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Abstract—The response of an SV40-immortalized hepatocyte cell line (CWSV-1) derived from adult
male rat hepatocytes to human growth hormone (hGH) was investigated. CWSV-1 cells, which have
been characterized extensively, retain certain differentiated functions of normal liver (Woodworth and
Isom, Mol Cell Biol 7: 3740-3748, 1987). This cell line consists of tightly associated polygonal,
mononucleated cells that grow as monolayers. These cells showed no significant morphological changes
with the addition of hGH. Northern blot analysis showed that continuous treatment of the CWSV-1
cells with hGH induced the expression of insulin-like growth factor I (IGF-I) and Sa-reductase RNAs.
In addition, continuous exposure to hGH resulted in the induction of expression of the growth hormone
receptor/growth hormone binding protein (GHR/GHBP) genes. This study indicates that the CWSV-1
cells may serve as a valuable in vitro model system for studying the signaling pathway of GH.
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GHS, a pituitary polypeptide hormone, physio-
logically stimulates new bone formation and
maintains normal postnatal growth and development,
as well as accelerating linear growth. Metabolically,
GH induces protein deposition, stimulates lipolysis
thereby increasing plasma free fatty acids, and
reduces carbohydrate utilization elevating plasma
glacose levels [1,2]. Several of these effects are
mediated by IGF-I, which is produced and secreted
by the liver in response to GH stimulation [3]. IGF-
I mediates the actions of GH especially during the
postnatal and adolescent growth and development
periods by stimulating tissue growth and inducing
terminal differentiation of many cell types [4].
Furthermore, GH is also responsible for regulating
the expression of other liver gene products such as
Sorreductase, hormone receptors, major urinary
proteins, and certain sex-specific steroid hydroxylase
cytochrome P450 enzymes [5, 6].

The cellular effects produced by GH are mediated
by the binding of GH to its membrane-bound
receptor. Although it has been clearly shown that
GH directly influences the expression of specific
genes and regulates different cellular events essential
for normal cell function, the intracellular signaling
mechanisms that mediate these responses are still
unclear. There are advantages to investigating the
second messengers involved in transducing GH’s
signal in in vitro cell culture systems rather than
whole animals. To our knowledge, no GH-responsive
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hepatocyte or hepatoma cell lines have been
identified. Therefore, studies are presently carried
out using differentiated primary, non-proliferating
adult rat hepatocytes [7] or tissue culture cells
engineered to express the GHR through DNA
transfection [8-10]. Because primary cells in culture
have many limitations, it would be of great value to
find a well-differentiated hepatocyte cell line
responsive to GH.

The CWSV-1 cell line, an SV40-immortalized cell
line derived from adult male rat hepatocytes, has
been studied extensively [11-14]. This cell line
consists of replicating epithelial cells and grows in a
chemically defined medium without any matrices or
serum. In addition, CWSV-1 cells retain some
differentiated functions characteristic of the normal
liver in that they secrete albumin at levels comparable
to those of normal liver, show liver-like expression
of other liver-specific proteins, and express albumin,
ag-antitrypsin, and transferrin mRNAs at levels
approaching those found in normal liver. The goal
of this study was to determine if the CWSV-1 cells
respond to GH. Specifically, the effects of GH on
IGF-1, Sa-reductase and GHR RNA expression by
CWSV-1 cells were measured.

Studies carried out using the adult rat liver [15, 16]
and cultures of primary male and female rat
hepatocytes [17, 18] have shown that IGF-I mRNA
expression is GH dependent. Likewise, Miller and
Colas [19] showed that GH causes a dose-dependent
increase of Sa-reductase activity in adult female
hepatocytes. In addition, the continuous infusion of
GH to normal male rats increases the activity of 5a-
reductase [20, 21]. The GH-regulated expression of
Sa-reductase provides another tool with which to
investigate the responsiveness of the CWSV-1 cell
line to GH.

Conflicting reports have made the issue of whether

1091



1092

or not a sex difference exists with the GHR and its
regulation by GH confusing. Looking at the effect
of GH on the expression of GHR/GHBP RNA in
the CWSV-1 cell line may help to clear up some of
these issues.

If GH treatment results in the induction of certain
GH-responsive genes in the CWSV-1 cell line, it
might serve as a potential in vitro system in which
to study the elements of the intracellular signaling
mechanism of GH. In addition, issues concerning
sex differences associated with the GHR and its
regulation by GH can be investigated further.

MATERIALS AND METHODS

Cell lines. The SV40-hepatocyte cell line CWSV-1
{12] was maintained on 100-mm plastic tissue culture
dishes and fed 1 x RPCD medium every other day.
RPCD medium is a supplemented RPMI 1640
medium containing 0.28% bicarbonate, 0.36% 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid,
bovine serum albumin (0.08%), linolenic acid (2
pg/mL), 2-aminoethanol (4.1 ug/mL), glucagon
(0.04 ug/mlL), dexamethasone (0.4 ug/mL), trans-
ferrin (100 pg/mL), trace metals [22], penicillin (100
pg/mL), and streptomycin (100 ug/mL). When the
cells reached confluency, they were trypsinized and
plated at a predetermined dilution in 1 X RPCD
medium containing 3% fetal bovine serum to aid in
cell attachment. Approximately 4 hr after plating,
fresh 1 X RPCD medium lacking fetal bovine serum
was added. Experiments with GH were carried out
by adding the desired amounts of hGH (Sigma
Chemical Co., St. Louis, MO) or pGH (Sigma) to
1 x RPCD medium. Cell cultures were treated for
the indicated time periods after which poly (A)*
mRNA was extracted.

Poly (A)*-enriched mRNA isolation. Poly (A)*-
enriched mRNA was extracted from livers of normal
male and female Fisher 344 rats and the CWSV-1
cell line using the PolyAtract System 1000 kit
mRNA isolation kit (Promega, Madison, WI).
Concentrations were determined spectrophoto-
metrically.

Recombinant plasmids. The plasmid pRat 1-20,
which encodes the entire extracellular region that is
common to both the GHR and GHBP messages
[23], was provided by Dr. William R. Baumbach
(American Cyanamide Co., Princeton, NJ). This
probe recognizes a 4.75kb (GHR) and 1.2kb
(GHBP) transcript [23]. The rat IGF-I cDNA clone
was a gift from Dr. Graeme I. Bell of the Howard
Hughes Medical Institute, The University of Chicago.
It recognizes the following transcripts: 7.0, 1.8, and
1.0 kb [24]. The plasmid pBSa-RED1, which contains
the full-length rat cDNA encoding Sarreductase,
was a gift from Dr. David Russell of The University
of Texas, Southwestern Medical Center at Dallas,
and recognizes a 2.47 kb transcript [25].

Northern blot analysis. For Northern blot hy-
bridization, 1-3 yg of formamide-denatured poly
(A)*-enriched mRNA were separated elec-
trophoretically on a 1.4% agarose gel. Equal
concentrations were verified by visualization of the
rRNA concentrations on ethidium bromide-stained
gels. The RNA was transferred to NitroPlus 2000
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Fig. 1. Effect of hGH on IGF-I1 RNA expression. (A)
Expression of IGF-I RNA in the CWSV-1 cell line,
untreated and treated with GH (2 ug/mL, 4 days). Poly
(A)*-enriched RNA was extracted from CWSV-1 cells,
separated electrophoretically, transferred to filters, and
hybridized with ¥P-labeled IGF-I cDNA. (B) Expression
of IGF-I RNA in the CWSV-1 cell line, untreated and
treated with hGH, in an independent experiment. The
autoradiogram was overexposed to show IGF-I transcripts
in untreated CWSV-1 cells. (C) Expression of IGF-I in
female (F) and male (M) rat livers. All lanes contained
equal amounts of RNA, as determined by ethidium bromide
staining.

membranes (Micron Separations, Inc., Westboro,
MA), baked at 80°, and prehybridized at 46° for
48 hr in a prehybridization buffer [50% deionized
formamide, 5% SSC, 5x Denhardt’s, 50 mM
NaH,PO, (pH 6.5), 0.1% SDS, and 0.5 mg/mL
sonicated salmon sperm DNA]. Plasmid cDNA
probe was nick-translated for 4 hr [26] and then
denatured. The hybridization reaction was carried
out in hybridization buffer (prehybridization buffer
with the addition of 1.0 mM EDTA) at 46° for 48 hr
in the presence of 5 x 107 cpm of the specific cDNA
probe. The nitrocellulose filters were washed twice
in 2X SSC with 0.1% SDS at room temperature for
10 min each, three times in 0.1x SSC with 0.1%
SDS for 30 min each at 55°, and three times in 0.1 X%
SSC at room temperature for 5 min each. The filters
were partially dried and exposed to Kodak XAR-5
film (Eastman Kodak Co., Rochester, NY) at —70°
for variable exposure times. The Molecular Dynamic
Laser Densitometer 100A (Sunny Vale, CA) and
Protein Data Bases, Inc. (Huntington, NY) software
package were used to quantitatively measure the
relative signal intensities of the autoradiographs.
Rocket immunoelectrophoresis. The amount of
albumin produced and secreted into the culture
medium was measured by rocket immuno-
electrophoresis, as reported by Laurell [27].

RESULTS

Effect of hGH on IGF-I RNA expression. Since
the expression of IGF-1 has been shown to be GH



Effects of GH on a hepatocyte cell line

A B

2.5 kb

F M -t

Fig. 2. Effect of hGH on 5a-reductase RNA. (A)
Expression of Sa-reductase in female (F) and male (M) rat
livers. Poly {A)*-enriched RNA was extracted from female
and male rat livers, and Northern blot analysis was carried
out. (B) Expression of Sa-reductase in the CWSV-1 cell
line, untreated and treated with hGH (2 ug/mL, 4 days).
Poly (A)*-enriched RNA was extracted from the CWSV-1
cells, and Northern blot analysis was carried out.

dependent, Northern blot analysis was carried out
to determine whether hGH induced IGF-I expression
in CWSV-1 cells. Poly (A)™-enriched RNA was
prepared from CWSV-1 cells that were treated with
2 pug/mL hGH for 4 days. The expression of IGF-I
mRNA increased in hGH-treated CWSV-1 cells
(Fig. 1A). In an independent experiment, the
autoradiogram was overexposed to determine if the
CWSV-1 cells expressed detectable IGF-I mRNA in
the absence of GH (Fig. 1B). Treatment with hGH
(4 days) increased the 7.0, 1.8 and 1.0kb IGF-I
transcripts approximately 20-, 8 and 11-fold,
respectively (Fig. 1B).

Poly (A)*-enriched RNA from female and male
rat liver was also analyzed for IGF-I mRNA levels.
The 7.0 kb IGF-I message was expressed at a 4-fold
higher level in the female than in the male liver (Fig.
1C). To our knowledge, this finding has not been
reported elsewhere in the literature. In a separate
experiment carried out under the same conditions,
the male liver expressed the 7.0 kb transcript 27-fold
higher than the hGH-treated CWSV-1 cells (data
not shown).

Effect of hGH and pGH on 5a-reductase RNA
expression. The expression of Sa-reductase, a female-
specific enzyme, is also regulated by GH. The
continuous presence of GH in male rats has been
shown to induce the expression of this female-
specific enzyme. It was of interest to determine if
continuous exposure to hGH could increase the
expression of Sa-reductase in CWSV-1 cells. The
CWSV-1 cell line was derived from a culture of
primary adult male rat hepatocytes. GH-treated
CWSV-1 cells showed a 4-fold increase in the
expression of the 2.5kb Sa-reductase RNA, as
indicated by Northern blot analysis (Fig. 2B).

Poly (A)*-enriched RNA from normal male and
female liver was also analyzed for 5a-reductase RNA
levels so that the constitutive and induced levels in
CWSV-1 cells could be compared with those from
the whole animal. The level of expression of 5a-
reductase mRNA was 36-fold higher in male liver
than in untreated CWSV-1 cells and 10-fold higher
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Fig. 3. Effect of concentration of hGH on Sa-reductase

RNA expression. Total RNA was extracted from CWSV-1

cells, untreated (0) and treated with 0.05, 0.5, and 1.0

pg/mL hGH for 24 hr. Northern blot analysis was carried
out.
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Fig. 4. Effect of hGH on Sa-reductase RNA expression

after various treatment times. Total RNA was extracted

from CWSV-1 cells, untreated (0) and treated with 2

pg/mL hGH for 0.5, 1, 2, and 4 hr. Northern blot analysis
was carried out.

than in CWSV-1 cells treated with hGH (data not
shown). Quantitative analysis of an autoradiogram
exposed for a shorter period of time revealed that
the female liver expressed the 2.5 kb 5a-reductase
message approximately 14 times higher than the
male (Fig. 2A). Our data parallel previous findings,
which demonstrate that 5o-reductase activity is
higher in the female than in the male rat liver [19].

When a concentration-response curve was carried
out, the induction of Sa-reductase was observed
when CWSV-1 cells were treated with 0.5 ug/mL
hGH for 24 hr (Fig. 3). A 4.5-fold further increase
in the level of expression was observed at 1.0 ug/mL
hGH, as quantitated by densitometric scanning of
the 2.5 kb Sa-reductase transcript.

A time-course study of hGH effects on 5a-
reductase RNA by 2 ug/mL hGH was also performed
(Fig. 4). CWSV-1 cells were treated with hGH for
the indicated times, and total RNA was prepared
and analyzed by Northern hybridization to the 5a-
reductase cDNA probe. The autoradiogram showed
that after 0.5 hr of hGH treatment, increased levels
of Sa-reductase RNA expression were already seen
in the CWSV-1 cells. Densitometric quantification
showed this increase to be 3-fold over the untreated
cells. The stimulatory effect of hGH on the 5a-
reductase message increased to 5 to 6 fold by 1 hr
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Fig. S. Effect of concentration of pGH on Sa-reductase

RNA expression. Total RNA was extracted from CWSV-1

cells, untreated (0) and treated with 0.1, 0.5, and 1.0

ug/mL pGH for 24 hr. Northern blot analysis was carried
out.

after treatment and remained at that level when
treatment was continued for 2 or 4 hr.

Previous studies on the regulation of IGF-I
expression have been carried out primarily with
hGH. Studies have shown that hGH possesses both
lactogenic and somatogenic activities in the rat liver.
It has been reported that hGH binds to PRL-Rs and
GHRs in rat liver membrane preparations [28, 29].
In addition, hGH has also been shown to induce
PRL-Rs [30]. pGH, on the other hand, possesses no
lactogenic properties since it does not bind to PRL-
Rs [31-33). Therefore, pGH was used to determine
if the effects of hGH observed on the induction of
Sa-reductase RNA were due to hGH binding to the
GHR and not the PRL-R. Northern blot analysis
showed that exposure of the CWSV-1 cells to 0.1 or
0.5 ug/mL pGH for 24 hr resulted in a 2-fold increase
in the level of 5a-reductase RNA (Fig. 5). A 7-fold
increase was observed at 1.0 ug/mL pGH.

Effect of hGH on GHR/GHBP RNA expression.
We next wanted to determine whether GH regulated
the expression of GHR/GHBP RNAs in the CWSV-1
cell line. Poly (A)*-enriched RNAs extracted from
normal female and male rat liver, untreated CWSV-1
cells, and hGH-treated CWSV-1 cells were analyzed
by Northern blot analysis for the 4.75 kb GHR and
1.2 kb GHBP transcripts. The 1.2kb GHBP RNA
bands were easily detected in female and male liver
and in hGH-treated CWSV-1 cells (Fig. 6A). The
4.75kb GHR transcript was readily detectable in
female liver and hGH-treated CWSV-1 cells. The
GHBP and GHR transcripts were not detectable in
RNA from untreated CWSV-1 cells, and the GHR
transcript was not detectable in RNA from normal
male liver. Overexposure of the blot showed that
untreated CWSV-1 cells do constitutively express
both the GHR and GHBP transcripts (Fig. 6B).
Quantitative analysis of the autoradiogram indicated
that treatment with hGH increased expression of
the GHR and GHBP transcripts approximately 15-
fold.

Both the GHR and GHBP transcripts were
expressed at considerably lower (approximately 10-
fold) levels in male than in female liver. In untreated
CWSV-1 cells, which were derived from male
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Fig. 6. Effect of hGH on GHR/GHBP RNA expression.
(A) Expression of GHR/GHBP in female (F) and male
(M) rat livers and the CWSV-1 cell line, untreated and
treated with hGH (2 yg/mL, 4 days). Poly (A)*-enriched
RNA was extracted and Northern blot analysis was carried
out as described in the legend to Fig. 1. (B) Expression of
GHR/GHBP in the CWSV-1 cell line, untreated and
treated with hGH (2 ug/mL, 4 days), as in panel A, except
that the autoradiogram was overexposed to allow for
detection of GHR/GHBP bands in untreated CWSV-1
cells.
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Fig. 7. Effect of insulin on GHR/GHBP RNA expression.
Expression of GHR/GHBP RNA in male rat liver (M) and
the CWSV-1 cell line, treated and untreated with insulin
(0.06 ug/mL, 4 days). Poly (A)*-enriched RNA was
extracted from male rat liver and the CWSV-1 cell line and
Northern blot analysis was carried out as described in the
legend to Fig. 1. The autoradiogram was exposed for a
longer period of time than that in Fig. 6B to allow for
detection of the GHR/GHBP RNA in untreated CWSV-1
cells.

hepatocytes, the levels of both transcripts were
markedly lower than in liver from normal male rats.
However, the levels of both the 4.75 and 1.2kb
RNA bands were more than 40-fold higher in hGH-
treated CWSV-1 cells than in normal male rats.
We next tested the effect of insulin on GHR/
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Fig. 8. Morphology of CWSV-1 cells in the presence and
absence of hGH. Photomicrographs of the untreated (A)
and hGH-treated (B) CWSV-1 cells after 4 days in culture.

GHBP RNA expression in CWSV-1 cells since it
has been reported previously that insulin can mimic
the effects of GH [34]. Poly (A)*-enriched RNA
was extracted from untreated CWSV-1 cells and
CWSV-1 cells treated with insulin. Northern blot
analysis (Fig. 7) showed that treatment with 0.06 ug
insulin/mL medium for 4 days had no effect on the
level of expression of either the 4.75kb GHR or
1.2 kb GHBP transcripts.

Effect of hGH on albumin secretion. Media from
untreated CWSV-1 cells and hGH-treated cells were
analyzed for rat albumin levels by radioimmunoassay.
CWSV-1 cells transcribe albumin RNA at liver-like
levels {12, 14] and secrete high levels of albumin into
the culture medium [11, 12]. Our results indicated
that untreated CWSV-1 cells secreted an average of
13.49 (£2.36) pg albumin per cell per 24 hr. Likewise,
CWSV-1 cells treated with hGH (2 ug/mL., 4 days)
produced 13.46 (+2.42) pg albumin per cell per 24 hr
(data not shown). These data were based on albumin
measurements made on medium collected from cells
at the several different passage levels used for the
experiment. Since hGH had no effect on albumin
secretion, these data indicate that the stimulatory
effects on hGH of IGF-1, Sa-reductase, and GHR/
GHBP gene expression were specific.

Morphology. CWSV-1 cells are small, tightly
associated polygonal epithelial cells that grow as
monolayers (Fig. 8A) in the absence of hGH [11].
Treatment of CWSV-1 cells with hGH for 4 days
(Fig. 8B) did not alter significantly the morphology
of these cells with regard to cell size and shape.

DISCUSSION

It has been shown previously that primary cultures
of non-proliferating rat hepatocytes can be used to
study the actions of GH in vitro. Primary cultures
of hepatocytes isolated from adult male rats have
been used to investigate the role of protein kinase
C in the regulation of P450IIC12 and IFG-I mRNA
expression by GH [7]. Maintenance of primary
hepatocytes on a substratum of matrigel, a
reconstituted basement membrane, has enabled
investigators to study the effects of GH on the
expression of cytochromes P450h and P450i and on
phenobarbital-induced P450 b/e gene transcription
[34, 35]. However, there are several disadvantages
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of using primary hepatocytes to study GH effects on
liver cells. Since primary hepatocytes do not divide,
there is a constant need to isolate fresh cells from
animals. In addition, the need for a matrigel
substratum adds to the complexity of the in vitro
culture system. The availability of a continuous cell
line that grows on plastic cell culture dishes and
retains differentiated functions of liver and the ability
to respond to GH would be of value. In this study
we have shown that the CWSV-1 cell line, an SV40-
immortalized hepatocyte cell line derived from adult
male rat hepatocytes, is responsive to GH, and, as
such, appears to be the first hepatocyte cell
line exhibiting this property. GHR/GHBP gene
expression increased in hGH-treated CWSV-1 cells
and hGH induced the expression of IGF-I and 5a-
reductase, two GH-responsive genes. The effect of
hGH on the CWSV-1 cells was specific since hGH
did not cause a change in the amount of albumin
produced per cell. In addition, exposure to hGH did
not alter the epithelial morphology of the cells.

CWSV-1 cells were derived from a colony of
replicating albumin-secreting cells in a culture of
primary adult rat hepatocytes that had been
transfected with SV4A0 DNA [11, 12, 36]. The primary
hepatocytes used for these studies were not
maintained in medium supplemented with GH, and
CWSV-1 cells are grown routinely in medium lacking
GH. The CWSV-1 cells have been used previously
to study regulation of albumin expression [12, 13],
molecular mechanisms of albumin expression
[14,37], and the expression of other liver specific
genes [13, 38]. The CWSV-1 cells express liver-like
levels of albumin and other liver-specific genes while
replicating in serum-free chemically defined medium
in the absence of extracellular matrix or epidermal
growth factor. The CWSV-1 cells are immortal and
not transformed [39-41]; they do not grow in soft
agar; they have an organized actin cytoskeleton; and
they are not tumorigenic in animals.

We have demonstrated previously that albumin
expression in CWSV-1 cells is regulated by
dexamethasone [12], and expression of seven acute
phase genes expressed by CWSV-1 cells is regulated
in the manner expected when the cells are treated
with a mixture of cytokines present in conditioned
medium from stimulated lymphocyte cultures {38].
In this study we have shown that CWSV-1 celis
retain the ability to respond to GH. These studies
show that CWSV-1 cells not only maintain expression
of genes indicative of hepatic differentiation but also
retain the ability to respond to external stimuli in a
liver-like fashion.

The highest level of GHR mRNA expression has
been shown in the adult rat liver. GHR RNA
expression is low at birth and elevates to adult levels
in 5 weeks {42]. The same pattern was observed for
GH binding [43]. It still remains unclear as to
whether a sex difference exists in the expression of
GHR and whether this expression is regulated by
GH. It has been reported that female rats appear to
have a higher number of hepatic GHRs than males
[43, 44]. However, other investigators reported no
sex differences in the rat liver [28, 45, 46]. Mathews
et al. [42] reported that GHR mRNA expression is
the same in female and male rat livers. Similarly,
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the issue of whether GH regulates GHR gene
expression needs to be further addressed. A single
injection of GH resulted in the decrease of hepatic
GHRs in hypophysectomized female rats [47],
whereas long-term GH exposure increased the
number of GHRs in intact female rats [30]. In
contrast, Mathews et al. [42] reported that there was
no change in the hepatic expression of GHR mRNA
in hypophysectomized or GH-treated rats. In this
study, we showed that continuous exposure of the
CWSV-1 cells to GH markedly increased the
expression of GHR/GHBP RNA. Although it has
been reported previously that insulin can imitate the
effects of GH [34], our data with CWSV-1 cells
showed that insulin did not induce GHR/GHBP
RNA levels.

IGF-1is a prominent mediator of GH action, with
the liver being the primary source of circulating IGF-
1[48]. Its expression and production by the liver are
dependent on GH stimulation [15-18]. Studies
carried out using the adult rat liver [15, 16] and
cultures of primary male and female rat hepatocytes
[17, 18] have shown that IGF-I mRNA expression
is GH dependent. In this study, we showed that
CWSV-1 cells express low levels of IGF-I mRNA
and that hGH treatment of CWSV-1 cells markedly
increased the expression of IGF-I. We also showed
that (1) all three IGF-I transcripts were expressed
in CWSV-1 cells, (2) all three transcripts were
induced by hGH treatment, and (3) the 7.0 kb band,
which is more strongly expressed in female liver than
in male liver, was the most prominent transcript
expressed and induced in CWSV-1 cells.

Growth hormone has been reported to also
regulate the expression of Sa-reductase, a female-
specific liver enzyme. The higher activity level of
Sa~reductase in the female than in the male rat liver
is the result of the sexual dimorphic pattern of GH
secretion from the anterior pituitary. In the adult
male rat, high intermittent episodes of GH secretion
occur every 3.3 hr, with low to undetectable trough
levels occurring between the large GH pulses. This
pattern of release results in GH being present in the
plasma intermittently. In contrast, GH peaks appear
more frequently and have lower amplitudes with
higher baseline levels in the adult female rat. This
results in the continuous presence of GH in the
circulation [49]. It is the constant exposure to GH
that results in the increased activity of Sa-reductase.
GH infused constantly into male rats increases the
activity level of this enzyme [20, 21]. The ability of
GH to induce Sa-reductase in cells ir vitro has been
demonstrated previously; specifically, Miller and
Colas [19] showed that GH caused a dose-dependent
increase of Sa-reductase activity in adult female
hepatocytes. Since the CWSV-1 cell line was derived
from a primary culture of adult male rat hepatocytes,
it was of interest to determine if exposing the
CWSV-1 cells continuously to hGH could increase
the expression of the Sarreductase gene. Indeed, the
expression of Sa-reductase RNA increased in the
hGH-treated CWSV-1 cells. We also showed that
0.5 ug/mL hGH was sufficient to induce the
expression of 5a-reductase and that RNA induction
occurred as early as 0.5 hr after hGH treatment.

Human GH has been reported to bind both PRL-
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Rs and GHRs in rat liver [28, 29]. In addition, hGH
has also been shown to induce PRL-Rs in female
rat livers [30]. Therefore, in order to address the
question of whether the induction of Sa-reductase
RNA by hGH was due to GHR binding and not
PRL-R, pGH was used. pGH is known to possess
no lactogenic properties in rat liver [31, 32], since
nonprimate hormones do not bind to the PRL-R
[32,33]. In addition, studies have shown that
lactogenic receptors are present at much higher
concentrations in female than in male rat liver
membranes [50,51]. Our data showed that pGH
induced the expression of Sa-reductase RNA at
physiological concentrations. This suggested that the
effect seen by hGH on the induction of this gene
was through the GHR and not the PRL-R. We have
also demonstrated that treatment of CWSV-1 cells
with recombinant hGH induced S5a-reductase,
indicating that the response elicited by hGH and
pGH from pituitaries was not due to contaminating
impurities (data not shown).

Overall, we conclude that the well-differentiated
immortal rat hepatocyte cell line, CWSV-1, responds
to GH and, as such, can be used to study the GH
response at the molecular level. Specifically,
the CWSV-1 cells and other SV40-immortalized
hepatocyte cell lines may be able to be used as in
vitro hepatic model systems to analyze the interaction
of GH and the GHR, functional and structural
regulation of GH-regulated genes, and the GH
signaling pathway.

Acknowledgements—This work was supported, in part, by
CA23931 (H.C.1.), GM40737, and a gift from the Ciba—
Geigy Corp., Agricultural Chemicals Division.

REFERENCES

1. Davidson MB, Effect of growth hormone on
carbohydrate and lipid metabolism. Endocr Rev 8:
115-131, 1987.

2. Guyton AC, The pituitary hormones and their control
by the hypothalamus. Textbook of Medical Physiology,
8th Edn, pp. 822-824. WB Saunders, Philadelphia,
1991.

3. Daughaday WH, Hall K, Raben MS, Salmon WD,
Van den Brande JL and Van Wyk JJ, Somatomedin:
Proposed designation for sulphation factor. Nature 235:
107, 1972.

4. Daughaday WH and Rotwin P, Insulin-like growth
factors I and II. Peptide, messenger ribonucleic acid
and gene structures, serum, and tissue concentrations.
Endocr Rev 10: 68-91, 1989.

5. Eden S, Jansson J-O and Oscarsson J, Sexual
dimorphism of growth hormone secretion. In: Growth
Hormone—Basic and Clinical Aspects (Eds. Isaksson
O, Binder C, Hall K and Hokfelt B), pp. 129-151.
Elsevier Science Publishers B.V., New York, 1987.

6. Skett P, Biochemical basis of sex differences in drug
metabolism. Pharmacol Ther 38: 269-304, 1988.

7. Tollet P, Legraverend C, Gustafsson J-A and Mode
A, A role for protein kinases in the growth hormone
regulation of cytochrome P4502C12 and insulin-like
growth factor-I messenger RNA expression in primary
adult rat hepatocytes. Mol Endrocrinol §5:.1351-1358,
1991.

8. Billestrup N, Moldrup A, Serup P, Mathews LS,
Norstedt G and Neilsen JH, Introduction of exogenous
growth hormone receptors augments growth hormone-



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

Effects of GH on a hepatocyte cell line

responsive insulin biosynthesis in rat insulinoma cells.
Proc Natl Acad Sci USA 87: 7210-7214, 1990.

. Emtner M, Mathews LS and Norstedt G, Growth

hormone (GH) stimulates protein synthesis in cells
transfected with GH receptor complementary DNA.
Mol Endocrinol 4: 2014-2020, 1990,

Francis S, Enerback S, Moller C, Enberg B and
Norstedt G, A novel in vitro model for studying signal
transduction and gene regulation via the growth
hormone receptor. Mol Endocrinol 7: 972-978, 1993.
Woodworth C, Secott T and Isom HC, Transformation
of rat hepatocytes by transfection with simian virus 40
DNA to yield proliferating differentiated cells. Cancer
Res 46: 4018-4026, 1986.

Woodworth CD and Isom HC, Regulation of albumin
gene expression in a series of rat hepatocyte cell lines
immortalized by simian virus 40 and maintained in
chemically defined medium. Mol Cell Biol 7: 3740~
3748, 1987.

Woodworth GD, Kreider JW, Mengel L, Miller T,
Meng Y and Isom HC, Tumorigenicity of siman virus
40-hepatocyte cell lines: Effect of in vitro and in vivo
passage on expression of liver-specific genes and
oncogenes. Mol Cell Biol 8: 4492-4501, 1988.

Hu J-M, Camper SA, Tilghman SM, Miller T, Georgoff
I, Serra R and Isom HC, Functional analyses of
albumin expression in a series of hepatocyte cell lines
and in primary hepatocytes. Cell Growth Differ 3: 577-
588, 1992.

Mathews LS, Norstedt G and Palmiter RD, Regulation
of insulin-like growth factor I gene expression by
growth hormone. Proc Natl Acad Sci USA 83: 9343
9347, 1986.

Roberts CT, Brown AL, Graham DE, Seelig S, Berry
S, Gabbay KH and Rechler MM, Growth hormone
regulates the abundance of insulin-like growth factor I
RNA in adult rat liver. J Biol Chem 261: 10025-10028,
1986.

Johnson TR, Blossey BK, Denko CW and Ilan J,
Expression of insulin-like growth factor I in cultured
rat hepatocytes: Effects of insulin and growth hormone.
Mol Endocrinol 3: 580-587, 1989.

Kachra Z, Barash I, Yannopoulos C, Khan MN, Guyda
HJ and Posner BI, The differential regulation by
glucagon and growth hormone of insulin-like growth
factor (IGF)-I and IGF binding proteins in cultured
rat hepatocytes. Endocrinology 128: 1723-1730, 1991.
Miller MA and Colas AE, Multihormonal control of
microsomal Sa-reductase activity in cultured adult
female rat hepatocytes. Endocrinology 111: 136-143,
1982.

Mode A, Norstedt G, Simic B, Eneroth P and
Gustafsson J-A, Continuous infusion of growth
hormone feminizes hepatic steroid metabolism in the
rat. Endocrinology 108: 2103-2108, 1981.

Gustafsson J-A, Eden S, Eneroth P, Hokfelt T,
Isaksson O, Jansson J-O, Mode A and Norstedt G,
Regulation of sexually dimorphic hepatic steroid
metabolism by the somatostatin-growth hormone axis.
J Steroid Biochem 19: 691-698, 1983.

Hutchings SE and Sato G, Growth and maintenance
of HeLa cells in serum-free medium supplemented
with hormones. Proc Natl Acad Sci USA 75: 901-904,
1978.

Baumbach WR, Horner DL and Logan JS, The growth
hormone-binding protein in rat serum is an alternatively
spliced form of the rat growth hormone receptor.
Genes Dev 3: 1199~1205, 1989.

Murphy LJ, Bell GI, Duckworth ML and Friesen HG,
Identification, characterization, and regulation of a rat
complementary deoxyribonucleic acid which encodes
insulin-like growth factor-1. Endocrinology 121; 684-
691, 1987.

25.

26.

27.

28.

29.

30.

31

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

1097

Andersson S, Bishop RW and Russell DW, Expression,
cloning and regulation of steroid Sa-reductase, an
enzyme essential for male sexual differentiation. J Biol
Chem 264: 16249-16255, 1989.

Rigby PW, Dieckmann M, Rodes C and Berg P,
Labeling deoxyribonucleic acid to high specific activity
in vitro by nick translation with DNA polymerase 1. J
Mol Biol 113: 237-251, 1977.

Laurell CB, Quantitative estimation of proteins by
electrophoresis in agarose gel containing antibodies.
Anal Biochem 15: 45-52, 1966.

Ranke MB, Stanley CA, Tenore A, Rodbard D,
Bongiovianni AM and Parks JS, Characterization of
somatogenic and lactogenic binding sites in isolated rat
hepatocytes. Endocrinology 99: 1033-1045, 1976.
Hughes JP, Simpson JSA and Friesen HG, Analysis of
growth hormone and lactogenic binding sites cross-
linked to iodinated human growth hormone. Endo-
crinology 112: 19801985, 1983.

Baxter RC, Zaltsman Z and Turtle JR, Rat growth
hormone (GH) but not prolactin (PRL) induces
both GH and PRL receptors in female rat liver.
Endocrinology 114: 1893-1901, 1984.

Knobil E and Hotchkiss J, Growth hormone. Annu
Rev Physiol 26: 47-74, 1964.

. Posner BI, Kelly PA and Friesen HG, Induction of a

lactogenic receptor in rat liver: Influence of estrogen
and the pituitary. Proc Natl Acad Sci USA 71: 2407~
2410, 1974.

Herington AC, Veith N and Burger HG, Charac-
terization of the binding of human growth hormone to
microsomal membranes from rat liver. Biochem J 158:
61-69, 1976.

Guzelian PS, Li D, Schuetz EG, Thomas P, Levin W,
Mode A and Gustafsson J-A, Sex change in cytochrome
P-450 phenotype by growth hormone treatment of
adult rat hepatocytes maintained in a culture system
on matrigel. Proc Natl Acad Sci USA 85: 9783-9787,
1988.

Schuetz EG, Schuetz JD, May B and Guzelian PS,
Regulation of cytochrome P-450b/e and P-450p gene
expression by growth hormone in aduit rat hepatocytes
cultured on a reconstituted basement membrane. J
Biol Chem 265: 1188-1192, 1990.

Isom HC and Strom SC, Role of viral and cellular
oncogenes and growth factors in hepatocarcinogenesis
in culture and in vivo. In: The Role of Cell Types in
Hepatocarcinogenesis (Ed. Sirica AE), pp. 265-298.
CRC Press, Boca Raton, FL, 1992.

Hu J and Isom HC, Suppression of albumin enhancer
activity by H-ras and AP-1 in hepatocyte cell lines.
Mol Cell Biol 14: 1531-1543, 1994.

Liao WSL, Ma K-T, Woodworth CD, Mengel L and
Isom HC, Stimulation of the acute-phase response in
simian virus 40-hepatocyte cell lines. Mol Cell Biol 9:
2779-2786, 1989.

Isom HC, Woodworth CD, Meng Y, Kreider J, Miller
T and Mengel L, Introduction of the ras oncogene
transforms a simian virus 40-immortalized hepatocyte
cell line without loss of expression of albumin and
other liver-specific genes. Cancer Res 52: 940-948,
1992.

Serra R, Verderame MF and Isom HC, Transforming
growth factor g partially suppresses the transformed
phenotype of ras-transformed hepatocytes. Cell Growth
Differ 3: 693-704, 1992.

Serra R, Carbonetto S, Lord M and Isom HC,
Transforming growth factor B, suppresses trans-
formation in hepatocytes by regulating a8, integrin
expression. Cell Growth Differ 5: 509-517, 1994.
Mathews LS, Enberg B and Norstedt G, Regulation
of rat growth hormone receptor gene expression. J
Biol Chem 264: 9905-9910, 1989.



1098

43. Maes M, De Hertogh R, Watrin-Granger P and

45.

46.

47.

Ketelslegers JM, Ontogeny of liver somatotropic and
lactogenic binding sites in male and female rats.
Endocrinology 113: 1325-1332, 1983.

. Baxter RC, Bryson JM and Turtle JR, Somatogenic

receptors of rat liver: Regulation by insulin. Endo-
crinology 107: 1176-1181, 1980.

Husman B, Andersson G, Norstedt G and Gustafsson
J-A, Characterization and subcellular distribution of
the somatogenic receptor in rat liver. Endocrinology
116: 2605-2611, 198S.

Husman B, Holdosen L-A, Andersson G and
Gustafsson J-A, Characterization of the somatogenic
receptor in rat liver. J Biol Chem 263: 3963-3970, 1988.
Maiter D, Underwood LE, Maes M and Ketelslegers
JM, Acute down-regulation of the somatogenic
receptors in rat liver by a single injection of growth
hormone. Endocrinology 122: 12911296, 1988.

K. C. KEMPE, H. C. ISOM and F. E. GREENE

48. Schwander JC, Hauri C, Zapf J and Froesch ER,

Synthesis and secretion of insulin-like growth factor
and its binding protein by the perfused rat liver:
Dependence on growth hormone status. Endocrinology
113: 297-305, 1983.

49, Tannenbaum GS and Martin JB, Evidence for

an endogenous ultradian rhythm governing growth
hormone secretion in the rat. Endocrinology 98: 562
570, 1976.

50. Kelly PA, Posner BI, Tsushima T and Friesen HG,

Studies of insulin, growth hormone and prolactin
binding: Ontogenesis, effects of sex and pregnancy.
Endocrinology 95: 532-539, 1974.

51. Norstedt G, Eneroth P, Gustafsson J-A, Hokfelt T and

Skett P, Hypothalamo-pituitary regulation of hepatic
prolactin receptors in the rat. Brain Res 192: 77-88,
1980.



