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Abstract. Overexpression of human (h) or bovine (b) growth hormone (GH) in trans-
genic mice is associated with marked (2- to 12-fold) and significant increase in hepatic
binding of GH and prolactin (PRL). This is due to an increase in the number of GH and
PRL receptors (GHR, PRLR) per mg of microsomal protein without changes in binding
affinity. Comparison of results obtained in transgenic animals expressing bGH with a
mouse metallothionein (MT) or a rat phosphoenolpyruvate carboxykinase (PEPCK)
promoter suggests that effects of bGH on hepatic GHR and PRLR do not require GH
overexpression during fetal life and, within the dose range tested, the effects on PRLR
are not dose dependent. The increase in hepatic GHR was accompanied by significant
increases in plasma GH-binding protein (GHBP) and in mean residence time of Iin-
jected GH. Thus life-long elevation of peripheral GH levels alters the availability of
both free GH and GHR. Site-directed in vitro mutagenesis was used to produce hGH
and bGH analogs mutated within one of the sites involved in binding to GHR and
PRLR. Mutating hGH to produce amino acid identity with bGH at Position 11, 18 (within
Helix 1), 57, or 60 (within the loop between Helix 1 and 2) did not affect binding to GHR
in vitro, or somatotropic activity in transgenic mice in vivo but reduced lactogenic
activity in Nb,, cells by 22%—-45%. Mutations of bGH designed to produce amino acid
identity with hGH at one to four of the corresponding positions in the bGH molecule
did not interfere with binding to GHR or somatotropic activity in vivo, and failed to
produce significant binding to PRLR but resulted in alterations in the effects on the
hypothalamic and anterior pituitary function in transgenic mice. Apparently region(s)
outside the domains examined are essential for lactogenic activity of hGH, and dif-
ferent portions of the GH molecule are responsible for its diverse actions in vivo.
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ultiple physiological actions of growth hor-

mone (GH) include stimulation of synthesis

of GH receptors (GHR) and GH-binding pro-
tein (GHBP). The relationship between these effects of
GH is of particular interest because GHBP originates
either from differential transcription of the GHR gene
or from cleavage of extracellular domain of GHR. Bi-
ological actions of GH are closely related to the ac-
tions of another pituitary hormone, prolactin (PRL).
Growth hormone and PRL, as well as GHR and PRL
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receptors (PRLR) exhibit significant structural ho-
mology (1, 2); GH can induce both GHR and PRLR (3,
4); and human GH (hGH) interacts with both GHR and
PRLR in rodents (5). Against this background, we de-
cided to examine the effects of bovine GH (bGH) and
hGH on hepatic GHR and PRLR, circulating GHBP
and pharmacokinetics of GH. For these studies, we
have used transgenic mice, which provide a unique
model of exposure to high levels of heterologous hor-
mones starting during fetal or early postnatal life and
continuing throughout the entire life span without
complications due to immunogenicity of injected or
infused heterologous GH in ‘‘conventional’’ animals.

We are also interested in the interaction of differ-
ent domains of the GH molecule with GHR and/or
PRLR. The recent evidence that GH action involves
simultaneous binding of one GH molecule to two GHR
(6, 7) and suggestions that a similar mechanism may
apply also to the actions of PRL (8) provide new



framework for analyzing these interactions and for de-
termining why hGH but not bGH can exert lactogenic
effects. We are approaching this problem by examin-
ing the consequences of site directed in vitro mutagen-
esis of nonhomologous regions of hGH and bGH.

Production and Characteristics of
Transgenic Mice

Transgenic mice utilized for the studies of GHR,
GHBP, and pharmacokinetics of injected GH were de-
rived from lines expressing hGH or bGH with mouse
metallothionein-1 (MT) promoter or bGH with rat
phosphoenolpyruvate carboxykinase (PEPCK) pro-
moter. Each line was derived from a single founder
produced by microinjection of the corresponding hy-
brid gene (MT-hGH, MT-bGH, PEPCK-bGH) into
male pronuclei of recently fertilized mouse ova (9-11).

Transgenic male descendants of these founders
were kindly made available to us by Drs. T. E. Wag-
ner and Y. S. Yun and used to develop and maintain
lines by crossing transgenic males, in every genera-
tion, with normal C57 BL/6 x C3H F, females. This
breeding system rapidly reduces differences in genetic
background between the lines and provides a virtually
unlimited supply of approximately equal numbers of
hemizygous transgenic mice and their genetically nor-
mal litter-mates. In transgenic animals, expression of
heterologous GH starts during fetal life or postnatally,
corresponding to the regulation of the MT and the
PEPCK promoter, respectively (9, 12). Production of
heterologous GH in these transgenic animals is ec-
topic, with most of the hormone present in circulation
being presumably derived from the liver and the kid-
ney (PEPCK) or the liver, kidney, and intestine (MT).
In adult transgenic mice plasma hGH levels are ap-
proximately 20 ng/ml in MT-hGH animals, while
plasma bGH levels are approximately 30 ng/ml in MT-
bGH, and approximately 300 ng/ml in PEPCK-bGH
mice. Thus data obtained from these lines allow com-
parisons between the actions of lactogenic plus so-
matotropic and purely somatotropic GH (MT-hGH
versus MT-bGH), and provide some information on
the effects of the dose and the developmental onset of
exposure to GH excess (MT-bGH vs PEPCK-bGH).
Phenotypic consequences of GH overexpression in
transgenic mice from the various lines include: major
enhancement of postweaning growth and adult body
weight (9-12), increase in plasma levels of IGF-1 (11,
13), suppression of endogenous (mouse) GH produc-
tion in the pituitary (14-16), increase in plasma corti-
costerone levels (17) which apparently reflects en-
hanced ACTH release (18), alterations in norepineph-
rine and dopamine turnover in different regions of the
hypothalamus and in the release of gonadotropins and
PRL from the anterior pituitary (19-22), female steril-

ity (in all MT-hGH and most PEPCK-bGH mice; 11,
19, 23), early development of mammary tumors in MT-
hGH females, and drastically reduced life span in
PEPCK-bGH and MT-hGH animals (24). In spite of
elevated GH and corticosterone levels, plasma glucose
concentration is normal or near normal (25, 26) while
insulin levels may be substantially elevated (26, Balbis
and Turyn, unpublished).

Effects of GH Overexpression on Hepatic GHR
and PRLR

As expected from the well-documented ability of
GH to stimulate synthesis of GHR (3, 4, 27), overex-
pression of either hGH or bGH in transgenic mice was
associated with a significant increase in the binding of
['>*I]bGH to liver microsomes. These changes were
due to an increase in GHR number without changes in
affinity (28). Percent increase in GH binding in trans-
genic versus control animals was similar in males and
in females (28). Comparison of bGH binding to mi-
crosomal preparations from the livers of MT-hGH and
MT-bGH mice indicated that hGH is more effective in
the induction of GHR (28).

In each of the lines examined, overexpression of
heterologous GH was associated also with an increase
in the binding of oPRL by liver microsomes (28).
These actions of hGH and bGH in transgenic animals
were much more pronounced in males (approximately
1000%—-1200% increase) than in females (approxi-
mately 2009%-300% increase), leading to complete dis-
appearance of the usual sexual dimorphism in hepatic
PRL binding (28). These effects are fully consistent
with our previous studies of hepatic hGH binding in a
different line of MT-bGH transgenic mice (29) and
with the report of increased PRLR in the liver of trans-
genic mice overexpressing ovine GH (4). However,
our evidence that bGH is equally or perhaps slightly
more effective than hGH in inducing hepatic PRLR is
new and unexpected.

Comparison of results obtained in MT-bGH and
PEPCK-bGH mice suggested that the effects of bGH
on hepatic GHR and PRLR are not influenced by pre-
natal bGH gene expression and, within the range of
doses tested, the effects on PRLR are not related to
the dose (i.e., peripheral levels) of bGH. Similarity of
results obtained in two lines derived from different
founders and expressing a completely different gene
construct (MT-bGH versus PEPCK-bGH) argues
against involvement of insertional mutagenesis in the
induction of the observed effects. However, the role of
systemic versus locally produced (i.e., hepatic) GH,
and the possible involvement of IGF-I in the induction
of GHR and PRLR by heterologous GH cannot be
evaluated on the basis of our data.
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Pharmacokinetics of GH and Plasma GHBP
Levels in Transgenic Mice

In transgenic MT-bGH and PEPCK-bGH mice,
similar to their normal siblings, injected ['>’I]hGH was
rapidly taken up by the liver, kidney, and spleen. Re-
sults of simultaneous administration of cold hGH or
bGH provided evidence that the kidney and spleen
uptake was nonspecific, while the liver uptake was
specific and consistent with binding to both GHR and
PRLR (30, 31). Complexes of labeled hGH with both
GHR and PRLR were detected in the liver of MT-bGH
transgenic mice injected with ['*I1hGH (30, 31). Dis-
appearance of labeled hGH from plasma followed a
multiexponential curve with little change in overall ¢,
in MT-bGH mice and a significant prolongation of #,,
in PEPCK-bGH animals, as compared with their nor-
mal siblings (30). Similarly, the mean residence time
was not altered in MT-bGH, and significantly in-
creased in PEPCK-bGH transgenic animals (167 + 24
vs 55 = S min; P < 0.001; [30]). We feel that differ-
ences between results obtained in transgenic mice
from these two lines reflect differences in plasma
GHBP levels, and more specifically, in the ratios be-
tween the concentrations of GHBP-GH complexes
and total GH.

Chromatographic analysis of serum incubated
with iodinated hGH or bGH provided evidence for a 2-
to 3-fold increase in the levels of GHBP in transgenic
MT-bGH and PEPCK-bGH animals as compared with
their normal siblings (Turyn, unpublished). These find-
ings were confirmed by measurement of GHBP levels
performed in samples from the same animals in an-
other laboratory using a specific GHBP radioimmuno-
assay (Engbers, Talamantes, and Bartke, unpublished
observations). In normal mice, approximately one-
third of GHBP was complexed with GH, while in
transgenic animals, most of GHBP was bound. Con-
comitant increases in the amount of total GHBP and in
the proportion of GHBP that was bound lead to a mas-
sive increase in the amount of GHBP-GH complexes
in the serum of transgenic versus normal mice. This
increase was approximately 4-fold in MT-bGH and ap-
proximately 10-fold in PEPCK-bGH mice. The per-
centage of GH bound in circulation was significantly
reduced in PEPCK-bGH transgenics compared with
normal mice but not altered in MT-bGH animals.
Thus, effects of GH on GHBP levels were, in general,
parallel to the effects of GH on hepatic GHR. As was
the case with the changes in GHR, our data do not
allow us to distinguish between the effects of hepatic
versus systemic GH or between direct and IGF-I-
mediated effects of GH. Results obtained in different
lines of transgenic mice indicate that life-long expo-
sure to either modest (MT-bGH) or massive (PEPCK-
bGH) elevation of circulating GH levels is associated
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with a significant increase in serum GHBP concentra-
tion. However, this increase is proportionally much
smaller than the increase in peripheral GH levels;
thus, the amount of free GH in circulation increases
much more than the amount of total GH. Further re-
search is needed to determine to what extent these
changes in GH binding may contribute to phenotypic
and physiological consequences of life-long GH excess
in transgenic animals.

Receptor Binding and Biological Activity of hGH
and bGH Analogs

It is well documented that hGH exhibits lactogenic
activity in rodents, while bGH does not. In transgenic
mice, the effects of bGH and hGH expression on var-
ious neuroendocrine and reproductive functions are
often different and, in some cases, opposite (15, 19-22,
32-34). In an attempt to identify structural differences
between the bGH and hGH molecules that are respon-
sible for differences in their receptor binding and bio-
logical activity, we are examining a series of bGH and
hGH analogs generated by site directed in vitro mu-
tagenesis. For these studies we have selected two sites
within Helix 1 (11 and 18 in hGH, corresponding to 12
and 19 in bGH) and two sites within the loop region
between Helix 1 and 2 (57 and 60). Importance of
amino acid residues at these particular sites, in the
ability of hGH to bind to PRLR and exert lactogenic
effects, can be suspected from comparisons of the
structure of bGH, hGH, and hPRL (1, 3), and from
previous studies (3). The analogs generated were ex-
pressed and studied in mouse L cells using transient
transfection and Western blotting analysis. Media con-
ditioned by transfected cells were tested for binding
and biological activities using mouse liver microsomal
preparations, cells expressing porcine GHR, and Nb,
rat lymphoma cell line.

Examination of a series of bGH analogs with sin-
gle mutations (A12D, Q19H), double mutations
(T57S:A70T, A12D:Q19H), triple mutations
(A12D:T57S:A60T, Q19H:T57S:A60T), and quadruple
mutations (A12D:Q19H:T57S:A60T) revealed that all
of them bound to GHR with the same binding constant
(K, as wild type bGH. Two of these analogs,
A12D:T57S:A60T and A12D:Q19H:T57S:A60T exhib-
ited very low binding to PRLR but none was signifi-
cantly mitogenic in Nb, cells. These results suggest
that additional modifications of the bGH molecule are
necessary to endow it with lactogenic activity.

These bGH analogs were fused with the MT pro-
moter-regulator region and used to produce transgenic
mice. All of the resulting lines exhibited enhanced
postweaning growth, increased adult body weight and
increased weights of the liver, the spleen, and the kid-
neys, as expected from the in vitro studies of binding
to GHR. However, measurements of plasma LH and



PRL levels, and hypothalamic turnover of norepineph-
rine and dopamine in these animals revealed some al-
terations resembling the consequences of hGH rather
than bGH expression as well as changes which dif-
fered from the effects of both wild type bGH and wild
type hGH. On the basis of results obtained recently in
a different series of bGH mutants, we have suggested
that different regions of the GH molecule may be in-
volved in producing its various effects (35). Results of
the preliminary studies described above are fully con-
sistent with this conclusion and may extend it to bio-
logical effects normally associated with lactogenic,
rather than somatotropic activity. It is interesting to
speculate that different profiles of biological activity of
the various GH analogs may be related to differential
effects of the introduced mutations on their ability to
bind to different forms of GHR and/or PRLR. It also
appears to be possible that the hGH-like effects of
some of the examined bGH mutants could be related
to their ability to bind to PRLR in some but not other
target organs and/or to bind simultaneously to one GH
and one PRL receptor.

Four single (D11A, H18Q, S57T, T60A), three
double (D11A:H18Q, H18Q:S57T, D11A:T60A) and
one triple (D11A:H18Q:Q22H) mutations of hGH were
also generated, expressed and tested in vitro for re-
ceptor and biological activity. All mutants bound to
GHR and exhibited somatotropic activity in cells ex-
pressing pGHR. However, lactogenic activity, mea-
sured in Nb, cells was reduced by 22% to 45%. The
greatest reduction of lactogenic activity was detected
in analogs mutated at position 18 (H18Q) either singly,
or in conjunction with one or two additional substitu-
tions. These observations are consistent with the pre-
viously reported evidence for the importance of histi-
dine at Position 18 for binding of the hGH molecule to
the PRLR (8). Persistence of partial lactogenic activity
in all hGH analogs listed above suggests that positions
other than the four examined (11, 18, 57, and 60) must
be importantly involved in the interaction of hGH with
PRLR. Assuming that lactogenic actions of hGH (and
presumably also PRL) are mediated by interaction of
each ligand molecule with two receptors, we can sus-
pect that the failure of mutations in one of the putative
sites of receptor binding to abolish lactogenic activity
of hGH was due to continued ability of the second site
to interact with PRLR.

Findings discussed in this chapter, including recent unpub-
lished data from our laboratories were obtained from studies sup-
ported by the NIH (DK-42137 and HD20001), the Cooperative State
Research Service, U.S. Department of Agriculture, under agree-
ment No. 89-37240-4584, Consejo Nacional de Investigaciones Ci-
entificas y Tecnicas de la Republica Argentina (CONICET) and
Fundacion Antorchas, Buenos Aires, Argentina. The help and en-
couragement of Dr. S. T. E. Wagner and J. S. Yun are gratefully
acknowledged.
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