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ABSTRACT : Recent progress in molecular biology has made it possible to transfer genes of interest into cells and target 
tissues of living animals. This enables one to manipulate phenotype of cells and whole animals in selected and intended 
ways. The consequence of such gene transfer attempts have been the production of various types of "transgenic" animals 
that cannot be classified by classical nomenclature of exclusively either "transgenic" or ''nontransgenic^. Emphasis was placed 
on characterizing two transgenic categories, i.e., /?transfectgenic and somatotransgenic// and ''genuine transgenic^ animals 
basically from a view point of their use for therapeutic purposes. Current state of art and possible solutions for problems 
encountered at present are discussed. (Asian-Aus. J, Anim, Sci. 2000, Vol, 13, No. 2 : 244-257)
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INTRODUCTION

The possibility that phenotype of cells and whole 
animals could be manipulated in selected and intended 
ways by introducing foreign DNA has long enchanted 
scientists. Recent progress in molecular biology has 
made it possible to transfer any genes of interest into 
cells cultured in vitro and even in target tissues of 
living animals in vivo, albeit at a low rate. Table 1 
summarizes currently available gene transfer metho
dologies both in vitro and in vivo. For details, readers 
are referred to recent reviews (Murumatsu et al., 
1998a, b). The obvious consequence of gene transfer 
attempts with those techniques is the production of a 
large number of cells and animals that belonged to 
somewhere between "transgenic^ and //nontransgenic// 
cells or animals. Because many exceptions have thus 
emerged, the classical scientific terms and definitions 
to characterize them are outdated and no longer 
sufficient.

In the classical nomenclature, what has been 
proposed for defining such animals is exclusively 
"transgenic" or "nontiansgenic". However, this is 
oversimplified, and reappraisal of transgenic nomen
clature is definitely needed. Depending upon the target 
cells in vitro and in vivo, and the status of transgenes, 
Muramatsu et al. (1998b) have proposed new 
nomenclature of transgenic cells and animals as shown 
in figui'e 1. The classical term of transgenic animals 
herein is designated as genuine transgenic animals" in 
which foreign genes are experimentally introduced and 
integrated in the genome of germ cells. As a result,

Table 1. Methods of gene transfer in cultured 
animal cells (in vitro) and tissues of living animals 
(诅讨卩o)
In vitro In vivo
Biological means 

Viral vectors Viral vectors
Receptor mediation Receptor mediation
Protoplast fusion 

Chemical means
Lipofection Lipofection
Calcium phosphate 
precipitation

DEAE dextran mediation
Polybrene mediation

Physical means
Microinjection
Gene gun Gene gun
Electroporation Electroporation
Laserporation Laserporation
Pricking Direct injection
High frequency High frequency

the exogenous genes can be transmitted to progeny. A 
group of animals have been designated as 
//transfectgenic,, in which transgenes are present in an 
episomal form. Therefore, transgenes of these animals 
disappear as the time goes by. Episomally present 
transgenes are the most likely consequence of the 
most in vivo gene transfer attempts. Because a number 
of in vivo gene transfer techniques have been recently 
developed, the production of tansfectgenic animals 
becomes easier and quicker than that of other types of 
transgenic animals. When foreign genes are transferred 
and integrated into chromosomes of somatic cells and 
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germ cells, they are referred to as "somatotransgenic" 
and "germinal tansgenic" animals, respectively. By 
analogy, the in vitro cultured cells are also presented 
under the corresponding transgenic names. Figure 1 
also emphasizes how some types of transgenic cells 
and animals could be converted to others. The 
possibilities of such unidirectional conversion between 
transgenic cells and animals become realized through 
the production of sheep by nuclear transfer with a 
totipotent cell line (Campbell et al., 1996), and more 
popularly the "Dolly" sheep with a somatic cell 
(Wilmut et al., 1997). Via the "Dolly" pathway, the 
production of transgenic sheep, calves and goats has 
been reported (Schniek et al., 1997; Cibelli et al., 
1998; Baguisi et al., 1999).

It is beyond the scope of this review to cover all

the aspects of transgenic cells and animals and their 
use for a variety of purposes. Instead, basically from a 
view point of possible therapeutic applications, 
emphasis is placed upon two categories, i.e., 
z/transfectgenic and somatotransgenic" animals, and 
genuine transgenic" animals. Since only recently the 

production of ^transfectgenic and somatotransgenic/, 
animals becomes feasible, few examples are available 
in the literature. Therefore, in the following first half 
of this review, the way of production of 
,ztransfectgenic and somatotransgenic'' animals, and 
regulation of foreign gene expression has been 
described, while in the second half, genuine transgenic 
animals have been documented in terms of the 
regulation of enhanced and tissue-specific transgene 
expression and their use for therapeutic purposes.

Trasfectgenic 
Animals

gene therapy ' 
phenotype manipulation

(Genuine) Transgenic 
Animals

pharmaceutical protein production 
xenotransplantation

phenotype manipulation, basic study

Germinal Transgenic 
Animals (Chimera)
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Figure 1. Classification of various transgenic cells and animals including humans to which foreign genes are 
transferred, and possible conversions from some types of animals and cells to others in conjunction with possible 
applications of these cells and animals for experimental and therapeutic purposes (Taken from Muramatsu et aL, 
1998b). The classical term of transgenic animals herein is designated as w(genuine) transgenic animals" in which 
foreign genes are experimentally introduced and integrated in the genome of germ cells so that the genes can be 
transmitted to progeny. Other types of cells and animals irrespective of the status of transgenes, are also 
classified under different transgenic names.
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TRANSFECTGENIC AND 오OMATOTRANSGENIC 
ANIMALS AND TH티R APP니CATION오

Localized in vivo gene transfer techniques
In order to produce transfectgenic and somato- 
transgenic animals, foreign genes should be transferred 
somehow in tissues in vivo. Such gene transfer is 
usually limited to a localized area as a target. The 
most promising localized in vivo gene transfer 
(LIVGET) technique is the use of biological means, 
i.e., viral vectors including retroviral, adenoviral, and 
adenoassociated viral vectors. Mulligan (1993), Mitani 
and Caskey (1993), and Chong and Vile (1996) have 
pointed out that the use of the retroviral vectors has 
often been restricted because of (1) the dependence of 
retrovirus entry into cells on the existence of the 
appropriate viral receptor in target cells, (2) necessity 
of cell replication for the transgene integration, (3) the 
relatively labile property of retroviral particles in 
comparison with other viruses and low titers of up to 
106 infectious particles per ml, (4) the difficulty in 
keeping the safely standard from possible biohazard of 
virus replication and infection, and (5) more seriously 
the short maximum DNA fragment length to be 
inserted into the vector, up to 7 kb for retrovirus 
vectors (Dzau et al., 1993; Friedmann and Jinnah, 
1993). The last constraint may also limit an extensive 
application of the adenoviral vectors as a means of 
DNA transfer.

The above limitations of the use of viral vectors 
give an impetus to alternative nonviral means of gene 
transfer. Chemical or physical LIVGET techniques bear 
no such limitations with less chances of creating 
biohazard. In contrast to retroviral vectors, however, 
integration of transfected genes cannot be usually 
expected by nonviral LIVGET means. Accordingly, 
animals thus produced become transfectgenic unless 
attempts are made to increase integration frequency, 
resulting in the production of "somatotransgenic^ 

animals. The number of recent papers concerning 
nonviral gene transfer methods in vivo indicates a 
rapid increase in lipofection and direct DNA injection 
as reviewed by Muramatsu et al. (1998a). The 
advantages and disadvantages of these nonviral 
methods have been described elsewhere (Schofield and 
Caskey, 1995; Feigner, 1997). By taking account of 
transfer efficiency, in vivo lipofection (Northrop et al., 
1987), in vivo gene gun (Williams et al., 1991; 
Zelenin et al., 1997) and in vivo electroporation (EP) 
(Muramatsu et al., 1996a, b, 1997c) may represent 
convenient and efficient means in general.

Comparison among nonviral gene transfer methods
Direct comparison of nonviral gene transfer 

methods under in vivo conditions has not been 
documented in the literature except for a few reports 
(Muramatsu et al., 1996b, 1997a, c, 1998a). Although 
such comparison is quite difficult as each method has 
its own characteristics, researchers often cannot be free 
from the temptation to ask by themselves which 
nonviral method is the most efficient. This subsection 
is devoted to the comparison of nonviral methods.

When three nonviral gene transfer methods were 
compared in the mouse testis and chicken embryos, in 
vivo (or in ovo) electroporation (EP) was more 
efficient than in vivo lipofection or in vivo gene gun 
methods (Muramatsu et aL, 1996b, 1997a, c). Figure 2 
represents typical examples of foreign gene expression 
by the three nonviral methods in chicken embryos, 
indicating the dominance of in vivo EP over other 
methods. In the muscle, direct injection of various 
genes has been increasingly employed for 
immunization (Schofield and Caskey, 1995; Feigner, 
1997). The efficiency of gene transfer was found to 
be higher in regenerating muscle and in young animals 
(Wells and Goldspink, 1992; Davis et at, 1994). 
Although the mechanism by which cells take up and 
express purified DNA remains unknown, it may 
involve the mechanical destruction of the cell 
membrane. DNA molecules probably penetrate through 

Figure 2. X-gal stained chicken embryos to which the bacterial lacZ gene driven by RSV-LTR and chicken B 
-actin promoter was transfected in ovo by gene 응un (A), lipofection (B) or electroporation (C). Detection of the 
lacZ gene expression by X-gal staining was conducted at 48 hrs after transfection. X-gal stained small spots are 
indicated by arrow in A and B. (Taken from Muramatsu et al., 1998a).
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the damaged cell membrane (Nakanishi, 1995). 
However, gene expression by this direct injection 
method is low and generally localized only near the 
injection sites. In our preliminary experiment with the 
rat muscle and the mouse skin, in vivo EP had more 
efficient foreign gene expression, approximately 50 
times higher than did the direct DNA injection 
(unpublished results). Recently, Aihara et al. (1998) 
also reported in the mouse muscle that in vivo EP 
showed enhanced gene expression as high as several 
hundred to a thousand fold in comparison with direct 
DNA injection.

In summary, although so far extensive comparison 
of gene transfer efficiency has not been done among 
nonviral methods, our data and others in the literature 
suggest that in vivo EP would be one of the best 
choice as a nonviral gene transfer means.

Regulation of gene expression in transfectgenic 
animals

A serious concern of the use of transfectgenic 
animals for therapeutic purposes is whether or not the 
expression of transferred genes is properly regulated in 
vivo as intended. Because transgenes are basically 
present in an episomal form, a priori assumption is 
that gene expression diminishes as time goes by. The 
first obvious question is then how long transgene 
expression can be maintained. Perhaps, the next 
question is whether or not transgene expression can be 
confined to a specific tissue or even to a specific type 
of cells. The important question is whether or not 
transgene expression can be induced or repressed as 
intended. These questions are partially addressed by 
viewing subsequent several examples.

Duration of gene expression depends on target 
tissues and to a certain extent, on DNA constructs. In 
the rat liver, lacZ reporter gene expression was 
maintained for at least 21 days after transfection, 
although the expression intensity decreased (Heller et 
al., 1996). In our preliminary experiment with mice, 
luciferase gene expression in the liver lasted only for 
7 days. Difference in the electrodes used might 
account for partly, if not entirely, the difference in the 
duration of gene expression; the former scientists used 
a hexagonal needle-array electrode whereas in our 
study a pincette type electrode was used.

If muscles ai'e the target site, the duration of gene 
expression would be far longer than that in any other 
tissues. Gene expression after simple DNA injection 
was maintained in this tissue for several months 
(Tripathy et al., 1996a, b), and even more than 15 
months after in vivo EP (unpublished results). 
Therefore, for gene therapy where long-term gene 
expression is desired, application of in vivo EP to 
muscles would offer a good chance of supplying 
therapeutic and physiologically active proteins including 

hormones that are synthesized in the muscle and 
secreted into the blood circulation.

In the testis, the duration of gene expression may 
be longer than that in the liver, but shorter than that 
in the muscle. LacZ gene expression in the mouse 
testis was observed at two months after transfection 
(Yamazaki et al.s 1998). Moreover, by using in vivo 
gene gun method, the gene expression in the mouse 
testis has also been observed at 1 month 
post-transfection when self-replication sequences of 
Epstein-Barr virus were included in the DNA construct 
(Muramatsu et al., 1997b).

Because both viral and nonviral LIVGET are 
generally conducted at a limited area of a target 
tissue, the expression of transferred genes is confined 
therein unless expressed recombinant proteins are 
secreted into the blood circul아ion. In this sense, gene 
expression attained by LIVGET techniques is basically 
target area-specific even though a universal promoter 
is used. However, one might often wish to express 
foreign genes only in a particular type of cells in the 
limited area of a target tissue. How faithfully is a 
foreign gene expressed in specific cells after 
transfection? Although it is premature to conclude 
whether or not tight regulation of transgene expression 
is satisfactorily attained, our preliminary results 
implicate that cell-specific expression is attainable if a 
proper promoter is chosen. Remarkably stronger CAT 
gene expression was found in the testis than in the 
leg muscle or liver of mice by the use of the mouse 
protamin-1 promoter (Muramatsu et al., 1997a), which 
was deemed to act predominantly in spermatids as 
demonstrated in the genuine transgenic mice 
(Zambrowics et al., 1993).

Over-expression of a foreign gene is not always 
sufficient for therapeutic purposes: transgene expression 
should be induced or diminished as intended. Keys to 
resolve this question may purely lie in promoter 
constructs. For the inducible gene expression, we used 
a combination of the chicken oviduct and specific 
promoters containing steroid response elements, i.e., 
MMTV-LTR and the chicken ovalbumin promoter. It 
is well known that gene transcription driven by these 
promoters is induced by steroid hormones (Sanders 
and McKnight, 1988; Tsai and O'Malley, 1994; 
Muramatsu and Sanders, 1995). As was expected, the 
results indicated that steroid gave induced CAT gene 
expression driven by the MMTV-LTR and ovalbumin- 
900 promoters. No induction was found by the SV40 
and ovalbumin-100 promoters that are without steroid 
response elements (Park and Maramatsu, 1999). These 
findings clearly support the hypothesis that controlled 
gene expression is possible in transfectgenic animals as 
found in genuine transgenic animals.

In practice, pharmacological doses of steroid 
hormone administration as used in our study are not 
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desirable. Instead, a tetracycline-, or rapamycin-dependent 
gene expression system could be used for both 
induction and repression of gene expression (Hulsey et 
al., 1996). Ye et al, (1999) achieved the delivery of a 
tlierapeutic protein under the control of rapamycin 
tlii'ough in vivo somatic gene transfer. Administration 
of rapamycin resulted in 200-fold induction of plasma 
erythropoietin. Alternatively, increasing attention may 
be paid to nutritional regulation as a milder and more 
preferable induction system. This possibility has been 
demonstrated in genuine transgenic mice in the 
literature (McGrane et al., 1988; Giralt et al., 1991). 
The same was also true for transfectgenic animals: 
fasting confened a similar increase in reporter gene 
expression in the liver of transfectgenic mice when 
driven by the promoter of the phosphoenol pyruvate 
cai'boxykinase gene, but not by the SV40 promoter 
(unpublished results).

Applications to production and therapeutics
Few applications of transfectgenic and somato- 

transgenic animals for therapeutics have been reported. 
In general, the level of foreign gene expression in 
these types of transgenic animals is low as compared 
with that in genuine transgenic animals. However, the 
most important characteristic of transfectgenic and 
somatotransgenic animals is the prompt gene 
expression, being as quick as several hours 
post-transfection. In contrasts, in genuine transgenic 
animals the expressed protein cannot be recovered 
from the mammary gland until adulthood. In cattle, for 
instance, it takes approximately two years from the 
genetic manipulation of one-cell embryos till their full 
development to. adult lactating cows. Thus, when quick 
production of pharmaceutical proteins is the aim, 
transfectgenic and somatotransgenic animals would be 
of great value.

By using a retroviral vector, Archer et al. (1994) 
demonstrated the introduction of human growth 
hormone (GH) gene in the goat mammary gland, and 
its successful secretion in the milk from the following 
day. However, the concentration of human GH 
secreted into the goat milk was so low that their 
practical use must await further refinement : a 100- to 
1000-fold induction would have to be achieved for 
efficient protein production.

For gene therapy of humans, somatotransgenic 
techniques have been discussed in detail in recent 
reviews (Dube and Coumoyer, 1995; Vile et al.,
1996).  Most successful applications to gene therapy 
come from the studies in skin. Originally, in vivo 
transdeimal drug and antibody delivery was attempted 
for various types of cancers in this tissue (Orlowski et 
al., 1988; Mir et al., 1991; Belehradek et al., 1993; 
Prausnitz et al., 1993; Marrero et al., 1995). Recently, 
however, depth-targeted gene delivery into skin was 

demonstrated in mice (Zhang et al., 1996), which 
would allow treatment of skin cancers in combination 
with the use of tumor-suppressor genes such as p53 
(Hanis et al., 1996; Boulikas, 1997; Hsiao et al., 
1997; Nielsen et al., 1997). Brain cancer treatment is 
another example. In the rat brain tumor, local 
expression of the human monocyte chemoattractant 
protein-1 cDNA was transferred, and expressed locally 
(Nishi et al., 1996). The presence of large numbers of 
macrophages and lymphocytes observed in the treated 
tumor tissue indicates a tremendous potential of 
LIVGET methods for gene therapy of brain cancer.

Manipulations of hormonal status in transfectgenic 
animals may also offer an important application. It 
was found in our preliminary experiments that growth 
of the chicken defective in the growth hormone 
receptor gene was significantly improved, and plasma 
IGF-I levels were significantly elevated by in vivo 
transfer of the chicken IGF-I gene (unpublished 
results). Calculation indicates that if similar growth 
promotion is to be attained exclusively by the IGF-I 
protein infusion, the cost would be enormous, being as 
high as two to three thousand times compared with in 
vivo gene EP treatment. Similarly, rat gastrin levels in 
plasma were significantly elevated by in vivo EP with 
the rat gastrin cDNA for over 1 month (unpublished 
results). The in vivo introduction of erythropoietin gene 
resulted in an elevated packed cell volume from 45% 
to above 70%, the level being maintained for the 
subsequent several months (Tripathy et aL, 1996b; Ye 
et al., 1999). Such systemic treatments in transfect
genic animals and humans would further expand the 
possibility of therapeutics manipulations.

GENUINE TRANSGENIC ANIMALS AND THEIR 
APP 니 CATIONS

In the following sections, controlled transgene 
expression and therapeutic applications in wgenuine 
transgenic'' animals are discussed. For other aspects of 
"genuine transgenic'' animals, readers are referred to a 
recent review (Muramatsu and Nakamura, 1997).

Enhanced and tissue-specific transgene expression

1) Tissue-specific expression
Protein-coding genes in higher eukaryotes are 

mostly transcribed by RNA polymerase H. Their 
promoters resided upstream of the transcription start 
site, and a number of regulatory elements would 
determine rigid temporal- and spatial-specificity of 
gene transcription. For mammary gland-specific 
expression of foreign genes, for instance, gene 
promoters derived from a Sl-casein, B -casein, whey 
acidic protein, a -lactalbumin, and B -lactoglobulin 
genes have been successfully used. Several hundred to 
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a few thousand base pairs of these promoter sequences 
are considered to be the minimal region for the 
mammary gland-specific expression (Groenen and van 
der Poel, 1994). However, not all the milk protein 
gene promoters may confer a high level of 
recombinant protein production. Neither the 8 kb 
bovine a S2- nor the 5 kb /c -casein gene promoter 
sequences gave properly controlled transgene 
expression (Rijnkels et al., 1995). The reason for the 
poor expression in these studies remains unknown. All 
the necessary regulatory elements as well as unknown 
factors such as higher order DNA structure in these 
promoter regions may have been lacking.

2) Position-independent expression of the transgenes
It has been recognized that even with the same 

promoters used, not all transgenic animals express 
transgenes at a high level as intended. The expression 
level of transgenes varies from one animal line to 
another, and is often much lower than would be 
expected by endogenous genes (Palmiter and Brinster, 
1986). Moreover, the gene expression has sometimes 
been observed in unexpected tissues. Since transgene 
expression is believed to be largely dependent on the 
chi'omosomal site where the gene is integrated 
(Palmiter and Brinster, 1986), such disturbance in gene 
expression is teimed "position effect". Admittedly, to 
maintain many transgenic animals with li비e or no 
transgene expression increases the total cost. Therefore, 
sunnounting the position effect of integrated transgenes 
is necessary in practice for efficient recombinant 
protein production.

Transgenic mice with the 3 kb rat whey acidic 
protein (WAP) gene showed copy number-dependent 
and position-independent expression (Kmacik et al., 
1995). Similarly, transgenic mice with the 7 kb ovine 
B -lactoglobulin gene also showed position-independent 
expression (Webster et al., 1997). However, in both 
studies ectopic expression was observed with the 
expression level lower than that of the endogenous 0 
-lactoglobulin gene. Thus, neither the 3 kb region of 
the WAP gene nor the 7 kb region of B -lactoglobulin 
gene appeared to have all the essential elements 
further upstream or downstream for rigid tissue-specific 
and abundant transgene expression.

To mitigate the position effect, several regulatory 
sequences have been identified. For example, a locus 
control region (LCR) was found to confer position
independent and copy number-dependent expression of 
the human 0 -globin gene in the transgenic mouse 
(Grosveld et al., 1987). LCRs are thought to open 
clii'omatin structure to facilitate the access of 
ti'anscription factors (Ellis et 이., 1996). Matrix 
attachment regions (MARs) or scaffold-associated 
regions (SARs) that are known as attachment sites of 
chi'omosomal DNA to nuclear structures (Cockerill and 

Garrard, 1986; Gasser and Laemmli, 1986) also 
improved transgene expression (McKnight et al., 1992). 
In addition, specialized chromatin structures (SCSs) 
that are possible boundaries of a heat shock gene 
(Udvardy et al., 1985) allowed enhanced transgene 
expression (Kcellum and Shedl, 1991).

Besides the inclusion of far upstream or down 
stream regulatory regions, another strategy to overcome 
the position effect is to rescue poorly-expressed target 
genes by co-injecting a high expression vector 
(McKnight et al., 1995), although this method does 
not always work (Barash et al., 1996). When the 
DNA constructs containing factor IX or a -antitrypsin 
cDNA which usually confers poor expression were 
microinjected in mouse embryos together with the 
ovine B -lactoglobulin gene which gives high expre
ssion, the two constructs were localized in the same 
chromosomal position in a ligated form. The results 
showed that the expression of integrated factor IX and 
a -antitrypsin genes was substantially improved (Clark 
et al., 1992). The chromosomal structure around the 
transgene might have been changed by the highly 
transcribed 0 - lactoglobulin gene, resulting in a 
preferable environment for co-transferred cDNA 
expression (Yuli et al., 1997).

The third and probably the most promising 
approach to resolve the position effect is the use of 
yeast artificial chromosome (YAC) as an expression 
vector of transgenes. The transgenic rats that cany a 
210 kb YAC containing the human a -lactalbumin 
gene expressed the transgene in a position-independent 
manner (Fujiwara et 이., 1997c). When the human GH 
gene was incorporated into the a -lact이bumin YAC 
vector, position-independent expression of the hGH 
gene was also observed (Fujiwara et al., 1999a). The 
elements necessaiy for the position-independent 
expression are considered to reside in the -50 to -20 
kb upstream and/or +20 to 50 kb downstream regions 
of the a -lactalbumin gene (Fujiwara et al., 1999b). 
Furthermore, transgenic rats harbouring the 210 kb 
YAC vector in which the human a -lactalbiunin 
promoter was replaced with the bovine SI-casein 
promoter conferred similar position-dependent expression 
(Fujiwara et al., 1999b). The elements required for the 
position-independent expression in the bovine a 
Sl-casein gene are somewhat different from those of 
the human a -lactalbumin gene, despite the fact that 
the two genes have similar tissue- and developmental 
stage-specificity. Apparently, it may not be the length 
of YAC constructs but some regulatory elements that 
allow high expression of transgenes. A 400 kb casein 
gene YAC construct (Fujiwara et 이., 1997b) failed to 
express a transgene in the rat (unpublished data). 
Because casein gene family spans over 400 kb 
(Fujiwara et al., 1997a), LCRs or other regulatory 
elements may be present outside of the 400 kb region 
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in the construct.
Finally, gene targeting technology for STET animal 

production can be employed to eliminate the position 
effect of transgene expression, It was considered in the 
past that the establishment of ES cell lines was 
indispensable for gene targeting, Apart from mice, 
however, no available ES cells have been reported in 
otlier animal species. Thus, the idea of knock-out and 
knock-in animals appeared to be elusive. To our 
surprise, however, the possibility came into the sight 
again by the recent findings that nuclear transfer 
technology with cultured cells enabled to obtain viable 
offspring (Campbell et al., 1996; Wells et al., 1997; 
Wilmut et al., 1997; Kato et al., 1998; Wakayama et 
al., 1998), and transgenic sheep, calves and goats 
(Scliniek et al., 1997; Cibelli et al., 1998; Baguisi et 
al., 1999). In cultured cells, gene targeting can be 
accomplished satisfactorily. If this is done in donor 
cells, knock-in animals with respect to milk genes 
might become available in the future. In knock-in 
animals where DNA sequences of endogenous milk 
genes are correctly replaced by transgenes, 
position-independent expression should be attained in 
theory.

3) Expression of genomic gene constructs
As Pamiter et al. (1991) have pointed out, 

genomic constructs in general give higher expression 
than cDNA counterparts. This has been repeatedly 
confirmed from the finding that the insertion of 
introns in cDNA resulted in better gene expression 
(Brinster et al., 1988; Whitelaw et al., 1991; Hurwitz 
et aL, 1994), although there are a few exceptions 
(Hurwitz et al., 1994; Korhonen et al., 1997). The 
reason for the failure of expression or poor expression 
of cDNA remains unknown, but it may be ascribable 
to unexpected splicing as found in the factor IX 
cDNA (Yuli et al., 1995) or the presence of silencer 
as reported in the factor VIII cDNA (Paleyanda et al.,
1997).

4) Other approaches
Enhanced and tissue-specific transgene expression 

could be achieved by approaches other than those 
described above. First, several drug inducible gene 
expression systems have been proposed to tightly 
conti'ol transgene expression (Saez et al., 1997). The 
reverse tetracycline-controlled system was applied for 
regulating the expression of transgene in the mammary 
gland (Soulier et al., 1999).

Secondly, tissue-specific expression can be achieved 
by targeted organ-specific recombination and 
subsequent activation of gene expression by using the 
Cre or FLP recombination system (Orban et al., 1992; 
Ludwig et al., 1996; Vilotte et al., 1998). A 
recombinase gene was expressed by mammary 

gland-specific promoters, and foreign gene expression 
was activated by deleting target sequences located 
between the promoter and the gene. A more stringent 
control of the recombinase expression can be achieved 
by a tetracycline-responsive system (Kistner et al., 
1996).

In addition, a large amount of physiologically 
active recombinant proteins can be produced by 
intentionally introducing fusion genes that encode 
physiologically inactive chimeric proteins as a result of 
conformational changes. The chimeric recombinant 
proteins would, therefore, little affect the physiology of 
transgenic animals. Although this approach does not 
directly aim at enhanced and tissue-specific transgene 
expression, overall production efficiency may be 
improved when intact recombinant proteins impose 
severe detrimental effects on host animals. For 
example, the production of human erythropoietin in the 
mammary gland of transgenic mice resulted in severe 
polycythemie, and hence efficient erythropoietin 
production was not attainable in these animals (Suk et 
al., 1995; Uusi-Oukari et al., 1997). This problem was 
overcome by introducing the 0 -lactoglobulin/erythro- 
-poietin fusion gene which encodes physiologically 
inactive chimeric protein (Korhonen et al., 1997). The 
chimeric proteins may be enzymatically cleaved in the 
downstream processing later on.

Use for medical and therapeutic purposes

1) Recombinant protein production
Synthesizing and secreting recombinant proteins by 

transgenic animals are thought to be attractive systems 
for the production of valuable pharmaceutical proteins. 
Most studies aim to express genes in mammary gland, 
although the protein production in some other organs 
has been reported. As an example of extra-mammary 
gland expression, functional human hemoglobin was 
produced in transgenic swine blood (Swanson et al., 
1992). Using a bladder specific uroplakin gene 
promoter, human GH was produced into the urine of 
transgenic mice (Kerr et al., 1998).

However, these approaches are not practical 
because much blood cannot be collected without 
harm to the animals, and protein concentration in urine 
is too low. Thus, the following description is related 
exclusively to mammary gland-targeted production.

The mammary gland-targeted transgenic animal 
bioreactor has several advantages over other production 
systems including cultures of mammalian cells, 
bacterial cells or other tissues of transgenic animals as 
reviewed elsewhere (Houdebine, 1994). A large amount 
of recombinant proteins can be obtained. For example, 
a cow can produce over 6,000 L milk a year, 
containing 30 g/L of protein or more. The secreted 
proteins are properly processed and modified 
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posttranslationally (Houdebine, 1994). Moreover, the 
running cost for rearing anim이s is much lower than 
that for maintaining cell culture facilities. Produced 
recombinant proteins may cause little disturbance with 
the health of host animals, because recombinant 
proteins are immediately secreted in the lumen of 
mammary gland, outside of the body. Down-stream 
processing is relatively easy to purify the protein from 
the milk, since it has a simple protein composition 
(Wilkins and Velander, 1992).

Genes encoding pharmaceutical proteins with milk 
gene promoters can be introduced into germ lines via 
microinjection, and expressed specifically in the 
mammary gland. Although so far many transgenic 
animals that produce recombinant pharmaceutical 
proteins in the milk have been reported, a limited 
number of studies have attained high level expression. 
Examples of transgenic animals expressing foreign 
proteins are listed in table 2. Human clinical trials are 
now being conducted for some recombinant proteins 
listed in table 2. A large scale production of 
phaimaceutical proteins by this transgenic system may 
be brought to realization in the near future.

2) Xenotransplantation
Progress of transplantation therapy in terminal 

organ failure has resulted in shortage of human donor 
organs. This has led one to conduct extensive studies 
in search of alternative organ sources including 
xenotransplantation in which donor organs from 
different animal species are utilized. As far as 
xenograft transplantation is concerned, a suitable donor 
animal species would be pigs because their organs are 
almost the same size as those of humans with 
anatomical and physiological similarities (Cooper et al., 
1991), Pigs usually produce many young, and their 
diseases and rearing technology are well studied. These 
characteristics make it easy to maintain a large 
number of healthy donor animals. In addition, little 
ethical rejection is expected since pigs have been 
reared for food for many years.

However, organs from animals species like pigs 
that are discordant from humans cannot be easily 
transplanted due to severe and prompt rejection (Caine, 
1970). When pig organs were transplanted into 
humans, the transplanted organs were rapidly attacked 
by the recipient's immune system in an aggressive 
way. This type of immune response is termed

Table 2. Summary of pharmaceutical proteins produced in the mammary gland of "genuine tTansgenic" animals

Proteins Promoters Transgenic Max. Cone. „ „. ,1 Referencespecies mg/ml
tz-1 antitrypsin

Acid a -glucosidase
Antithrombin
Bile-salt-stimulated lipase
Bovine tracheal AP
Eiythropoietin
Factor VIII
Factor IX
Fibiinogen
Granulocyte-macrophage CSF 
Growth hormone
Insulin-like growth factor
Interferon-gamma
Interleukin-2
Lactoferrin
Lysozyme
Nerve growth factor beta
Parathyroid hormone
Protein C
Procolagen
Salmon calcitonin
Serum albumin
Superoxide dismutase
Suifactant protein B

Tissue plasminogen activator 
Urokinase

ovine g -lactoglobulin 
bovine a SI -casein 
goat B casein 
mouse whey acidic protein 
mouse whey acidic protein 
bovine -lactoglobulin 
mouse wey acidic protein 
ovine -lactoglobulin • 
ovine B -lactoglobulin 
bovine a SI-casein 
rabbit whey acidic protein 
bovine ty Sl-casein 
ovine B -lactoglobulin 
rabbit -casein 
bovine ty Sl-casein 
bovine a SI -casein 
bovine a S1 -casein 
mouse whey acidic protein 
mouse whey acidic protein 
ovine 0 -lactoglobulin 
ovine B -lactoglobulin 
ovine -lactoglobulin 
mouse whey acidic protein 
mouse whey acidic protein

mouse whey acidic protein 
bovine a SI-casein

ep
ce 

he
mic 

s
 
n

ats
ce
ce
bbi
gs
ce
ce
ce
ce
bbi
ce
ce
ce
ce
bbi
c? 

go
rni
rab
pig
成

rab
mi
mi
成
成
rab
mi

e
e
e

bieeee
bie
 

lc.
,c,
,c
ab,
,c,
,c
,cg

ab,
,c

s

ce
ce
ce
bi 

pig
mic
mic
mic
rab

ats
Ice 

go
mi

3 Ebert et al., 1994
2 Meade et al., 1990

35 Wright et al., 11991
1.5 Bijvoet et al., 1996
3 Eminids et al., 1998
1 Stromqvist et al., 1996
0.005 Yarns et al., 1996
0.5 Korhonen et al., 1997
0.0027 Paleyanda et aL, 1997
0.06 YuU et al., 1995
2 Prunkard et al., 1996
4.6 Uusi-Oukari et al., 1997

22 Devinoy et al., 1994
1 Brem et al., 1994
0.57 Lagutin et al., 1999
0.00043 Buhler et al., 1989
0.036 Patenburg et al., 1994
0.28 Maga et al., 1998
0.25 Coulibaly et al., 1999
0.000415 Rokkones et al., 1995
1 Velander et aL, 1992
0.2 John et al., 1999
2.1 McKee et al.? 1998
2.5 Shani et al., 1992
3 Stromqvist et al., 1997
5% of Yarns et al., 1997

WAP mRNA

Abbreviations AP, antimicrobial peptide; CSF, colony-stimulating factor.



252 FUJIWARA ET AL.

hyperacute rejection (Sachs and Bach, 1990). The 
hyperacute rejection which immediately starts within 
sever시 minutes to several hours is induced mainly by 
an antigen-antibody reaction between the donor organ 
and human natural antibodies with the activation of 
recipient complement system (Dalmasso et al., 1992; 
Jolmston et al., 1992).

The hyperacute rejection is not suppressed by the 
cun*ently  available immuno-suppressive agents that are 
being used for chronic treatments. One of the 
approaches to resolve this problem is the use of 
iiiliibitoiy proteins. Complement system is known to 
have several such species-specific regulatory proteins 
to suppress complement activation (RCA) (Takizawa et 
al., 1992). They include decay accelerating factor 
(DAF) (Nicholson-Weller et aL, 1982), membrane 
co-factor protein (MCP) (McNeamey et al., 1989), and 
homologous restriction factor (HRF-20 or CD59) 
(Okada et aL, 1989). If pig organs express human 
RCAs, the transplanted pig organs may not 
substantially activate human complement system 
(Dalmasso et al., 1991; Oglesby et aL, 1992). This 
hypothesis was tested by producing the transgenic 
animals harbouring and expressing human RCA genes 
in mice (Cairy et al., 1993; Diamond et al., 1994), 
and pigs (Fodor et aL, 1994; Rosengard et al., 1995; 
Langford et al., 1996). Transplanted organs from the 
transgenic pig expressing human DAF functioned 
seemingly normally for long periods in primate 
recipients for up to two months (Lambrigts et aL,
1998).

Alternatively, one could possibly diminish the 
major liistocompatibility antigen by diverting the 
reaction catalyzed by a 1,3-galactosyltransferase towards 
that by a 1,2-fucosyltransferase. It is the。1,3-galacto- 
syltransferase in pigs that catalyses the production of 
the a Gal antigen, a cell surface major histocom
patibility antigen considered to be responsible for the 
hyperacute rejection in humans (Cooper et aL, 1994; 
Sandlin et al., 1994). Overexpression of the a 1,2-fuco- 
syltransferase, which competes with the a 1,3-galacto- 
syltransferase for the same substrate, should result in 
reduced substrate supply for the latter, and thereby 
lead to lowered production of the a Gal antigen. 
Indeed, transplanted organs from transgenic mice 
canying and expressing the human a 1,2-fucosyl- 
transferase showed prolonged survival time in ex vivo 
studies on xenograft rejection (Chen et al., 1998; 
Cowan et al., 1998).

Despite the above efforts, it may be insufficient to 
completely suppress xenograft rejection. A theoretically 
better approach is to produce knock-out pigs with 
respect to the major histocompatibility antigen gene 
encoding a l,3-galactosyltransf&ase. Because humans 
do not have an active a 1,3-galactosyltransferase gene 
(Larsen et al., 1990), pig donor organs without this 

gene cannot evoke the hyperacute rejection. The 
production of a 1,3-galactosyltransferase gene knock-out 
pigs might be achieved by either ES cell technology 
or nuclear transfer technology, So far, however, 
successful production of such knock-out pigs has not 
yet been reported.

CONCLUSION

In the present review, new nomenclature of various 
"transgenic" animals and cells was proposed as they 
can no longer be satisfactorily grouped by classical 
terms of exclusively either "transgenic" or 
^nontransgenic''. Of these, ''transfectgenic and somato- 
transgenic'' and ''genuine transgenicanimals were 
described in detail from a view point of their 
therapeutic use. The former are useful for rapid 
production of recombinant proteins in the order of 
several hours to days, although the level of gene 
expression is generally low. In contrast, the latter are 
useful for a large-scale recombinant protein production 
especially in the mammary gland, and could also serve 
to supply xenotransplantation organs for human 
patients. In each case, however, a number of obstacles 
still exist to accomplish these therapeutic uses in 
practice. Possible research targets were suggested to 
surmount the problems encountered at present.
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