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ABSTRACT : In an attempt to simultaneously produce two human proteins, hGH and hG-CSF, in the milk of transgenic 
mice, we constructed goat β-casein-directed hGH and hG-CSF expression cassettes individually and generated transgenic 
mice by co-injecting them into mouse zygotes. Out of 33 transgenic mice, 29 were identified as double transgenic harboring 
both transgenes on their genome. All analyzed double transgenic females secreted both hGH and hG-CSF in their milks. 
Concentrations ranged from 2.1 to 12.4 ㎎/㎖ for hGH and from 0.04 to 0.13 ㎎/㎖ for hG-CSF. hG-CSF level was much 
lower than hGH level but very similar to that of single hG-CSF mice, which were introduced with hG-CSF cassette alone. 
In order to address the causes of concentration difference between hGH and hG-CSF in milk, we examined mRNA level 
of hGH and hG-CSF in the mammary glands of double transgenic mice and tissue specificity of hG-CSF mRNA expression 
in both double and single transgenic mice. Likewise protein levels in milk, hGH mRNA level was much higher than 
hG-CSF mRNA, and hG-CSF mRNA expression was definitely specific to the mammary glands of both double and single 
transgenic mice. These results demonstrated that two transgenes have distinct transcriptional potentials without interaction 
each other in double transgenic mice although two transgenes co-integrated into same genomic sites and their expressions 
were directed by the same goat β-casein promoter. Therefore goat β-casein promoter is very useful for the multiple 
production of human proteins in the milk of transgenic animals.   
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INTRODUCTION

Mammary gland is an exocrine organ that produces 
various proteins, which genes are expressed by indepen-
dent regulatory mechanisms (Wilmut et al., 1990; Clark, 
1998; Houdebine, 2000). Since the concept of mammary 
gland as a bioreactor was established by Gordon et al. 
(1987), many studies have accomplished targeted gene 
expressions to the mammary glands of transgenic animals 
using mammary gland-specific promoters. Thus, various 
human proteins destined for clinical use have been pro-
duced in biologically active form in the milk of transgenic 
animals (Goldman et al., 2004; Hunter et al., 2005; Demain 

& Vaishnav, 2009). In spite of the versatile productivity of 
mammary glands, however, most studies pursued to pro-
duce single human protein from the milk of one transgenic 
animal. As a modified approach to improve the pro-
ductivity of bioreactor system, we here attempted a syn-
chronous production of two individual human proteins 
from the milk of one transgenic animal by simple co- 
injection of two expression cassettes for human proteins, 
hGH and hG-CSF.

Previous studies reported that co-injection of two trans-
genes into pronuclei of fertilized eggs has generally resulted 
in co-integration at single site on genome (McKnight et al., 
1995; Clark et al., 1997). This strategy, originally deve-
loped by Clark et al. (1992), have attempted to rescue 
poorly expressing transgene by another co-integrated trans-
gene expressing highly in the same transgenic mice 
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(McKnight et al., 1995; Barash et al., 1996; Clark et al., 
1997; Yull et al., 1997; Langley et al., 1998). Additionally, 
co-injection strategy has been applied for the production of 
multimeric protein assembled by more than two subunits 
(Prunkard et al., 1996) and for the production of mature 
proteins modified by a processing enzyme (Drews et al., 
I995; John et al., 1999). One of the important prerequisites 
for co-expression system from single mammary gland is 
that each transgene expression must be directed by a strong 
and mammary gland-specific promoter without an interference 
on their expressional potential each other. In this study, we 
used identical 5.5 kb goat β-casein promoter to direct 
hGH and hG-CSF expression individually to the mammary 
glands of transgenic mice because goat β-casein promoter 
has been known to be an efficient and highly specific pro-
moter to the mammary glands of transgenic animals (Echelard, 
1996; Lee, 2006). The human grown hormone (hGH) is 
one of the hormones required for normal body size and an 
essential therapeutic drug for the treatment of GH deficiency 
(Reddy et al., 1991). The human granulocyte colony-stimulating 
factor (hG-CSF), which is a member of the CSF family of 
hormone-like glycoproteins, stimulates granulocyte colony 
formation and affects the proliferation, differentiation and 
activation of hematopoietic cells of the neutrophilic gra-
nulocyte lineage (Mire-Sluis, 1999). The hG-CSF has been 
widely used for treating neutropenia caused by chemo-
therapy for cancer treatment (Gabrilove, 1992; Bae et al., 
1998). Goat β-casein/hGH hybrid gene has been usually 
expressed at high level in a mammary gland-specific manner 
(Lee, 2006; Lee et al., 2006). However hG-CSF expressio-
nal potential has not been fully addressed and some studies 
reported relatively low level expression of hG-CSF in the 
mammary gland of transgenic animals although its expre-
ssion was directed by a strong goat β-casein promoter (Lu 
et al., 1999; Ko et al., 2000). Therefore the generation of 
double transgenic mice by co-injection of both goat β- 
casein/hGH and goat β-casein/hG-CSF hybrid genes would 
be interesting to explore their expressional pattern in the 
same transgenic mice. We examined goat β-casein-directed 

hG-CSF expression in the mammary glands of double and 
single transgenic mice at the mRNA and also analyzed its 
tissue specificity in the various tissues of transgenic mice.

MATERIALS AND METHODS

1. Construction of Transgenes and Generation of 
Transgenic Mice

A hGH expression vector (pGbc5.5hGH) driven by 5.5 
kb goat β-casein promoter was previously described (Lee, 
2006). The same goat β-casein promoter was used for the 
construction of hG-CSF expression cassette. Briefly, 1.9 
kb Cla I/Kpn I insert of hG-CSF gene containing its 
genomic coding region and bGH (bovine growth hormone) 
terminal sequence was isolated from a vector pGbc-hGCSF 

Fig. l. Generation of transgenic mice. (A) Schematic represen-
tation of pGbc5.5hGH and pGbc5.5hGCSF vectors. Con-
struction of pGbc5.5hGH was previously described in 
detail (Lee, 2006). For the construction of pGbc5.5hGCSF,
hG-CSF genomic DNA containing bGH terminator isolated
from pGbc-hGCSF (Ko et al., 2000) was put into the 
pGbc5.5hGH with replacement of hGH gene. The 5.5 kb
promoter of goat β-casein gene is represented as a bold 
line. The hatched box indicates first exon (+27) of goat β-
casein gene. Open boxes indicate exons of hGH and 
hG-CSF gene. Introns are represented as thin lines. bGH
poly(A) signal region is indicated. Restriction enzymes 
are abbreviated as B, BamH I; Bg, Bgl I; C, Cla I; EV,
EcoR V; H, Hind III; K, Kpn I; X, Xba I; Xo, Xho I. 
The probe for Southern blot analysis was indicated as a
solid bar. The diagram is not shown to scale. 
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(Ko et al., 2000) and put into pGbc5.5hGH in replacement 
with 2.1 kb Cla I/Hind II insert of hGH. This hG-CSF 
expression vector was designated as pGbc5.5hGCSF (Fig. 
1). Both hGH and hG-CSF expression cassettes were 
excised with Not I and Xho I and purified by pass through 
elutip-D column. For microinjection, the concentration of 
purified DNAs was adjusted to 4 ng/㎖ in Tris-Cl/EDTA 
buffer (pH 8.0). Double transgenic mice were generated by 
co-injection of a mixture of two DNAs in an equimolar 
ratio. Single transgenic mice harboring only pGbc5.5hGCSF 
hybrid gene was also generated by microinjection. Trans-
genic founders were screened by PCR analysis using fresh 
tissue of pups collected from ear punching (Chen & Evans, 
1993). PCRs were performed using primer sets specific to 
hGH and hG-CSF transgenes. The primer sets for detect-
ing hGH and hG-CSF transgene were 5'-ATTCCGACAC 
GCTCCAACAG-3' and 3'-CATCGTCGAGTGCCGCTCTG-5', 
and 5'-GGATCTCCCCCGAGTTGGGT-3' and 3'-GCGTT 
CTACGCCACCTTGCC-5', respectively. The primer sets 
generated 720-bp products for hGH transgene and 390-bp 
products for hG-CSF transgenes (Fig. 2A), For Southern 
hybridization, genomic DNA samples were obtained from 
tail biopsy using standard phenol-chloroform extraction 
methods after tissue digestion in DNA extraction buffer 
[10 mM Tris-pH 8.0, 0.1M EDTA, 0.5% SDS, and pro-
tease K (400 ㎍/㎖)] at 55℃. 20 ㎍ of DNA was digested 
with BamH I and Bgl I, resolved on a 0.8 % agarose gel, 
blotted onto a nylon membrane, and then hybridized with 
a 32P-labeled probe specific for goat β-casein promoter. 
The probe showed 6.2 kb hybridization signal for hGH 
transgenes and 4.9 kb signal for hG-CSF transgenes. 

2. Sample Collection and Analysis
Milk was collected from 10-day lactating mice as de-

scribed previously (Oh et al., 1999). Concentration of hGH 
and hG-CSF in milk was determined using radioimmunoassay 
(RIA) kit specific for human growth hormone (Daichii, 
Japan) and ELISA kit specific for hG-CSF (R&D systems, 
USA), respectively. After milking, mammary glands and 

other organs including liver, spleen, pancreas, kidney, 
lung, heart, salivary gland, and brain were homogenized in 
Trizol reagents (InVitrogen, USA) for total RNA isolation 
(Chomczynski & Sacchi, l987). Total RNA samples were 
resolved on 1% agarose/formaldehyde gel and transferred 
to nylon membrane (Boehringer Mannheim, Germany). Northern 
hybridization was carried out with 32p-labeled probes specific 
to hGH, hG-CSF, and endogenous whey acidic protein 
(WAP) mRNA. Hybridization blots were exposed to X-ray 
film and their signal intensity was quantified using BASS 
2000 phosphorimager (Fuji, Japan) and Tina phosphori-
mage analyzing software (Raytest, Germany). 

RESULTS

1. Generation of Transgenic Mice
We screened 33 transgenic mice from 128 mice produced 

from co-injection of a DNA mixture of hGH and hG-CSF 
hybrid genes by PCR analysis (Table 1, Fig. 2A). Most of 
them (29 mice) were double transgenic mice containing 
both hGH and hG-CSF genes and the others were single 
transgenic mice, one for hGH and three for hG-CSF. This 
finding indicates that most co-injected embryos could 
develop double transgenic mice. This result also demon-
strates that co-injection of DNA mixture could be an appli-
cable method to generate multiple transgenic animals 
containing more than one foreign DNA. We also generated 
single hG-CSF transgenic mice by injecting goat β- 
casein/hG-CSF gene alone (Table 1) to compare hG-CSF 
expression pattern in single and double transgenic mice. 
Several double and single transgenic mice were randomly 
selected and applied to Southern analysis to confirm and 
characterize integration of the transgenes on their genome 
(Fig. 2B). Most double transgenic samples clearly showed 
both hGH and hG-CSF signals of expected size and other 
two samples (#7 and #9) showed either hGH or hG-CSF 
signal. One double transgenic sample showing very weak 
hybridization signal was confirmed by a prolonged exposure 
(data not shown). Band intensity of two transgene-specific 
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Fig. 2. Detection of hGH and hG-CSF transgenes in transgenic
mice by PCR (A) and Southern blot analysis (B). (A)
An example of PCR screening data. PCR was performed
using two specific primer sets for hGH and hG-CSF, 
which produced 720 bp- and 390 bp-products, respectively.
In this gel image, seven double(**) and 1 hGH single(*)
transgenic samples were identified among 23 biopsied 
samples. The most left-lane was loaded with size markers.
(B) Genomic DNA samples isolated from tail biopsies 
were digested with BamH I and Bgl I and transferred to
nylon membrane after gel electrophoresis. The membrane
was probed with 32p-labeled 0.8 kb fragment of goat β-
casein promoter (Fig. 1). These sequences were included
in both hGH and hG-CSF transgenes, but could discrimi-
nated them by the size of hybridization signals. Enzyme
digestion of genomic DNA samples with BamH I and 
Bgl I yielded hGH transgene of 6.2 kb and hG-CSF 
transgene of 4.9 kb. #7 and #9 showing one hybridization
band were identified as single hG-CSF and hGH transgenic,
respectively, by PCR analysis. The others were double 
transgenic. #3 showed both transgene signals by a pro-
longed exposure. (+) indicates co-injected DNA mixture
corresponding to approximately 5 copies of each gene. 

signals was very similar within samples but highly variable 
between samples, which means that two hybrid genes 
could be integrated together into the same genomic site 
(s) with a variable copy number. In addition, there were

Table 1. Generation of double and single transgenic mice

Injection
DNAs

No. of 
mice analyzed 

No. of 
transgenic mice

Transgenic type

Double
Single

hGH hG-CSF
hGH+hG-CSF 128 33 29 1  3
hG-CSF  97 19 19

several other signals of unexpected size. They could be 
due to the incomplete enzyme-digestion of DNA samples 
and/or rearrangement of the transgenes.

2. Secretion of hGH and hG-CSF into the Milk of 
Transgenic Mice

We selected 5 female double transgenic mice showing 
clear integration signals (Fig. 2B) and bred them for milk 
collection. They all successfully bred their offsprings and 
secreted both hGH and hG-CSF into their milks (Table 2). 
The hGH level in the milk of 10-day lactating mice was 
very high regardless of copy numbers of hGH transgene, 
ranging from 2.1 ㎎/㎖ to 12.4 ㎎/㎖, which were com-
parable to that of single hGH mice previously reported 
(Lee, 2006). In contrast, hG-CSF concentrations in the 
same milk samples ranged between 0.04 and 0.13 ㎎/㎖, 
which were very low in comparison with hGH level, and 
it was not significantly different from that of single hG- 
CSF transgenic mice, which ranged from 0.05 to 0.16 ㎎/㎖. 

Table 2. Concentrations of hGH and hG-CSF in the milk of
transgenic mice 

Type
Transgenic 

mouse
hGH 

(㎎/㎖)
hG-CSF 
(㎎/㎖)

Double
(hGH+hG-CSF)

 4  5.2 0.10
 6 12.4 0.13
 8 10.0 0.12
10  2.1 0.04
11  7.4 0.08

Single
(hG-CSF)

S1 　 0.09
S2 　 0.16
S3 　 0.06
S4 　 0.05
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3. Distinct Transcriptional Activity of hGH and 
hG-CSF Transgenes in Double Transgenic Mice

We had to explain the marked difference of the con-
centration between hGH and hG-CSF in the milk of 
double transgenic mice because their expression was 
controlled by the same strong promoter, goat β-casein 
promoter. To test whether the concentration difference in 
milks came from different transcriptional potential of two 
transgenes, we compared their mRNA level in the mammary 
glands of double transgenic mice. Total RNA samples 
were isolated from mammary glands of 5 double trans-
genic mice (#4, #6, #8, #10, and #11) and applied to 
Northern blot analysis. Because mRNA size of hGH and 
hG-CSF transgenes is very similar, we could not discri-
minate them on a single blot. For this reason, we measured 
signal intensity of hGH and hG-CSF mRNA on individual 

Fig. 3. Relative expression level of hG-CSF or hGH mRNA
in the mammary gland of double transgenic mice. 
Total RNA samples (10 ㎍) of mammary glands from 5
double transgenic mice (#4, #6, #8, #10, and #11) and
non-transgenic control (-) were analyzed by Northern 
blot analysis. Each blot was hybridized with a mixture 
of hGH and mWAP cDNA probes (A) or a mixture of
hG-CSF and mWAP cDNA probes of same radioactivity
(B). Hybridization signals were scanned and quantified.
Relative hGH or hG-CSF mRNA level to the endogenous
WAP mRNA level were represented as a percentage (%).

blots and compared them by normalization with mouse 
endogenous WAP mRNA level (Fig. 3). In comparison 
with endogenous WAP mRNA level, hGH mRNA level 
was similar to or maximally 2.3-fold higher than that of 
endogenous WAP mRNA in each transgenic mouse, 
whereas hG-CSF mRNA level approximately ranged from 
3% to 22% of the endogenous WAP mRNA level. These 
results demonstrated the main cause of expressional diffe-
rence of hGH and hG-CSF transgenes in milks could be 
their distinct transcriptional potentials in their mammary 
glands of double transgenic mice. 

4. Tissue Specificity of Goat β-casein/hG-CSF Trans-
gene Expression in Double and Single Transgenic 
Mice

Since other studies demonstrated that co-integration of 
two transgenes linked to a milk protein promoter, β-lacto-
globulin, resulted in a more relaxed tissue specificity in 
their expression (Barash et al., 1996; Langley et al., 1998), 
we investigated whether activity of goat β-casein promo-

Fig. 4. Tissue-specific expression of hG-CSF transgene in 
double (A) and single (B) transgenic mice. Total RNA
samples (20 ㎍) isolated from various tissues of lactat-
ing mice were subjected to Northern blot analysis using
32P-labeled hG-CSF probe. Analyzed tissues were mam-
mary gland (Mg), liver (Lv), spleen (Sp), pancreas (Pn),
kidney (Kd), lung (Lu), heart (Ht), salivary gland (Sg), 
and brain (Br). Transgenic mouse lines were indicated
at the left side of each photograph.
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ter, which has been shown to be tightly regulated for 
mammary gland specific-hGH expression (Lee, 2006), 
would be impaired in double transgenic mice by examin-
ing the tissue specificity of goat β-casein/hG-CSF transgene 
expression in lactating transgenic mice. We isolated total 
RNA samples from various organs of 5 double and 4 single 
transgenic mice and applied to Northern blot analysis (Fig. 
4). Transgene-specific hG-CSF mRNA signals were detected 
only in mammary glands but not in other organs including 
liver, spleen, pancreas, kidney, lung, heart, salivary gland, 
and brain of both double and single hG-CSF transgenic 
mice. These results demonstrated that tissue specificity of 
goat β-casein/hG-CSF transgene expression is not inter-
fered by co-integrated genes and its integration site on the 
genome. 

DISCUSSION

This study presents a possible strategy to improve commer-
cial value of mammary gland system as a bioreactor by 
co-injection of two individual genes for the production of 
multiple target proteins from one transgenic animal. Co- 
injection method efficiently generated transgenic mice and 
most of them were double transgenic mice expressing both 
transgenes (Table 1 and 2). However, microinjection method 
has innate defect originating from a random integration of 
transgenes on the genome. Variable chromosomal locali-
zation of transgenes can cause variable frequency, level, 
and tissue specificity of transgene expression in transgenic 
animals (Palmiter & Brinster, 1986). In a previous study, 
however, Lee (2006) showed an efficient and consistent 
expression of goat β-casein/hGH gene in a mammary 
gland-specific manner in transgenic mice. Those results 
made it possible for us to test whether co-injected gene 
together with goat β-casein/hGH gene could achieve a 
consistent and tissue-specific expression when they inte-
grated into the same locus on the genome. Additionally, 
we expected a rescue effect on the poorly expressing 
hG-CSF transgene by highly expressing goat β-casein/hGH 

gene in the same transgenic mice. Generally, DNA micro-
injection has resulted in a random integration of multiple 
copies of the gene in a tandem array (Clark et al., 1997). 
In this study, we did not examined whether two trans-
genes were arrayed at a single chromosomal site, but the 
similar integration signals (Fig. 2) and correlation between 
hGH and hG-CSF expression (Table 2) might reflect co- 
localization of two transgenes at the same site on the genome. 
Although two transgenes co-localized on the genome with 
similar copy number and also their expression was directed 
by the same promoter, the expression level of hG-CSF 
transgene was much lower than hGH level and there was 
no rescue effect on hG-CSF expression by goat β-casein/ 
hGH expression (Table 2). However, the rescue phenomenon 
is not universal. Rescue activity has been mainly associated 
with β-lactoglobulin gene (Yull et al., 1997). There was 
no clear rescue effect when mouse WAP gene co-integrated 
with other WAP-based hybrid genes in the same trans-
genic mice (McKnight et al., 1995). Even β-lactoglobulin 
gene itself completely abrogated or suppressed the expression 
of co-integrated β-lactoglobulin/humam serum albumin con-
structs (Barash et al., 1996). Moreover, the β-lactoglobulin 
gene distorted tissue specificity of co-integrated transgenes 
(Barash et al., 1996; Langley et al., 1998). 

In addition to the integration site of transgene and its 
promoter activity, target gene itself and its combination 
with a specific promoter can influence the expression of 
transgenes in transgenic animals. Low level expression of 
hG-CSF in this report could be due to unsuitable asso-
ciation of goat β-casein/hG-CSF hybrid gene and/or due 
to incompatible system of mammary gland for hG-CSF 
expression. Strong murine WAP promoter failed to lead an 
efficient expression of hG-CSF gene, resulting in 0.12- 
0.25 ㎍/㎖ in the milk of transgenic mice (Lu et al., 1999). 
In other report, goat β-casein promoter also directed low 
level expression of hG-CSF in transgenic goat (Ko et al., 
2000), although its expression potential could not be 
confirmatively examined because they produced only one 
transgenic animal. Therefore it could be postulated that 
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hG-CSF gene is innately unsuitable for mammary gland 
expression. In addition to the expression level of trans-
genes, their tissue specificity could be also affected by the 
target gene itself and its combination with a promoter. In 
our previous report (Oh et al., 1999), bovine β-casein/ 
bGH hybrid gene expressed in lung, as well as mammary 
gland, in transgenic mice. This dual-tissue specificity 
disappeared when bGH gene was replaced with luciferase 
gene (unpublished data). Taken these studies, target gene 
itself and/or its combination with a specific promoter 
could be an important factor to control the efficiency and 
tissue specificity of transgene expression in transgenic 
animals. 

Although we could not augment a weak expressional 
potential of hG-CSF gene in this report, we showed a 
consistent expression of both hGH and hG-CSF in a 
highly mammary gland-specific manner without detectable 
detrimental effects on the animal physiology. Therefore 
goat β-casein promoter must be a nice promoter for the 
multiple production of human proteins in the mammary 
glands of transgenic animals because it can confer position- 
independent, mammary gland-specific expression of target 
genes only if the target genes are compatible with mammary 
gland-based expression system. 
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