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Abstract

A DNA fragment containing the promoter of the mouse metallothionein-I gene fused to the
structural gene of rat growth hormone was microinjected into the pronuclei of fertilized mouse
eggs. Of 21 mice that developed from these eggs, seven carried the fusion gene and six of these
grew significantly larger than their littermates. Several of these transgenic mice had extraordinarily
high levels of the fusion mMRNA in their liver and growth hormone in their serum. This approach
has implications for studying the biological effects of growth hormone, as a way to accelerate
animal growth, as a model for gigantism, as a means of correcting genetic disease, and as a
method of farming valuable gene products.

THe introduction of foreign genes into mammalian embryos could form the basis of a
powerful approach for studying gene regulation and the genetic basis of development.
Recent studies have clearly established the feasibility of introducing foreign DNA into the
mammalian genome by microinjection of DNA molecules of interest into pronuclei of
fertilized eggs, followed by insertion of the eggs into the reproductive tracts of foster
mothers!~. The data suggest that the so-called transgenic animals that develop from this
procedure integrate the foreign DNA into one of the host chromosomes at an early stage of
embryo development. As a result, the foreign DNA is generally transmitted through the
germ line38:9. In some cases, expression of these foreign genes has also been detected; low
levels of rabbit f-globin and viral thymidine kinase (TK) activity were measured in
transgenic mice after introducing the respective genes8’. It is possible to obtain regulated
expression of viral TK by fusing the structural gene to the mouse metallothionein-1 (MT-I)
gene promoter and inducing expression with heavy metals?:°.

The possibility of introducing genes encoding secreted regulatory peptides into animals via
this technology has several potential applications. The growth hormone (GH) gene whose
protein product has profound developmental effects is particularly convenient for testing this
possibility. Based on our success in achieving regulatable expression of herpes TK using the
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MT-1 promoter®, we fused this promoter to the rat GH structural gene which has been shown
to direct GH synthesis in mouse cells!?. We show here that when this gene construct (MGH)
is introduced into eggs it is expressed efficiently, giving rise to greater than normal levels of
growth hormone in transgenic mice. The most obvious consequence of this high level of
growth hormone expression is gigantism. This success raises several issues of genetic and
practical importance.

Generation of animals carrying MGH fusion genes

A fragment of the cloned rat GH gene, from which the 5' regulatory region had been deleted,
was fused to the MT-1 promoter region, generating the plasmid pMGH (see Fig. 14). In this
construction, the fusion occurs in exon 1, retaining the initiation codon of the GH gene and
the 5' regulatory region of the MT-I gene. Thus, the fusion gene is predicted to direct
transcription of a mRNA containing 68 bases contributed by MT-I, followed by 1 base
contributed by an X#ol linker, then the rat GH mRNA sequence starting at nucleotide 7. This
construction preserves the AUG initiation codon for GH synthesis located at position 124—
126 (Fig. 1¢), the four intervening sequences and the poly(A) site of the rat GH gene (Fig.
15), and 3 kilobases (kb) of downstream chromosomal sequences.

A 5.0-kb fragment extending from the BgA site of MT-1 (-185) to BamHlI (see Fig. 16) was
restricted from pMGH, separated from the other fragments on an agarose gel and used for
injection into eggs. This linear fragment with heterologous ends was chosen because our
recent experience suggests that such fragments integrate into host DNA more efficiently than
supercoiled plsmids. Although this fragment contains only 253 base pairs (bp) of MT-I
sequence, we have shown previously that this includes sequences essential for heavy metal
regulation of the MT-I promoter!1-12, The male pronuclei of fertilized eggs were
microinjected with 2 pl containing ~600 copies of this fragment and 170 eggs were inserted
into the reproductive tracts of foster mothers; 21 animals developed from these eggs?.

When they were weaned, total nucleic acids were extracted from a piece of tail and used for
DNA dot hybridization to determine which animals carried MGH sequences. Seven of the
animals gave hybridization signals above background (Fig. 28) and their DNA was analysed
further by restriction with SsAl and Southern blotting. This analysis show ed that all seven
had an intact 1.7-kb SsA fragment predicted from the restriction map shown in Fig. 1. All
the animals having a prominent 1.7-kb hybridizing band also revealed a 3.3-kb band. This
band is predicted from a circularized version of the 5.0-kb BgA-BamH| fragment. Two of
the mice having multiple copies (MGH-10 and -19) gave a 5.0-kb hybridizing fragment
when digested with Hindlll, an enzyme that cuts only once within the injected fragment.
Surprisingly, BamHl| also generates a 5.0-kb hybridizing fragment in all the DNAs analysed
(MGH-10, -14, -16 and -19), suggesting that this restriction site was restored during
circularization, whereas Bg/l and EcoR1 (which does not cut within the fragment) gave
larger fragments (data not shown). We conclude that all the MGH-positive animals have at
least one intact BgN—BamHI insert and four of the mice have a tandem head-to-tail
duplication of this 5.0-kb fragment; however, the details of how and when this fragment
circularized and integrated are not discernible. One of the mice, MGH-10, transmitted the
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MGH genes to half (10 of 19) of its offspring, suggesting that these genes are stably
integrated into one of its chromosomes.

Rapid growth of mice carrying MGH genes

At 33 days post-parturition, all of the mice were weaned and maintained on a solid diet
supplemented with water containing 5,000 p.p.m. ZnSO4 (76 mM); their growth rate was
recorded periodically. The dose of Zn was chosen on the basis of experiments which
indicated that 5,000 p.p.m. induced almost maximal levels of MT-1 mRNA in the liver
without imparing the breeding potential of mice maintained on this diet for several months.
Figure 3 shows the growth of the seven mice carrying MGH sequences. The littermates
without MGH sequences served as convenient controls; the weights for each sex were
averaged separately. Six of the mice with MGH sequences showed substantially more weight
gain (up to 1.8-fold) than the controls. With the exception of MGH-16, there was a
correlation between weight gain and MGH gene dosage (Table 1). The animal carrying the
most copies of MGH sequences, MGH-21, died after 7 weeks of rapid growth; other mice
have, however, grown larger. Most of the animals were already larger than normal before the
Zn diet was instituted. Furthermore, one of the animals (MGH-19) was removed from the Zn
diet on day 56 and it continued to grow at an accelerated rate. Thus, the effect of Zn on
growth rate is uncertain. Perhaps mice carrying several copies of the MGH gene produce
excess GH constitutively without a requirement for heavy metal induction. Thus, the
question of Zn-dependent growth will be most easily answered by analysis of offspring of
mice such as MGH-16 that contain only a few copies of the MGH gene.

Expression of the MGH gene in the liver

Based on previous studies with mice carrying metallothionein—TK fusion genes, maximal
expression of MGH was expected in the liver, intestine and kidney. Evaluation of the tissue
specificity of MGH gene expression was initiated by analysis of its activity in liver. A partial
hepatectomy on day 56 allowed isolation and quantification of RNA for MGH-specific
sequences. Figure 45 shows the results of RNA slot hybridization. The level of MGH mRNA
expression in the liver correlated with the growth of the transgenic mice. The largest
animals, MGH-2, -19 and -21, contained large amounts of MGH mRNA in the liver, whereas
MGH-10, -14 and -16, which showed slower growth rates, contained ~50-fold less MGH
RNA, not visible on the exposure shown in Fig. 4. Analysis of samples exposed to base
hydrolysis before spotting the nucleic acids on to nitrocellulose (Fig. 44) or treated with
RNases A plus T, after hybridization (not shown) established that RNA rather than
potentially contaminating DNA was hybridizing to the probe. From these data, we estimate
that 30 pg of liver RNA from MGH-2, -19 and -21 contains the same amount of GH mRNA
as 13, 25 and 50 ng of poly(A)* rat pituitary RNA, respectively. The RNA standard used
contains about 10% GH mRNA on the basis of Rot analysis; therefore, we estimate that
there are ~800-3,000 MGH mRNA molecules per liver cell in these transgenic mice (Table
1).

If all processing signals in the fusion gene are correctly recognized, a fusion mMRNA 63
nucleotides larger than bona fide rat GH mRNA (~1 kb) would be generated!0:13,
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Denaturing gel electrophoresis and RNA Northern blot analysis of the liver RNA from
MGH-21 show that its size is similar, as expected, to that of authentic mouse and rat
pituitary GH mRNA (Fig. 54). Liver RNA from a control mouse shows no GH-reactive
sequences (Fig. 5a, lane 1). Because the GH cDNA probe used for the RNA blot analysis
recognizes both rat and mouse GH mRNAs, it is necessary to establish that the hybridizing
species in the liver is actually the product of the fusion gene and not mouse GH mRNA due
to an unexpected activation of the endogenous mouse GH gene. The use of a X#/oal linker for
the construction of the fusion gene generates a sequence that will be uniquely present in
MGH mRNA. Thus, the X#ol site of pMGH was labelled using [y- 32P]JATP and
polynucleotide kinase, followed by cleavage with Ssd (Fig. 1¢). This 221-nucleotide
fragment was gel-purified, denatured, and used as hybridization probe in a single-strand-
specific nuclease protection assay. Hybridization to MGH mRNA should generate a 74-base
nuclease-resistant fragment while mouse GH mRNA or metallothionein mMRNA will be
unable to protect the kinased end and should therefore be negative. Figure 55, lane 6 shows
that the predicted 74-base fragment is present in liver RNA of mouse MGH-21, but not in
normal mouse pituitary RNA (lane 5), control mouse liver RNA (lane 4) or in the liver RNA
of MGH-3 (lane 3), an animal showing no accelerated growth (Fig. 3). Thus, it seems that
transcription is initiating properly at the MT-1 promoter and continuing through the putative
termination site of the GH gene, the four GH intervening sequences are being properly
spliced and the MGH mRNA is polyadenylated.

Increased growth hormone in sera of MGH mice

The correlation between MGH mRNA levels and growth of the mice sugggests that
expression of the MGH gene accounts for the observed biological consequences; this was
supported by the three independent RNA analyses above. These results suggest that the
circulating levels of GH should be increased. Blood was taken from the transgenic mice and
from littermates and assayed for GH by radioimmunoassay (RIA). The GH levels in four of
the transgenic mice were 100-800 times greater than levels in control littermates; one mouse
had 112 pg mI~1 of GH in its serum (Table 1). Two of the transgenic mice showing a slow
but significantly elevated growth rate had serum GH levels at the high end of the normal
range. The lack of physiological regulation and the ectopic production of GH in these
animals probably account for their accelerated growth.

Discussion

These data strongly suggest that the altered phenotype of the mice is a direct result of the
integration and expression of the metallothionein—growth hormone fusion gene. The elevated
level of GH present in some of these mice corresponds to a high level of MGH mRNA in the
liver (up to 3,000 molecules per cell). The accumulation of MGH mRNA in the liver is
comparable to the endogenous level of MT-I mRNA4, but is ~100-fold higher than that
obtained from metallothionein-TK fusion genes studied previously2. This difference is
probably the consequence of the intrinsic stability of the GH mRNA relative to TK mRNA;
however, differences in transcription rates or processing efficiency due to variations in fusion
gene construction are also possible. The high level of MGH gene expression in transgenic
mice will greatly facilitate direct comparison of MGH and MT-1 mRNA production in
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different tissues, thus allowing us to determine whether chromosomal location has an
important effect on tissue-specific expression of the MT-I promoter.

Growth hormone levels in some of the transgenic mice were as much as 800-fold higher than
in normal mice, resulting in animals nearly twice the weight of their unaffected littermates.
This greater than normal accumulation of GH undoubtedly reflects both the lack of normal
feedback mechanisms and expression of this gene in many large organs including liver,
kidney and intestine. The effect of chronic exposure to high levels of GH is well
documented!®, resulting in the clinical condition referred to as gigantism. This condition in
humans is usually associated with pituitary adenomas!® and more rarely with ectopic
expression of GH by lung carcinomas16:17.

Some of the diverse effects of GH are mediated directly by the hormone!®-20, However, it is
generally believed that the major effect of GH is stimulation of somatomedin production in
the liver'819, Somatomedins are insulin-like growth factors that promote proliferation of
mesodermal tissues such as muscle, cartilage and bonel819, The involvement of
somatomedins in the GH response provides an explanation for the growth of animals such as
MGH-10, 14 and 16 in which the circulating level of GH was only slightly higher than
normal. In these animals, GH produced in the liver may be sufficient to stimulate
somatomedin production because the local GH concentration is relatively high. Thus, in
these animals, GH may mimic the local paracrine function of some hormones?!. However,
the reason for lack of growth of MGH-3 is unclear.

The implicit possibility is to use this technology to stimulate rapid growth of commercially
valuable animals. Benefit would presumably accrue from a shorter production time and
possibly from increased efficiency of food utilization. The effects of continuously elevated
GH levels on the quality of meat will need to be evaluated. By choosing the appropriate GH
gene, milk production may be disproportionately increased considering that GH is
homologous to prolactin, that GH of some species binds to prolactin receptors, and that
exogenously administered GH has been shown to increase milk yield?223, Having a
regulatable promoter may be particularly advantageous for timely expression of GH.
Applying these techniques to large animals will be more difficult. Nevertheless, when genes
for desired traits can be isolated, this approach should provide a valuable adjunct to
traditional breeding methods. Optimizing the conditions for integration and expression of
foreign genes in mice should facilitate the eventual application of these techniques to other
animals.

Another possibility is the use of this technology either to correct or to mimic certain genetic
diseases. There are several inbred dwarf strains of mice, one of which, /ittle, lacks GH and is
about half normal size when homozygous24. Thus, introduction of the fusion gene described
here or a natural GH gene might restore normal growth to these animals. On the other hand,
the experiments described above show that gigantism can be created. Once these mice are
inbred to give homozygous stocks, they will provide a valuable model system for
biochemical studies on the consequences of excess GH production.
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Finally, the exceptionally high levels of GH found in the sera of some of these mice raises
the possibility of extending this technology to the production of other important
polypeptides in farm animals. The concentrations of GH in MGH-21 serum was 10-100-fold
higher than that reported for bacterial or mammalian cell cultures that were genetically
engineered for GH production19:25-27_ This genetic farming concept is comparable to the
practice of raising valuable antisera in animals, except that a single injection of a gene into a
fertilized egg would substitute for multiple somatic injections; moreover, the expression of
that gene is likely to be heritable®. This approach may be particularly applicable in those
cases where the protein of interest requires special covalent modifications (for example,
proteolytic cleavage, glycosylation, or y-carboxylation) for activity or stability.

Clearly the ability to introduce into mice, and by extrapolation into other animals, functional
genes of selected construction offers wide ranging experimental as well as practical
opportunities.
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Fig. 1.
Construction of the fusion plasmid pMGH. a, The unique BgA1 site of the MT-I genomic

clone?8 was converted to a X%l site by digesting with BgAl, followed by filling in the sticky
ends with Klenow fragment of DNA polymerase in the presence of all four dNTPs; then
Xhol linkers (CCTCGAGG) were ligated to the blunt ends and bacterial strain RR1 was
transformed with this DNA. The Pvull site of pBR322 was converted to a BamH]I site by a
similar procedure, then the 4.1-kb X#hol-BamHI| fragment containing the MT-I promoter and
pBR was ligated to a 4.8-kb X#hol-BamHI fragment containing the rat GH structural gene
(see refs 10, 30) to give pMGH (8.9 kb). 4, The fragment used for injection was a 5.0-kb
BgN-BamH| fragment which was isolated from an agarose gel by the NaClO4 method?®.
For genomic Southern blots, a 1.0-kb PsAl fragment spanning exons 4 and 5 was isolated and
nick-translated® and used as a hybridization probe. ¢, The predicted structure of exon 1 of
the fusion gene. The line and open box represent MT-1 untranslated sequences, the stippled
box represents GH untranslated sequences and the solid box represents the beginning of the
GH coding region (see refs 28 and 30 for complete sequence information).
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Fig. 2.

Analysis of DNA from transgenic mice for MGH sequences. a, DNA dot hybridization® was
used to detect mice with MGH sequences and quantitate their abundance. A nick-translated
Pstl probe (see Fig. 15) was used (6 h exposure). Numbers correspond to the MGH mice
examined; c, controls, 5, DNA (5 ug) from MGH mice was restricted with Ssf
electrophoresed on a 1% agarose gel, transferred to nitrocellulose and hybridized with the
nick-translated PsA probe shown in Fig. 16. pMGH (13 pg, left and 130 pg, right) was
included as a hybridization standard. Markers are Hinalll-cut ., DNA end-labelled with 32P.
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Fig. 3.

Grgowth of MGH mice. Microinjected eggs (SJL x C57) were transferred to oviducts of
foster mothers on 14 April; 21 animals were born 3 weeks later. At 33 days old they were
weaned and the drinking water was supplemented with 76 mM ZnSQO,. The body weights of
the males are shown as solid symbols; the mean weight (+ s.d.) of 11 siblings not containing
MGH sequences is also shown. The female weights are represented by open symbols; means
(z s.d.) of three siblings are indicated also. MGH-21 died on day 72. A partial hepatectomy
was performed on MGH-19 on day 56 and it was taken off Zn thereafter; it was killed on
day 100. All mice were taken off Zn after day 83.
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Slot-blot analysis of liver RNAs from transgenic mice. Mouse liver RNA was purified by
homogenizing a liver slice in 1 x SET (1% SDS, 5 mM EDTA, 10 mM Tris pH 7.5), 200 ug
ml~1 proteinase K (Boehringer) followed by phenol/chloroform extraction, ethanol
precipitation, DNase | treatment (Worthington; DPFF), a second phenol/chloroform
extraction, then re-precipitation with ethanol and finally resuspension for Aygg
determination. Liver RNA (30 pg) was diluted to 100 pl in 2X SSC. Samples were brought
to 0.5 M NaOH or 0.5 M NaCl and incubated at 65 °C for 30 min. 140 pl of 20 x SSC and
160 pl of 12.3 M formaldehyde were added, incubated at 65 °C for another 15 min and
applied to a nitrocellulose sheet resoaked in 20 x SSC through a slot-blot device3!. The
nitrocellulose was baked at 80 °C for 2 h, prehybridized for 5 h and then hybridized with
nick-translated 12P-rGH cDNA32 (5 x 106 c.p.m. in 4 ml at 42 °C overnight), washed in 0.1
x SSC at 42 °C, and exposed to X-ray film at =70 °C for 24 h. g, Samples were treated with
0.5 M NaOH and neutralized with HCI. 5, Samples were incubated with an equivalent
amount of NaCl. 40 and 20 ng of rat pituitary poly(A)* RNA in the presence of 30 ug of
control liver RNA were applied to slots as GH mRNA controls. 1 ng of rGH gene plasmid,
also in the presence of 30 ug of control liver RNA, was applied as a base-resistant control.
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Fig. 5.
Structure of MGH mRNAs in liver of transgenic mice. a, Northern blot analysis. RNAs were

resuspended 10 mM NaH,POy4, pH 7.4/50% formamide/2.2 M formaldehyde, heated at

65 °C for 5 min, and subjected to electrophoresis on a slab gel composed of 1.5% agarose in
10 mM NaH,POy4, pH 7.4/0.55 mM EDTA/1.1 M formaldehyde. The running buffer was 10
mM NaH,PO,, pH 7.4/0.5 M formaldehyde. The gel was stained with acridine orange to
identify rRNA markers, photographed, incubated for 90 min with 50 mM NaOH, and then
neutralized with two washes of 0.2 M NaOAc, pH 4.3. The RNA was then transferred to
diazotized paper and prehybridized as described elsewhere32, Lane 1, total liver RNA (15
ug) from a control littermate; lane 2, total liver RNA (15 pg) from MGH-21; 3, total mouse
pituitary RNA; 4, 40 ng of rat pituitary mRNA, poly(A)*. Lanes 1 and 2 exposed for 48 h;
lanes 3 and 4 exposed for 5 h. b, Single-strand-specific nuclease protection assay. 20 pg of
RNA were hybridized at 47 °C for 5 h in 40 pl of a solution containing 40 mM PIPES pH
6.4, 0.4 M NacCl, 80% formamide and 50,000 c.p.m. gel-purified 221-bp Ssd—Xhol fragment
of pMGH end-labelled at the XAol site with 32P (see Fig. 1¢). The samples were then diluted
with 0.3 ml of 280 mM NaCl, 30 mM NaOAc pH 4.4, 4.5 mM ZnSQy, 20 pg mi~1 salmon
sperm DNA and 150 units of mung bean single-strand-specific nuclease (Collaborative
Research) and incubated at 47 °C for 1 h. Samples were ethanol-precipitated, resuspended in
90% formamide containing bromophenol blue and Xylene Cyanol FF, loaded on to an 8%
acrylamide-urea sequencing gel, electrophoresed for 1.5 h at 2,000 V, dried and
autoradiographed for 7 days at =70 °C with an intensifying screen. Lanes 1 and 2,
sequencing ladder used for size standards; 3, MGH-3 RNA; 4, control liver RNA; 5, mouse
pituitary RNA; 6, MGH-21 RNA.
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Table 1

MGH genes, mRNA, GH levels, and growth of transgenic mice

No. of MGH genes

Mouse Sex per cell
MGH-2 Q 20
MGH-3 Q 1
MGH-10 d 8
MGH-14 g 2
MGH-16 (e} 2
MGH-19 d 10
MGH-21 Q 35
Female littermates 0
(n=3)

Male littermates 0
(n=11)

No. of MGH mRNA molecules

per cell
800
<50
<50
<50
<50
1,500
3,000

Growth hormone
(Mg miY
57.0
0.87
0.28
0.31
17.9
32.0
112.0
0.16
+0.1
0.15
+0.08

Growth”

(9) Ratio
412 187
225 1.02
344 132
306 117
36.4 1.40
440 169
393 178
22.0

+0.8

26.0

+2
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The number of MGH genes per cell was estimated by DNA dot hybridization and scintillation counting (Fig. 22). MGH mRNA molecules per cell

were estimated by densitometric scanning of the autoradiogram from RNA slot hybridization (Fig. 4) and assuming 2.5 x 10° mRNA molecules

per liver cell. GH was measured by RIA as described elsewherel0,

*
Animal weights when 74 days old. The ratio of body weight compared with littermates of the same sex is indicated (see Fig. 3).
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