle development. Mice that

were genetically engineered to overexpress Fst specif-

ically in muscle had at least twice the amount of

skeletal muscle mass as controls; these findings are

similar to earlier results obtained in myostatin-knock-

out mice. However, the role of follistatin in skeletal

muscle development has yet to be clarified in livestock.

Here, we describe transgenic Duroc pigs that exoge-

nously express Fst specifically in muscle tissue. The

transgenic pigs exhibited an increased proportion of

skeletal muscle and a reduced proportion of body fat

that were similar to those reported in myostatin-null

cattle. The lean percentage of lean meat was signifi-

cantly higher in the F1 generation of TG pigs

(72.95 ± 1.0 %) than in WT pigs (69.18 ± 0.97 %)

(N = 16, P\ 0.05). Myofiber hypertrophy was also

observed in the longissimus dorsi of transgenic pigs,

possibly contributing to the increased skeletal muscle

mass. Western blot analysis showed a significantly

reduced level of Smad2 phosphorylation and an

increased level of AktS473 phosphorylation in the

skeletalmuscle tissue of the transgenic pigs.Moreover,

no cardiac muscle hypertrophy or reproductive abnor-

mality was observed. These findings indicate that

muscle-specific Fst overexpression in pigs enhances

skeletal muscle growth, at least partly due to myofiber

hypertrophy and providing a promising approach to

increase muscle mass in pigs and other livestock.
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Introduction

Follistatin (FST) is essential for skeletal myogenesis,

which enhances muscle fiber formation and growth

(Iezzi et al. 2004; Medeiros et al. 2009). The targeted

ablation of follistatin leads to perinatal lethality

associated with impaired skeletal muscle development

(Matzuk et al. 1995), and mice that are heterozygous

for the follistatin (Fst?/-) gene exhibit haploinsuffi-

ciency and significantly reduced muscle mass (Lee

et al. 2010).
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Follistatin was originally found to antagonize

activin A in reproductive tissues and was later shown

to antagonize several other proteins within the trans-

forming growth factor-beta (TGF-beta) superfamily

(Abe et al. 2004; Amthor et al. 2002; Iemura et al.

1998; Thompson et al. 2005b; Wang et al. 2000).

Myostatin (MSTN) is a member of the TGF-beta

superfamily and is expressed specifically in develop-

ing and adult muscle tissues (McPherron et al. 1997).

Myostatin binds to activin receptor II (ActRIIB) at the

cell membrane to activate ALK4/5 (type I), which

triggers the phosphorylation of smad2/3 (Kollias and

McDermott 2008). Previous studies have demon-

strated that this signal pathway plays an important

role in the negative regulation of muscle development

(Langley et al. 2002). Myostatin inhibition has been

shown to decrease smad2/3 phosphorylation and

stimulate Akt/mTOR signaling, thus promoting pro-

tein anabolism in muscle cells (Trendelenburg et al.

2009; Welle 2009). The reduction or loss of myostatin

activity, either through inhibition or through naturally

occurring mutations, significantly enhances skeletal

muscle mass in several species, including mice, dogs,

human and cattle (Kambadur et al. 1997; McPherron

et al. 1997; Mosher et al. 2007; Williams 2004).

Follistatin is capable of binding directly to myostatin

to inhibit the receptor-binding activity according to

in vitro reporter gene assays (Amthor et al. 2004).

Moreover, follistatin also appears to be capable of

blocking endogenous myostatin activity in vivo

because transgenic mice with follistatin overexpres-

sion specifically in skeletal muscle exhibited dramatic

increases in muscle growth that were comparable to

increases observed in myostatin-knockout mice (Lee

and McPherron 2001).

Follistatin has two precursor isoforms, FST317

(317aa) and FST344 (344aa), which are translated

after the alternative splicing of follistatin precursor

mRNA. Subsequent post-translational modifications

of FST317 and FST344 create two mature forms of

follistatin, FST288 (288aa) and FST315 (315aa),

respectively (Patel 1998). FST315 is the major

circulating isoform of follistatin, and FST288 is

tissue-specific (Schneyer et al. 2004a). It is noteworthy

that the increased FST344 expression was not detri-

mental to the reproductive function of treated mice

(Haidet et al. 2008). In addition, the safety and

effectiveness of long-term FST344 expression have

also been evaluated in non-human primates. The long-

term expression of AAV-mediated FST344 in the

quadriceps muscles of cynomolgus macaque monkeys

increased their muscle mass and strength without any

deleterious effect on their critical organs or systems

(Kota et al. 2009). This minimal off-target effect

suggests that increasing FST344 expression specifi-

cally in muscles might be a useful strategy for

enhancing muscle growth in livestock.

Pigs are important in agriculture as sources of

animal protein for humans. Pigs are also good animal

models for studying human diseases or tissue devel-

opment because the anatomy and physiological prop-

erties of pigs are very similar to those of humans. The

exact function of myostatin or follistatin during pig

muscle development remains unknown. To address

this question, we generated transgenic pigs by somatic

cell nuclear transfer (SCNT) and the resulting animals

expressed recombinant human follistatin-344

(rhFst344) specifically in their muscle tissues. We

found that rhFst344 over-expression significantly

increased skeletal muscle mass and reduced fat

accumulation in transgenic pigs. The results presented

in this study provide new insights into the role of

follistatin in pig muscle development.

Results

Generation and characterization of transgenic pigs

To investigate the function of follistatin in pig skeletal

muscle development, we expressed the long splice

variant of human Fst344 (hFst344) in pig muscle

tissues under the control of a pig skeletal alpha- actin

(PSA) promoter. The transgene cassette contained the

hFst344 CDS together with 11.5 kb of the 50 upstream
and 7.5 kb of the 30 downstream regulatory elements

from the PSA gene (Fig. 1a).

Three positive cell clones (Nos. 3, 6 and 24) of

transgenic fetal fibroblasts (#) were generated and

selected using the above-described method. Cells

derived from cell clones Nos. 3, 6 and 24 were used as

donor cells to produce cloned embryos using SCNT.

1200 cloned embryos at the 2- to 4-cell stages were

implanted in the oviducts of 8 recipient sows. Two

recipients had spontaneous abortions, and the fetuses

of the remaining six recipients developed to full term.

16 cloned male piglets were obtained from 6 litters.

Genomic PCR (Fig. 1b) and Southern blot analysis
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(Fig. 1c) identified the 16 surviving cloned piglets that

14 were positive and two (Nos. 282 and 284) were

negative for the rhFst344 transgene.

Analyzing rhFst344 expression in transgenic pigs

Using RT-PCR, transgene expression was determined

in the heart, liver, spleen, lung, kidney, tongue,

stomach, intestine, brain, pituitary, testis and skeletal

muscle tissues of rhFst344 transgenic pigs (Fig. 2a, b).

As shown in Fig. 2b, rhFst344 transgene transcription

was detected in the heart, lingualis and skeletal

muscle, suggesting that transgene expression was

specific to muscle tissues. The expression of follistatin

in transgenic pig skeletal muscle was quantified using

a human FST ELISA kit. The transgenic pig groups

TG-3, TG-6 and TG-24 were derived from transgenic

clones Nos. 3, 6 and 24, respectively. The follistatin

concentrations in longissimus dorsi tissues from pigs

in the TG-3 (N = 3), TG-6 (N = 3), TG-24 (N = 8)

and wild-type (WT) (N = 3) groups were

38.15 ± 3.63, 49.21 ± 2.97, 165.77 ± 6.63 and

39.11 ± 0.43 pg/mg, respectively (Fig. 2c). Thus,

the TG-24 transgenic pigs expressed the highest levels

of rhFst344 transgene within the transgenic groups.

The FST315 (mature form of FST344) can circulate

and diffuse from the original expression site into the

blood (Haidet et al. 2008). To determine whether

rhFst344 that had been specifically expressed in

muscle would diffuse into the blood circulation of

transgenic pigs, plasma concentrations of follistatin in

transgenic pigs were quantified using ELISA. The

follistatin concentration in pig serum obtained from

pigs in the TG-6 and TG-24 groups (355.63 ± 11.94

Fig. 1 Identification of transgenic pigs. a The linearized

transgene construct contains a 12-kb 50 flanking region and an

8-kb 30 flanking region from PSA. The coding sequence of PSA

was replaced by human follistatin-344 cDNA starting from the

initial codon. b 14 out of 16 male piglets were identified as

positive for transgene integration based on genotyping PCR.

The PCR primers are shown in (a).?, transgene construct DNA

as a positive control; -, genomic DNA of wild-type pig as a

negative control. c 16 male piglets were further screened using

Southern blot analysis. Genomic DNA was digested using

EcoRI. The EcoRI restriction sites and the location of the DNA

probe in the transgene are indicated in (a). NC, wild-type pig;

P1C, one copy of the transgene construct; P2C, 2 copies of the

transgene construct; P10C, 10 copies of the transgene construct;

piglets Nos. 273, 274 and 276 were derived from the No. 3 cell

clone; piglets Nos. 277, 278, 279, 280, 281, 282, 284, 287, 288

and 289 were derived from the No. 24 cell clone; Piglets Nos.

291, 292 and 296 were derived from the No. 6 cell clone
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and 632.69 ± 37.48 pg/mL, respectively) was much

higher than that obtained from pigs in the WT group

(297.17 ± 4.18 pg/mL); however, there was no sig-

nificant difference between the plasma concentration

of follistatin in TG-3 pigs (313.42 ± 8.85 pg/mL) and

in the WT controls (Fig. 2d). These results might

suggest that the increased follistatin concentration

observed in the serum of transgenic pigs resulted from

rhFst344 transgene expression.

Productive performance is improved in transgenic

pigs expressing FST344 specifically in muscles

Transgenic pigs in the TG-24 group expressed the

highest rhFst344 levels (Fig. 2c, d) and exhibited a

significant increase in skeletal muscle mass with no

other phenotype abnormalities (Fig. 3a). Therefore, we

selected the TG-24 group for further characterization.

To investigate the productive performance of F1

generation transgenic pigs in the TG-24 group, we

compared the carcass traits of transgenic (TG) pigs

with that of their WT littermates. Sixteen TG pigs and

Fig. 2 rhFst344 expression in transgenic pigs. a mRNA of the

rhFst344 transgene. E1 and E2 represent exon 1 and exon 2 of

PSA. b The mRNA expression of the rhFst344 transgene in

various tissues of TG-24 transgenic pig was determined using

RT-PCR. GAPDH was used as a reference gene. The location of

the RT-PCR primers is shown in (a). The concentration of

follistatin protein in the longissimus dorsi tissue (c) and serum

(d) of pigs was quantified using ELISA. TG-3, a transgenic pig

group derived from clone No. 3 (N = 3); TG-6, a transgenic pig

group derived from clone No. 6 (N = 3); TG-24, a transgenic

pig group derived from clone No. 24 (n = 8); WT, wild-type

pig; *P\ 0.05; **P\ 0.01; ***P\ 0.005

Fig. 3 An image of transgenic pigs demonstrating the muscle

phenotype
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16 wild-type controls (8 males and 8 females in each

group) were slaughtered at 165 ± 15 days. As shown

in Table 1, the TG and WT pigs exhibited significant

differences in their dressing percentage and lean

percentage, longissimus dorsi muscle, semimembra-

nosus muscle and leaf fat. The lean percentage of TG

pigs (72.95 ± 1.0 %) was significantly higher than

that of WT pigs (69.18 ± 0.97 %) (P = 0.0118).

Moreover, the proportion of longissimus dorsi muscle

mass was significantly higher in TG pigs (9.792 ±

0.407 %) than in WT pigs (7.749 ± 0.241 %)

(P = 0.0002). Excitingly, the dressing percentage of

TG pigs (75.90 ± 0.49 %) was also significantly

higher than that of the WT controls (72.70 ±

0.39 %) (P\ 0.0001). In contrast to the lean mass,

fat accumulation in TG pigs was clearly lower; the leaf

fat percentage was 0.4376 ± 0.2726 % in TG pigs and

0.5939 ± 0.5371 % in the WT controls (N = 16,

P = 0.0145). These results demonstrate that the

specific expression of the rhFst344 transgene in pig

muscle tissue enhanced skeletal muscle mass while

reducing fat accumulation.

Follistatin overexpression in pig muscles did

not cause any abnormalities in cardiac muscle

There was some concern about whether the overex-

pression of follistatin would cause hypertrophy of

the cardiac muscles. Therefore, we examined the

cardiac muscle of transgenic pigs at the molecular

and histological levels. Although the expression of

rhFst344 mRNA was detected in the cardiac muscle

of transgenic pigs (Fig. 2b), no obvious differences

in the size or weight of their hearts, or in the diameter

of cardiac myofibers was observed between trans-

genic and WT pigs; no pathological changes were

identified in the hearts of the transgenic pigs

(Fig. S2).

The myofiber in the skeletal muscles of transgenic

pigs is hypertrophic

To characterize the skeletal muscle fiber in follistatin-

overexpressing TG pigs, the longissimus dorsi mus-

cles of TG and WT pigs were collected and processed.

The longissimus muscle sections were stained with

hematoxylin and eosin (H&E) for histological analysis

(Fig. 4a). Approximately 1000 myofibers from each

experimental group were randomly selected and

measured, and the distribution frequency of the fiber

diameters was plotted (Fig. 4b). The results indicated

that the myofiber size in TG pigs is larger than that of

WT pigs.

The expression of rhFst344 enhances the Akt

signaling pathway in skeletal muscle of transgenic

pigs

Lysates of the longissimus dorsi muscle from trans-

genic pigs and their wild-type littermates were

Table 1 The productive performance of F1 generation transgenic pigs in TG-24 group

Wild type(Mean ± SD) Transgenic(Mean ± SD) P value

Dressing %4 72.70 ± 0.39 75.90 ± 0.49 \0.00014

Lean %4 69.18 ± 0.97 72.95 ± 1.00 0.01184

Longissimus dorsi %4 7.749 ± 0.241 9.792 ± 0.407 0.00024

Biceps % 5.203 ± 0.172 5.520 ± 0.160 0.1882

Semimembranosus %4 5.264 ± 0.141 6.080 ± 0.159 0.00064

Semitendinosus % 1.569 ± 0.044 1.617 ± 0.042 0.4375

Quadriceps % 3.030 ± 0.089 3.184 ± 0.050 0.1375

Leaf fat %4 5.939 ± 0.5371 4.376 ± 0.2726 0.01454

All the data are normalized by carcass weight except for ‘‘Dressing %’’. The carcass traits (dressing percentage and lean percentage),

weights of muscles (longissimus dorsi, biceps, semimembranosus, semitendinosus and quadriceps) and weights of leaf fats were

measured and compared between transgenic pigs and wild-type pigs. Values shown are mean ± SD (N = 16, 8 males and 8 females

in each group)
4 significant difference versus WT control. The TG and WT pigs were 100 ± 20 kg of weight and 165 ± 15 days of age at

slaughter
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prepared and analyzed for Smad2 and Akt using

immunoblotting experiments (Fig. 5a, b). The ratio of

phosphorylated Smad2 (P-Smad2) to total Smad2 was

significantly lower in TG pigs than in WT pigs

(Fig. 5a), and the phosphorylation of AktS473 was

higher in TG pigs (Fig. 5b). In addition, no significant

difference in the concentration of mature myostatin

protein in longissimus dorsi muscle tissue was

observed between TG pigs and WT pigs as quantified

by ELISA (Fig. 5c). Based on these results, rhFst344

overexpression within skeletal muscle could inhibit

the function of mature myostatin protein, which in turn

could inhibit downstream Smad2/3 signaling. Because

Akt signaling is regulated by myostatin and is

important for skeletal muscle hypertrophy, it is

reasonable to assume that the observed myofiber

hypertrophy was caused by the overexpression of

follistatin in the transgenic pigs and myostatin was

functionally inhibited.

Discussion

In the present study, we generated transgenic pigs that

over-expressed rhFst344 in their skeletal muscles

under the control of the skeletal alpha-actin gene

promoter. The transgenic pigs, which expressed a high

level of the hFst344 transgene, exhibited significantly

higher muscle mass than WT controls.

It is well known that Belgian Blue and Piedmontese

cattle, in which myostatin is naturally mutated, show a

dramatic and global increase in skeletal muscle mass,

and these cattle are termed double-muscle cattle

(Bellinge et al. 2005). The phenotype of the transgenic

pigs examined here was similar to that of cattle

exhibiting hypertrophic muscle tissue primarily in the

proximal fore- and hindquarters and to those of cattle

exhibiting a prominent muscular protrusion with

intramuscular boundaries and grooves visible beneath

the skin. A myostatin-null mutation in Belgian Blue

cattle caused only a 20–30 % increase in the muscle

mass, and this increase was much less than that

observed in myostatin-deficient mice (200–300 %)

(McPherron and Lee 1997). It was assumed that the

cattle might be nearer the maximum limit for muscle

size after many generations of selective breeding for

large muscle mass when compared with mice. In fact,

the intensity of selective breeding for larger muscle

mass in Duroc pigs is higher than that in Belgian Blue

cattle because the generational interval of pigs is much

shorter than that of cattle. Therefore, it is reasonable

that the muscle mass increased by only 3.8 % in the

follistatin transgenic pigs in this study, unlike the

findings in mice which have not been similarly

selected.

The skeletal actin gene was primarily expressed in

postnatal skeletal muscle tissue (Vandekerckhove et al.

1986); thus, the skeletal actin promoter was expected to

drive expression of the hFst344 transgene in skeletal

muscle fibers. In the rhFst344 muscle-specific expres-

sion vector, hFst344 replaced the PSA CDS from the

initial ATG codon to the TAA stop codon. The

transgenic vector also contained regulatory elements

Fig. 4 FST transgene expression caused myofiber hypertrophy.

a Representative H&E-stained cross-sections of longissimus

dorsi muscles from TG and WT pigs. b The distribution of

myofiber diameter in the longissimus dorsi muscle in TG and

WT pigs. The myofibers in TG pigs were hypertrophic when

compared with theWT control littermates. The TG andWT pigs

were 110 ± 10 kg at slaughter and the same age at slaughter,

and 1000 myofibers were measured in each group (N = 3). The

values are expressed as the means. WT, wild type pig; TG,

transgenic pig
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necessary for PSA expression in order to reduce the

genomic position effect. As is known, the transgene ex-

pression is affected by the integration sites and the

number of integrants in host genome. Generally, the

more copy numbers of transgene, the higher expression

levels of transgene.However, all transgenic pigs derived

from cell clone Nos. 3, 6, 24 had 2 copies of exogenous

transgene determined by quantitative RT-PCR (data not

shown). Therefore, it was thought that the differential

expression levels of transgene might result from differ-

ent integration sites in transgenic pigs.

Follistatin can promote muscle mass growth, and

the effect is dosage-dependent (Haidet et al. 2008; Lee

et al. 2010).Musclemass is enhancedwhen the level of

Fig. 5 Analysis of Smad2, Akt and myostatin proteins.

Immunoblot and ELISA analyses of lysates from the longis-

simus muscle in TG and WT littermate pigs. a Immunoblotting

with antibodies against phosphorylated Smad2 (P-Smad2) and

total Smad2. The P-Smad2/total Smad2 ratio was significantly

reduced in TG pigs, suggesting that rhFst344 transgene

expression greatly decreased the phosphorylation of Smad2

(N = 3). b Immunoblotting with anti-phosphorylated Akt

(AktPser473) antibody and anti-Akt antibody. The P-Akt/total

Akt ratio was significantly increased in TG pigs, indicating that

transgene expression greatly enhanced the phosphorylation of

Akt (N = 3). c The concentration of myostatin protein in

longissimus dorsi tissue was quantified using ELISA, and no

significant difference was observed between TG and WT pigs

(N = 3, P = 0.6139). Wild-type (WT) pig; transgenic (TG)

pig; *P\ 0.05; ***P\ 0.001
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follistatin expression in muscle tissue is increased,

suggesting that follistatin can be used as a marker to

facilitate livestock breeding to obtain a higher propor-

tion of lean meat. Duroc pig exhibits a high proportion

of lean meat and is usually used as the terminal male

parent when improving pig breeds. Theoretically, it is

more difficult to achieve a remarkable improvement in

the lean meat proportion of Durocs than in other pig

breeds, especially those with a low proportion of lean

meat. However, the specific overexpression of follis-

tatin in muscle tissue significantly increased the

proportion of lean meat in the Duroc pigs studied here.

Thus, follistatin could be one of the best candidates in

transgenic breeding to improve the proportion of lean

meat in pigs. In China, where production improvement

is a priority, follistatin could be used to

improve indigenous breeds. Our original aim of mus-

cle-specific expression of follistatin was to promote

muscle growth, and we were surprised when we found

the dressing percentage of transgenic pigs was also

significantly higher compared toWT controls suggest-

ing the potential application of follistatin.

The structure and function of myostatin is highly

conserved among mammalian species, and the bioac-

tive mature peptide of pig myostatin shares 100 %

identity with that of human myostatin. In mammals,

several proteins have been identified to bind to MSTN

and inhibit its association with MSTN receptor

(Joulia-Ekaza and Cabello 2006). Follistatin is a

robust antagonist of myostatin and has been shown

to inhibit myostatin signaling by surrounding MSTN

with two FST molecules, thereby blocking the MSTN

receptor-binding site (Thompson et al. 2005a). Follis-

tatin over-expression could inhibit myostatin action,

reduces the phosphorylation level of smad2 and

activates Akt signaling in these transgenic pigs,

thereby promoting protein synthesis in the muscle

tissue. Besides regulated by follistatin, myostatin

regulates its own expression through a negative

feedback loop (Forbes et al. 2006), it might result in

no significant difference of myostatin expression

between TG pigs and WT pigs. Follistatin was

originally thought to mediate skeletal muscle hyper-

trophy by antagonizing MSTN (Amthor et al. 2004),

but a recent finding suggests that the effect produced

by follistatin might also be regulated by Smad3 and

mTOR, independently of MSTN (Winbanks et al.

2012). A recent study showed that the heterozygous

loss of FST (FST?/-) decreased muscle mass in both

of MSTN?/- and MSTN-/- mice (Lee et al. 2010).

Moreover, quadrupled muscle mass was observed in

myostatin-null mice carrying a follistatin transgene,

which had approximately twice the muscle mass as the

MSTN-/- mice (Lee 2007). Follistatin was suggested

to bind to other TGF-beta superfamily members in

addition to myostatin, such as activin, which would

increase muscle mass growth (Gilson et al. 2009; Lee

et al. 2010). However, the molecular mechanisms of

muscle hypertrophy caused by follistatin overexpres-

sion in muscle tissue still remain unclear and require

further investigation.

As described earlier, the two isoforms of FST

(FST315 and FST288) have completely different

distributions in vivo. FST288 is tissue-specific but is

undetectable in human serum (Schneyer et al. 2004b).

FST315 has an additional 17 C-terminal residues

comparedwith FST288,which decreases its affinity for

heparin (Sugino et al. 1993). In vitro experiments have

shown that both the FST288 and FST315 isoforms

increase the cell-surface binding of myostatin and

increase myostatin degradation (Cash et al. 2009).

Although rhFst344 was engineered to be specifically

expressed inmuscle tissue, the follistatin concentration

in the blood of transgenic pigs was significantly higher

than that in control pigs, indicating that the over-

expressed follistatin was also secreted into the blood

circulation. Recent studies have suggested that

FST288 might remain localized in the immediate

vicinity of the cell where it is secreted (Winbanks et al.

2012). Thus, the muscle-specific overexpression of

FST317 might affect other tissues less than FST344.

The size of the heart was not altered, and myocar-

dial hypertrophy was not induced in the transgenic

pigs despite the expression of rhFst344 in cardiac

muscle, which is consistent with previous findings in

mice and cynomolgus macaque monkeys (Haidet et al.

2008; Kota et al. 2009). More interestingly, the

proportion of fat in the transgenic pig carcasses was

significantly lower than that in theWT pigs, indicating

that follistatin is also directly or indirectly involved in

the regulation of fat metabolism. Based on the findings

in this study, we suggest that the inhibition of

myostatin by follistatin overexpression in skeletal

muscle could be used to treat not only muscle diseases

but also obesity.

In summary, this is the first time to demonstrate that

rhFst344 overexpression can significantly increase

muscle mass in pigs. We found that the expression of
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rhFst344 in our transgenic pigs mainly affected

skeletal muscles, with no obvious effects on other

tissues or organs. This study suggests a promising

approach to increase muscle mass in livestock. In

addition, because of the similarities between human

and pig physiology, our results with the transgenic pig

model also suggest that FST344 gene therapy is a safe

treatment for human muscle diseases.

Materials and methods

Ethics statement

All the animal work in this study including the

establishment of primary fetal fibroblasts were

approved by the animal ethics committee of State

Key Laboratory of Agrobiotechnology (license num-

ber SKLAB-2012-04-04). All experimental proce-

dures were performed in accordance with the

guidelines for the Care and Use of Laboratory

Animals of China Agricultural University. All efforts

were made to minimise suffering of the animals.

Construction of the muscle-specific rhFST344

expression vector

FSTF and FSTRprimers containedDNA sequences that

were homologous to the 50 and 30 flanking sequences

(77 bp and 83 bp, respectively) of the pig skeletal

muscle alpha-actin (PSA) gene (Table S1). Full-length

FST cDNA from humans (344aa, Origen) was used as

the PCR template. This DNA fragment was then

subcloned into the PMD-T vector to generate the

T-hFst344 vector. FZF and FZR primers containing a

50 FRT sequence (Table S1) were used to amplify a zeor

fragment. The T-hFst344 vector and the zeor fragment

were ligated to generate the T-hFst344-zeor vector

(Fig. S1). A 430 bp PSA 50 homology arm (50HA) and a
417-bp PSA 30 homology arm (30HA) were generated
using PCR with primer pairs TYB1 and TYB2,

respectively (Table S1). The 50HA, pBR322-neo vector
and 30HAwere ligated to generate a gap-repair plasmid

(Fig. S1).

A PSA BAC vector was obtained from the BAC/

PAC Resource Center at the Children’s Hospital

Oakland Research Institute (CH242-54G23). The PSA

gap-repair plasmid was linearized and electroporated

into the PSA BAC-containing SW102 competent cells

(1.8 kV, 2 lF; Bio-Rad electroporator) (Fig. S1).

Positive clones (SW102-1) were then identified by

restriction enzyme digestion. The T-rhFst344-zeor

vector was digested using NheI, and the hFst344-zeor

cassette was purified and electroporated into SW102-1

cells, and positive recombinants were selected with

zeocin (25 lg/mL) followed by appropriate colony

screening. The positive clone and the 707-FLPe tetR

plasmid were then transformed together into DH5a
cells inducing deletion of the zeor cassette to make the

PSA-rhFst344 vector (Fig. S1).

Primary fibroblast transfection and screening

Primary fetal fibroblasts of Duroc pigs (n = 38, XY)

were established and maintained in DMEM with 15 %

fetal bovine serum (Gibco). All media were supple-

mented with 100 U/mL penicillin, 0.1 mg/mL strepto-

mycin and all cell were maintained at 37 �C, 5 % CO2.

The PSA-rhFST344 vector was linearized and 3 lg of

the linearized vector DNAwas introduced into 1 9 106

Duroc primary fetal fibroblasts by electroporation using

the Nucleofector. After 48 h of incubation (37 �C and

5 % CO2), the transfected cells were selected using

400 lg/mL of G418. Two copies of each cell clone

were prepared; one copy was used for PCR screening,

and the second copy was used for cell expansion and

subsequent cell freezing in DMEM (HyClone) con-

taining 10 % dimethylsulfoxide (DMSO) and 30 %

fetal bovine serum (HyClone).

SCNT and the transfer of reconstructed embryos

Integration of the PSA-rhFst344 cassette into trans-

fected fibroblast clones was detected using PCR, and

positive transgenic fibroblast clones were subse-

quently used as donor cells for SCNT. Single donor

cells were directly injected into enucleated recipient

oocytes, followed by electrical fusion and activation

(Zhang et al. 2007). The activated embryos were

cultured at 39 �C under 5 % CO2, 5 % O2, 90 % N2

and 100 % humidity. The following day, SCNT

embryos were transferred into both uterine horns of

recipient sows. After 21 days, the pregnancies were

verified using ultrasonography and re-confirmed every

2 weeks. All experimental pigs were housed and cared

for in accordance with the guidelines for animal

research, as reviewed by the China Agricultural

University.
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Southern blot analysis and copy number

determination

Genomic DNA was extracted from animal ear punch

samples to verify that the vector DNA had been

correctly integrated. Genomic DNA samples from

transgenic and wild-type pigs were digested using

EcoRI and analyzed using Southern blotting with a

680-bp DNA probe labeled using a PCR digoxigenin

probe synthesis kit (Roche). Pre-hybridization and

hybridization procedures were performed at 45 �C,
and the wash steps used were carried out at 68 �C
according to the previously described method. Quan-

titative real time-PCR was performed on each sample

in triplicate using the Light Cycler 480 II (Roche).

Each 10 lg qRT-PCR reaction mixture contained

5 lL SYBR Green I Master (Roche), 200 nM of

primer Q1 and Q2 for rhFst344, and 1 lg DNA.

Myostatin was used as the internal control with primer

MF and MR. Copy number of transgenes was calcu-

lated as described previously (Liu et al. 2012).

Transcriptional analysis of transgenes

in transgenic pigs

Total RNA was isolated separately from the heart,

liver, spleen, lung, kidney and skeletal muscle tissues

of transgenic pigs using Trizol reagent (Invitrogen).

RNA samples were digested using DNaseI for 15 min

and then quantified using a Nanodrop spectropho-

tometer (Thermo). Total RNA (500 ng) was reverse-

transcribed using Moloney murine leukemia virus

reverse transcriptase (MMLV-RT) and oligo (dT) 18

primer (Promega). To quantify rhFst344 expression at

the transcriptional level, RT-PCR was performed

using specific P1 primer on the 50 homology arm of

PSA and P2 primer on the rhFst344 CDS (Table S1).

Porcine GAPDH served as the reference gene and was

amplified using primers P3 and P4 (Table S1).

Translational analysis of the transgene

in transgenic pigs using ELISA

The amount of rhFst315 (mature form of rhFst344

protein) in longissimus dorsi muscles and in serum

from the transgenic pigs was evaluated using a human

follistatin ELISA kit according to the manufacturer’s

instructions (R&D Systems). A non-transgenic pig

was used as the control. The concentrations of

rhFst315 in longissimus dorsi muscles and in serum

from the transgenic pigs were determined based on a

standard curve that was determined using recombinant

human follistatin provided by the manufacturer. The

concentrations of myostatin protein in the longissimus

dorsi muscle from the transgenic pigs were measured

using a human myostatin ELISA kit according to the

manufacturer’s instructions (Life Science Inc.).

Western blot analysis

Samples of longissimus dorsi muscle from the trans-

genic and age-matched WT control pigs were homog-

enized in IP lysis buffer and centrifuged at 10,000 g

for 10 min at 4 �C. The supernatant was recovered as

cell lysate, and 250 lg protein in lysate aliquots were

resolved using SDS-PAGE and transferred onto

polyvinylidene difluoride membranes. The blotted

membranes were probed separately with anti-phos-

phorylated Smad2, anti-Smad2, anti-phosphorylated

Akt (p473ser) and anti-Akt antibodies (Cell Signaling

Technology, Beverly, MA, USA) and incubated with

horseradish peroxidase-conjugated secondary anti-

bodies. The immunoblots were developed using

chemiluminescence, and images of the results were

captured using a cooled CCD camera system.

Samples and carcass traits

Two groups of cross-bred F1 pigs (transgenic and non-

transgenic groups, randomly selected) (N = 16) were

fed with the same commercial diet and reared in the

same pen. The pigs were slaughtered at a commercial

slaughtering house at 165 ± 15 days old and at

100 ± 20 kg of weight according to standard proce-

dures of the Chinese livestock production system.

Carcass weights were measured immediately after the

pigs were slaughtered. The skin, fat mass, lean mass

and bone tissue were recovered and measured

separately.

Hematoxylin and eosin staining

Muscle samples were collected from the longis-

simus dorsi muscle at the 5th thoracic vertebra of-

transgenic pigs and WT control pigs within 1 h post-

mortem.The muscle samples were fixed in formalin

(10 %) for 10 h and the samples were then subjected to

routine tissue processing and paraffin sectioning. The

34 Transgenic Res (2017) 26:25–36
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muscle sectionswere then stainedwith hematoxylin and

eosin. Five representative images were captured from

each muscle section (one at the center and four at the

periphery). Themyofiber diameter of each selected area

was measured using ImageJ software based on three

independent images. A distribution diagramofmyofiber

diameter (size) was generated based on the percentage

of 1000 analyzed myofibers.

Statistical analysis

The experimental data were analyzed using an anal-

ysis of variance procedure using SAS software.

Differences were considered as significant when

P\ 0.05.
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