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ABSTRACT. The aim of this study was to construct a mammary gland-
specific expression vector, pGN, and to validate its function in expressing 
growth hormone (GH) both in vitro and in vivo. First, the GH gene was 
amplified and inserted downstream of the b-casein 5'-arm. Next, the neo 
gene was cloned downstream of the b-casein 3'-arm as a selection marker. 
To analyze the bioactivity of the pGN plasmid, we expressed pGN in 
a Bcap-37 cell line and in the goat mammary gland. Quantitative PCR 
analysis revealed that the expression of GH mRNA in the pGN-transfected 
group was higher than that of the control group in Bcap-37 cells. Results 
of a radioimmunoassay and an enzyme-linked immunosorbent assay 
demonstrated that the pGN-transfected group expressed much more GH 
protein than the non-transfected group (P < 0.05). Upon injection of the 
pGN plasmid into the goat mammary gland, GH mRNA and growth 
hormone receptor mRNA expressions increased 2-fold. In vivo analyses 
revealed that GH protein expression was higher in the injected group 
than in the control group. Together, these results strongly demonstrated 
that the pGN plasmid was constructed correctly and exhibited favorable 
bioactivity in efficiently expressing GH both in vitro and in vivo.
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INTRODUCTION

Transgenic technology is a promising way to enhance the performance of mam-
mary glands. An essential component to breeding favorable varieties is the selection of 
the right target gene. Growth hormone (GH), which is synthesized and secreted from the 
anterior pituitary gland, is an ideal choice as a target as it can stimulate cell growth, re-
production, regeneration, and further influences the secreting cells of the goat mammary 
gland. GH has been shown to upregulate b-casein, aS1-casein, aS2-casein, and a-lipoic 
acid mRNA expression in lactating bovine mammary tissues (Yang et al., 2005; Zhou et al., 
2008). Furthermore, Capuco et al. (2001) demonstrated that bovine somatotropin increases 
the rate of cell renewal in lactating mammary glands. GH is effective in stimulating the 
secretion of insulin-like growth factors (IGF-1) when delivered to cell membranes, thus 
facilitating the interaction with GH receptors. Boutinaud and Jammes (2004) demonstrated 
that GH also appears to increase the expression of Stat5 and Stat1 in lactating goat mam-
mary glands.

The mechanism of increased milk production by GH stimulation is well studied. 
GH influences mammary gland development through its effect on nutrient partitioning and 
maintains mammary cell function. On the one hand, the galactopoietic response to GH may 
be a consequence of elevated blood flow, which increases the supply of rate-limiting meta-
bolic substrates to mammary glands (Mepham et al., 1984). On the other hand, GH can bind 
to high-affinity receptors in the mammary matrix, working on mammary epithelial cells by 
motivating the paracrine secretion signal pathway to promote the formation of the mammary 
duct (Shamay et al., 1988).

GH has been extensively utilized in farm agricultural practices, which primarily 
involves time-consuming and laborious subcutaneous or direct muscle injections of GH in 
animals. Transgenic technology has recently been employed to create animal lines with new 
genes inserted into their chromosomes. The ability to modify mammary gland function with 
transgenic technology provides an opportunity to enhance the performance of GH expres-
sion. For example, the production of recombinant human GH reached 5.0 mg/mL in the 
milk of cloned transgenic cows (Salamone et al., 2006). Transgenic technology can shorten 
the breeding period and maintain desired genetic traits more efficiently than conventional 
breeding methods. However, although many studies have addressed fundamental and ap-
plied aspects of expressing additional proteins in mammary glands, the bulk of this research 
has focused on biomedical, rather than agricultural, applications.

The present study analyzed the feasibility of using transgenic technology as an al-
ternative method for improving GH expression levels. The aim of our research was to con-
struct a mammary gland-specific expression vector, pGN, and to validate its function in cells 
and mammary glands. The regulatory elements of milk protein, such as b-lactoglobulin, 
aS1-casein, b-casein (Lee et al., 1996; Zinovieva et al., 1998), whey acid protein (Limonta 
et al., 1995), and lactalbumin (Su and Cheng, 2004) are all widely used in transgenic ani-
mals. The vector pBC1 contains a b-casein promoter as a regulatory element to initiate GH 
protein expression in cells and mammary glands (Bevilacqua et al., 2006). The high bioac-
tivity of the pGN plasmid provides a solid foundation for further study of GH genetically 
modified goats.
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MATERIAL AND METHODS

Materials and reagents

The pBC1 plasmid was generously donated by Professor Cheng of Yangzhou Uni-
versity (originally obtained from Invitrogen). pBC1 is a mammary gland-specific expres-
sion vector, containing a goat β-casein promoter and a cloning site, which was fitted for 
expression on mammary gland epithelial cells. This vector has been widely used in the 
generation of transgenic mice, goats, and cattle.

Pituitary gland samples were collected from Saanen dairy goats. The pCDNA3.1 
plasmid (Invitrogen) and the human breast cancer cell line, Bcap-37, were provided by Pro-
fessor Wang of Nanjing Agricultural University. Goat mammary epithelial cells (GMECs) 
were isolated and cultured in our laboratory. The JM 109 strain of Escherichia coli was 
maintained in our laboratory.

Construction of the pGN plasmid

Amplification of the gh gene

The full-length of the goat gh (GenBank ID: Y00767) coding sequence (cDNA) was 
654 bp. Total RNA was extracted from the pituitary gland with Trizol reagent. cDNA was 
then synthesized with total RNA as a template. Polymerase chain reaction (PCR) amplifica-
tion was performed with the cDNA template, rTaq polymerase, 10X buffer, and primers. 
Parameters for PCR were as follows: 94°C for 5 min, 94°C for 30 s, 57°C for 30 s, and 72°C 
for 50 s for 30 cycles, with a final extension at 72°C for 10 min. The PCR product was linked 
to the pMD19-T plasmid and then sequenced. The linked vector was named pMD19-T-gh. 
PCR primers are listed in Table 1.

Gene	 Sense primer	 Anti-sense primer	 Product length (bp)

gh	 CTCGAGATGATGGCTGCAGGCCCCCGGA	 CTCGAGCTAGAAGGCACAGCTGGCCTCCCCG	   654
neo	 GCGGCCGCTGTGGAATGTGTGTCAGTTA	 GCGGCCGCACAGACATGATAAGATACAT	 1521

Table 1. PCR primers of gh and neo genes.

Amplification of the neo gene

The full-length of the neo gene was 1521 bp, including its promoter and polyA tail. 
PCR amplification was performed with the plasmid template (plasmid pcDNA3.1), Prime-
STAR® HS DNA polymerase, 10X buffer, and primers. Parameters for PCR were as follows: 
94°C for 5 min, 94°C for 30 s, 64°C for 30 s, and 72°C for 100 s for 30 cycles, with a final 
extension at 72°C for 10 min. The PCR product was linked to the pMD19-T plasmid and then 
sequenced. The linked vector was named pMD19-T-neo. All PCR primers are listed in Table 1.

Construction of the pGN plasmid

The pBC1 plasmid has been widely used in the generation of transgenic mice (Wang 
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et al., 2011), goats (Zhang et al., 2008), and cattle (van Berkel et al., 2002). First, we in-
serted the gh fragment (digested from pMD19-T-gh with XhoI) into the XhoI cloning site 
of pBC1, resulting in the pBC1-gh vector. Then, we linked the neo fragment (digested from 
pMD19-T-neo with NotI) with the pBC1-gh vector at the NotI site to obtain the final vector, 
pGN. PCR and restriction enzyme digestion methods were used to verify our recombinant 
plasmid pGN.

Expression of the recombinant plasmid pGN in Bcap-37 cells

Bcap-37 cell culture

The Bcap-37 cell line is a human breast cancer cell line that is suitable for investigat-
ing mammary gland expression. Quantitative PCR assays were performed to confirm whether 
the pGN plasmid could be successfully expressed in the Bcap-37 cell line. Bcap-37 cells were 
grown to confluence on 6-well plastic cell culture plates (Corning) with a medium composed 
of Dulbecco’s modified Eagle’s medium (DMEM), 10% fetal bovine serum (FBS), 100 IU/mL 
penicillin-G, and 100 µg/mL streptomycin sulfate at 37°C in a humidified atmosphere of 5% 
CO2. Once the Bcap-37 cells reached 85% confluence, they were starved for 24 h with DMEM 
only, washed twice with phosphate-buffered solution, and 4 µg pGN plasmid was transfected 
into each well manually.

GH mRNA, GHR mRNA, and GH protein expression

Quantitative PCR assays were performed to confirm whether the pGN plasmid could 
be expressed in Bcap-37 cells. Cells were divided into 3 groups 6 h after transfection: blank 
group (without transfection), pGN group (transfected with the pGN plasmid), and control 
group (transfected with the pBC1 plasmid). Total RNA of the different groups was extracted 
with Trizol reagent. At least 3 technical (quantitative PCR) replicates were performed for each 
group. Gene-specific primers were designed using the Primer Express software (Applied Bio-
systems), and primer sequences are listed in Table 2. The levels of GH expression in the Bcap-
37 cell lysate and culture medium were measured at 24, 36, 48, and 60 h with enzyme-linked 
immunosorbent assay (ELISA) using the Goat Growth Hormone ELISA Kit (NovaTeinBio).

Gene	 Sense primer	 Anti-sense primer	 Product length (bp)

GH	 gagaagctgaaggacctgga	 tacgtctccgtcttgtgcag	 194
GHR	 gagattcatgccgacatcct	 gtgtttcgttgtcgggttct	 215
IGF-1	 atgccagtcacatcctcctc	 ctccagcctcctcagatcac	 249
IGF-1R	 cgtctgtgaacccggagtat	 tctcaggctcatccttgacc	 162
Goat β-actin	 ggcaccacaccttctacaacg	 tccttgatgtcacggacgatt	 400
Bcap-37 β-actin	 gatcattgctcctcctgagc	 tgtggacttgggagaggact	 385

Table 2. Quatitative PCR primers for detecting mRNA expression.

Expression of the GH protein by radioimmunoassay (RIA)

Bcap-37 cells were seeded at 1 x 106 cells per well on a flat-bottomed 6-well plate 24 
h prior to the experiment. Transfection was performed with the pGN plasmid by liposome. 
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Cells were divided into 3 groups 6 h after transfection: control group (without transfection), 
transfection group (transfected with the pGN plasmid only), and transfection and induction 
group (transfected with pGN and induced with 10 µg/mL insulin, 1 µg/mL prolactin, and 20 
µg/mL hydrocortisone).

The levels of GH expression in the Bcap-37 cell lysate and culture medium were mea-
sured separately at 12, 24, 36, and 48 h by RIA using the 125I-HGH kit (Sinoukbio, Beijing). 
One hundred microliters of cell lysate and culture medium were mixed with 0.4 mL 2 M hydro-
chloric acid: 95% ethanol (87.5:12.5), set at room temperature for 30 min, and then centrifuged 
at 3000 rpm for 30 min at 4°C. After centrifugation, 0.2 mL supernatant was mixed with 0.2 mL 
0.855 M Tris solution for 30 min at 4°C and centrifuged at 3000 rpm for 20 min at 4°C. Subse-
quently, 100 µL of the supernatant was aspirated for testing. One hundred microliters of each cell 
lysate or culture medium extract (or standards), HGH anti-serum, and 125I-HGH were pipetted 
into duplicate RIA tubes. Tubes were vortexed and incubated with rotation at 4°C for 48 h. At the 
end of the incubation period, 500 µL of the separation reagent was added to each tube followed 
by a 30-min incubation at room temperature. The tubes were then centrifuged at 3600 rpm for 20 
min at 4°C to separate the bound and unbound 125I-HGH. Immediately after centrifugation, the 
supernatant was removed by aspiration. All RIA tubes were then placed in a Beckman Gamma 
4000 counter, and the bound 125I-HGH fraction radioactivity was counted for 2 min per tube.

Expression of the recombinant plasmid pGN in goat mammary glands

Plasmid perfusion

Nine healthy goats were divided into 3 groups: blank group (lactating goat injected 
with saline), control group (lactating goat injected with the pBC1 plasmid), and injection group 
(lactating goat injected with the pGN plasmid). Four hundred micrograms of plasmid pGN was 
dissolved in 2 mL saline and injected into the left side of the mammary gland lobule of each 
experimental goat. The injection was performed in 4 different parts around the mammary gland. 
We then collected 10 mL milk after 4, 8, 12, 24, and 36 h. After 36 h, mammary gland tissues of 
each group were collected and maintained at -20°C until use in subsequent experiments.

Expression of GH mRNA, GHR mRNA, IGF-1 mRNA, and IGF-1R mRNA in goat 
mammary glands

Mammary gland tissues (injected gland lobules) of each group were collected for sub-
sequent testing. The expression of GH mRNA was detected by quantitative PCR. Since GH 
could be bound to GHR or influenced by the expression of IGF-1, we also detected mRNA 
expression of GHR, IGF-1, and IGF-1R in goat mammary glands. One hundred milligrams of 
mammary gland tissue of each group was lysed in 1 mL RNA lysis reagent (TIANGEN) for 
RNA extraction. Quantitative PCR assays were performed as described above with the primer 
sequences listed in Table 2.

GH protein content in goat mammary glands

The concentrations of the GH protein in goat mammary glands of different 
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experimental groups were measured by ELISA using the Goat Growth Hormone ELISA 
Kit (NovaTeinBio), following manufacturer protocols. First, 50 µL diluted standard was 
transferred to standard wells, 50 µL diluted sample was transferred to sample wells, and then 
the plate was incubated for 30 min at 37°C. After incubation, the plate was washed 5 times, 
50 µL HRP-conjugated antibody was added to each well, and then the plate was incubated 
for 30 min at 37°C. The plate was then washed 5 times, chromogenic substrates A and B were 
added to each well, and it was incubated for 15 min at 37°C. Finally, 50 µL stop solution was 
immediately added to each well to stop the reaction and the optical density was measured at 
450 nm within 15 min.

GH content from milk samples

The concentration of the GH protein in milk samples from different groups was mea-
sured by ELISA using the Goat Growth Hormone ELISA Kit (NovaTeinBio). ELISA assays 
were performed as described above. 

Expression of the recombinant plasmid pGN in GMECs 

Isolation and culture of GMECs 

Mammary gland tissues were obtained from Saanen dairy goats (Capra hircus). 
GMECs were grown in DMEM/F-12 with 10% FBS in the presence of 10 kU/mL penicillin 
and 100 mg/mL streptomycin under standard culture conditions (5% CO2, 37°C). Mammary 
epithelial cells were cultured according to methods described in Hu et al. (2009). Cells were 
cultured in induction media for 1 week prior to experiments to promote milk protein and 
fat synthesis. The induction media contained 1% Insulin-Transferrin-Selenium supplement 
(Invitrogen), 5 mg/mL progesterone (ProSpec, USA), 10-7 M hydrocortisone (R&D Systems, 
USA), 10 ng/mL ovine epithelial growth factor (ProSpec), and 5 mg/mL bovine estradiol 
(Sigma-Aldrich, USA).

Western blot detection of GH protein expression

Transfection was performed with the liposome-mediated pGN plasmid. Induction cells 
were divided into 2 groups 6 h after transfection: control group (transfected with the pBC1 
plasmid) and the transfection group (transfected with the pGN plasmid). The culture medium 
was changed to DMEM/F-12 containing 10% FBS 6 h after transfection. Cells were collected 
at 48 h for subsequent tests. GMECs were lysed with radioimmunoprecipitation assay buffer 
containing phosphatase and protease inhibitors (1 mM phenylmethanesulfonylfluoride) on ice 
for 30 min. The cell lysate was centrifuged at 14,000 g for 10 min at 4°C. Protein preparations 
from the supernatant were separated by 4-15% sodium dodecyl sulfate polyacrylamide gel 
electrophoresis and transferred to nitrocellulose membranes. Membranes were blocked with 
Tris-buffered saline with Tween 20, containing 5% non-fat milk at room temperature for 2 h, 
incubated with the mouse anti-human GH monoclonal antibody at 4°C for 18 h, followed by 
the rabbit anti-mouse IgG-HRP as a secondary antibody. Protein expression was detected with 
an enhanced chemiluminescence detection system and β-actin was used as the loading control. 
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Statistical analysis

Statistical analyses of differences in GH concentration among experimental groups 
were conducted using the SPSS 17 software. Comparisons between two groups were assessed 
with the Student t-test. One-way analysis of variance with LSD’s post hoc analysis was per-
formed to assess differences between more than two groups. Significant differences (P < 0.05) 
are shown in Figures. All data are reported as means ± standard error of the mean.

RESULTS

Cloning of gh and neo genes

Results showed that the gh gene was successfully amplified and cloned into the 
pMD19-T plasmid (Figure 1A), and the pMD19-T-gh plasmid was digested by the restriction 
enzyme XhoI. Nucleotide sequencing indicated that the cloned gh gene had 99.9% homology 
to the goat gh cDNA (GenBank ID: Y00767). Sequence comparison revealed that a mutation 
occurred at the 394-bp position, in which a G was substituted by an A nucleotide. Further 
analysis indicated that this mutation was silent, without any effect on GH expression. Figure 
1B shows that the neo gene was also successfully amplified and cloned into the pMD19-T 
plasmid and the plasmid pMD19-T-neo was digested by restriction enzyme NotI. Nucleotide 
sequencing indicated 100% homology to the neo gene from pcDNA3.1. Sequence analysis 
indicated that 1521-bp fragments contained a promoter, the neo gene, and polyA.

Figure 1. A. GH electrophoresis of PCR product (lanes 1 and 2 = gh; lane (-) = negative clone; lane M = marker 
DNA/Trans2K Plus). B. neo electrophoresis of PCR product (lanes 1 and 2 = neo; lane (-) = negative clone; lane 
M = marker DNA/Trans2K Plus). C. Identification of vector pGN digested with restriction enzymes (NotI/XhoI) 
(lanes 1, 2, 3, 4 = plasmid pGN-NotI/XhoI; lane 5 = plasmid pGN; lane M = marker DNA/λ-HindIII digest). D. 
Map of plasmid pGN.
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Identification of the recombinant plasmid pGN

The recombinant plasmid pGN was cleaved by restriction enzymes NotI and XhoI. Af-
ter digestion, 4 fragments (654, 152, 7135, and 14,406 bp) were observed (Figure 1C). These 
results demonstrated that the recombinant plasmid pGN was constructed successfully and the 
plasmid map is shown in Figure 1D.

Biological activity of the pGN plasmid in Bcap-37 cells

Expression of GH and GHR mRNA

The pGN plasmid was transfected into Bcap-37 cells with liposome to test its bio-
logical activity. The expression of GH mRNA was evaluated by quantitative PCR after 36 h. 
GH mRNA expression in the transfection group showed a 17-fold increase compared to the 
control group, demonstrating that the pGN plasmid was successfully transcribed in Bcap-37 
cells (Figure 2A). Curiously, GHR mRNA expression was not detected in the control group. 

Figure 2. A. Relative GH mRNA expression in Bcap-37 cell line. Bcap-37 cells were divided into three groups 6 
h after transfection: blank group (without transfection), pGN group (transfected with plasmid pGN), and control 
group (transfected with plasmid pBC1). B. ELISA result of GH content in transfect Bcap-37 cell lysate. C. ELISA 
result of GH content in transfect Bcap-37 cell culture.
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GH protein expression by RIA and ELISA

The cell lysate and culture media of different experimental groups were collected to 
perform RIA analyses to confirm that the GH concentration was upregulated after transfec-
tion with the pGN plasmid. Results verified that both the transfection and induction groups 
expressed much more GH than did the control group. Compared with the control group at 12, 
24, 36, and 48 h, the total GH content in the induction group was significantly increased, par-
ticularly at 36 h (P < 0.05). GH expression in the transfection group was somewhat lower than 
that of the control group at 48 h (Table 3A). In the cell lysate, the GH expression increased 
significantly from 2.12 ± 0.10 mg/L (36 h, control group) to 2.73 ± 0.29 mg/L (36 h, induc-
tion group) and reached its peak at 2.86 ± 0.26 mg/L (36 h, transfection group) (Table 3B). 
However, GH expression in the cell culture medium showed a different pattern in which GH 
expression was higher in the induction group (3.98 ± 0.22 mg/L) in comparison to that of the 
control group (1.90 ± 0.43 mg/L) (Table 3C). Statistical analysis revealed a very large differ-
ence in GH expression between the induction and control group at 36 h (P < 0.05).

The ELISA results of GH content also demonstrated that the pGN plasmid successfully 
delivered the GH protein in the Bcap-37 cell line. In the cell lysate, GH content of the pGN trans-
fection group (13.87, 14.28, 12.31, and 13.15 ng/µg) was much higher than that of the control 
(7.69, 7.72, 6.91, and 6.65 ng/µg) and blank (8.51, 6.88, 6.74, and 5.56 ng/µg) groups at all times 
measured (Figure 2B). Similar results were obtained for the cell culture medium (Figure 2C).

Biological activity of the pGN plasmid in goat mammary glands

mRNA expression of GH, GHR, IGF-1, and IGF-1R in goat mammary glands

To assess the bioactivity of the pGN plasmid in goat mammary glands, we used quan-

Control group	 2.32 ± 0.26	 2.06 ± 0.44	 2.13 ± 0.10	 1.98 ± 0.34
Transfection group	 2.44 ± 0.16	 2.45 ± 0.48	 2.86 ± 0.26	 2.46 ± 0.10
Induction group	 2.36 ± 0.24	 2.60 ± 0.45	 2.73 ± 0.30	 2.49 ± 0.10

B.

Control group	 2.83 ± 0.21	 2.99 ± 0.37	 1.90 ± 0.43	 3.84 ± 0.31
Transfection group	 3.34 ± 0.37	 3.01 ± 0.25	 3.19 ± 0.26	 3.05 ± 0.40
Induction group	 3.89 ± 0.30	 3.07 ± 0.23	   3.98 ± 0.22*	 3.25 ± 0.37

C.

Data are reported as means ± SE in µg/L. Cells were divided into three groups 6 h after transfection: control 
group (without transfection), transfection group (transfected with plasmid pGN only), and induction group 
(transfected with pGN and induced with 10 µg/mL insulin, 1 µg/mL PRL and 20 µg/mL hydrocortisone). 
*Significant difference (P < 0.05).

	 12 h	 24 h	 36 h	 48 h

Control group	 5.32 ± 0.37	 5.35 ± 0.48	   4.3 ± 0.46	 6.00 ± 0.18
Transfection group	 5.36 ± 0.36	 5.25 ± 0.25	 5.45 ± 0.38	 5.21 ± 0.54
Induction group	 5.82 ± 0.57	 5.96 ± 0.29	   6.13 ± 0.56*	 5.67 ± 0.28

A.

Table 3. Expression of the GH protein by RIA. A. Expression of the GH protein in cell culture medium and cell 
lysate. B. Expression of the GH protein in cell lysate. C. Expression of the GH protein in cell culture medium.
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titative PCR to detect the expression of GH mRNA after the pGN plasmid was injected into 
mammary glands. On the left side (injection side), data analysis showed no obvious differ-
ences in GH mRNA expression between the injection group and the control group, whereas 
expression of GHR mRNA in the injection group was much higher than that of the control 
group (Figure 3A). Considering the potential for negative feedback regulation, we also ex-
amined mRNA expression of IGF-1 and IGF-1R. Results revealed that mRNA expressions of 
IGF-1 and IGF-1R in the injection group were lower than those of control group, especially 
for IGF-1R. On the right side (non-injection side), GH mRNA expression did not differ be-
tween the injection group and the control group, although GHR mRNA in the injection group 
was much more highly expressed than that of the control group (Figure 3B). Furthermore, the 
pGN plasmid injection group expressed more IGF-1R mRNA than the control group on the 
non-injection side.

Figure 3. A. Different hormone mRNA expression in the left goat mammary. B. Different hormone mRNA 
expression in the right goat mammary. Nine healthy goats were divided into three groups: blank group (lactating 
goat injected with saline), control group (lactating goat injected with plasmid pBC1), and injection group (lactating 
goat injected with plasmid pGN).

Expression of the GH protein on goat mammary glands by ELISA

The ELISA analysis showed dramatic differences of GH protein expression in goat 
mammary glands in the different groups. On the left side (injection side), GH content of the 
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injection group (7.38 ± 0.14 ng/mL) was higher than that of the control (6.78 ± 0.47 ng/mL) 
and blank (6.35 ± 0.06 ng/mL) groups. On the right side (non-injection side), the GH expres-
sion decreased from the injection group (7.34 ± 0.17 ng/mL) to the control group (6.62 ± 0.32 
ng/mL) and was lowest in the blank group (6.51 ± 0.13 ng/mL) (Figure 4A).

Expression of GH in milk samples by ELISA

Results of ELISA analysis showed no obvious differences in the GH content of milk 
samples at various times among the various groups sampled. At 0, 4, 8, 12, and 24 h, GH 
content on the left side (injection side) was 5.41 ± 0.14, 5.30 ± 0.08 , 5.14 ± 0.16, 4.68 ± 
0.40, and 5.28 ± 0.24 ng/mL, respectively, and was 7.18 ± 0.13, 7.30 ± 0.14, 7.10 ± 0.11, 
6.91 ± 0.12, and 6.44 ± 0.19 ng/mL, respectively, on the right side. Overall, GH content 
of milk samples increased and fell slightly over time in each group, albeit insignificantly 
(Figure 4B).

Figure 4. A. GH content in mammary gland. B. GH content in goat milk. Nine healthy goats were divided into 
three groups: blank group (lactating goat injected with saline), control group (lactating goat injected with plasmid 
pBC1), and injection group (lactating goat injected with plasmid pGN). C. Western blot detect the expression of 
GH on goat mammary epithelial cell (lanes 1, 2, 3 = plasmid pBC1 transfected GMEC; lanes 4, 5, 6 = plasmid pGN 
transfected GMEC; lane M = molecular marker).
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Confirmation of the bioactivity of the pGN plasmid in goat mammary epithelial 
cells by Western blot analysis

The results of in vitro experiments demonstrated that the pGN plasmid could be ex-
pressed in Bcap-37 cells. Since our pGN plasmid was designed to be used in transgenic goats 
to improve milk production, we transfected the pGN plasmid into GMECs to further evaluate 
their biology activity (GMECs were verified by immunohistochemical and PCR analyses; data 
not shown). We found that the GH protein only appeared in the pGN plasmid-transfected group, 
which convinced us that the pGN plasmid successfully expressed GH on GMECs (Figure 4C).

DISCUSSION

Transgenic technology is an effective way to breed animal lines with desired traits. 
To improve milk production, the key factor for transgenic expression lies in the selection of a 
lactation-related gene and an optimal regulatory element. Recent studies have shown that high 
level expressions in mammary glands of rats (Lee et al., 1996), sheep (Wright et al., 1991), goats 
(Parker et al., 2004), and cows (van Berkel et al., 2002) could be obtained by b-lactoglobulin 
and b-casein regulation. Production ability of ruminant mammary glands is generally deter-
mined based on the number and activity of secreted cells. GH plays an important role in mam-
mary gland development (Bauman, 1999; Akers, 2006) and lactation (Etherton and Bauman, 
1998). GH likely acts specifically on mammary glands by regulating the expression of Stat1, 
Stat3, and Stat5 (Boutinaud and Jammes, 2004; Boutinaud et al., 2004), or might act directly on 
mammary epithelial cells to stimulate the transcription of b-casein genes (Hadsell et al., 2002). 
Salamone et al. (2006) successfully obtained high-level expression of human GH in the milk of 
transgenic cows. Since GH could increase milk production without altering lactose, fat, or pro-
tein contents (Bauman, 1999), overexpression of GH in goat mammary glands has strong poten-
tial for the development of a highly productive line. In this study, we demonstrated expression of 
a recombinant protein in goat mammary glands injected with a non-viral recombinant plasmid.

To verify the biological function of the mammary-specific expression plasmid pGN, 
we transfected pGN into Bcap-37 cells (Zhang et al., 2009) and measured GH mRNA and 
GH protein expression levels. The 17-fold increase in GH mRNA demonstrated that the pGN 
plasmid could be successfully transcribed in Bcap-37 cell lines. Accordingly, Sakamoto et al. 
(2005) showed a positive influence of GH on milk protein production in a mammary cell line. 
After examining mRNA expression, we further evaluated GH protein contents with RIA and 
ELISA. In the control group, GH increased slowly over time in Bcap-37 cells, implicating 
different GH domains and 4 casein types (He et al., 2010). In the two treatment groups, GH 
showed dramatic changes. Initially (at 12 h), the transfection and induction groups expressed 
much more GH than did the control group. The increased expression of GH at 12 h was primary 
attributed to the cell cultural medium. Over time, this difference decreased, as the GH contents 
in the transfection and induction groups were only slightly higher than those of the control 
group at 24 h. Interestingly, the decline of the GH protein at 24 h was mainly attributed to the 
cell lysate. At 36 h, GH concentrations in the transfection and induction groups were once again 
significantly higher than those of the control group (P < 0.05). This result suggested that the GH 
protein could be maximally expressed at 36 h. At 48 h, total GH expression tended to decrease, 
particularly in the induction group. This decrease may have been due to nutrient depletion, 
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resulting in the lack of raw materials with which to synthesize GH proteins. Nevertheless, it is 
important to note that in the results of our analyses (qPCR, RIA, and ELISA of Bcap-37 cells), 
the transfection and induction groups expressed much more GH than the control group.

Despite much speculation of the effect of GH on lactation in vivo, whether GH has 
a direct effect on GHR, IGF-1, or IGF-1R expression remains unclear. Our results of in vivo 
experiments showed no obvious increase in GH mRNA expression on the injection side that 
could be attributed to the pGN plasmid. Observations in vivo found that overexpressed GH 
mRNA was always coupled with high-level expression of GHR mRNA, suggesting that GHR 
might directly regulate the addition of GH in vivo. As for the non-injection side, the increase in 
GH and GHR mRNA, whether direct, indirect, or both, would require a coordinated response 
within the mammary gland. Our results also demonstrated that GH mRNA affected not only 
GHR mRNA expression but also the abundance of IGF-1 mRNA in the mammary gland. Im-
portantly, the expression of GH mRNA was positively correlated with the expression of GHR 
mRNA, and was negatively correlated to IGF-1 mRNA expression (Figure 3). Therefore, re-
sults of this study indicated that GH, adjusted by GHR, could directly affect mammary gland 
cells (Johnson et al., 2010). In addition, our results demonstrated that transfection or injection 
with the pGN plasmid increased the amount of GH mRNA in vitro (Bcap-37 cells) but not in 
vivo (mammary gland cells). The reason for this difference may be due to differences in the 
GHR mRNA content, which could greatly influence the GH content, and may play a criti-
cal role in its regulation. In vitro (Bcap-37 cells) experiments demonstrated no incremental 
change in GHR mRNA expression. In contrast, GHR mRNA expression in the injection group 
changed dramatically which might explain the low improvement of GH content in vivo. Al-
though the GH protein was highly expressed in pGN-injected mammary gland tissues, there 
was no difference in GH content of milk before and after pGN plasmid injection. These slight 
changes in GH content in milk may be caused by the gene networks driving mammary protein 
synthesis during the lactation cycle (Bionaz and Loor, 2011).

The pGN plasmid was successfully expressed in the Bcap-37 cell line and in goat 
mammary glands. GH mRNA and GH protein expressions both increased significantly in 
transfected cells and in injected goat mammary glands. Furthermore, our results demonstrated 
that the increment of GH mRNA in goat mammary glands could be adjusted by GHR or 
IGF-1. The fact that the GH content in milk samples showed no significant change over time 
implied that the GH protein could act in mammary gland cells without affecting the GH con-
tent of milk. Therefore, our results demonstrated that the constructed pGN plasmid has high 
bioactivity and would be useful for producing GH genetically modified goats.
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