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Background: Insulin regulation of human growth hormone has not been studied in non-tumor pituitary cells.

Results: Insulin decreases growth hormone RNA levels via an insulin-induced transcription factor and chromatin remodeling.
Conclusion: The somatotroph and growth hormone gene expression are targets for insulin signaling.

Significance: This may explain the early and rapid suppression of growth hormone levels seen in hyperinsulinemic individuals.

Insulin controls growth hormone (GH) production at multiple
levels, including via a direct effect on pituitary somatotrophs.
There are no data, however, on the regulation of the intact human
(h) GH gene (#GH1) by insulin in non-tumor pituitary cells, but the
proximal promoter region (nucleotides —496/+1) responds nega-
tively to insulin in transfected pituitary tumor cells. A DNA-pro-
tein interaction was also induced by insulin at nucleotides —308/
—235. Here, we confirmed the presence of a hypoxia-inducible
factor 1 (HIF-1) binding site within these sequences (—264/—259)
and investigated whether HIF-1 is associated with insulin regula-
tion of “endogenous” hGH1. In the absence of primary human pitu-
itary cells, transgenic mice expressing the intact hGH locus in a
somatotroph-specific manner were generated. A significant and
dose-dependent decrease in hGH and mouse GH RNA levels was
detected in primary pituitary cell cultures from these mice with
insulin treatment. Increasing HIF-1« availability with a hypoxia
mimetic significantly decreased hGH RNA levels and was accom-
panied by recruitment of HIF-1a to the #GHI promoter in situ as
seen with insulin. Both inhibition of HIF-1 DNA binding by echi-
nomycin and RNA interference of HIF-1a synthesis blunted the
negative effect of insulin on #GHI but not mGH. The insulin
response is also sensitive to histone deacetylase inhibition/tricho-
statin A and associated with a decrease in H3/H4 hyperacetylation
in the proximal ZGH1 promoter region. These data are consistent
with HIF-1-dependent down-regulation of ZGHI by insulin via
chromatin remodeling specifically in the proximal promoter region.

There is evidence to suggest growth hormone (GH)? produc-
tion is under insulin control. Excess insulin may act indirectly
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on the hypothalamus by affecting growth hormone-releasing
hormone and somatostatin secretion tone or directly at the
pituitary level. More recently, somatotrophs have been impli-
cated as the primary target of hyperinsulinemia in animal mod-
els. A reduction in GH synthesis and/or secretion was associ-
ated with increased circulating levels of insulin in both high fat
diet-induced obesity and the leptin-deficient ob/ob mice (1, 2).
The effect of insulin on GH, however, was not accompanied by
any alteration in growth hormone-releasing hormone and
somatostatin expression in the hypothalamus of the obese
mice, supporting a more direct effect of insulin at the pituitary
level (1). Certainly, the mouse pituitary gland appears to be an
insulin-sensitive tissue as insulin receptors are present at levels
comparable to “classical” insulin-sensitive tissues, such as adi-
pose, liver, and skeletal muscle. Furthermore, there is evidence
that pituitary cells continue to be sensitive to insulin, whereas
the cells from other peripheral tissues become more resistant
from chronic hyperinsulinemia in the obese state (1, 3).

In humans, blunted GH secretion in obese individuals has
been linked with metabolic derangements (4, 5). Elevated levels
of insulin as a component of metabolic syndrome might be a
major contributor to the obesity-related reduction in GH secre-
tion (6, 7). Abnormal GH production in obese patients is char-
acterized by impaired spontaneous secretion as well as a decline
in pituitary somatotroph responsiveness to all known pharma-
cological provocative stimuli. Specifically, GH-producing
somatotrophs become significantly hyporesponsive to exoge-
nous secretagogues including growth hormone-releasing hor-
mone, ghrelin/growth hormone secretagogue (GHS) and argi-
nine (8 —11). The mechanism, however, for this insulin-related
suppression of GH synthesis is poorly understood.

There are no available data on the effect of insulin on endog-
enous human (h) GH gene (#GH1) expression despite evidence
for negative control of human and non-human primate GH by
excess insulin as well as obesity (5, 12, 13). The proximal region
(nucleotides —496/+1) of the hGHI promoter was shown,
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however, to respond negatively to insulin treatment after trans-
fection into a rat pituitary tumor cells (13-16). This correlates
with a study in which insulin treatment was associated with
induction of a DNA-protein interaction at nucleotides —308/
—235 in the proximal #GHI promoter region (13—16). Inspec-
tion of these sequences reveals an E-box (Enhancer Box), 5'-
CCACGTGACC-3’, which includes a palindromic hexanucle-
otide sequence (underlined) at position —264 to —259, and
potential hypoxia-inducible factor-1 (HIF-1) binding sequence
(HBS) (17).

HIF-1a and -B are members of the basic-helix-loop helix
transcription factor family. Under normoxic conditions,
HIF-1a protein is ubiquitinated and subject to continuous pro-
teasomal degradation because it contains an oxygen-dependent
degradation domain targeted by a specific HIF-prolyl hydroxy-
lase (HPH1-3 also referred to as PHD1-3). Hypoxia, however,
attenuates hydroxylation, and HIF-1« is stabilized. HIF-1« is
then able to heterodimerize with its constitutively present
HIF-1p partner, and form a functional complex that regulates
genes via a specific hypoxia-responsive element (18, 19).
HIF-1a is a critical factor involved in developmental and phys-
iological events (20-22). Deregulation of HIF-1la predomi-
nantly in relation to effects on pancreatic gene expression and f3
cell function has been linked to the development of type 2 diabetes
(23). Furthermore, elevated levels of HIF-1« in adipose tissue are
postulated as contributing to obesity-related insulin resistance and
metabolic dysfunction. As such, HIF-1 is considered an obesity-
related transcription factor complex (24 -26). Insulin shares the
ability with hypoxia to induce the HIF-1a transcription factor
complex and is considered to be a downstream molecule of insulin
signaling (27-29). HIF-1« has also been detected in the pituitary
(30, 31). Thus, these properties make HIF-1 a candidate to mediate
insulin regulation of hGHI expression.

A difficulty in assessing regulation of endogenous hGH pro-
duction has been the absence of an appropriate non-tumor
pituitary culture system expressing #GHI. We generated trans-
genic (TG) mice containing a single copy of the intact hGH gene
locus including its locus control region (LCR), which includes
essential hypersensitive site (HS) regions I, I, III, and V (32).
This LCR was shown to confer a site of integration-indepen-
dent pituitary-specific expression (33), and pituitary hGHI
expression was confirmed in two-independent hGH/CS-TG
mouse lines (32). More recently we generated primary pituitary
cell cultures from these hGH/CS-TG mice and showed that
hGH1 is expressed by somatotrophs, as hGH protein co-local-
ized with mouse (m) GH in pituitary tissue and cultures (34).
Here we have used these hGH/CS-TG mouse pituitary cell cul-
tures to investigate insulin control of endogenous hGH versus
mouse GH gene expression. Our data indicate negative regula-
tion of GH at the RNA level and, in the case of #GHI but not
mGH, a role for HIF-1 and remodeling of the proximal pro-
moter region in this response. These results are discussed in
relation to the effects of excess insulin resulting from overeat-
ing and obesity on hGH production in vivo.

EXPERIMENTAL PROCEDURES

Primary Pituitary Cell Culture—All procedures involving
animals, their tissues, and cells conform to the Guide for the
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TABLE 1
Primers used for gPCR
RNA Primer sequence
hGH Forward, CCTAGAGGAAGGCATCCAAA
Reverse, GCAGCCCGTAGTTCTTGAGTAG
mGH Forward, ACGCGCTGCTCAAAAACTAT
Reverse, CACAGGAGAGTGCAGCAGAG
GHS-R Forward, CTGGACAAAGTCGAGCATCA
Reverse, CTGCCCATCTGGCTCTACTC
VEGF Forward, AGCACAGCAGATGTGAATGC

Reverse, AATGCTTTCTCCGCTCTGAA
Forward, GCTATCCAGAAAACCCCTCAAA
Reverse, GCGGGTGGAACTGTGTTACG

B2- Microglobulin

Care and Use of Laboratory Animals published by the United
States National Institutes of Health (NIH Publication 85-23,
revised 1996) and were approved by the animal Protocol Man-
agement and Review Committee at the University of Manitoba.
Primary pituitary cell cultures were generated from anterior
pituitary glands harvested from 10 adult male and female (8 =10
weeks) TG mice containing the intact hGH gene and LCR in a
171-kb fragment of human chromosome 17 (32) as reported
previously (34). Cells were plated at 1 X 10° cells/well in 24-well
plates in 1 ml of Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% (v/v) fetal bovine serum (FBS) and anti-
biotics (10 IU/ml penicillin, 10 mg/ml streptomycin) and main-
tained in this medium for 72 h. For insulin treatment, cells were
re-fed DMEM supplemented with 1% double charcoal-stripped
FBS for 24 h and then treated with 1-200 nm insulin (#19278,
Sigma) for 24 h. Induction of HIF-1a protein levels was pursued
by cobalt (II) chloride hexahydrate (CoCl,) (C2644, Sigma)
treatment in which cells were incubated with 150-500 uMm
CoCl, for 5 and/or 24 h. To interfere with HIF-1ae DNA bind-
ing, cultures were preincubated for 60 min with 10 or 20 nm
echinomycin (ALX-380-201, Enzo Life Sciences) or vehicle
(dimethyl sulfoxide) before insulin treatment. Similarly, inhibi-
tion of histone deacetylase (HDAC) class I, II, or III was done
using pretreatment with trichostatin A (300 nm, T1952, Sigma)
or nicotinamide (15 m», N0636, Sigma), respectively, for 60
min.

RNA Preparation and Quantitative Real-time Reverse Tran-
scriptase-PCR—Total RNA extraction and quantitative real-
time reverse transcriptase (RT)-PCR (qPCR) using specific
primers (Table 1) were done as described previously (34).
Minus reverse transcriptase controls were performed using the
same PCR primers and thermal cycle conditions as a control for
the presence of genomic DNA. Specific amplifications were
identified by a single peak in the melting curve and a single band
in the final PCR product visualized on an agarose gel. The gene
expression level in each sample (absolute quantification) was
calculated from the standard curve and normalized to mouse
B2 microglobulin expression as appropriate. Tests were nor-
mally run in duplicate on three independent samples.

Nuclear Protein Extraction and Detection—Nuclear extrac-
tion from cultures was performed using a nuclear extraction kit
according to the manufacturer’s instructions (Active Motif,
Carlsbad, CA, catalog no. 54001) (35). Briefly, after treatment,
cells were suspended in hypotonic buffer (20 mm HEPES, pH
7.5, 5 mMm sodium fluoride, 10 uM sodium molybdate, and 0.1
mM EDTA) containing phosphatase inhibitors and incubated
onice for 15 min. Detergent (Nonidet P-40) was added to a final
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concentration of 0.5%, and incubation was continued for 15
min. Nuclei were separated by centrifugation (14,000 X g for
30 s at 4°C), and the nuclear pellet was next extracted in a
hypertonic lysis buffer for 30 min on ice. After centrifugation
(14,000 X g for 10 min at 4 °C), the supernatant containing
the pure nuclear fraction was collected. Protein concentra-
tion was determined by a Bradford protein assay (Bio-Rad).
For detection of HIF-1a, 25 pg (after CoCl, treatment) or
100 ug (after insulin treatment) of whole cell protein or
nuclear-extracted proteins were analyzed by protein immu-
noblotting as previously described (36). Proteins were sepa-
rated by 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, transferred to polyvinylidene fluoride mem-
branes, and immunoblotted with anti-HIF-1a antibody
(NB100-134, Novus Biologicals, Oakville, ON, CA). GAPDH
(sc-25778, Santa Cruz), upstream stimulatory factor 1 (USF-1;
sc-229, Santa Cruz), and/or histone H1 (C-17, Santa Cruz) were
assessed as controls for protein loading for whole cell lysates
and nuclear proteins, respectively. The proteins were visualized
using horseradish peroxidase-conjugated anti-immunoglobu-
lin G (IgQ) secondary antibody and ECL plus immunoblotting
detection reagents (Thermo Fisher Scientific Inc., Nepean, ON,
Canada).

Electrophoretic Mobility Shift Assay (EMSA)—EMSA and
competition with oligonucleotides was performed essentially as
previously described (36). Briefly, 500 ng of recombinant
HIF-1a and 500 ng of HIF-18 were incubated with EMSA
buffer containing 2 ug of poly-dIdC for 5 min. Radiolabeled
oligonucleotide probes (1 ng) were then added, and the reac-
tions were incubated for a further 10 min at room temperature.
In competition experiments, 2.5-, 5-, and 50-fold molar
excesses of unlabeled oligonucleotide duplexes were added
during a preincubation period. The DNA-protein complexes
were resolved in non-denaturing 5% (w/v) polyacrylamide gels
and visualized by autoradiography.

Lentivirus-mediated Short Hairpin RNA (shRNA) Treatment—
HIF-1a shRNA (sc-35562-V, Santa Cruz) and control/scram-
bled shRNA lentiviral particles (sc-108080, Santa Cruz) were
used for HIF-1a “knock down” as previously reported (37). The
viral infection was performed according to the manufacturer’s
instructions. Briefly, cultures were incubated with DMEM con-
taining lentiviral particles in the presence of Polybrene (5
pg/ml, Santa Cruz) for 24 h. Lentiviral particles were washed
away, and cells were incubated for a further 48 h. Medium was
then changed to 1% double charcoal-stripped FBS-DMEM for
24 h before treatment with insulin for 24 h, harvesting, and
analysis.

Chromatin Immunoprecipitation (ChIP) Assay—ChIP assay
with cultures treated with or without insulin or CoCl, were
done as previously described (38). In brief, cells were harvested
24 h after insulin or CoCl, treatments in cold phosphate-buff-
ered saline buffer and cross-linked with 1% formaldehyde
before lysis. Chromatin was fragmented by sonication (100 s in
10-s pulses), then insoluble material was removed by centrifu-
gation, and the DNA content was measured by spectrophotom-
etry. Soluble chromatin was precleared for 1 h and then immu-
noprecipitated with 5 ug of HIF-la (Novus Biologicals),
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TABLE 2
Primers used for ChIP-qPCR
Region Primer sequence
HSV Forward, TCCCTCGGACCAGAACAC
Reverse, CCCAGGTAAAAGCAGCATGT
HS 111 Forward, CACTGATGAGCTTGGCGTCAC
Reverse, CCTGCCACTTCCGCTCTCCA
HS /I Forward, CATGGGCCTCAAGCTGACCT
Reverse, CGTTCCGGGCAGCCCCAGAT
—2-kb GH Forward, CTGTGTCCACCTGCAGAGTT
Reverse, AGCTTCTTCCATGTTCCTCC
—0.5-kb GHp Forward, CCCCTTCTCTCCCACTGTTG
Reverse, AACCCTCACAACACTGGTGAC
GHp-HBS Forward, CACAGAGTGTCAGCCAGAGATA
Reverse, GGATGTGGTCGGTAGGGGGT
Untr6 Forward, TCAGGCATGAACCACCATAC

Reverse, AACATCCACACGTCCAGTGA

HIF-1a (Santa Cruz, sc-10790), or histone H3-H4 hyperacety-
lation antibodies (Catalog # 06-598 and 06-599, Millipore)
overnight at 4 °C as well as with normal rabbit IgG (Millipore)
as a negative control. Protein A/G plus agarose (Santa Cruz)
was added to immunoprecipitation reaction with rotation for
1 h at 4 °C to collect antibody-chromatin complexes. The aga-
rose-antibody complexes were subjected to a series of washes
and elution. The eluted antibody complexes were reverse-
cross-linked at 65 °C overnight, and DNA was isolated using
QIAquick PCR purification kit (Qiagen). Quantitative PCR was
performed in a 7500 Fast Real Time CR system (AB Applied
Biosystems) under conditions standardized for each primer set
(Table 2). Each qPCR reaction was carried out in duplicate in a
20-pul reaction volume by using 5 ul of the 1% of input DNA and
5 ul of pre-amplified (15 cycles) eluted immunoprecipitated
DNA and 10 ul of Power SYBR Green Master mix (AB Applied
Biosystems). Dissociation curves were analyzed as a mean to
ensure the quality of amplicons and to monitor primer dimers.
Final PCR products were visualized as a single band in an aga-
rose gel. ChIP enrichment was determined based on a percent
input method (39). Briefly, the signals obtained from the immu-
noprecipitated DNA amplification were divided by the signals
obtained from an input sample. Because the starting input frac-
tion was 1%, a dilution factor of 100 or 6.644 cycles (i.e. log 2 of
100) was subtracted from the cycle threshold (CT) value of
diluted input. Enrichment was calculated based on the formula,
100 X 2 (CT-adjustedinput = CT-enriched) 3 q data are presented as
percent input and relative -fold change compared with the con-
trol, which is arbitrarily set to 1. For the ChIP assay of histone
acetylation in the hGH locus, hyperacetylation levels are pre-
sented as relative -fold changes compared with levels detected
at HS V, which is arbitrary set to 1.

Statistical Analysis—Statistical analysis was performed using
GraphPad Instat® and Prism® software. For single compari-
sons, paired ¢ tests were applied, and for multiple comparisons
one-way analysis of variance was used with the Tukey-Kramer
or Dunnett’s post-test as appropriate. For multiple compari-
sons with more than one variable, data were analyzed using
two-way analysis of variance with the Bonferroni post-test. A
value of p < 0.05 is considered statistically significant and is
represented in figures as: * or #, p < 0.05; ** or ##, p < 0.01; ***
or ###, p < 0.001.
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FIGURE 1. Endogenous hGH and mGH RNA levels are negatively regu-
lated by insulin. Primary pituitary cells were de-induced in 1% double char-
coal-stripped FBS-DMEM for 24 h and treated with 1-200 nm insulin for 24 h.
RNA was isolated and assessed by gPCR. A, human GH RNA levels were
decreased at physiological (1 nm) and pharmacological (200 nm) concentra-
tions of insulin. B, mouse GH transcripts were also reduced in response to
insulin treatment but were only significant at insulin concentrations above 1
nM. RNA levels in each sample (absolute quantification) were calculated from
the standard curve and normalized to mouse B2 microglobulin RNA. The
results are expressed as relative mean change plus or minus S.E. of the mean
compared with the control (0) value, which is arbitrarily set to 100%. Data
were assessed by one-way analysis of variance with the Tukey-Kramer post-
test. A value of p < 0.05 is considered statistically significant: ¥, p < 0.05; **,
p < 0.01;***, p < 0.001.

RESULTS

Endogenous hGH and mGH RNA Levels Are Negatively Reg-
ulated by Insulin—Cultures were generated from hGH/CS-TG
mouse pituitaries and treated with insulin to determine
whether the endogenous or intact #GH1 is responsive. Human
GH RNA levels decreased significantly in response to both
physiological (1 nm) and pharmacological (200 nm) doses of
insulin (Fig. 1A4). This decrease reached a plateau (~60%
decrease) at 5 nM (p < 0.001, n = 12). A similar decrease in hGH
RNA levels was observed in cultures from a second independ-
ent (141hGH/CS-TG) mouse line (32) with insulin (data not
shown). A decrease in mGH transcripts was also seen with 1 nm
insulin treatment but, unlike hGH RNA levels, was not significant
(Fig. 1B); however, a significant and increasing ~40% reduction in
mGH RNA levels was also observed with 5 and 15 nM insulin (p <
0.01,7 = 6).

A HIF-1a Binding Site Is Located within Nucleotides —278/
—250 of the Proximal hGHI Promoter Region—To confirm
binding of HIF-1 to sequences in the #GH1 proximal promoter
region, EMSA was done using combined recombinant HIF-1«
and HIF-1B proteins with radiolabeled #GHI nucleotides
—278/—250 (Fig. 2A). A known HBS from the erythropoietin
(EPO) gene was used as a positive control (19), and RF-1
sequences (40) were also radiolabeled as a negative control. A
single specific complex was observed with both hGH and EPO
gene but not RF-1 sequences in the presence of HIF-1 protein
(Fig. 2B). The complex was more readily detected with hGH
than EPO gene sequences. In addition, the complex formed on
nucleotides —278/—250 of hGH1 was competed efficiently by
non-labeled #GHI sequences compared with the EPO HBS,
suggesting a higher affinity/specificity for the HBS in —278/
—250 hGH1 sequences.

To assess whether insulin affects HIF-1« levels in primary
pituitary cells, nuclear extracts were isolated from cultures
treated with or without 15 nm insulin for 24 h and analyzed by
protein immunoblotting using antibodies to HIF-lae and
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another transcription factor, upstream stimulatory factor 1
(USE-1) that is a ubiquitously expressed transcription factor
(41). A band of the expected size for HIF-1a was detected (120
kDa), and levels were stimulated reproducibly by insulin (Fig.
2C). Ponceau staining of the membranes was used to confirm
equivalent protein loading in each lane (see the supplemental
data, Fig. S1).

A ChIP assay was used to assess HIF-1a association with the
HBS-containing #GHI proximal promoter region in the con-
text of pituitary cell chromatin. Anti-HIF-1« antibody was used
for independent immunoprecipitations, and normal rabbit IgG
was employed as a negative control. PCR primers (Table 2) were
designed to specifically amplify the —308/—235 region of hGH1
promoter as well as an untranscribed region on chromosome 6
(Untré6), which served as a measure of “background” or nonspe-
cific association of protein-DNA detected by ChIP assay.
HIF-1a associates preferentially with the #GHI proximal pro-
moter region by ChIP assay, relative to the signal seen with
Untr6 background control sequences (Fig. 2D). The level of
association increased significantly 1.7-fold after insulin (15 nm)
treatment of pituitary cell cultures for 24 h (p < 0.05, n = 4).

Induction of HIF-1a Protein by CoCl, Treatment Mimics the
Effect of Insulin on hGHI RNA Levels—The effect of increased
HIF-1 availability on hGH RNA levels was examined by treating
primary pituitary cells with CoCl,, which can mimic the effects
of hypoxia by inhibiting prolyl hydroxylase activity, thereby sta-
bilizing HIF-1a (42). Cultures were treated with or without
150-500 um CoCl, for 5 h in serum substitute, and whole cell
or nuclear extract (250 um only) was assessed for HIF-1a by
protein immunoblotting (Fig. 3, A and B). A dose-dependent
stimulation of a band of the expected size (120 kDa) was
observed in the whole cell extract and was also detectable in
nuclear protein.

The effect of 250 and 500 um CoCl, on hGH and mGH RNA
was also assessed by qPCR after 24 h of treatment. Vascular
endothelial growth factor (VEGF) expression was also assessed
as positive control. It is up-regulated by hypoxia through direct
involvement of HIF-1« (43) and is also produced by hormone-
producing as well as capillary endothelial cells of the anterior
pituitary gland (44, 45). CoCl, decreased hGH RNA levels sig-
nificantly (»p < 0.001, n = 6) and by a similar extent (~60%) to
that observed with insulin treatment (Fig. 3C). In contrast,
there was no significant effect of CoCl, treatment on endoge-
nous mGH RNA levels (Fig. 3D); however, a significant 2-fold
increase in VEGF RNA levels (p < 0.01, n = 3) was observed
(see the supplemental data, Fig. S3B).

Primary pituitary cells were treated with CoCl, for 24 h and
assessed by ChIP assay for HIF-1a association with the HBS-
containing #GH1 proximal promoter region (Fig. 3E). The level of
association increased significantly 4 —5-fold (p < 0.001, n = 4).

Interference with HIF-1o Binding and Production Reduces the
Effect of Insulin on hGH RNA Levels—The effect of inhibiting
HIF-1 binding on hGH RNA levels in primary pituitary cell
cultures was assessed. Echinomycin is a cyclic peptide, antibi-
otic, and specific DNA binding factor with a strong affinity for
the 5'- ACGTG-3' sequence, which is at the core of a HBS (46,
47). Cultures were incubated with 10 nm echinomycin 1 h
before insulin treatment. Human GH, mGH, and mouse ghrelin
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FIGURE 2. A HIF-1 binding site is located within nucleotides —278/—250 of the proximal hGH1 promoter region. A, alignment and comparison of human
(nucleotides —327/—1) and mouse (nucleotides —355/—1) growth hormone gene proximal promoter regions (64) is shown. Conserved TATA box and Pit-1
binding sites are indicated. The hGH but not the mGH promoter region contains a palindromic hexanucleotide (bold) that includes the core HBS at nucleotide
position —263/—259 (underlined). Asterisks are used to indicate the boundaries of the —279/—250 hGHp-HBS fragment used for EMSA. B, EMSA was done with
a combination of recombinant HIF-1a (rHIF-1a) and HIF-183 protein together with radiolabeled probes: hGHp-HBS, EPO-HBS (positive control), and RF1
(negative control), with sequences as indicated. A single complex was seen in the presence of recombinant protein with both hGHp-HBS and EPO-HBS probes
by autoradiography but required prolonged exposure to detect the EPO-HBS-protein complex. Competition of the hGHp-HBS-protein complex with a 2.5-, 5-,
and 50-fold molar excess of unlabeled hGHp-HBS and EPO-HBS oligonucleotide as well as a 50-fold molar excess of RF-1 oligonucleotides was also performed
to assess affinity/specificity. Competition was detected with hGHp-HBS and EPO-HBS but was more evident with a 5-fold molar excess of unlabeled hGHp-HBS
than EPO-HBS; no competition with RF1 was observed. C, protein immunoblotting was done to assess HIF-1« protein in nuclear extracts (100 wg) of primary
pituitary cells treated with 15 nm insulin for 24 h. Nuclear proteins were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and
immunoreactive proteins were detected by chemiluminescence. The HIF-1« protein band (~120 kDa) is indicated by black arrowhead. Upstream stimulatory
factor 1 (USF-1; 43 kDa) was used as a loading control for nuclear proteins. D, a ChIP assay was performed with an anti-HIF 1« antibody on chromatin isolated
from primary pituitary cells treated with 15 nm insulin for 24 h. Binding events were calculated based on the signals obtained from the immunoprecipitated/
input DNA amplification using specific primers to hGHp-HBS and the control untranscribed region (Untr6) by qPCR. The results are expressed as relative mean
change plus or minus S.E. of the mean compared with the control (0 nminsulin) Untré value, which is arbitrarily set to 1. Significant differences are indicated by
* p < 0.05.

receptor (GHS-R) RNAs were assessed by qPCR after 24 h. Pre-
treatment with echinomycin interfered significantly with the
negative effect of 1, 5, and 15 nm insulin on hGH transcript
levels (Fig. 4A); this effect was greater than 50% at all doses of
insulin. In contrast, the significant decreases in mGH and
GHS-R RNA levels were not affected by echinomycin pretreat-
ment (p < 0.01, n = 6) (Fig. 4, B and C). It is also noted that
pretreatment with a higher concentration of echinomycin (20
nM) led to 100% inhibition of the negative effect of 5 nm insulin
on hGH RNA levels. Again, pretreatment with 20 nm echino-
mycin had no effect on insulin regulation of mGH transcripts
(see the supplemental data, Fig. S2, A and B).

It was also noted that the decrease in hGH RNA and increase
in VEGF RNA levels seen in response to CoCl2 (Fig. 3, Band C)
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were blocked by echinomycin pretreatment (p < 0.01, n = 3)
(supplemental data, Fig. S3, A and B).

Lentiviral transduction particles of shRNA against HIF-1«
were used to limit HIF-1a induction in response to insulin and
examine the effect on hGH RNA levels. Pituitary cell cultures
were treated with HIF-1a and control/scrambled shRNA for
24 h, maintained for 72 h, and then treated for 24 h with insulin.
Human GH, mGH, and mGHS-R RNAs were assessed by qPCR.
Partial but significant interference with the negative effect of 5
and 15 nMm insulin on hGH RNA levels was observed with
HIF-1a shRNA versus control treatment (p < 0.01, n = 5) (Fig.
5A). As with echinomycin (Fig. 4, B and C); however, there was
no significant effect on the insulin responsiveness of mGH and
mGHS-R transcript levels (Fig. 5, B and C).
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FIGURE 3. Induction of HIF-1a protein by CoCl, treatment mimics the effect of insulin on hGH RNA levels. Immunodetection of induced HIF-1a (120 kDa)
in whole cell lysate (A) and nuclear extracts (B) of primary pituitary cells treated with 250 and 500 um CoCl, for 5 h is shown. GAPDH (37 kDa) and histone H1 (32
kDa) were used as loading controls for whole cell and nuclear proteins, respectively. The HIF-1a protein band (black arrowhead) and the nonspecific protein
band (NS), which was only detected in whole cell lysate, are indicated. The effects of 250 and 500 um CoCl, treatment on hGH (C) and mGH (D) RNA levels were
assessed by gPCR after 24 h. Significant decreases in hGH but not mGH RNAs were observed. E, a ChIP assay was performed with an anti-HIF 1« antibody on
chromatin isolated from primary pituitary cells treated with 250 um CoCl, for 24 h. Binding events were calculated and are expressed as relative mean change,

as described in Fig. 2. Significant differences are indicated by ***, p < 0.001.

Histone Hyperacetylation Decreases in the hGHI Proximal
Promoter Region with Insulin Treatment—A potential role for
histone acetylation status on the hGH1 insulin responsiveness
was examined. HIF-1a is reported to interact with members of
class L, II, and III HDACs and to recruit them to regulatory
elements in target genes (48 —53). Thus, pituitary cell cultures
were treated with increasing concentrations of insulin in the
presence of the class I and II HDAC inhibitor, trichostatin A,
and class II HDAC (sirtuins) inhibitor, nicotinamide (Fig. 6). A
dose-dependent decrease in hGH RNA was observed with
increasing insulin concentration as assessed by qPCR; however,
the decreases with 5 and 15 nm insulin were blunted signifi-
cantly in response to trichostatin A but not nicotinamide treat-
ments (p < 0.05, n = 6) (Fig. 6).

A distinctive histone H3/H4 hyperacetylation pattern has
been reported for the hGH LCR in pituitary versus non-pitu-
itary tissue/cells and is associated with an active #GHI pro-
moter (54); this includes the pattern detected in transgenic
mice containing the intact hGH locus and LCR (55). Specifi-
cally, H3/H4 hyperacetylation is centered around HS I/II about
14.5 kb upstream of #GHI and extends outwards, upstream to
HS V (=32 kb #GH1I) and downstream to include the hGHI
promoter in an “umbrella-like” manner (54, 55). A ChIP assay
was done to assess the relative level of H3/H4 hyperacetylation
across the hGH LCR and hGHI promoter in response to
24-hour insulin treatment in chromatin from primary hGH/
CS-TG pituitary cells in situ. Specific antibodies to hyperacety-
lated histones H3/H4 as well as control IgG were used for pre-
cipitations, and this was combined with specific PCR primers to
analyze potentially bound sequences across the LCR (Table 2).
Histone hyperacetylation levels, relative to HS V in untreated
cultures, were determined for HS I/II and III as well as proximal
(includes the HBS) and slightly more distal #GH1 promoter
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regions (—2 kb hGH1). As expected, hyperacetylation showed
the characteristic pituitary cell pattern with the highest levels
centered and extending out from HS I/1I (Fig. 7A). This pattern
was also seen after insulin treatment; however, there was a sig-
nificant ~40% decrease in H3/H4 hyperacetylation at the prox-
imal (not more distal) #GHI promoter region after insulin
treatment (p < 0.001, n = 4) (Fig. 7B).

DISCUSSION

Using cultures derived from “humanized” transgenic mouse
pituitaries containing the intact hGH locus and LCR, we show
for the first time that hGH RNA synthesis is negatively regu-
lated by a physiological concentration of insulin in primary
non-tumor pituitary cells. This regulation is dependent on the
HIF-1 transcription factor. Increasing HIF-1a levels with CoCl,
increased association with the proximal #GH1 promoter region
and mimicked the decrease in hGH RNA seen with insulin.
Furthermore, interference with both HIF-1 binding and levels
using echinomycin and lentiviral delivery of HIF-1a shRNA,
both, blunted the negative response of #GH1 to insulin signifi-
cantly. In addition we characterized a HBS in the proximal pro-
moter region of hGH1, which supports a previous report by
others for the presence of an insulin-responsive element in this
region (14). Our data also implicate histone modification of the
proximal #GH1 promoter region in its response to insulin, as
specific inhibition of class I and II (but not III) HDACsS, signif-
icantly blunted the effect. Furthermore, insulin treatment was
associated with a significant and specific reduction in H3/H4
hyperacetylation in the proximal promoter region of hGHI
containing the HBS. These data suggest that HIF-1 binding and
chromatin remodeling are required for insulin regulation of
endogenous hGH synthesis at the level of the pituitary
somatotroph.
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FIGURE 4. Interference with HIF-1« binding reduces the effect of insulin
on hGH RNA levels. Primary pituitary cells were incubated without (solid
columns) or with (open columns) 20 nm echinomycin 1 h before insulin (1, 5,
and 15 nm) treatment. Human GH (A), mGH (B), and GHS-R RNA (C) levels were
assessed by qPCR 24 h post-insulin treatment. Dose-dependent decreases in
hGH, mGH, and GHS-R RNA levels were observed; however, the decrease in
hGH RNA was the only one affected significantly by echinomycin treatment.
Results are expressed as relative mean change plus or minus S.E. of the mean,
compared with control values, which are arbitrarily set to 100. Data were
analyzed by two-way analysis of variance with the Bonferroni post-test. Sig-
nificant differences between groups at each concentration of insulin are indi-
cated with brackets; #, p < 0.5; ##, p < 0.01. Significant differences between
insulin treatments compared with no insulin group (0) as control are indi-
cated by **, p < 0.01; ***, p < 0.001.

Activation of genes and regulation of expression typically
involve posttranslational modification of histone proteins,
making DNA more or less accessible to the transcription
machinery in response to environmental cues. Based on elegant
transgenic mouse studies, activation of the hGH locus requires
“global” acetylation of a 32-kb chromatin domain centered and
extending outward from HS I/II to HS V upstream and the
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FIGURE 5. Interference with HIF-1« production reduces the effect of insu-
lin on hGH RNA levels. Primary pituitary cells were treated with lentiviral
transduction particles of scrambled/control (solid columns) or HIF-1a shRNA
(open columns) before insulin (5 and 15 nm) treatment. Human GH (A), mGH
(B), and GHS-R RNA (C) levels were assessed by qPCR 24 h post-insulin treat-
ment. Dose-dependent decreases in hGH, mGH, and GHS-R RNA levels were
seen. Partial but significant blockage of the inhibitory effect of insulin on hGH
RNA levels was observed with HIF-1a but not control shRNA. There was no
significant effect of shRNA on mGH GHS-R RNA levels in response to insulin.
Results were analyzed and are expressed as relative mean change, as
described in Fig. 4.

hGH1 promoter downstream in pituitary somatotroph devel-
opment (56, 57). This leads to generation of a “specificity” loop
between HS III/V and HS I/11, linked with appropriate (site of
integration independent and somatotroph-specific) synthesis,
and an “expression” loop between HS I/II and the #GH1I pro-
moter that is associated with efficient promoter activity (38, 56,
57). The global acetylation pattern spanning the 32-kb hGH
LCR is observed in our transgenic mouse pituitary cell cultures,
consistent with somatotroph expression of #GH1. This pattern
was largely unaffected by insulin treatment except for a signif-
icant decrease in the proximal promoter region containing the
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FIGURE 6. The negative effect of insulin on hGH RNA levels is trichostatin
A-sensitive. Primary pituitary cells were treated with HDACs inhibitors, tri-
chostatin A (300 nm), nicotinamide (15 mwm), or vehicle 1 h before insulin (1, 5,
and 15 nwm) treatment. Human GH RNA was assessed by qPCR 24 h post-insulin
treatment. Trichostatin A but not nicotinamide muted the insulin effect on
hGH RNA levels and was significant with 5 and 15 nm insulin. Results were
analyzed and are expressed as relative mean change as described in Fig. 4.
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FIGURE 7. Histone hyperacetylation decreases in the hGH1 proximal pro-
moter region with insulin treatment. A, ChIP assay was performed with
antibodies specific to the hyperacetylated (HAc) histone H3 and H4 (three or
more acetylated lysine residues) on chromatin isolated from primary pituitary
cells treated without (solid columns) or with 15 nm insulin (open columns) for
24 h. Quantitative PCR was performed on both input and immunoprecipi-
tated (bound) chromatin fractions with primer sets designed to detect
upstream HS V, HS lll, and HS I/1l as well as distal (—2 kb) and proximal (—0.5
kb) hGHT promoter regions. Results are presented as relative hyperacetylated
H3/H4 “binding events” compared with the control value for HS V, which is
arbitrarily set to 1. A peak for hyperacetylated H3/H4 is seen at HS /Il in the
presence and absence of insulin. There is also the suggestion of a modest
decrease in hyperacetylation in the region spanning HS I/Il and the hGH1
promoter. B, when re-graphed (control arbitrarily set to 100), a significant
~40% decrease in hyperacetylated H3/H4 is detected only in the proximal
hGH1 promoter region. Significance was assessed by t test; ***, p < 0.001.

HBS. Our data indicate that the insulin response requires his-
tone deacetylation via class I or II HDACs and a decrease in
H3/H4 hyperacetylation “locally” in this proximal promoter
region. Target genes for both insulin and HIF-1 are subject to
the histone modification by deacetylation in their regulatory
elements via recruitment of class I and II HDACs (48 —50, 58).
This suggests that a regulatory element(s) in the hGHI pro-
moter is a target for insulin and HIF-1-mediated histone
deacetylation. This would be expected to result in “inactive/
repressed” chromatin, thereby decreasing accessibility to fac-
tors including RNA polymerase (59) and/or affecting the
expression loop and thus lessening #GHI promoter function in
pituitary cells.

GH is a major metabolic homeostatic factor involved in
maintaining the balance between excess energy intake and
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expenditure via its lipolytic activity (60); however, obesity has a
significant negative impact on GH production. Thus, GH insuf-
ficiency is considered to be a classical feature of obesity, but the
underlying mechanisms responsible for this blunted GH pro-
duction is unclear. Hyperleptinemia, hyperglycemia, and high
levels of free fatty acids as well as hyperinsulinemia are among
the deregulated metabolic states/factors that have been pro-
posed to contribute to this phenomenon (4, 5). Recent studies,
however, strongly suggest a significant role for excess insulin as
the GH-suppressive factor. Overeating for only 3 days resulted
in profound hyperinsulinemia and contributed to a 77%
decrease in plasma hGH levels without any significant weight
gain in a group of healthy 24-year-old individuals (61). Thus,
our data are consistent with a direct effect of “excess” insulin on
endogenous hGH synthesis at the level of the somatotroph,
contributing to the observed reduced plasma hGH levels. If
“overeating” is seen as a stage of developing “obesity,” then the
initial decrease in GH might be interpreted as a positive
response by increasing the whole body insulin sensitivity for a
limited period of time due to its anti-insulin activity (62, 63).
This was suggested based on the observation that adult onset
isolated GH deficiency in mice was associated with higher insu-
lin sensitivity (62). If conditions of excess caloric intake were to
persist, however, then the decrease in GH is expected to be a
primary or secondary cause of obesity by contributing to fur-
ther weight gain due to loss of lipolytic and anabolic activities of
GH as well as impaired insulin output (62, 65— 68). If, however,
the initial response to excess insulin is a decrease in GH and a
compensatory increase in insulin sensitivity, then this would be
consistent with HIF-1 involvement. HIF-1 is a significant player
in energy metabolism (52, 69-71) and as a signaling molecule
induced by elevated levels of insulin (hyperinsulinemia) can
offer an explanation for blunted GH levels seen in obese indi-
viduals. High concentrations of insulin can provoke the accu-
mulation of HIF-1 via phosphatidylinositol 3 kinase/Akt-de-
pendent and/or mitogen-activated protein kinase signaling
pathways (72).

Like hGH, endogenous mGH RNA was also down-regulated
in response to low doses of insulin, although this was only sig-
nificant above 1 nm. Unlike hGH, however, the negative effect
of insulin on mGH RNA levels was not responsive to changes in
HIF-1a levels or interference with HIF-1 DNA binding. This is
similar to the effect of insulin on mGHS-R RNA levels, which
was decreased in agreement with previous reports using non-
human primate pituitary cultures (12). Insulin regulation of
both mGH and mGHS-R appear to be independent of HIF-1.
An alignment of mGH with hGH gene promoter regions,
including nucleotides —279/—250, revealed no putative HIF-1
binding site in equivalent mGH sequences or in a search of 2 kb
of upstream mGH and mGHS-R flanking DNA. Thus, although
there appears to be convergence in terms of the overall
response of the hGH and mGH genes to insulin, #GHI and by
extension human somatotrophs may be more sensitive to insu-
lin levels, and this may reflect distinct regulatory mechanisms
and the involvement of HIF-1 in hGH but not mGH synthesis.
Certainly, primate and murine GH are structurally and, there-
fore, functionally distinct, and differences, as with the presence
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of a HBS in the proximal promoter region, appear to extend
beyond the coding to regulatory sequences (33, 73-78).

In summary, these observations provide the first evidence
that human GH synthesis is regulated directly by insulin at the
pituitary somatotroph level. The insulin effect is HIF-1 depend-
ent, and our observations are consistent with an important role
for HIF-1a in mediating the early and rapid suppression of GH
levels seen in obese individuals. Further examination of the
roles of hyperinsulinemia, HIF-1, and HIF-1-mediated GH
reduction in obesity and diabetes models may provide valuable
insight into the physiological regulation and pathophysiologi-
cal dysregulation of somatotrophs as it applies to the pathogen-
esis of obesity and insulin resistance.
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