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Abstract

We have previously shown that insulinlike growth factor I
(IGF-I) inhibits growth hormone (GH) secretion and messenger
RNA(mRNA) levels in pituitary cells. The effects of IGF-I on
new GHmRNAsynthesis rates in primary monolayer rat pi-
tuitary cells were therefore examined by nuclear runoff tran-
scription assays. IGF-I (1.3 nM) treatment for 1 h inhibited GH
gene transcription to 60% of controls. IGF-I (3.25 nM) maximally
suppressed GHgene transcription to 30% of control values after
4 h. After 24 h treatment, GHtranscription was suppressed to
48% of controls by 3.25 nM IGF-I. IGF-I (3.25 nM) also inhib-
ited the twofold growth hormone-releasing hormone (GHRH)
(10 nM)-stimulated GHgene transcription by 30% after 4 h.
Transcription of the prolactin (PRL) gene was not suppressed
in these cells by IGF-I. Relatively high doses of insulin (200
nM) also suppressed GH gene transcription, but epidermal
growth factor and fibroblast growth factor did not change GH
mRNAsynthesis. The results show that IGF-I exerts a rapid
and selective suppression of basal and GHRH-stimulated GH
gene transcription. These data indicate a role for IGF-I in negative
feedback of GHgene expression and provide evidence for the
direct transcriptional regulation of the GHgene by IGF-I in
primary rat anterior pituitary cells.

Introduction

Insulinlike growth factor I (IGF-I),' a polypeptide closely related
to pro-insulin, is secreted primarily by the liver in response to
growth hormone (GH) (1, 2). IGF-I is believed to mediate most
of the growth-promoting actions of GH(3). Both in vivo and
in vitro secretion of pituitary GHhave been shown to be sup-
pressed by various IGF-I (somatomedin C) preparations (4-9).
Wehave recently shown that IGF-I suppresses basal GHmes-
senger RNA(mRNA) levels in rat pituitary cells (10) and also
inhibits growth hormone-releasing hormone (GHRH)- and
triiodothyronine (T3)-induced GHmRNAstimulation (10, 11).
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1. Abbreviations used in this paper: EGF, epidermal growth factor; FGF,
fibroblast growth factor, GH, growth hormone; GHRH, GH-releasing
hormone; IGF-I, insulinlike growth factor I; NC, nitrocellulose; PRL,
prolactin; T3, triiodothyronine.

This negative feedback of GHsecretion appears to be analogous
to the regulation of other pituitary trophic hormones by their
respective target hormones. For example, glucocorticoids inhibit
the transcription of the proopiomelanocortin gene (12), and
thyroid hormone inhibits thyroid-stimulating hormone gene
expression (13). It is unclear whether the suppression of GH
gene expression occurs at a transcriptional level, or whether the
observed effects of IGF-I could be ascribed to posttranscriptional
suppression of GHexpression. This study shows that IGF-I di-
rectly inhibits the synthesis of new GHmRNAin primary rat
pituitary cell cultures.

Methods

Materials. Recombinant human IGF-I (Thr 59) was purchased from
Amgen Biologicals, Thousand Oaks, CA. GHRH(human pancreatic
GRF- 1-44) was purchased from Peninsula Laboratories (Belmont, CA),
while epidermal growth factor (EGF) and fibroblast growth factor (FGF)
were purchased from Collaborative Research (Lexington, MA). Semi-
synthetic purified human insulin was kindly provided by Squibb-Novo,
(Princeton, NJ).

Transcription assay. 2-mo-old male Sprague-Dawley rats (220-240
g; Simonsen, Gilroy, CA) were decapitated and their anterior pituitary
glands were enzymatically dispersed, as previously described (10). Dis-
persed pituitary cells were initially plated in serum-containing (2.5% fetal
calf serum) medium (HyClone, Logan, UT) and then maintained in
serum-free Dulbecco's modified Eagle's medium for 24 h as described
previously (10, 14), except that cultures were in 175-cm2 flasks. After 1-
to 24-h treatment of 5-10 X 106 cells with or without added IGF-I, the
cells were scraped from the flasks in sterile phosphate-buffered saline
and collected by low-speed centrifugation. The cell pellets were homog-
enized in 0.32 M sucrose, 3 mMCaC12, 2 mMMg acetate, 0.1 mM
EDTA, 10 mMTris-HCl, pH 8.0, 0.1% Triton X, and 1 mMdithiothreitol
(DTT) using 15 strokes of the tight pestle of a Dounce homogenizer
(15). The homogenate was diluted with 2 vol of 2 Msucrose, 5 mMMg
acetate, 0.1 mMEDTA, 10 mMTris HC1, pH 8.0, and 1 mMDTT,
and then layered over a 10-ml cushion of the 2 Msucrose buffer, and
centrifuged at 30,000 g for 45 min at 4°C. The nuclear pellet was re-
suspended in 100-150 ul of 25% glycerol, 5 mMMg acetate, 0.1 mM
EDTA, 50 mMTris HCl, pH 8.0, and 5 mMDTT.

For the transcriptional assay, isolated nuclei (70 u1) were incubated
with ATP, CTP, and UTP (2 mMeach), 0.2 mMGTP, and [32P]GTP
(800 Ci/mmol, 200 gCi) in 0.15 MKCI and 3 mMMg acetate. The
reaction (200 gl) was continued for 45 min at 25°C. After stopping the
reaction by 1% NaDod S04 (SDS) in 10 mMEDTA, pH 7.0, 200 t1i of
3 Msodium acetate, pH 5.0, was added and mixed. The RNAwas ex-
tracted by the phenol chloroform method as previously described (14,
16). The ethanol precipitable RNAwas dried and dissolved in 100 ,l of
sterile water. An aliquot (2 Ml) was removed for determining total input
cpm. Transcripts containing rGH sequences were quantified by hybrid-
ization to nitrocellulose (NC) paper containing immobilized rGH com-
plementary DNA(cDNA) and pBR322 plasmid (each 2 ug) using the
dot blot apparatus (Schleicher and Schuell, Inc., Keene, NH). The NC
paper, cut into strips, was placed in a polyethylene bag with 1 ml pre-
hybridization buffer consisting of 50% deionized formamide, SX standard
saline citrate (SSC), 0.1% SDS, Sx Denhardt's solution, denatured salmon
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Table I. Nuclear Runoff Transcriptional Assay

[32P]RNA hybridization (cpm)
[3H]cRNA mRNA

Input [32P]RNA rGH pBR322 hybridized synthesized

cpm X 106 % ppm

Experiment I
Control 5.0 98 1 1 31.7 54.9
IGF-I (3.25 nM) 5.0 44 6 33.3 22.8
Alpha amanitin (1 ug/ml) 2.9 1 1 9 34.2 2.0

Experiment II
Control 2.5 54 7 29.3 64.2
Pituitary poly(A) RNA(100 ng) 2.5 34 7 18.3 59.0
Pituitary poly(A) RNA(500 ng) 2.5 22 2 11.6 68.9

Dispersed pituitary cells (107) were tested in serum-free Dulbecco's modified Eagle's medium with or without added IGF-I for 4 h. Cell nuclei were
isolated and then incubated in the transcription buffer with [32P]GTP (200 MCi) for 45 min. Alpha amantin was also added in experiment I. New
GHmRNAsequences were quantified by hybridization to immobilized rGH, cDNA, and pBR322 plasmid. Hybridization mixture also contained
[3H]GH cRNA (1,000 cpm) to determine the efficiency of hybridization. In experiment II pituitary poly(A) RNAwas also added as indicated.
After hybridization and washing dots of immobilized DNAswere counted for 20 min.

sperm DNA(200 Mg/ml), 5 ,g/ml synthetic poly(A) RNA, 2 mMEDTA,
and 10 mMTris HCI, pH 7.0.

After prehybridization for 3 h at 52°C, the buffer was replaced with
0.9 ml of fresh prehybridization buffer, and 100 Ml of the appropriate
amount of [32PRNA. GH[3H]complementary RNA(cRNA) (1,000 cpm)
was included in all experiments to determine the efficiency of hybrid-
ization and was synthesized as described elsewhere (17) using Hind
III digested rGH cDNA insert (18) as template. After hybridization for
3 d at 520C, the NCpaper was washed four times with 100 ml of 2X
SSC, 0.1 %SDS for 10 min each at room temperature, and three further
30-min washes were performed at 500, 550, and 60°C, respectively, in
0.1 X SSC, 0.1% SDS. Each dot of immobilized DNAwas punched out
from the filter strips and the radioactivity determined by liquid scintil-
lation counting (10 ml of Aquasol) for 20 min. GHmRNAsynthesis is
expressed as parts per million and represents [32P]RNA bound to rGH
cDNA-containing dots minus radioactivity bound to the pBR322 dot,
corrected to 100% hybridization of the added GH[3H]cRNA standard.
Nonspecific background binding of the 32P-labeled RNAto the DNA-
free blank paper was always < 2.5 ppm.

Validation of transcriptional assay. During 45 min, - 15% of
[32P]GTP was incorporated into nucleic acids, and this was not different
in control or IGF-I-treated cells. The nuclear runoff assay performed
here is a measure of in vitro elongation of nascent RNAchains. This
assay of direct transcriptional activity is dependent on nuclear RNA
polymerase 11 (15). In our experiments, alpha amanitin, an inhibitor of
this enzyme, blocked the specific transcription of new GHmRNA.Excess
pituitary-derived poly(A) RNAalso inhibited the specific hybridization
reaction, indicating competitive inhibition for the GHcDNA (Table I).
Poly(A) RNAextracted fr6m rat anterior pituitary glands by oligothymi-
dylic acid-cellulose chromatography (19) was added to the hybridization
mixtures at the indicated doses. The poly(A) RNAwas not pure GH
mRNAbut nevertheless, 500 ng of poly(A) RNAsuppressed hybridization
of [32P]GH mRNAby 60%.

Results

Effect of IGF-I on GHgene transcription. Primary rat pituitary
cells grown in serum-free medium were treated with IGF-I (up
to 6.5 nM) or without added IGF-I for 4 h. Cell nuclei from
each treatment group were isolated and incubated with [32P]GTP
(200 MACi) in the transcription reaction. IGF-I treatment sup-
pressed the transcriptional activity of the GHgene in a dose-

responsive manner (Fig. 1). Maximal inhibition (58±2 vs. 8±1
parts per million [ppm]) was seen with 6.5 nM IGF-I, (n = 6
independent experiments). The transcriptional activity of the
PRLgene measured by hybridization against immobilized PRL
cDNA (20) was not altered by up to 6.5 nM IGF-I.

The time course of the suppression of new GHmRNAsyn-
thesis is shown in Fig. 2. By 4 h, 3.25 nM IGF-I maximally
suppressed new GHmRNAsynthesis by 70% (84±18 vs. 24±8
ppm, n = 6, P < 0.00 1). After 24 h, GHgene transcription was
still suppressed by 50% as compared with control untreated
cells.
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Figure 1. Dose response of IGF-I effect on GHand prolactin gene
transcription. Primary cultures of rat anterior pituitary cells were incu-
bated in Dulbecco's modified Eagle's medium containing fetal calf
serum (2.5%). After 3 d, cells were washed and medium replaced with
serum-free defined medium with or without added IGF-I for 1-24 h.
After the IGF-I treatment, nuclei were isolated and incubated for 45
min in an in vitro transcriptional runoff assay with 32P-labeled GTPas
described. NewGHmRNAand prolactin mRNAwere measured by
hybridization against immobilized GHcDNAand prolactin cDNA (2
Mg/dot), respectively. Each hybridization reaction also included a com-
panion immobilized pBR322 DNAblot. GH- and prolactin-specific
hybridization are present as parts per million of total input [32P]RNA
( 5 X 106 cpm) and the corrections were made for the hybridization
efficiency measured by hybridization of 3H-labeled cRNA. Bars repre-
sent mean and range of duplicate dots from a representative experi-
ment.
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Figure 2. Time course of IGF-I effect on GHgene transcription. After
pretreatment with serum-free medium, dispersed monolayer pituitary
cells were treated for the times indicated with 3.25 nM IGF-I and nu-
clei isolated for the transcriptional runoff assay. For each point, the
paper was compared with respective controls incubated for the same
time with no added IGF-I. Control GHgene transcriptional activity is
depicted as 100%. [32P]RNA input into each hybridization was 3.5-10
X 106 cpm. Each point represents mean±SDof three to six separate
transcription reactions.

Specificity of IGF-I effect on GHgene transcription. GHRH
has clearly been shown to stimulate transcription of the GH
gene (21); therefore, the effects of IGF-I were tested with GHRH
treatment of the cells. As shown in Fig. 3 A, the twofold stim-
ulation of new GHmRNAsynthesis induced by GHRHwas
blocked by IGF-I (3.25 nM). Other growth factors, including
EGFand FGF, did not alter GHtranscription (Fig. 3 B). Rel-
atively high doses of insulin (200 nM) also suppressed the GH
gene transcriptional activity (Fig. 3 C). This may indicate that
insulin is acting via the IGF-I receptor, or alternatively, insulin
may specifically inhibit GHgene transcription, in these cells,
as we have recently shown for GH3 cell GHgene transcrip-
tion (22).

Discussion

Specific receptors for IGF-I, IGF-II, and insulin have been char-
acterized on rat pituitary cells (23, 24). The doses of IGF-I used
in this study are physiologic, inasmuch as the dissociation con-
stant for IGF-I binding to its receptor sites on rat anterior pi-
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Figure 3. Specificity of IGF-I effect on GHgene transcription. Primary
rat pituitary cells were incubated for 4 h with (A) IGF-I (3.25 nM),
GHRH(10 nM), (B) IGF-I (3.25 nM), EGF(50 ng/ml), FGF (50 ng/
ml), or (C) insulin (7 and 200 nM). Nuclei were then isolated and
transcriptional runoff assays performed. Each bar represents
mean±range of duplicate dots.

tuitary cells is 1 nM. The suppression of GHby various so-
matomedin C preparations has been shown to occur directly at
the level of GHmRNA(10) and GHsecretion (4, 5, 8, 9), and
also to occur in vivo after intracerebroventricular insertion (6,
7). Although the anterior pituitary contains relatively abundant
binding sites for IGF-II (23, 24), IGF-II appears to be less potent
than IGF-I as an inhibitor of GHRH-stimulated GH secre-
tion (5).

IGF-I did not alter the total incorporation of [32P]GTP into
RNA in the nuclear transcription assay. This indicates that
IGF-I did not generally suppress the total RNAsynthesis in these
experiments. This is in agreement with our previous observations
that total pituitary RNAlevels were not altered in rats bearing
GH-secreting tumors with resultant elevated IGF-I levels (25).
These experiments demonstrate for the first time, that the
IGF-I (Thr-59) analogue (26) with similar competitive binding
and bioactive behavior to purified somatomedin C (27), a nat-
urally occurring polypeptide, is able to suppress transcription of
the pituitary GHgene. Heretofore, the transcriptional regulation
of GHhas been shown to be primarily stimulatory by T3, hy-
drocortisone, and GHRH(28-31). Although somatostatin in-
hibits the release of GH, this hypothalamic hormone has not
been shown to regulate GHgene expression (32). Insulin has
also been shown to suppress GHsecretion, mRNAlevels, and
GHgene transcription, but the dose response and time course
for these observations clearly differed from the effects elicited
by IGF-I (10, 14, 22, 33).

The previously observed inhibition of pituitary GHmRNA
levels induced by IGF-I (10) may have been due to other post-
transcriptional events, including an increase in GHmRNAdeg-
radation, processing, or transport (34). The half-life of GH
mRNAin GHcells has been reported to range from 40 to 56 h
(30), while in other studies a shorter half-life has been reported
(31). We have previously shown that IGF-I inhibits the GH
mRNAlevels in normal rat pituitary cells after 48 h, and also
suppresses GHsecretion after only 4 h (10). This would suggest
that IGF-I may also act at a posttranscriptional level to inhibit
GHsecretion. Nevertheless, the data shown here indicate that
IGF-I directly and selectively inhibits the synthesis of nascent
GHmRNAin normal rat pituitary cells without altering PRL
mRNAsynthesis.

These observations indicate the presence of a negative feed-
back loop in the regulation of pituitary GHgene transcription.
In addition to GHRH, T3, and hydrocortisone, therefore,
IGF-I participates in the balance of GHgene regulation by in-
hibiting GHgene transcription. This observation may explain
the high GHlevels seen in starvation and protein-calorie mal-
nutrition where IGF-I levels are suppressed (35). These findings
may also provide the molecular mechanism for the regulation
of human GHsecretion (9) and GHmRNAlevels (36) by IGF-
I. The physiologic significance of these reciprocal changes remain
to be determined.
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