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Abstract

We have shown previously that human prolactinomas ex-
press transforming sequences of the heparin-binding secre-
tory transforming gene (hst) which encodes fibroblast
growth factor-4 (FGF-4). To elucidate the role of hst in pitu-
itary tumorigenesis we treated primary rat pituitary and pi-
tuitary tumor cell cultures with recombinant FGF-4 and
also stably transfected pituitary cell lines with full-length
human hst cDNA. Transfectants were screened for hst
mRNA expression and FGF-4 production. FGF-4 (0.1-50
ng/ml) caused a dose-dependent 2.5-fold increase of prolac-
tin (PRL) secretion (P < 0.001) in GH4 cells and up to 60%
(P < 0.05) in primary cultures, while decreasing growth
hormone release (P < 0.001). GH4 hst transfectants dis-
played markedly enhanced basal PRL secretion (threefold,
P < 0.001) and also proliferated faster (P < 0.001). FGF-4
treatment of wild-type GH4 cells, transiently transfected
with an expression construct (rPRL.luc) containing a lu-
ciferase reporter driven by the rPRL promoter, resulted in a
dose-dependent increase of up to 3.3-fold in PRL transcrip-
tional activity. Tumors derived from in vivo subcutaneous
injection of GH4 hst-transfected cells strongly expressing
FGF-4 grew more aggressively as assessed by histologic in-
vasiveness and proliferating cell nuclear antigen staining (P <
0.01). The results indicate that hst overexpression mediates
lactotrope tumor growth and potently stimulates PRL syn-
thesis. Thus, hst may directly facilitate prolactinoma devel-
opment via paracrine or autocrine action of its secreted pro-
tein, FGF-4. (J. Clin. Invest. 1996. 97:187-195.) Key words:
prolactinoma . pituitary adenoma « growth factor « fibro-
blast growth factor-4

Introduction

Tumors of the anterior pituitary arise from adenohypophy-
seal cell types expressing trophic hormone gene products (1).
These monoclonal neoplasms (2, 3) may be either functional
or nonfunctional, depending on the differentiated secretory
pattern of the tumor cell of origin. Recently, several lines of
evidence have indicated an intrinsic genetic defect in these tu-
mors, leading to cellular proliferation often accompanied by
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unrestrained hormone secretion. Somatic mutations of G-pro-
tein signaling have been reported in a subset of growth hor-
mone (GH)-secreting' pituitary tumors (4). However, the na-
ture of events leading to initiation or progression of prolactin
(PRL)-secreting tumors is largely unknown. Loss of heterozy-
gosity in the 11q13 chromosomal locus, the site that probably
contains the putative tumor suppressor gene for multiple en-
docrine neoplasia type 1 (MEN-1), has been reported in a few
cases of sporadic prolactinomas (5-7), but no specific inacti-
vating mutation has been identified in these tumors.

The heparin-binding secretory transforming gene (hst),
first identified as a transforming gene in DNA from human
stomach cancer (8), encodes fibroblast growth factor-4 (FGF-4),
a 206—amino acid protein. This growth factor belongs to the
FGF family, which comprises proteins from at least nine dis-
tinct genes (9, 10). Unlike the two prototypes of this gene fam-
ily, basic (FGF-2) and acidic FGF (FGF-1), FGF-4 contains an
intact signal peptide, characteristic of secreted proteins, and is
glycosylated and secreted in the medium of producer cells
(11). The hst genomic fragment (6.2 kb) possessing transform-
ing activity was sequenced (12, 13) and mapped to chromo-
some 11q13 (14). Subsequently the gene was isolated in Ka-
posi’s sarcoma (15, 16), melanoma (17), embryonal carcinoma
(18), and several other solid malignant tumors (19-21). Ast
overexpression stimulates fibroblast proliferation, may induce
a transformed phenotype (22), and plays a critical role in
postimplantation development (23) and limb-bud differentia-
tion (24). Like other members of the FGF family, ast possesses
heparin-binding sites, and stability of the secreted protein is
enhanced by heparin (25). st expression is restricted to cells in
the early stages of development, and normal adult tissue does
not express the gene. Therefore, the constitutive expression of
this gene appears to be associated with oncogenic transforma-
tion, except during embryogenesis and development.

Basic FGF (FGF-2) is present in bovine pituitary (26, 27)
and in human pituitary adenomas (28). This growth factor
stimulates PRL secretion from normal rat pituitary cells (29)
and from cultured human pituitary adenomas (30) without af-
fecting cell proliferation. Circulating basic FGF-like immu-
noreactivity was also reported in patients with MEN-1 and pi-
tuitary tumors (31, 32). The elevated immunoreactive FGF-2
levels decreased after surgical or medical therapy of the pitu-
itary tumors (32).

Recently, we have isolated human prolactinoma /st gene
sequences possessing transforming activity in an NIH 3T3 as-
say (33) and we also showed expression of st mRNA in four
prolactinomas using reverse PCR and a ribonuclease protec-
tion assay (33). Heretofore, hormonal effects of the st gene
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product have not been described. To elucidate the role of Ast
in prolactinoma pathogenesis we now report the morphologic,
mitogenic, and transcriptional effects of the transfected hst
protooncogene. We studied the direct effect of the Ast protein
on rat primary pituitary cells and on GH- and PRL-secreting
pituitary cell lines. The results demonstrate marked induction
of PRL gene transcription and hormone secretion by Ast as
well as profound permissive effects on in vivo lactotrope tumor
pathogenesis.

Methods

Cells and culture. Rat pituitary tumor cells GC (producing GH) and
GH4 (producing both GH and PRL) were supplied by the American
Type Culture Collection (Rockville, MD). Cells were cultured in
DME (1 gram/liter glucose for GC cells, 4.5 grams/liter for GH4) con-
taining 10% FBS, 2 mM glutamine, and penicillin/streptomycin. Cells
were treated with human recombinant FGF-4 protein (mol wt =
17,000; R & D Systems, Inc., Minneapolis, MN) in 6-well tissue cul-
ture plates (10° cells/well) up to 50 ng/ml (3 X 1078 M), 6 wells for
each dose in serum-free defined medium containing 0.2% BSA, 120
nM transferrin, 100 nM hydrocortisone, 0.6 nM triiodothyronine, 5 U/
liter insulin, 3 nM glucagon, 50 nM parathyroid hormone, 2 mM glu-
tamine, 15 nM EGF, and penicillin/streptomycin. After incubations,
medium was collected for assay, and cells were trypsinized for count-
ing using a Coulter Counter (Coulter Electronics Inc., Hialeah, FL).

Primary rat pituitary cell culture. Anterior pituitaries were har-
vested from 11-wk-old female Wistar-Furth rats (Harlan Sprague
Dawley Inc., Indianapolis, IN) after CO, killing and decapitation.
Specimens were washed carefully in DME supplemented with 0.3%
BSA, then minced, and enzymatically dissociated using 0.35% colla-
genase and 0.1% hyaluronidase (both from Sigma Chemical Co., St.
Louis, MO). Cell suspensions were filtered and resuspended in low
glucose DME supplemented with 10% FBS, 2 mM glutamine, and an-
tibiotics after washing. For primary cultures, ~ 10 cells were seeded
in 6-well tissue culture plates, and 24 h later medium was changed to
serum-free defined, when the attached cells in half of the wells were
treated with 50 ng/ml FGF-4.

Hormone assays. RIA for rat GH and PRL were performed in
duplicate, using reagents provided by the National Hormone and Pi-
tuitary Agency, National Institute of Diabetes and Digestive and Kid-
ney Diseases (Bethesda, MD). Iodination of GH and PRL (5 pg) with
iodine-125 (500 n.Ci) (New England Nuclear, Boston, MA) mixed with
0.1 mg Iodo-Gen (Pierce, Rockford, IL) was performed using 10-ml
columns prepared by G-75 Sephadex (Sigma Chemical Co.).

Molecular cloning. The full-length human hst cDNA (3.15 kb)
(11), kindly provided by Dr. Hiromi Sakamoto, was inserted into the
HindIII site of the pcDNA3 expression vector (5.4 kb) (Invitrogen,
San Diego, CA) between the CMV promoter and the bovine GH
poly(A). The cloned vector was sequenced by the Sanger method
(34) to confirm the cDNA orientation and the correct Ast encoding
sequence (open reading frame 1 containing three exons and 618 bp)
(11).

Cell transfection. GC and GH4 stable transfections with the
cloned hst cDNA were performed in 3.5-cm culture dishes (1-2 X 10°
cells, 15-20% confluency).Transfection with 4 pg linearized plasmid
(by Pvul) using lipofectin (Gibco Laboratories, Grand Island, NY)
(10 pg/dish) was performed in DME without serum for 24 h (35). GC
and GH4 cells transfected with the original linearized pcDNA3 ex-
pression vector served as controls. Cells were diluted 1:10 and se-
lected for 2 wk in G418 (Geneticin; Gibco Laboratories) (400 mg/liter
for GC cells; 600 mg/liter for GH4). Selected clones were subcultured
before screening for mRNA expression and protein production.

Northern analysis of GC and GH4 mRNA. Total cell RNA was
extracted from cell cultures (~ 3 X 107 cells/group) and from excised
rat subcutaneous tumors (after tissue homogenizing) with TRIzol
(Gibco Laboratories) (36). As a positive control we used RNA ex-
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tracted from the F9 embryonal carcinoma cell line (37) provided by
the American Type Culture Collection. Isolated RNA was precipi-
tated, washed, and denatured as described (38). Separated RNA was
transferred to Hybond-N nylon membrane (Amersham Interna-
tional, Buckinghamshire, United Kingdom). The membrane was
cross-linked, washed, prehybridized at 68°C, and hybridized with
~ 107 cpm ¥P-labeled human hst cDNA in the presence of 100 pg/ml
salmon sperm DNA (Stratagene, La Jolla, CA). Human hst cDNA
(618 bp) was kindly provided by Dr. Sakamoto. A 285-bp fragment,
spanning the 3’ half of the Ast cDNA encoding region, was labeled
with [a-?P]dATP and dCTP using Klenow enzyme (Boehringer
Mannheim, Indianapolis, IN). Posthybridization washes were fol-
lowed by air drying and exposure to x-ray film (Fuji, Kanagawa, Ja-
pan) at —80°C.

hst immunoprecipitation. WT (wild-type) and transfected cells
were labeled for 4 h by addition of 500 iCi of [*S]methionine and
cysteine (Express Labeling Mix; New England Nuclear) to DME (de-
pleted of these amino acids) containing 10% FBS and antibiotics. Af-
ter labeling, cells were washed with PBS and trypsinized, and total
cell extract was prepared by lysis (39) and immunoprecipitated with 8
wng/ml mouse anti-human FGF-4 monoclonal antibody (R & D Sys-
tems, Inc.) at 4°C overnight. Immune complexes were recovered by
association with 40 pl protein A-Sepharose (Pharmacia Fine Chemi-
cals, Uppsala, Sweden) at 4°C for 3 h, washed five times with lysis
buffer, and denatured (3 min, 100°C) in loading buffer. The gel was
fixed, washed twice in water for 15 min, and dried.

Transfected cell studies. Transfected GC and GH4 cells express-
ing hst mRNA were plated in 6-well tissue culture plates (10° cells/
well) and grown in 1.5 ml DME containing 10% FBS and G418 (400
and 600 mg/liter, respectively). After 48 h of incubation, cell mor-
phology, cell counts, and medium GH and PRL levels were compared
with WT cells (grown in DME containing FBS and penicillin/strepto-
mycin) and to GC and GH4 cells transfected with the original
pcDNA3 expression vector alone (grown in DME with serum and
G418).

Luciferase assay. The reporter constructs pA3.luc containing the
luciferase reporter gene (promoterless construct), pA3-425rPRL.luc
(rPRL promoter) with the 498-bp fragment encompassing positions
—425 to +73 of the rPRL gene ligated upstream of the reporter gene
in pA3.luc, and pA3-rGH.luc (rGH promoter) containing the 593-bp
fragment of the —528 to +65 region of the rGH gene were kindly
provided by Dr. Arthur Gutierrez-Hartmann. Transient transfections
of GH4 cells with one of these three plasmids (4 pg unlinearized
DNA/dish) were performed by lipofectin (20 wg/dish) in 5 ml DME
without serum for 16 h. For each construct we transfected 12 dishes
(109 cells/dish), and 24 h later, after the medium was changed to se-
rum-free defined, half of the dishes in each transfection group were
treated as depicted. GH gene regulation by FGF-4 was also tested in
GC cells transiently transfected by the pA3-GH.luc construct. Lu-
ciferase activity was quantified in the treated and untreated wells as
described previously (40). Luciferase activity was determined by add-
ing cell extract (30 wg protein) to 100 pl of 1 mM luciferin (Analytical
Luminescence Laboratories, San Diego, CA) and light emission inte-
grated over 15 s using an Auto Lumat LB 953 Luminometer (Ber-
thold, Wildbad, Germany).

In vivo tumorigenesis. Cells transfected with the cloned construct
and the original vector alone were detached from culture plates using
0.5 mM EDTA in PBS and immediately injected (10° cells in 0.2 ml
medium) subcutaneously into 4-5-wk-old female Wistar-Furth rats
(80-95 grams) (Harlan Sprague Dawley Inc.). The use of rats was ap-
proved and followed guidelines outlined by the Institutional Animal
Care and Use Committee. Rats were housed in pairs in an environ-
ment of controlled light/darkness (light on, 0600-1800 h) and temper-
ature (22%1°C) and had free access to food and water. Rats were
checked weekly for tumor formation in the injection sites, weights
were compared, and blood was collected retroorbitally (0.4 ml) for
hormone assays. Vaginal smears, taken daily at 1000 h, were assessed
microscopically for cytologic evidence of ovulation (41). 5 wk after in-
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jection, rats were killed, and tumors were dissected and weighed.
Tissue for RNA extraction was immediately frozen to —70°C, and
rats were examined for abdominal metastatic spread. 5-wm sections
from formaldehyde-fixed paraffin-embedded tissue blocks were used
to assess histological differences in tumor invasiveness, and immu-
nostaining for FGF-4, PRL, and proliferating cell nuclear antigen
(PCNA) (42, 43). Immunohistochemical localization of FGF-4 was
performed using immunoperoxidase staining as described previously
(44). Mouse monoclonal antibody to human FGF-4 was obtained
from R & D Systems, Inc. and optimal dilution (1:30) determined by
checkboard titration. Positive controls consisted of a similarly fixed
F9 embryonal carcinoma cell pellet, and for negative controls primary
antibody was replaced by isotype specific non—cross-reacting mono-
clonal antibody. After incubation with anti-FGF-4 antibody, slides
were incubated sequentially with peroxidase-conjugated rabbit anti—
mouse immunoglobulin and peroxidase-conjugated swine anti-rabbit
immunoglobulin antibodies (both from Dako Corp., Carpinteria,
CA). Antibody localization was affected by the peroxidase reaction
using 3,3’ diaminobenzidene hydrochloride as a chromogen. Slides
were counterstained with hematoxylin and mounted with Permount.
Similar stainings for PRL and PCNA were performed using rabbit
anti-rat PRL polyclonal antibody (National Hormone and Pituitary
Agency) and mouse monoclonal antibody to PCNA (clone PC10;
Dako Corp.), at 1:3 and 1:500 dilutions, respectively. Computer-
assisted image analysis of PCNA-stained slides was performed using
the Cell Analysis System-200 (45) with the ER/PR 2.0 version analy-
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Figure 1. Northern blot of hu-
man Ast mRNA expression in
cells stably transfected with hu-
man hst cDNA. Extracted RNA
(20 pg/lane) was separated by
electrophoresis in 1% agarose
gel, transferred to nylon mem-
brane, and subjected to North-
ern hybridization with 3P-
labeled (~ 107 cpm) 285-bp frag-
ment spanning the 3’ half of Ast
cDNA encoding sequence. RNA
extracted from F9 mouse embry-
onal carcinoma cells served as a
positive control. (A) GC cells.
(B) GH4 cells. A 3.6-kb mRNA
. transcript was demonstrated in
hst transfectants (both GC and
GH4), but not in cells trans-
fected with the original vector
(negative control). F9 cells ex-
press a 3.3-kb Ast transcript.

P
£

hst transfectants
clone 22 24 26

Vector
only

Fg

cells

sis software (Becton Dickinson, San Jose, CA), by calculating the
mean percentage of cells positively stained and staining intensity, in
15 different fields selected randomly, for each tumor.

Statistical analysis. Results were expressed as mean+SEM. Dif-
ferences were assessed by one-way ANOVA or the unpaired ¢ test,
when appropriate. For both statistical tests, P values < 0.05 were con-
sidered significant.

Results

Transfectant screening. After transfection selected clones
were screened for expression of hst. Both GC and GH4 stably
transfected cells expressed a 3.6-kb transcript of the human hst
cDNA as depicted by Northern blot analysis (Fig. 1, A and B).
Untransfected WT cells and cells transfected with the original
pcDNA3 vector did not express this human transcript, while
the positive control (F9 embryonal carcinoma cells) expressed
a 3.3-kb mRNA transcript which hybridized to the human hst
cDNA probe. To test for production of FGF-4, protein immu-
noprecipitation was performed using an anti-human FGF-4
monoclonal antibody. Cell extracts of GH4 hst transfectants
contained hst protein (18-19 kD) (Fig. 2). A less pronounced
~ 15-kD band probably represents processed FGF-4 after
cleavage of the signal peptide. Untransfected WT GH4 cells,

Figure 2. FGF-4 protein immunoprecipita-
tion of GH4 cells stably transfected with
human Ast cDNA. Cells were labeled with
500 .Ci of [*S]methionine and cysteine,
cell extracts were immunoprecipitated with
anti-human FGF-4 monoclonal antibody
(8 pg/ml), immune complexes were recov-
ered by protein A-Sepharose and sepa-
rated by electrophoresis in a 0.1% SDS—
12.5% polyacrylamide gel. FGF-4 protein
(18-19 kD) is expressed in transfected
GH4 cells (clone 22) (arrow) but notin WT
cells or cells transfected with the original
vector. Clone 7 (transfected with human
hst) did not express the protein.

hst
clone 22
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Figure 3. Time-dependent effect of recombinant FGF-4 on PRL se-
cretion by primary cultures of rat anterior pituitary cells harvested
from 11-wk-old Wistar-Furth rats. Cells were seeded (10° cells/well)
and 24 h later attached cells in half of the wells were treated with re-
combinant FGF-4 (50 ng/ml) in serum-free defined medium for 14,
20, or 24 h. Each bar represents mean increment (=SEM) of PRL se-
cretion in five to six wells over untreated wells at each time point.

*P < 0.05; **P < 0.025.

vector-transfectants, and a nonexpressing clone (clone 7) did
not produce this growth factor.

Cell growth and morphology. Both treated WT cells and
transfected GH4 cells proliferated faster (20 and 38% induc-
tion of cell growth after 48 h, respectively, P < 0.001), as com-
pared with untreated cells or cells transfected with the original
vector alone. In contrast, induction of cell proliferation by /st
was modest in GC cells. Only GC hst transfectants exhibited
distinct morphologic changes. These cells changed 48 h after
plating from a rounded WT morphology to a flattened, angu-
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lar, elongated spindle-shaped morphology and also increased
in size. Similar dose-dependent changes were observed within
24 h of treatment of WT GC cells with added FGF-4. These
hst-induced changes were not evident in treated or transfected
GH4 cells.

Hormone secretion. Primary cultures of rat pituitary cells
treated with FGF-4 for 14 and 20 h exhibited increased PRL
secretion by 60% (P < 0.05) and 37% (P < 0.025), respectively
(Fig. 3). This stimulatory effect was lost when the incubation
interval was extended to 24 h. GH release from the primary
cells was not altered by the treatment. Because of fibroblast
overgrowth in primary cultures induced by the growth factor,
further experiments were performed using cell lines, where
similar results were obtained. FGF-4 treatment of GH4 cells
resulted in a dose-dependent increase of PRL secretion up to
2.5-fold using a maximal dose of 50 ng/ml (P < 0.001) (Fig. 4
A). In contrast, GH release decreased by 49% (P < 0.001) in a
dose-dependent manner during 48 h of incubation (Fig. 4 A).
Treated GC cells also decreased GH release by 67% (P <
0.001) in a dose-dependent fashion (Fig. 4 B). The GC cells
usually do not secrete PRL, and the growth factor did not in-
duce de novo PRL secretion. Stably transfected GH4 cells
overexpressing /st also exhibited markedly enhanced basal
PRL production in the absence of added FGF-4 (threefold,
P < 0.001) (Fig. 5). GH secretion by these cells was not altered
after hst transfection, further indicating the specificity of the
PRL induction. Therefore, either added exogenous FGF-4 or
endogenously expressed Ast selectively induced PRL secretion
while GH was either unaltered or suppressed.

PRL and GH gene transcription. To test the direct effects
of hst on PRL and GH gene transcription, GH4 cells were
transiently transfected with a chimeric rPRL-luciferase or
rGH-luciferase reporter construct and treated with FGF-4.
Addition of FGF-4 to transfected cells induced a 3.3-fold in-
duction of PRL promoter-driven luciferase activity (Fig. 6).
The stimulation of PRL reporter activity was dose dependent
with a maximal effect observed with 50 ng/ml FGF-4 (Fig. 7 A)

20

15

5

GH (ng/10 cells)

0 0.1 1 10
FGF-4 (ng/ml)

Figure 4. Dose-dependent effects of recombinant FGF-4 on PRL (filled bars) and GH (hatched bars) secretion by GH4 cells (A), and on GH se-
cretion by GC cells (B) during 48 h of incubation. Cells were cultured in serum-free defined medium with the indicated doses of FGF-4. Each bar
represents mean=SEM of six wells, from a representative experiment performed three times. P < 0.001 versus untreated wells, both for induc-

tion of PRL and reduction of GH.
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Figure 5. PRL secretion by /st stable transfectants. GH4 cells were
stably transfected with full-length human Ast cDNA and grown for
48 h in serum containing medium when PRL concentrations were
measured. Each bar represents mean=SEM of six wells, from a rep-
resentative experiment repeated twice. *P < 0.001 versus WT GH4
cells and cells transfected by the vector only.

and time dependent with a maximal effect seen after 9-12 h of
treatment with the protein (Fig. 7 B). However, FGF-4 did not
alter luciferase activity in cells expressing the rGH promoter-
luciferase construct (Fig. 6).

In vivo tumors. To test the effects of Ast on in vivo tumor
behavior and PRL secretion, stable GH4 and GC Ast transfec-
tants were injected subcutaneously to 4-5-wk-old female
Wistar-Furth rats. Rats injected with cells transfected with the
pcDNAS3 vector only served as controls. Only 2 rats (of 5) in-
jected with GH4 control cells produced subcutaneous tumors,
compared with 9 of 10 rats injected with Ast-transfected GH4
cells. GH4 transfectants induced larger tumors (2.21+0.67 vs.
0.57%+0.35 grams, P < 0.05). In contrast, GC transfectants did
not cause enhanced tumor size. Tumors were homogenized,
and RNA was extracted for Northern analysis. All the tumors
derived from GH4-transfected cells expressed 2st mRNA (3.6
kb) while control tumors did not contain the transcript (Fig. 8).

8,000

6,000

4,000

2.000

Luciferase activity (light units)

0
Luciferase promoter: None rGH rPRL

Figure 6. Effect of added FGF-4 protein on PRL and GH transcrip-
tion in GH4 cells. Cells were transiently transfected with pA3.luc,
pA3-425rPRL.luc, or pA3-rGH.luc reporter constructs, and 24 h later
cells in half of the dishes were treated for 9 h with 50 ng/ml FGF-4.
Promoter activity is expressed as light emission units integrated over
15 s. Each bar represents mean*SEM of six dishes from a representa-
tive experiment repeated twice. Filled bars, untreated; hatched bars,
FGF-4-treated. *P < 0.001.

There was no difference between serum GH levels in the con-
trol and transfected groups of rats; however, there were mod-
estly higher levels of serum PRL in rats injected with Ast-trans-
fected GH4 cells versus control rats injected with vector-only
transfectants (57 and 30% increase, 4 and 5 wk after injection,
respectively). Daily cytological examination of vaginal smears
in the GH4-injected rats revealed apparent anovulation in
50% of tumor-bearing rats injected with transfectants (n =
10), compared with normal ovarian function seen in all control
rats injected with cells not expressing kst (n = 5).

Tumor histology and immunohistochemistry. Tumors de-
rived from hst-expressing GH4 cells exhibited aggressive histo-
logic features compared with control tumors derived from
vector-transfected GH4 cells. These included invasion into
surrounding fibro-adipose tissue and skeletal muscle, vascular
invasion, high mitotic rate, and extensive tumor necrosis. All
tumors revealed cytoplasmic staining for PRL by the immu-

Figure 7. Dose-dependent (A)
and time-dependent (B) effects
of FGF-4 on rPRL promoter ac-
tivity in GH4 cells, after tran-
sient transfection with pA3-

Luciferase activity (fold increase)
Luciferase activity (fold increase)

425rPRL.luc. Transfected cells
were treated for 9 h with the in-
dicated doses of FGF-4 (A) or
for the indicated time intervals
with 50 ng/ml FGF-4 (B). The ef-
fect of FGF-4 on promoter activ-
* ity is expressed as fold induction
of light emission integrated over
15 s, compared with untreated
cells. Each value represents
mean fold increase of luciferase
activity in three treated dishes
compared with three untreated

1 1 T T
0 0.1 1 10 50 0
FGF-4 (ng/ml)

T T T
6 9 12
Time (hours)

dishes. (A) P < 0.001. (B) *P <
0.05; *%P < 0.01.
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Figure 8. Northern blot of human Ast mRNA expression in subcuta-
neous tumors derived from transfected GH4 cells injected into
4-5-wk-old female Wistar-Furth rats. 5 wk after injection, rats were
killed, tumors were excised and homogenized, and RNA was ex-
tracted (20 pg/lane), separated, transferred to nylon membrane, and
hybridized with a 3?P-labeled (~ 107 cpm) 285-bp fragment spanning
the 3’ half of st cDNA encoding sequence. RNA derived from tu-
mors transfected with vector only served as negative controls. F9
mouse embryonal carcinoma cells were positive controls. All tumors
expressed a 3.6-kb /st transcript.

noperoxidase technique. hst-expressing tumors revealed
strong diffuse cytoplasmic staining for FGF-4 protein (Fig. 9).
These tumors also revealed increased intensity and percentage
of PCNA nuclear staining (by 35%, P < 0.01; and 41%, P <
0.005, respectively) compared with control tumors (Fig. 9). In
contrast, PCNA staining was not different in GC hst transfec-
tants and their respective controls.

Discussion

This study shows that the /st oncogene and the protein it en-
codes, FGF-4, induce PRL gene transcription and PRL secre-
tion in GH4 pituitary cells and in primary rat pituitary cell cul-
tures, while FGF-4 reduces GH secretion in the cell line.
Transfected hst cDNA and its encoded protein also induce a
transformed morphology in some cells. PRL-secreting subcu-
taneous tumors derived from transfected GH4 cells expressing
hst cDNA and FGF-4 protein were more aggressive and inva-
sive. hst therefore induces PRL gene expression and promotes
the neoplastic behavior of pituitary tumors expressing PRL.

hst protooncogene expression is restricted to cells in early
stages of development including normal embryonic cells and
undifferentiated embryonal carcinoma cells (37), while induc-
tion of differentiation in these cells shuts off expression of the
gene (18). Mouse and human cell lines and adult tissues do not
express st mRNA (46). The mechanism of activation of /st
protooncogene to an oncogene is probably due to overexpres-
sion rather than to mutations in its FGF-4 coding sequence
(25). The overexpressed gene results in the primary translation
product, a 206—amino acid growth factor containing a signal
peptide sequence, and after glycosylation the mature form of
the protein, which is ~ 30 amino acids shorter, can be secreted
by producer cells. Thus, Ast activation and oncogenic behavior
are probably due to production and/or secretion of its encoded
protein, via an autocrine or paracrine mechanism.

The transfected st mRNA, detected in GC and GH4 cells,
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as well as in subcutaneous tumors derived from injected GH4
cells, was ~ 3.6 kb long (Figs. 1 and 8) compared with the
3.15-kb-long cDNA inserted into the pcDNA3 expression vec-
tor used for stable transfections. This difference can be attrib-
uted to transcription of the bovine GH poly(A) tail, as the
transfected cDNA does not contain endogenous poly(A). F9
embryonal carcinoma cells serving as a positive control ex-
pressed a 3.3-kb murine mRNA /Ast transcript using the human
hst probe. The murine Ast encoding sequence is 82% homolo-
gous to that of human Ast (37) explaining the probe hybridiza-
tion to the murine mRNA.

hst induction of PRL gene transcription and hormone se-
cretion in GH4 cells as well as PRL induction in primary cell
cultures serve as a model to demonstrate the probable role of
this oncogene in lactotrope tumor pathogenesis. The 3-fold in-
duction of PRL transcription in GH4 cells after a 9-h incuba-
tion with FGF-4 protein accounts for the 2.5-fold increase of
PRL secretion by treated cells and the 3-fold induction of PRL
release by cells transfected with Ast. The demonstration of the
same hormonal effect in primary pituitary cells is of particular
importance since it suggests that our observations in pituitary
cell lines are physiologically significant. The induction of PRL
secretion in primary cultures was lost after 24 h (Fig. 3). Two
possible explanations for this phenomenon are degradation of
the growth factor in primary cell culture medium and down-
regulation of the putative pituitary FGF-4 receptors. Unfortu-
nately, pure cell populations of primary lactotropes are diffi-
cult to isolate and their successful transfection has been limited
by the presence of multiple primary cell types, which do not
replicate in vitro. Nevertheless, the effect of hst on PRL ex-
pression in vivo may be even more impressive than the effect
achieved in an already transformed cell line or in primary in
vitro pituitary cultures. In this study we demonstrate reduction
of GH secretion in GH4 and GC cells treated by recombinant
FGF-4. The doses used are within the calculated K of cellular
binding sites for basic FGF (47, 48), which probably shares re-
ceptors with FGF-4 (11). The preferential production of PRL
by GH4 cells while decreasing GH expression may illustrate
the concomitant stimulatory effect of Ast on lactotrope cells
while suppressing somatotrope cell activity. However, stable
transfectants of both cell lines with Ast cDNA did not change
GH secretion, compared with control cells, thus highlighting
the selectivity of the FGF-4 effect on PRL. Moreover, by using
the rGH promoter (—528 to +65 region of rGH gene) to in-
duce reporter gene activity, FGF-4 did not alter GH transcrip-
tion in GC and GH4 cells. This may be explained by a possible
transcriptional effect of hst protein through other regulatory
elements of the GH gene, located 5’ to the —528 region, or a
posttranscriptional mechanism associated with translation or
hormonal secretion. The assumption that Ast gene effects are
mediated via pathways other than /st protein expression and
action is unlikely, considering our knowledge of /st protoonco-
gene activation (25).

EGF, thyrotropin-releasing hormone (TRH), and basic
FGF also stimulate PRL production and inhibit GH synthesis
by GH4 cells (49). Basic FGF was also shown to enhance PRL
and thyrotropin release from primary cultures of rat anterior
pituitary cells, without altering medium GH levels (29). EGF,
TRH, and basic FGF induce PRL gene transcription in GH3
cells using 5 PRL genomic sequences (50, 51). Recently, it was
demonstrated that the hst protein and basic FGF (FGF-2)
share tyrosine kinase receptors (11), containing a heparin-



Figure 9. FGF-4 and PCNA immunostaining of subcutaneous tumors derived from injected GH4 cells. (A) FGF-4 staining of a tumor derived
from cells transfected with vector only (not expressing /st). (B) FGF-4 staining of Ast-expressing tumor. (C) PCNA-stained tumor transfected
with vector only. (D) PCNA-stained tumor derived from hst-transfected cells. (E) F9 embryonal cell carcinoma, immunostained for FGF-4 (pos-
itive control).

binding domain (52), which may partially explain their over-
lapping effects on hormonal regulation in pituitary cells.

hst gene expression and the recombinant FGF-4 protein in-
duced transformed morphology in GC cells. This oncogene
was shown previously to cause striking morphological changes
in normal NIH 3T3 fibroblasts through its secreted protein
(15). Similar morphological changes induced by TRH and
EGF were reported previously in GH4 cells (49). Of interest,
GH4 cells transfected with 4st or treated by FGF-4 protein did

not portray this transformed phenotype, in contrast to the
marked effects of st and FGF-4 on hormonal production and
cell growth in these cells.

hst modestly induced GH4 cell proliferation. GC cell
growth rate was less affected by Ast and only a minimal prolif-
eration increment was documented in this cell line, probably
due to its more aggressive inherent growth characteristics. In
contrast, the growth-promoting activity of Ast protein on NIH
3T3 fibroblasts is more significant (15), while basic FGF was
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shown to decrease cell proliferation of GH4 cells (49). Thus,
both the Ast gene and the protein it encodes stimulate GH4
cell proliferation; but more significantly, PRL transcription
and secretion are induced while concomitantly reducing GH
production. As these cells already are transformed, the st
gene may have more marked growth-promoting effects in nor-
mal pituitary cells.

hst transfection induced in vivo tumor aggressiveness in
GH4 transfectants, but not in GC transfectants. 90% of rats in-
jected with transfected GH4 cells developed tumors that se-
creted more PRL and suppressed ovarian function. Tumor his-
tology demonstrated invasive and enhanced proliferative
characteristics, when compared with tumors not expressing Ast.
The observation that /st expression in GH4 cells transformed
them to a more aggressive phenotype, combined with a previ-
ous observation that human prolactinomas express Ast trans-
forming sequences (33), suggests that this protooncogene may
be activated to promote prolactinoma pathogenesis. More-
over, hst is a potent angiogenic factor (53, 54) which may main-
tain a rich blood supply to neoplastic lactotrope cells (55). In
addition, the Ast locus lies in close proximity to the putative
MEN-1 locus on chromosome 11q13 (14). As prolactinomas
are a common component of MEN-1, this locus may be a po-
tential region for Ast gene activation in sporadic PRL-secreting
pituitary tumors.

Our observations provide strong evidence for a common
ligand-mediated proximal signal regulating both disordered
cell proliferation as well as induced hormone transcription.
This linkage demonstrates that the unrestrained hormone
secretion characterizing pituitary tumors may not necessarily
reflect an increased mass of hormone-secreting cells, but in ad-
dition a growth factor—specific induction of polypeptide hor-
mone secretion. Sporadic pituitary adenomas are monoclonal
in origin (2, 3) and require a multistep process for a clonal cell
to form a clinically significant tumor. 4st may participate in this
process by directly facilitating prolactinoma formation, stimu-
lating their growth, and inducing PRL transcription, via an au-
tocrine or paracrine mechanism.
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