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ABSTRACT

In order to produce human growth hormone (hGH) in the milk
of transgenic mice, two expression vectors for hGH differing in their
3’ flanking sequences were constructed by placing the genomic se-
quences of hGH gene under the control of the rat §-casein gene pro-
motor. The 3’ flanking sequences of the expression constructs were
derived from either the hGH gene (pBCN1GH) or the rat §-casein
gene (pBCN2GH). Transgenic lines bearing pBCN1GH expressed
hGH more efficiently than those bearing pPBCN2GH in the milk (19-
5500 ug/mL vs 0.7-2 pg/mL). In particular, one of the BCN1GH lines
expressed hGH as much as 5500 + 620 ug/mL. Northern blot analysis
showed that the transgene expression was specifically confined to the
mammary gland and developmentally regulated like the endogenous
mouse §-casein gene in the mammary gland. However, a low level of
nonmammary expression was also detected with more sensitive assay
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methods. In conclusion, the rat B-casein/hGH fusion gene could
direct an efficient production of hGH in a highly tissue-and stage-
specific manner in the transgenic mice and the 3’ flanking sequences
of hGH gene had an important role for the efficient expression.

Index Entries: Milk; hGH; rat 8-casein; transgenic mice.

INTRODUCTION

There is considerable interest in the production of recombinant pro-
teins from the milk of transgenic animals, as an alternative to large-scale
mammalian cell culture system. A number of milk protein genes have
been isolated and shown to function efficiently in the mammary gland of
transgenic mice (1). So far, several heterologous proteins have been ex-
pressed in the milk of many transgenic animals using regulatory sequences
of various milk protein genes (2-6). In particular, several groups have
reported high level expression of hybrid genes in the milk of transgenic
mice (5-10). Naturally, this approach is now in the process of industrial
application for a large scale production of pharmaceutically active pro-
teins from transgenic livestock (11).

The rat B-casein gene encodes the principal murine casein and is
mainly expressed during mammary gland development. At midlactation,
the rat §-casein mRNA constitutes about 20% of poly(A) mRNA (12). In
spite of its abundance in the milk, rat 8-casein was inefficiently expressed
in transgenic mice harboring the entire rat -casein gene along with 3.5 kb
of 5" and 3.0 kb of 3’ flanking sequences. In these mice, the average ex-
pression level of the transgene only ranged between 1 and 0.01% of that
of the endogenous mouse gene, although its expression was restricted to
the mammary gland (13). In addition, the rat §-casein-based expression
vectors, in which the rat 8-casein promoter was linked to chloramphenicol
acetyltransferase gene (14) or to bovine follicle stimulating hormone cDNA
(15), showed poor performance in transgenic mice. Thus, it has been sug-
gested that the low expression level of the rat §-casein gene in transgenic
mice might be owing to the lack of potent cis-acting regulatory sequences
in the expression construct (13).

The expression efficiency of hybrid genes does not absolutely depend
on the milk protein gene promoter. It is well known that genomic se-
quences generally show a better performance than their cONAs when
used in an expression construct because introns have some regulatory
functions on their expression (16,17). The selection of a target gene and
the architecture of the fusion gene could then be crucial for the efficient
expression of the construct. hGH gene has been widely used for a tar-
geted expression in transgenic mice, and several milk protein gene pro-
moters were shown to direct high level expression of hGH to the mam-
mary gland of transgenic mice (9,10).
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Fig. 1. Schematic representation of the rat 8-casein/hGH fusion genes.
The flanking sequences and introns are blanked, the five exons of hGH gene are
filled in, the exons of rat B-casein gene are shaded, and plasmid regions are
shown as horizontal lines. The position of polyadenylation signal (AATAAA) is
indicated. The indicated 1.1-kb Pvull fragment was used as a labeled probe for

Southern and Northern blot analyses. The arrowheads represent a primer set
used for RT-PCR.

In the present study, we examined whether the rat 8-casein promoter
could direct an efficient production of hGH in the milk of transgenic
mice when it was combined with 3’ flanking sequences from different
genetic sources.

MATERIALS AND METHODS

Construction of the Rat $-Casein/hGH Fusion Genes

The two rat B-casein-based expression vectors, pBCN1 and pBCN2,
were constructed as follows. In the pBCN1 construction, a 2.8-kb EcoRI
fragment (—2300/+490) of rat B-casein gene consisting of 2.3 kb of 5’
flanking sequences, the first exon and a portion of the first intron (14) was
subcloned into the EcoRI site of pSP70 vector (Promega, Madison, WI).
In the pBCN2, a 2.5-kb Hpall/Hpal fragment containing the last intron and
exon, and 1.2 kb of 3’ flanking sequences of rat §-casein gene was sub-
cloned into EcoRV/Hpal site of the pBCN1. A 2.1-kb BamHI/EcoRI fragment
of hGH gene including its entire coding and 0.5 kb 3’ flanking sequences
was isolated from phGH (18) and then inserted into Clal/EcoRV site of
pBCN1 vector to form pBCN1GH. Another hGH expression vector,
pBCN2GH, was constructed by ligating a 1.5-kb BamHI/Smal fragment of
hGH gene, which is free of 3’ untranslated/flanking sequences, to Clal
site of pPBCN2 vector (Fig. 1). The B-casein/hGH hybrid genes were released
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from the two hGH expression vectors by Xhol/Hpal digestion, purified
through Elutip (Schleicher & Schuell, Germany) and diluted to a final
concentration of 4 ng/uL in 10 mM Tris (pH 7.4)/0.1 mM EDTA solution
for the pronuclear injection.

Generation and Screening of Transgenic Mice

Transgenic mice were generated using a standard procedure (19).
Purified DNA solution was microinjected into the pronuclei of fertilized
mouse eggs obtained from F1 hybrid (C57BL/6 x DBA) females. The in-
jected eggs were transferred to pseudopregnant ICR female mice. Iden-
tification of transgenes and determination of their copy numbers in trans-
genic mice were achieved by Southern blot analysis (20) using radiolabeled
1.1 kb Poull fragment of hGH gene as a probe. Identified transgenic mice
were mated to the F1 hybrid mice to produce the first generation (G1) of
offspring. All subsequent experiments were carried out using G1 trans-
genic mice.

Analysis of hGH in Milk, Blood, and Tissue Extracts

Milk, blood, and tissue extracts were prepared from 11-d lactating
mice. Mothers were separated from their pups and, 3 h later, anesthetized
and injected intraperitoneally with 10 IU of oxytocin (Sigma, St. Louis,
MO) to induce enhanced milk secretion. Milking was carried out by gentle
suction with hand-controlled vacuum pump (Nalge, Rochester, NY). After
milking and blood sampling, various organs were removed and homoge-
nized in phosphate buffered saline. By a brief centrifugation, whey, serum,
and tissue extracts were obtained and stored at —20°C until analysis.
Radioimmunoassay (RIA) was performed to determine hGH concentra-
tions in the samples using a commercially available RIA kit (Incstar, Still-
water, MN) which quantifies hGH ranging from 0.001 to 0.03 ug/mL.
Whey samples were diluted at least to 1/100 in the standard buffer of the
kit to limit nonspecific binding. Thus the detection limit for the wheys
was 0.1 pg/mL. Total protein contents in tissue extracts were determined
using protein assay reagents (Bio-Rad, Hercules, CA) according to the
manufacturer’s instruction. For electrophoretic analysis, the whey sam-
ples were diluted to 1/10 in 10 mM Tris (pH 8.0)/10 mM CaCl,. SDS-PAGE
analysis was performed on a 12% acrylamide gel (21) and the protein
bands were identified by staining with Coomassie blue.

RNA Isolation and Analysis

Total RNA was isolated from various organs of 11-d lactating mice
using one step acid/guanidinium isothiocyanate method followed by
phenol/chloroform extraction (22). Aliquots (20 ug) of total RNAs were
fractionated on duplicate sets of 1% agarose/formaldehyde gel. One set of
the gels was stained with ethidium bromide to check the integrity and
content of RNA. RNAs in the other set were transferred to a nylon mem-
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brane for Northern blot analysis. For analyzing the developmental regu-
lation of hGH transgene, mammary gland RNA samples (5 ug) of virgin,
pregnant, and lactating mice were hybridized with either hGH or 8-
casein probe. Reverse transcriptase-mediated polymerase chain reaction
(RT-PCR) was carried out as follows. The first cDNA strand was synthe-
sized from 5 ug of total RNA using 50 pmol oligo dT primer and 1 U of
AMV reverse transcriptase (Promega) in 20 pL of reaction volume. An ali-
quot (2 pL) of the reaction mixture was used for the second-strand DNA
synthesis in a 100-uL PCR reaction. After denaturation for 3 min at 94°C, 30
cycles of PCR amplification (94°C for 30 s, 55°C for 30 s, and 72°C for 30 s)
were performed with a 5’ primer (5'-ATCCTCTGAGCTTCATCTTC-3')
identical to the first exon sequence of rat §-casein gene and a 3’ primer
(6'-GCCATTGCAGCTAGGTGAGC-3') complementary to the first exon
sequence of hGH gene. PCR with these primers should yield a 120-bp
product from cDNA of the transgene-specific transcript and a 555-bp
product from the transgene constructs. Therefore, our RT-PCR strategy
allows one to distinguish cDNA-specific amplification (120-bp product) of
the transgene from the contaminating genomic DNA amplification (555-
bp product).

RESULTS

Generation of Transgenic Mice

We observed approx 15% efficiency in obtaining transgenic mice
in terms of the percentage of mice screened (data not shown). Six and
three transgenic founder mice were obtained from the microinjection of
pBCN1GH and pBCN2GH constructs, respectively. These founder mice
were mated to F1 hybrid mice to produce the first generation (G1). Two of
BCNIGH mice with low copy numbers of transgene did not transmit their
transgene to their progeny. One of BCN1GH female founders was sterile.
Finally, three transgenic lines were established from each vector. These
transgenic lines harboured 2-30 copies of transgene (Table 1), as judged
by Southern blot analysis and stably transmitted their transgene to their
progeny in a Mendelian fashion (data not shown).

hGH Expression in the Milk and Blood of Transgenic Mice

Several G1 transgenic females from each line were milked on d 11 of
lactation. hGH concentration in the milk was determined by RIA (Table
1). More than 19 pg/mL of hGH was detected in the milk of BCN1GH
transgenic lines (11, 25, and 28), while less than 2 pug/mL hGH were pres-
ent in the milk of BCN2GH lines (1, 7, and 9). The highest level of hGH
was 5500 + 620 ug/mL produced in line 11. On an SDS-PAGE a unique
band was detected only in the milk of the line 11 (Fig. 2). The molecular
weight of this band was 21.5 kDa, as expected from that of hGH of human
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Table 1
Concentration of hGH in the Milk and Blood of Transgenic Mice

hGH?, ug/mL

. Blood
Transgenic Copy
line number? Milk Lactating Cyclic
BCN1GH
11 20 5500 + 620 0.556 0.02
25 10 19+ 4 0.005 <0.001
28 20 30 0.027 0.002
BCN2GH
1 2 0.7 0.002 <0.001
7 30 20+ 04 0.002 <0.001
9 30 0.7 0.003 <0.001
Nontransgenic
control <0.1¢ <0.001 <0.001

?The transgene copy numbers were approximately estimated from Southern blot analysis.

bThe values are mean (+ SEM) of hGH concentrations determined in more than two
mice from each line by RIA kit which detection limit is 0.001 ug/mL. SEM was represented
when three mice were analyzed.

“The detection limit for milk was 0.1 ug/mL because of its dilution to 1/100 to decrease
nonspecific binding.
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Fig. 2. Secretion of hGH into the milk of transgenic mice. Wheys, equiva-
lent to 1 yL of milk, from a pool of two nontransgenic control (C), two individuals
of line 11 (11-1, 11-2), and one from each of lines 25, 28, 1, 7, and 9 were applied
to SDS-PAGE alongside protein size markers (M) and stained with Coomassie
blue. Numbers on the left side are molecular weight (kDa) of the markers. The
arrow indicates the position of hGH.

origin. However, the specific hGH band was not detected in the whey
samples of the other transgenic lines because their milk hGH levels were
below the detection limit of the SDS-PAGE.

hGH concentration in blood was also measured in cyclic and lactating
mice (Table 1). In all lactating transgenic lines, variable amounts of hGH
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Fig. 3. Tissue-specific hGH expression by Northern blot analysis. Total
RNAs (20 pg) from various organs of lines 11, 28, and 7 were applied to a nylon
filter and hybridized with the 3?P-labeled 1.1-kb Pvull fragment of hGH gene
shown in Fig. 1. The analyzed organs are mammary gland (Mg), liver (Lv), spleen
(Sp), pancreas (Pn), kidney (Kd), lung (Lu), heart (Ht), thymus (Ty), salivary
gland (Sg), and brain (Br) of transgenic mice and mammary gland of a nontrans-
genic mouse (Mg-).

were detected in the blood and their levels were higher than those of cyclic
mice. For instance, in line 11, blood hGH level of virgin mouse was 0.02
pg/mL; this value increased to 0.556 ug/mL by d 11 of lactation.

Tissue-Specific Expression of hGH Transgenes

In order to investigate the tissue specificity of transgene expression,
total RNAs obtained from various organs of lines 7, 11, and 28 on d 11 of
lactation were subject to Northern blot analysis (Fig. 3). hGH mRNA was
detected in the mammary gland, but not in other tissues of lines 11 and
28. The hybridization signal from line 11 was much stronger than that of
line 28. No hGH mRNA was detected in any examined tissues of line 7 or
the mammary gland of nontransgenic control. When the exposure time
was extended up to 4 d, a very faint hybridization signal was detected in
the mammary gland of line 7 (data not shown). However, there was no
change in the tissue specificity of hGH expression in the three lines. There-
fore, according to the Northern blot analysis, hGH was exclusively ex-
pressed in the mammary gland of the transgenic mice and the amounts
of hGH mRNA were shown to correlate well with the amounts of hGH
secreted into the milk (Table 1).

Although Northern blot analysis showed that hGH expression was
strictly restricted to the mammary gland, a sensitive RIA identified the
production of hGH in several nonmammary organs, although their levels
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Table 2
hGH Contents in Various Tissues of Transgenic Mice

hGH contents, ng/mg protein

Transgenic
line Mge Lv Sp Pn Kd Lu Ht Ty Sg Br
BCN1GH
11-1 6000 40 06 13 54 20 13 20 166 1.2
-2 6500 42 20 10 38 17 33 144 189 52
25-1 130 — — — 03 02 -— 0.8 14 -
-2 2 — - — — - - 0.6 03 -
28-1 360 — — - - — — 3.4 — —
-2 100 02 — - 20 - — 2.7 04 —
BCN2GH
11 23 - - - — — — 0.4 — —
-2 40 — — — — — — 0.4 — —
7-1 94 — — — — - = 1.1 — -
-2 11.0 — — — - - = 53 03 -
9-1 23— — — - — — 7.8 0.3 —
-2 19 - — - — — — 1.2 0.3 -

Tissue extracts were prepared from two lactating mice from each transgenic line.
Organs are abbreviated by Mg, mammary gland; Lv, liver; Sp, spleen; Pn, pancreas; Kd,
kidney; Lu, lung; Ht, heart; Ty, thymus; Sg, salivary gland; Br, brain.

—: <0.2 ng/mg protein,

were drastically lower than that of the mammary gland in each line (Table
2). The hGH was produced from the thymus of all the transgenic lines
and from the salivary gland of some transgenic lines regardless of the
transgene constructs. hGH production was also observed in several addi-
tional tissues of BCN1GH lines such as kidney and lung from line 25,
kidney and liver from line 28, and all tissues examined from line 11. To
ensure the tissue specificity of the expression, RT-PCR analysis was per-
formed with lines 7, 11, and 28 (Fig. 4). The expected PCR products of 120
bp were obviously seen in the mammary gland of the three transgenic
lines. Faint signals were also seen in several nonmammary organs. The
tissue specificity of hGH expression determined by hGH RIA and RT-PCR
generally remained consistent in the two assay methods.

hGH Transgene Expression
During Mammary Gland Development

It has been known that the rat $-casein gene expression is develop-
mentally regulated (12,14). To determine whether the rat §-casein/hGH
fusion genes also exhibit developmental regulation, slot blot analysis was
performed using total RNAs isolated from the mammary gland of lines 11
and 28 at virgin, d 17 of pregnancy, and d 11 of lactation (Fig. 5). hGH
mRNA levels were markedly increased from virgin through pregnancy to
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Fig. 4. The tissue specificity of hGH expression determined by RT-PCR.
Reverse transcription reaction was performed with total RNA isolated from vari-
ous organs of lines 11, 28, and 7, and mammary gland of nontransgenic mice on
d 11 of lactation. After reverse transcription reaction, PCR amplifications were
carried out with a primer set, which specifies the first exon sequence of rat -
casein gene and the first exon sequence of hGH gene, respectively. The RT-PCR
products were separated on a 1.8% agarose gel. Lanes: +, PCR amplification
from pBCN1GH construct without reverse transcription reaction; —, mammary
gland of nontransgenic control mice; M, BstNI digested pBR322 DNA size markers
(basepairs); Mg, mammary gland; Lv, liver; Sp, spleen; Pn, pancreas; Kd, kidney;
Lu, lung; Ht, heart; Ty, thymus; Sg, salivary gland; Br, brain. The arrowheads
indicate the position of PCR products amplified from cDNA of the transgene-
specific transcript.

—hGH——  ——8 -casein
|
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Fig. 5. Developmental regulation of hGH and $-casein expression in the
mammary gland of transgenic mice. Total RNAs (5 pg) isolated from the mammary
gland of lines 11, 28, and nontransgenic control mice at virgin (V), 17-d pregnant
(P), or 11-d lactating (L) stage were blotted on a nylon filter and hybridized with
either a 1.1-kb hGH fragment shown in Fig. 1 or a 0.8-kb 5all/EcoRI fragment of
rat 8-casein gene containing exon VII.
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midlactation in the two transgenic lines. Moreover, this expression pattern
of hGH transgene was similar to that of the endogenous mouse §-casein
gene. These results indicate that with the promoter sequences of the rat
B-casein gene, hGH expression can be developmentally regulated in the
mammary gland just like the endogenous mouse $-casein gene.

DISCUSSION

In the present study, we examined the efficiency and tissue specificity
of hGH expression in transgenic mice from two rat §-casein/hGH gene
constructs differing in their 3’ flanking sequences. The BCN1GH lines,
containing 3’ untranslated/flanking region (3’-UT/FR) of hGH gene as the
3’ sequences of their transgene, highly efficiently expressed hGH in the
milk (19-5500 ug/mL), while the BCN2GH lines, containing 3'-UT/FR of
rat B-casein gene, poorly expressed the transgene (0.7-2.0 pg/mL). Inter-
estingly, one of the BCN1GH lines (line 11) showed extraordinarily high
hGH levels among others, although such a high level of expression could
be in part owing to the effect of insertion position of the transgene. The
expression level of BCN2GH lines was as low as that of rat 8-casein in the
transgenic mice carrying the entire rat §-casein gene along with 3.5 kb of
5’ and 3.0 kb of 3’ flanking sequence. It has been previously suggested
that the poor expression of the rat §-casein could be owing to a lack of
potent cis-elements necessary for the enhancement of the transgene ex-
pression in the 5’ and/or 3’ flanking sequences of the transgene (13).
Therefore, it can be concluded that the efficient expression from BCN1GH
construct is a result of the activity of a certain regulatory element(s) pro-
vided by the 3’-UT/FR of hGH gene. A detailed analysis is required for
the regulatory elements residing in the hGH 3’ UT/FR before the mecha-
nism for the enhanced expression of hGH in our experiments can be
understood at molecular level.

According to the Northern blot analysis, the expression of hGH gene
in BCN1GH lines was mainly confined to the mammary gland and thus
appeared to be properly controlled as one would expect from the known
expression pattern of 3-casein gene. With a more sensitive assay method
such as RIA, the transgene was again shown to be properly regulated
according to the §-casein gene expression paradigm. However, with the
RIA, a very low level of ectopic expression was also detected from various
tissues. Thymus was the only organ other than the mammary gland show-
ing consistent expression of hGH regardless of the gene constructs. This
result confirms the previous finding that several casein genes are endo-
genously expressed in thymus through a different regulatory mechanism
from that in the mammary gland (14,23). The low level hGH detected in
various tissues by RIA could be the result of nonmammary expression of
hGH owing to a nonspecific, basal-level activity of our transgene promoter
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in many tissue types. This is because the transgene message, as deter-
mined by an RT-PCR analysis, is also seen in various tissues. However,
the possibility that a portion of blood hGH might be a result of leakage
from the mammary gland cannot be ruled out, since some milk proteins
of low-mol-wt such as whey acidic protein (WAP) and a-lactalbumin have
been shown to be normally present in the blood (24-26).

High level production of foreign proteins in the milk of a transgenic
animal may lead to their presence in blood as well. The presence of hGH
in the blood of cyclic animal, even at low level, can cause serious problems
on animal reproductive physiology because of the suppression of endo-
genous prolactin release by serum hGH (27). Female sterility has been
described in transgenic mice overexpressing hGH in the milk using WAP
(9) or bovine casein promoters (10), in which hGH was also detected in
the blood of cyclic and lactating mice. In our results, one female founder
of BCN1GH lines that secreted hGH into blood at the level of 0.03 ug/mL
was sterile (data not shown). The sterility may be owing to the serum
hGH because the mouse showed the highest blood hGH level among all
of the transgenic mice (Table 1) and this level of blood hGH was compar-
able to that previously reported for sterile mice (10).

In two transgenic lines, 11 and 28, temporal regulation of hGH ex-
pression was studied (Fig. 5). hGH expression pattern faithfully paralleled
the endogenous pattern of mouse §-casein gene expression during mam-
mary gland development. Thus it appears that the rat 8-casein promoter
sequences included in the BCN1GH construct contain all the sequences
necessary for the proper temporal control of a transgene expression in the
developing mammary gland.

In summary, the rat 8-casein promoter could direct an efficient pro-
duction of hGH in a highly tissue- and stage-specific manner when it was
combined with the 3’ sequences of the hGH gene.
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