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The growth hormone (GH)-insulin-like growth factor-I
(IGF-I) axis regulates somatic growth during childhood and
orchestrates tissue repair throughout the life span. Recently
described inactivating mutations in Stat5b in humans with
impaired growth have focused attention on this transcription
factor as a key agent linking GH-stimulated signals to IGF-I gene
expression, and several putative Stat5b sites have been identi-
fied in the IGF-I gene. Here, we define and characterize poten-
tial GH- and Stat5b-activated chromosomal enhancers that can
regulate IGF-I gene transcription. Of 89 recognizable Stat5
sequences in 200 kb centering on the rat IGF-I gene, 22 resided
within conserved regions and/or were identical among different
species. Only 15 of these sites, organized into 7 distinct domains,
were found to bind Stat5b by quantitative chromatin immuno-
precipitation assays in liver chromatin of rats, but only after
acute GH treatment. These sites could bind Stat5b in vitro, and
individual domains could mediate GH- and Stat5b-stimulated
IGF-I promoter activity in cultured cells. Further analyses
revealed that four Stat5b domains possessed chromatin signa-
tures of enhancers, including binding of co-activators p300 and
Med1, and RNA polymerase II. These modifications preceded
GH-stimulated recruitment of Stat5b, as did lysine 4 mono-
methylation of histone H3, which was enriched in 6/7 Stat5b-
binding elements. In contrast, histone acetylation was induced
by GH but was limited to Stat5b binding domains found within
the IGF-I transcription unit. We conclude that GH stimulates
recruitment of Stat5b to multiple dispersed regions within the
igf1 locus, including several with properties consistent with long
range transcriptional enhancers that collectively regulate GH-
activated IGF-I gene transcription.

Signal transducers and activators of transcription include a
family of seven related proteins (Stats 1-4, 5a, 5b, and 6) that
function as key intermediates in signaling pathways of many
cytokines, growth factors, and hormones (1-4). The first Stats
were characterized nearly 20 years ago as effector molecules for
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interferons a/B and vy (5, 6), and subsequent studies have both
broadened the biological significance of this protein family as
critical agents in multiple physiological and pathophysiological
processes and have further defined their mechanisms of action
at biochemical, molecular, and atomic levels of resolution
(1-4).

Although specific details differ for each Stat, these proteins
are typically found in the cytoplasm of responsive cells prior
to cytokine stimulation and are recruited to phosphorylated
tyrosine residues found in intracellular segments of activated
cytokine receptors, where they become phosphorylated on a
tyrosine near the Stat COOH terminus by a receptor-associated
tyrosine protein kinase, usually Jak1-3, or Tyk2 (1-3), depend-
ing on the receptor. The modified Stats then dissociate from the
receptor-docking site, form dimers via reciprocal interactions
of an Src homology 2 domain on one Stat molecule with the
phosphorylated tyrosine on the other (1), and are translocated
into the nucleus, where they bind as dimers to specific DNA
sites in chromatin (1-4). Most Stats recognize the palindromic
DNA sequence, 5'-TTCN,GAA-3', where N is any deoxynucle-
otide, and x = 2—4, but with different preferences depending on
the individual Stat (1, 7). Recent profiling of Statl interactions
with chromatin of human HeLa cells has revealed a broad dis-
tribution of binding domains in DNA within the genome
(8-10), with the majority being located in intragenic regions
and in introns in some studies (9) but at or near promoters in
others (8). More limited results focusing on Stat4 in mouse T
lymphocytes have indicated that its binding sites in chromatin
cluster near transcription start regions of target genes (11).
Comparable experiments have not been reported for other
Stats.

Pituitary-derived growth hormone (GH)? plays a pivotal role
in regulating somatic growth during childhood and adoles-
cence (12-14), primarily by stimulating the biosynthesis of
insulin-like growth factor-I (IGF-I), a 70-residue secreted
growth-promoting protein (15, 16) that also is an important
regulator of intermediary metabolism and tissue repair
throughout the life span (14, 17, 18). The GH-IGF-I axis also
has been linked in a negative way to aging and to the develop-
ment of certain cancers in humans and other species (19, 20),
implying that under normal physiological conditions its activity

2 The abbreviations used are: GH, growth hormone; IGF-I, insulin-like growth
factor-I; Stat, signal transducers and activators of transcription; ChIP, chro-
matin immunoprecipitation; TK, thymidine kinase.
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must be limited in scope and duration to preserve homeostasis.
The single membrane-spanning GH receptor is a member of
the cytokine receptor family, and hormone binding promotes
activation of receptor-associated Jak2, leading to phosphoryla-
tion of a cohort of tyrosine residues on the intracellular part of
the receptor (13, 21) and recruitment of several signaling mol-
ecules, including Stats 1, 3, 5a, and 5b, which collectively medi-
ate the biological effects of GH (13, 21).

Recently identified inactivating molecular lesions in the
STATS5B gene in humans with impaired growth (22, 23), tar-
geted gene knockouts of Stat5b in mice (24, 25), and biochem-
ical and molecular studies (26) have collectively implicated
Stat5b as an essential intermediate in a signal transduction cas-
cade leading from the hormone-activated GH receptor to
induction of IGF-I biosynthesis by stimulating IGF-I gene tran-
scription (16, 27). In further support of this hypothesis, two
distinct GH-inducible Stat5b binding domains have been
mapped to chromatin in human /GF1 and rat IgfI loci (28 —30),
and both appear able to act as GH- and Stat5b-dependent reg-
ulators of IGF-I promoter function in cultured cells (28, 30).
As results of more recent experiments have suggested the
potential existence of multiple Stat5b-binding elements in the
IGF-Igene (31, 32), we sought to identify and characterize puta-
tive GH-regulated and Stat5b-dependent chromosomal
enhancers responsible for GH-activated IGF-I gene transcrip-
tion. Our results show that GH acutely stimulates recruitment
of Stat5b to a least seven distinct chromosomal domains found
throughout the Igf1 locus coincident with induction of IGF-I
gene transcription and that each can function in vitro to aug-
ment IGF-I promoter activity. Further mapping studies in rat
liver chromatin demonstrate that these GH-activated Stat5b-
binding elements include two distinguishable groups, one with
the in vivo characteristics of chromosomal enhancers (33, 34),
as evidenced by the presence of transcriptional co-factors p300
and Med1, and RNA polymerase II at these sites prior to hor-
monal stimulation, and the other lacking this signature.
Taken together, our studies define a process whereby GH
acutely induces binding of Stat5b to DNA at multiple dis-
persed sites in Igfl chromatin that collectively regulate hor-
mone-activated IGF-I gene expression.

EXPERIMENTAL PROCEDURES

Materials—The following reagents were purchased: recom-
binant rat GH, National Hormone and Pituitary Program,
NIDDK, National Institutes of Health; fetal calf serum, Dulbec-
co’s modified Eagle’s medium, and phosphate-buffered saline,
Mediatech-Cellgro (Herndon, VA); QuikChange site-directed
mutagenesis kit, Stratagene (La Jolla, CA); SuperScript III
reverse transcriptase system, protein A-Sepharose beads, SYBR
Green platinum quantitative PCR mixture, and trypsin/EDTA
solution, Invitrogen; whole genome amplification kit, Sigma;
QIAquick PCR purification kit (Valencia, CA); Transit-LT1,
Mirus (Madison, WI); protease inhibitor tablets, Roche Applied
Sciences; okadaic acid, Alexis Biochemicals (San Diego); BCA
protein assay kit, Pierce; and restriction enzymes, buffers,
ligases, and polymerases, Roche Applied Sciences and Clon-
tech. The following antibodies were purchased from commer-
cial vendors: Stat5 (C17), RNA polymerase II (H-224), p300
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(C-20), and Med1/TRAP 220 (C-19), Santa Cruz Biotechnology
(Santa Cruz, CA); acetyl histone H3 (recognizes acetyl-Lys-9
and -Lys-14), acetyl histone H4 (recognizes acetyl-Lys-5,
-Lys-8, -Lys-12, and -Lys-16), cAMP-response element-bind-
ing protein, and pStat5 (clone 8-5-2), Millipore (Billerica, MA);
histone H3 trimethyl Lys-4 and histone H3 monomethyl Lys-4,
Abcam (Cambridge, UK); and Stat5b, Invitrogen. Oligonucleo-
tides were synthesized at the Oregon Health & Science Univer-
sity DNA Services Core. All other chemicals were reagent grade
and were purchased from commercial suppliers.

Recombinant Plasmids—Expression plasmids in pcDNA3 for
the mouse GH receptor and for FLAG epitope-tagged wild-type
and constitutively active rat Stat5b (FLAG-Stat5b“*, N642H)
in pcDNA3 have been described (28), as have firefly luciferase
reporter gene plasmids derived from TK-Luc (thymidine kinase
promoter in pGL2) containing HS7 (R34—35) and the 5 distal
(R8-9) regions of rat IGF-1(28). Other promoter-reporter plas-
mids were prepared as follows: DNA segments of 200-375 bp
spanning putative Stat5b binding domains were amplified by
PCR from rat genomic DNA and cloned 5’ to the TK promoter
in TK-Luc by standard molecular methods. Cloning primers
may be found in supplemental Table 1. A luciferase reporter
gene plasmid in pGL2 containing 1711 bp of rat IGF-I promoter
1 plus 328 bp of exon 1 has been described (IGF-I P1-Luc), as
have additional constructs with HS7 and 5’ distal domains
located 5’ to P1 (30). An IGF-I promoter 2 luciferase fusion
gene (IGF-I P2-Luc) was prepared by swapping a 124-bp
genomic fragment cloned by PCR (80 bp of rat P2 plus 44 bp of
exon 2) for P1 in IGF-I P1-Luc. The identical Stat5 binding
domains were cloned immediately 5’ to each promoter in IGF-I
P1-Luc and IGF-I P2-Luc (R2-3, R8-9, R13, R34-35, R53,
R57-59, and R60—61), and are in the same location and orien-
tation as in TK-Luc. Point mutations were introduced into
selected TK-Luc plasmids using the QuikChange site-directed
mutagenesis kit. All newly prepared DNA fragments in all
reporter plasmids and all engineered mutations were con-
firmed by DNA sequencing.

Cell Culture, Transient Transfections, and Reporter Gene
Assays—COS-7 cells (ATCC CRL-1651) were incubated in
antibiotic-free Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum at 37 °C in humidified air
with 5% CO, and were transfected with Stat5b“* or empty vec-
tor using Transit-LT1, as described previously (30). Cells were
harvested following a 40-h incubation, and nuclear proteins
were isolated (30). For promoter-reporter gene assays, cells on
6-well tissue culture dishes were co-transfected with mouse GH
receptor (100 ng) and wild-type Stat5b (100 ng for TK promoter
studies and 250 ng for IGF-I promoter studies), and the pro-
moter-reporter plasmids are indicated in Figs. 5 and 6 and
supplemental Fig. 1 (250 ng for TK-Luc and 500 ng for IGF-I
P1-Luc and IGF-I P2-Luc). Cells were incubated for 24 h, fol-
lowed by addition of serum-free medium containing 1% bovine
serum albumin and either vehicle or rat GH (1 pug/ml = ~ 40
nm) for 18 h. Cells were then harvested and lysates used for
luciferase assays (28). All results were normalized to total cel-
lular protein concentrations.

Animal Studies—Male Sprague-Dawley rats were purchased
from Harlan Sprague-Dawley (Indianapolis, IN), after being
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red Imaging System, using software
version 1.2 (LiCoR, Lincoln, NE).
Quantitative ChIP—Initial steps
were modified from published pro-
tocols (28, 30). For each time point,
an ~600-mg fragment of rat liver
was minced and incubated at 20 °C
in 30 ml of Dulbecco’s modified
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FIGURE 1. GH acutely stimulates nuclear localization and activation of Stat5b, and promotes IGF-I gene
transcription. Results are shown of time course studies using hepatic nuclei harvested from GH-deficient male
rats treated with a single intraperitoneal injection of recombinant rat GH (1.5 mg/kg) for 15-60 min. A, immu-
noblots of nuclear proteins for Stat5b, phospho-Stat5 (pStat5), and cAMP-response element-binding protein
(Creb). B, ChIP assays for Stat5b at HS7, a previously described Stat5b-binding element in IGF-l intron 2 (28), and
ata site in IGF-I exon 3. G, results of gel mobility shift assays using IR-labeled double-stranded oligonucleotide
probes for GHRE-1, one of two Stat5b-binding sites within HS7 (28), and for an Sp1 consensus binding
sequence. Arrows indicate protein-DNA complexes, and FP indicates free probe. D, measurement by semi-
quantitative reverse transcription-PCR of nascent nuclear RNA for IGF-I and B-actin gene transcription, using

primers for an exon and adjacent intron, as diagrammed.

hypophysectomized by a transauricular route at age 7 weeks.
Rats were housed at the Oregon Health & Science University
Animal Care Facility on a 12-h light/dark schedule with free
access to food and water and received care according to
National Institutes of Health guidelines. GH deficiency was
confirmed by failure to grow during a >2-week observation
period. Rats subsequently received a single intraperitoneal
injection of vehicle (10 mm NaHCO,) or recombinant rat GH
(1.5 mg/kg) and were sacrificed at 15 min to 6 h after hormone
injection. The liver was removed, and chromatin, RNA, and
nuclear proteins were isolated from individual animals as out-
lined below. For gene expression studies and ChIP experiments,
up to four independent series of rats were used. The Oregon
Health & Science University Committee on Animal Care and
Use approved all studies using rats.

RNA Isolation and Analysis—Hepatic nuclear RNA was iso-
lated as described previously (28). RNA integrity was assessed
by agarose gel electrophoresis, and concentrations were deter-
mined spectrophotometrically at 260 nm. Nuclear RNA (5 pg)
was reverse-transcribed with random hexamers in a final vol-
ume of 50 ul using a reverse transcription-PCR kit, and 1 ul of
cDNA was used as template for PCR. Pilot studies were per-
formed to establish a cycle number for each primer set that
achieved amplification in the linear range (25-35 cycles
depending on the primers). Products were visualized after aga-
rose gel electrophoresis by ethidium bromide staining. Results
presented in Fig. 1D are representative of three or more inde-
pendent reverse transcription-PCR experiments and replicated
with at least three different series of rats.

Protein Immunoblotting—Immunoblotting was performed
as described previously (30), using hepatic nuclear protein
extracts (5 ng) and the following dilutions of primary antibod-
ies: anti-Stat5b-1:5000, anti-pStat5 —1:2000, and anti-cAMP-

17638 JOURNAL OF BIOLOGICAL CHEMISTRY

tion at 200 X gfor 5 min at 20 °C, the
pellet was washed in phosphate-
buffered saline, suspended in 1 ml of
lysis buffer (50 mm Tris-HCI, 5 mm
EDTA, 1% SDS, pH 8.1, plus prote-
ase inhibitors), and incubated for 15
min at 4 °C. Each sample was soni-
cated on ice with a Branson micro-
tip sonicator (setting 10) using a
total of 10 rounds of 10 pulses for 1 s each, interspersed with
30-s incubations on ice, followed by centrifugation at 14,000 X
g for 10 min at 4 °C (these steps generated DNA fragments of
average size of 500 = 100 bp). The protein concentration of the
supernatant (measured by BCA assay) was adjusted to 1 mg/ml
in immunoprecipitation buffer (50 mm Tris-HCI, 5 mm EDTA,
150 mMm NaCl, 0.1% SDS, 1% Triton X-100, pH 8.1, plus protease
inhibitors), and 1-ml aliquots were stored at —80 °C until use.
Immunoprecipitations were performed as described previously
(30), and DNA was extracted using the QIAquick PCR purifi-
cation kit, suspended in 50 ul of 10 mm Tris-HCl, 1 mm EDTA,
pH 8.1, and used as the template in quantitative PCRs. Primers
were designed following guidelines from PrimerQuest (Inte-
grated DNA Technologies, Coralville, IA) to be complementary
to different regions of the rat IGF-I gene and to yield amplicons
ranging in length from 70-110 bp (see supplemental Table 2).
PCR experiments were performed using a Bio-Rad Chromo4
Real Time PCR detection system. Reactions (20 ul final vol-
ume) contained 1X SYBR Green mixture, 200 nm primers, and
ChIP-enriched DNA and were performed in 8-well strips in a
96-well format. Standard curves contained 0.01-1.25 ng of
genomic DNA and were included in each experiment for each
primer set. Values are expressed as percent input necessary
to achieve the identical cycle threshold. For Stat5-ChlIP, the
initial survey (Fig. 4A4) represents a mean of independent
immunoprecipitations using two rats, and the GH time
course in Fig. 4B depicts the mean * S.E. from independent
immunoprecipitations from three different series of rats.
Results presented in Figs. 8 —10 are representative of three or
more independent quantitative PCR experiments from inde-
pendent immunoprecipitations.

DNA-Protein Binding Studies—Electrophoretic gel mobility
shift assays and antibody super-shift and DNA competition
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FIGURE 2. Plan for characterizing functional Stat5b elements in the rat
1gf1 locus. Experimental scheme outlining steps to identify and characterize
Stat5b-binding sites in chromatin within the rat Igf1 locus.
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experiments were performed as described previously (30) with
COS-7 (1-2 pug) or rat hepatic nuclear protein extracts (5 ug)
and 5'-IR Dye700-labeled double-stranded oligonucleotides.
Sequences for the top strand of the double-stranded DNA
probes are shown in supplemental Table 3. After incubation of
proteins and DNA for 60 min at 4 °C, products were separated
by electrophoresis through nondenaturing 5% polyacrylamide
gels in 1X Tris borate/EDTA (90 mwm Tris, 90 mM boric acid, 2
mMm EDTA, pH 8.3) at 200 V for 25-35 min at 20 °C. Results
were scanned and analyzed on a LiCoR Odyssey Infrared Imag-
ing System, using software version 1.2.

RESULTS

GH Acutely Stimulates Nuclear Localization and Activation
of Stat5b and Induces IGF-I Gene Transcription—Stat5b plays a
central role in GH-mediated somatic growth in large part via its
ability to robustly stimulate IGF-I gene transcription (26, 28),
yet its mechanisms of action have not been elucidated. In pitu-
itary-deficient rats, a single systemic GH pulse rapidly activates
Stat5b (35, 36), as seen by its tyrosine phosphorylation and
accumulation in liver nuclei, as depicted in Fig. 14, which
shows the coordinate appearance of Stat5b and pStat5 in
hepatic nuclear protein extracts within 30 min of hormone
administration. GH-activated Stat5b is also found to associate
with target gene DNA in liver chromatin with similarly rapid
induction kinetics, as evidenced by binding by ChIP to a
response element in IGF-I intron 2
termed HS7 (28), but not to a seg-
ment in nearby exon 3 (Fig. 1B). HS7

0 3'

L L — T TTTT IREL

123

exon

— I ——
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sequences (rat/mouse)
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+oow  encodes two Stat sites separated by

60 bp of intervening DNA, and GH
treatment promotes the ability of
activated Stat5b to bind to these
DNA elements (28), as shown by gel
mobility shift assay for HS7 GHRE1
(Fig. 1C). GH also acutely stimulates
IGEF-I gene transcription (Fig. 1D),
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and the time course of IGF-I gene
activation parallels the in vivo bind-

B | | | 10 >50% identity in 100 bp flanking sequence ing of Stat5b to HS7 (Fig. lB). Thus,
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I . T ™ GH rapidly and potently activates

R8 R13 R14 R44 R51 R58 R60
Ro Ré5 RS3 Stat5b and promotes IGF-I gene
16 paired sites (<300 bp) .. . ces ..
C 6 pairs with two identical Stat5 sequences (rat/mouse) transcription in pituitary-deficient
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R2-3 R8-9 R34-35 R43-44 R58-59 Defining Stat5b-binding Elements

R60-61 . . .
in the Igfl Locus—Since our discov-
'\w| ery of HS7 as a GH-inducible
22 conserved Stat5 sequences within 13 domains StatSb—blndlng element in IG.F'I
intron 2, and our demonstration
H : } : } : :: H : } that it could activate GH-mediated
R2-4 R89 Ri3 R14 R34-35 R43-44 R51  R57-59 IGF-T gene transcription in trans-
R5 (5’ distal) R16 (HS7)  R45 R53-54 R60-61 genic mice and in tissue culture (28,

FIGURE 3. Multiple putative Stat5b-binding sequences are dispersed throughout mammalian Igf7 loci.
Top, map of the 200-kb genomic DNA segment on rat chromosome 7q13 containing the ~75-kb IGF-I gene.
The six numbered IGF-| exons are depicted by blue boxes. A scale bar is indicated. Vertical lines represent 89
putative Stat5-binding sites (top DNA strand, 5'-TTCNNNGAA-3’,where Nis G, A, T, or C) that were identified by
searching for consensus sequences. Outlined below the map and labeled A-C are the three approaches used to
identify individual sites and Stat5 binding domains for further experimental study. The gray box outlines the
details and results of each of the three analytical approaches. Bottom, 22 segments within 13 domains that
were selected for further study are depicted on the rat Igf1 locus map and are numbered as indicated.
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37), several other putative Stat5b-
binding sites have been mapped to
the Igfl locus (29, 31, 32), although
only one other region, termed 5’
distal, has been found to regulate
IGF-I promoter activity in reconsti-
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cal over at least 100 bp (Fig. 3B, red
vertical lines). Finally, we looked for
paired Stat5 sites, because these are
common in Stat5-dependent gene
promoters (41), and found 16. In six
of these paired regions, the nine
nucleotides of each site were identi-

cal in rat and mouse genomic DNA

(Fig. 3C, blue vertical lines). When
the three analytical approaches
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LK ' were combined, the results yielded
22 Stat5 elements grouped into 13
distinct domains in the rat Igf7 locus
for further evaluation, including six
single sequences (R5, R13, R14, R16,

R45, and R51), five pairs (R8-9 (5’

0 GH 0 min
@ GH 60 min

distal (30)), R34-35 (HS7 (28)),
R43-44, R53-54 (although R54 was

not conserved), and R60-61), and
two triple sites (R2-3-4 and R57-
58-59 (although neither R4 nor R57

& was conserved)) (Fig. 3, bottom

R2-4 R8-9 R13 R34-35 R53-54 R57-59 R60-61
(-86264) (-73096) (-62806) (+3740) (+26694) (+43817) (+49147)

FIGURE 4. GH induces recruitment of Stat5b to a subset of potential binding elements within the Igf1
locus. Results are shown of quantitative ChIP experiments for Stat5 using hepatic chromatin harvested from
GH-deficient male rats treated with a single intraperitoneal injection of recombinant rat GH (1.5 mg/kg) for 0 or
60 min. Primer sets and their genomic locations are listed in supplemental Table 2. All studies were performed
by quantitative PCR. A, analysis of binding of Stat5b after GH treatment to the 22 conserved putative Stat5-
binding sites in 13 domains outlined in Fig. 3 plus 7 other control primer pairs dispersed throughout the rat Igf1
locus (the latter are outlined in gray and are designated by the chromatin position at the center of the amplicon
relative to the 5’ end of the IGF-I gene). The red line depicts a value of 2.5 times the average for the seven
controls. Results represent the mean of two independent experiments. B, binding of Stat5b to the 15 sites
in seven segments termed positive in A prior to (light gray bars) and at 60 min after a single systemic GH
injection (dark gray bars). Results reflect the mean = S.E. of three independent experiments. The negative

control (avg neg) represents the mean of the seven control regions in A.

tution experiments in cultured cells (29, 30). We thus devised
a multistep approach combining genomics, in vivo protein-
DNA binding assays in hepatic chromatin, and functional
studies to identify and characterize putative Stat5b-binding
sequences, including assessing their ability to regulate IGF-I
gene expression. The overall strategy is outlined in Fig. 2.
Using bio-informatics, we first identified and mapped a total of
89 Stat5 consensus sites, consisting of the DNA sequence,
5'-TTCNNNGAA-3" (where N is G, A, T, or C) within an
~200-kb genomic region encompassing the 75-kb 6-exon
IGF-I gene and flanking DNA (Fig. 3, top panel). We evaluated
the 89 sites using three independent criteria. First, based on
studies showing that tissue-specific and developmentally acting
enhancers were often found in conserved DNA (33, 34, 38, 39),
we analyzed all conserved regions within the locus for the pres-
ence of Stat5 sequences (criteria for evolutionary conservation
included nucleotide sequence identity >75% over 300 bp in
human /GFI and rat and mouse Igfl loci) (40). Of 33 DNA
segments meeting these criteria (Fig. 34, green boxes), 7 con-
tained a total of 11 conserved Stat5 sites (Fig. 34, green vertical
lines). Second, we assessed the 17 putative Stat5 sites in which
all nine nucleotides were identical in human /GF1I and rat and
mouse IgfI loci, for flanking nucleotide sequence conservation,
and we identified 10 in which adjacent DNA was >50% identi-
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avg neg

panel).

We used quantitative ChIP assays
to measure Stat5b binding to each of
the 13 domains in hepatic chroma-
tin harvested from pituitary-defi-
cient rats at 60 min after a single sys-
temic GH injection, because at this
time point strong binding was
observed at HS7 (R34-R35) by qual-
itative ChIP (Fig. 1B). The results
demonstrated that seven domains
containing 15 of the 22 sites could
bind Stat5b at levels >2.5 times higher than seven control DNA
segments (lacking consensus Stat5 sites) that were dispersed
throughout Igfl chromatin (Fig. 44). Additional quantitative
ChIP experiments showed that GH treatment induced binding
of Stat5b to each of the seven domains (Fig. 4B). The positive
regions included one single site, R13, located at ~63 kb 5’ to the
start of IGF-I gene transcription, four paired elements, R8 -9 (at
~73 kb 5’ to IGF-I exon 1), R34-35 (in intron 2, at +3.7 kb),
R53-54 (intron 3, +27 kb), and R60 - 61 (intron 3, +49 kb), and
two triple segments, R2-3-4 (~86 kb 5’ to exon 1) and R57-
58-59 (intron 3, +44 kb). More extensive time course studies by
qualitative ChIP revealed that GH treatment caused sustained
recruitment of Stat5b to at least R34 —35, R53-54, R57-58-59,
and R60-61 (but not R14 or R43-44), with binding peaking
between 1 and 4 h and lasting up to 6 h after systemic hormone
administration (supplemental Fig. 1, other sites were not
tested).

Functional Properties of Conserved Stat5b-binding Sequences—
As outlined in our overall experimental strategy (Fig. 2), we
assessed the functional properties of the conserved Stat5 sites
in parallel with ChIP assays by examining their ability to stim-
ulate the activity of a neutral promoter in response to GH-
induced Stat5b in reconstitution experiments in cultured
COS-7 cells. As depicted in Fig. 5, 6 of the 13 Stat5b domains
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FIGURE 5. Selected conserved Stat5b consensus sequences confer GH
responsiveness to a neutral promoter. Left panel, results of luciferase (Luc)
reporter gene assays in COS-7 cells transiently transfected with expression
plasmids encoding the mouse GH receptor and rat Stat5b and incubated with
vehicle (light bars) or rat GH (40 nm) (dark bars) for 18 h. Luciferase reporter
plasmids contain the TK promoter (prom) plus an individual Stat5b binding
domain as indicated. Details for each promoter plasmid are described under
“Experimental Procedures.” The graph summarizes results of >3 indepen-
dent experiments (mean = S.E.), each performed in duplicate. Luciferase val-
ues for the TK promoter alone ranged from 5 to 20 X 10° relative light
units/10 s (t, p < 0.02; t1, p < 0.05, versus TK promoter alone after GH). Right
panel, graph depicts the mean (= S.E.) fold-change induced by GH for each
promoter-reporter plasmid (¥, p < 0.02; **, p < 0.05, # p < 0.20 versus TK
promoter alone).

tested significantly enhanced thymidine kinase promoter func-
tionin a GH- and Stat5b-dependent way (R2-3, R8 -9, R34.—35,
R57-59, R60-61, and R13). Remarkably, the only positives in
this gene regulation assay were those DNA segments to which
GH recruited Stat5b in hepatic chromatin, although the
domain containing R53 did not reach statistical significance,
possibly because nonconserved R54 was not included in the
reporter gene construct. Of particular note, the conserved
paired site, R43—44, and the single sites, R5, R14, R16, R45, and
R51, were negative, as they were for Stat5b quantitative ChIP
assays.

As a further test that GH- and Stat5b-mediated transcription
in this functional assay was dependent on the putative Stat5-
binding sites, experiments were performed with promoter-re-
porter genes containing nucleotide substitutions that would
abrogate binding of Stat5b (28). In the three domains tested,
R2-3, R57-59, and R60-61, mutations all led to a significant
reduction in GH-stimulated activity (supplemental Fig. 2), as
was shown previously for R8 -9 and R34-35 (28, 30). Thus,
based on these results, there appears to be a strong correlation
between GH-stimulated iz vivo binding of Stat5b to sites within
the IgfI locus and the ability of each DNA segment to transmit
GH- and Stat5b-regulated gene activity in functional promoter-
based reconstitution assays.

In mammals the single copy IGF-I gene contains tandem
promoters with distinct properties (42—44). Promoter 1 (P1) is
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FIGURE 6. Selected conserved Stat5b binding domains can confer GH
responsiveness to one or both IGF-I promoters. Results of luciferase (Luc)
reporter gene assays in COS-7 cells were transiently transfected with expres-
sion plasmids encoding the mouse GH receptor and rat Stat5b and incubated
with vehicle (light bars) or rat GH (40 nw) (dark bars) for 18 h. The left panel
shows results with IGF-I promoter 1 (P7) and the right panel with IGF-I pro-
moter 2 (P2). Bars represent the mean =+ S.E. of 3-6 independent experi-
ments, each performed in duplicate (¥, p < 0.02 versus fold-change P1 or P2).
Details for each promoter plasmid are described under “Experimental
Procedures.”

active in all tissues in which IGF-I is expressed, whereas P2 is
more restricted in its distribution, functioning primarily in
liver, kidney, heart, uterus, and testes (42, 44, 45). We next
looked at the effects of different Stat5b domains on each IGF-I
promoter in reconstitution studies in COS-7 cells. Both pro-
moters were responsive to addition of selected Stat5b domains
(Fig. 6). For P1, all five double and triple domains could convey
enhanced GH-stimulated and Stat5b-mediated reporter gene
expression, as could single site R53 but not R13. For P2, R2-3,
R34-35, R57-59, R13, and R53 each increased GH responsive-
ness, but R8—-9 and R60-61 were ineffective. In addition,
R57-59 was able to boost P2-driven reporter gene activity even
in the absence of GH by up to 10-fold compared with P2 alone
(Fig. 6). Taken together, the results in Figs. 4—6 demonstrate
that all of the DNA domains shown by quantitative ChIP to
bind Stat5b in a GH-dependent way in vivo were capable of
mediating GH-stimulated transcriptional activity for at least
two of the three promoters tested.

Assessing DNA-Stat5b Interactions—We next examined the
Stat5b binding properties of individual sites in vitro by gel
mobility shift assays using IR-labeled double-stranded oligonu-
cleotide probes. Time course experiments with hepatic nuclear
protein extracts from pituitary-deficient rats given a single
injection of GH demonstrated inducible binding to all probes
tested within 30 min after systemic hormone administration,
except for R43 and R44, which also were negative for Stat5b
binding by ChIP, and R61, which with adjacent R60 was positive
(Fig. 4 and supplemental Fig. 1). As quality controls, probes
containing Octl and Sp1 sites showed binding under all condi-
tions (Fig. 7A). Relative binding strengths varied among the 12
positive Stat5b probes tested, with R9 and R35 appearing to be
substantially weaker than the others, as noted previously (30).
Quantitative binding experiments confirmed this impression
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scope of the region analyzed around
each Stat5b domain tested by quan-
titative ChIP to ~1 kb by using three
adjacent primer pairs. Initial analy-
ses focused on two proteins, the
transcriptional co-activator p300
and Med1 or TRAP220, one compo-
nent of the broadly functional tran-
scriptional protein complex termed
Mediator (48). Previous studies
have shown that p300 interacts
physically with Stat5a and Stat5b
(46). Moreover, it has been impli-
cated in the transcriptional control
of several Stat5 regulated genes (46,
47) and has been found to be a com-
mon component of enhancers (33,
34, 38, 39). Med1 also has been rec-
ognized to be part of the chromatin
signature of enhancers in some pub-
lications (33, 34). We also tested for
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FIGURE 7. Stat5b binds to selected consensus sequences found in the Igf1 locus with different affinities.
Results of gel mobility shift assays using IR-labeled double-stranded oligonucleotide probes. A, time course
studies using rat hepatic nuclear protein extracts harvested prior to and up to 60 min after systemic GH
treatment. The probes are labeled below each individual assay, and their DNA sequences may be found in
supplemental Table 3. Arrowheads indicate protein-DNA complexes. No binding was observed for R43, R44, or
R61. B, competition and antibody super-shift experiments using nuclear protein extracts from COS-7 cells
transfected with an expression plasmid for constitutively active NH,-terminal FLAG-tagged rat Stat5b (FLAG-
Stat56*) and double-stranded IR-labeled probes for R58-59 and R60. Arrowheads indicate protein-DNA com-
plexes, and arrows indicate antibody super-shifted complexes (n.s. = nonspecific band).

(data not shown). Positive binding also was seen with nuclear
protein extracts from COS-7 cells expressing constitutively
active Stat5b (FLAG-Stat5b“?), but not with cells transfected
with an empty vector (Fig. 7B), and DNA competition and anti-
body super-shift experiments confirmed specificity of the
Stat5b-DNA interactions for R58 —59 and R60 (Fig. 7B), as well
as for the other probes (data not shown).

Defining Chromatin Modifications at Different Stat5b-bind-
ing Sites in the Igfl Locus—Very little is known about the chro-
matin landscape of Stat5 binding domains in any vertebrate
genome, although properties of Statl elements have been dis-
cerned in human HeLa cells (8, 9, 34) and Stat4 in mouse T
lymphocytes (11). We thus performed a series of quantitative
ChIP experiments to determine whether GH-induced binding
of Stat5b led to selective histone alterations, recruitment of
chromatin-modifying proteins, or binding of other transcrip-
tional regulatory factors. For these studies, we broadened the
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the presence of RNA polymerase II
(RNA pol II), as it has been found to
associate with several transcription
factors at sites distant from promot-
ers (33, 38), and interacts with
Mediator (48). We discovered that
all three factors co-localized with
each other at four Stat5b binding
domains, R2—-4, R13, R53-54, and
R57-59 (Fig. 8). Binding of p300,
Med]1, and RNA pol II at these four
locations was superimposed with
Stat5b binding, was substantially
greater than at any other chromo-
somal segment tested (up to 25
times higher than adjacent DNA or
other Stat5 sites), except for proxi-
mal IGF-IP1, a positive control (49),
and strikingly preceded GH-in-
duced recruitment of Stat5b (com-
pare Fig. 8, A—C with Fig. 4B). Moreover, GH treatment did not
cause any major change in their concentration, but did broaden
their localization slightly at some Stat5b domains (e.g. R57-59
for p300 and RNA pol II, R13 for Med1). By contrast, recruit-
ment of these factors to R8 -9, R34 —35, and R60 — 61 was at best
only slightly higher than the negative control, a DNA fragment
located ~10 kb 5’ to the start of IGF-I exon 1 (the exception
being DNA flanking R34 35 for RNA pol 11, as described pre-
viously (49)). Thus, there appears to be selective recruitment of
transcription-associated proteins to a subset of GH-activated
Stat5b binding domains in hepatic chromatin in the rat Igfl
locus, and unlike what is seen for Stat5b, this recruitment is not
hormone-regulated.

We next examined chromatin around each Stat5b binding
region for mono- and tri-methylation of lysine 4 in histone H3
(H3K4mel and H3K4me3), as both modifications have been
associated in some studies with transcriptional enhancers,
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H3K4me3 at R34-35 and a decline
in R60-61 (Fig. 9). Additional
experiments interrogating other
sites throughout the IgfI locus con-
firmed a broader range of chroma-
tin that was positive for the
H3K4mel modification than for
H3K4me3 (supplemental Fig. 3).
Few studies have examined the
dynamics of change in H3K4 meth-
ylation status at promoters or
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enhancers during acute gene activa-
tion, and the mechanistic signifi-
cance of these GH-induced alter-
ations is unclear.

Recruitment of transcription fac-
tors to response elements is often
accompanied by enhanced acetyla-
tion of core histone tails to “open”
chromatin (51) that additionally
provides evidence for co-recruit-
ment and activation of histone
acetyltransferases, and/or loss of
deacetylases (51). We thus exam-
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ined each Stat5b binding domain for
changes in core histone acetylation
by performing quantitative ChIP
with antibodies to acetyl lysine his-
tone H3 (recognizing acetyl-Lys-9
and -Lys-14) and H4 (recognizing
acetyl-Lys-5, -Lys-8, -Lys-12, and
-Lys-16) prior to and at 60 min after
a single systemic GH pulse. In the
absence of GH, core histone acety-
lation at each Stat5b domain was
relatively low, being 2—-12 times less
than values measured for a positive
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FIGURE 8. Binding of transcriptional co-factors to a subset of Stat5b binding domains within the Igf1
locus. Results are shown of quantitative ChIP experiments using hepatic chromatin harvested from GH-defi-
cient malerats prior to (light gray bars) and at 60 min after a single systemic GH injection (dark gray bars). Primer
sets and their genomic locations are listed in supplemental Table 2. A, ChIP for p300. B, ChIP for Med1. C, ChIP
for RNA polymerase Il (RNA pol II). For all experiments IGF-I promoter 1 (P1) serves as a positive control, and a
region located ~10kb 5’ to the beginning of IGF-I exon 1 as a negative (neg) control. Results are representative
of three independent experiments. The coordinates in boldface type correspond to the Stat5b-binding sites in

(Fig. 10, A and B, light gray bars),
although even in hormone-deficient
rats levels of H3 and H4 acetylation
were generally higher in transcribed
parts of the IGF-I gene than in

Fig. 4B.

including those that bind Statl (34, 50). H3K4mel also is
enriched in the body and 3’ end of genes, and H3K4me3 has
been mapped to active promoters (51). Results were dramati-
cally different, with H3K4mel being enriched over six of seven
Stat5b binding domains (the exception being R2-4) and
H3K4me3 being found only at R34-35 and R60-61 (Fig. 9).
Both histone modifications were more broadly distributed at
each positive Stat5b region than was binding of p300, Med1, or
RNA pol I (compare with Fig. 8). Moreover, GH treatment led
to a selective decrease in abundance of H3K4mel in Stat5b
elements found within the body of the IGF-I gene (R34-35,
R53-53, R57-59, and R60-61), but not those in 5'-flanking
chromatin (R2—-4, R8 -9, and R13), and caused an increase in
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5'-flanking chromatin (Fig. 10, A
and B, light gray bars, compare
R34 -35, R53-54, R57-59, and R60 - 61 with R2—4, R8-9, and
R13). After GH administration, acetylation of histones H3 and
H4 rose dramatically at segments within the IGF-I transcrip-
tion unit (R34-35, R53-54, R57-59, and R60-61) but was
much less at other sites (Fig. 10, A and B, dark gray bars). The
correspondence between recruitment of p300 to a Stat5b bind-
ing domain and GH-stimulated histone acetylation was incon-
sistent, with a strong positive correlation at R53-54 and R57—
59, but negative correlations at R2—4, and mixed at R13, where
GH-induced increases were seen for acetyl histone H4 but not
H3. At other sites, such as R34 —35 and R60 — 61, there was little
p300 on chromatin but strong enhancement of core histone
acetylation by GH.

JOURNAL OF BIOLOGICAL CHEMISTRY 17643


http://www.jbc.org/cgi/content/full/M110.117697/DC1
http://www.jbc.org/cgi/content/full/M110.117697/DC1

GH, Stat5b, and IGF-1 Gene Regulation

>

10.0{H3 K4me1

% input

5.0

Stat5a and Stat5b are structurally
similar products of tandem and
recently duplicated genes on human
chromosome 17 and are ~96%
identical in amino acid sequence
(2). The two Statss may serve
distinct physiological functions
largely because of different tissue-
limited patterns of expression (2)
but also may potentially interact
with unique modifying factors,
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w

H3 K4me3

% input

‘/~70

"67

38 §

gent COOH-terminal transcrip-
tional activation domains (2). The
majority of studies examining the
roles of Stat5 in GH actions, par-
ticularly in vivo, have focused on
effects in the liver, where Stat5b
predominates over Stat5a (2), and
loss of Stat5b alone leads to severe
systemic growth defects in both
humans and mice (22, 25), although a
recent report has implicated Stat5a
as a potential mediator of IGF-I
* gene transcription in the uterus
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Taken together, the observations in Figs. 8—10 demon-
strate dramatic variation in the chromatin signatures of GH-
activated Stat5b binding domains in the Igfl locus. These
results also indicate that hormone treatment leads to rapid
and extensive alterations in histone modifications through-
out the locus, particularly within the transcribed portion of
the IGF-I gene.

DISCUSSION

Genetic studies in mice and humans have established that the
transcription factor Stat5b is a central mediator in the GH-IGE-
I-growth axis (22, 25), and subsequent biochemical and molec-
ular experiments have demonstrated that GH receptor-acti-
vated Stat5b can directly stimulate IGF-I gene transcription
(26, 28). Here, we have employed a combination of approaches
to identify and characterize seven distinct GH-regulated Stat5b
binding domains in hepatic chromatin in the rat Igfl locus.
These include five sites identified previously (28 —32), and two,
R2-4 and R13, that are new. Four of these elements bear the
potential epigenetic signatures of transcriptional enhancers,
and all seven can stimulate IGF-I promoter function in a GH-
and Stat5b-dependent way in cultured cells. Our results lead to
the hypothesis that GH promotes IGF-I gene transcription via
Stat5b through a combinatorial interplay of several long range
enhancers.
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R53-54 R57-59

FIGURE 9. Variable patterns of histone lysine 4 methylation in chromatin at a subset of inducible Stat5b
binding domains within the Igf1 locus. Results are shown of quantitative ChIP experiments using hepatic
chromatin harvested from GH-deficient male rats prior to (light gray bars) and at 60 min after a single systemic
GH injection (dark gray bars). A, ChIP for lysine 4 mono-methylation of histone H3 (H3K4meT). B, ChIP for lysine
4 tri-methylation of histone H3 (H3K4me3). For all experiments IGF-l promoter 1 (P7) serves as a positive control,
and a region located ~10 kb 5’ to the beginning of IGF-I exon 1 serves as a negative (neg) control. Results are
representative of three independent experiments. The coordinates seen in boldface type correspond to the

R60-61 (45). Although it has not been deter-
mined if Stat5a and Stat5b always
recognize the same DNA sites in
chromatin, it is likely that they usu-
ally do, because in vitro protein-
DNA binding studies have yielded
identical optimal sequence profiles
(7). However, in one published
report using interleukin-3-treated Ba/F3 cells, separate cohorts
of genes were found to be associated with nearby transcription
factor-binding sites in chromatin depending on whether an
antibody to Stat5a or Stat5b was used for ChIP (52). As this
experiment has not been replicated in other cells that express
both Stat5 proteins, the degree of functional overlap between
Stat5a and Stat5b remains an open question.

Recent molecular genetic analyses have demonstrated that a
number of transcription factors can bind to a plethora of rec-
ognition sequences that are dispersed throughout the genome,
being found in introns and in intergenic DNA, as well as near
promoters of putative target genes (8, 9, 53, 54). Studies by
ChIP-seq methods have shown that up to 50% of Stat1-binding
sites in human HeLa cells treated with interferon y map near
the 5’ ends of genes (8), although other results have estimated
this value to be ~25%, with ~50% of binding sites being inter-
genic and ~25% being localized to introns (9). These data have
not been analyzed for the occurrence of multiple Statl binding
domains within or near single loci, similar to what we now find
for Stat5b in Igfl, and it is not known how many other genes
may resemble IGF-I in potentially being regulated by multiple
enhancers that target the same transcription factor. Other
results revealed that ~75% of Statl binding domains in human
HelLa cells were consensus sites (5'-TTC(T/C)N(G/A)GAA-3’,
where Nis G, A, T, or C), with half of these being single recog-
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of an enhancer (56, 57), and others
focused on selective histone modi-
fications, particularly H3K4mel
and/or H3K4me3 (33, 34, 50), or
binding of p300 and/or Med1 (33,
34). In the latter case, chromatin
sites that were positive for p300,
Medl, and H3K4mel often were
found to be embedded within evolu-
tionarily conserved DNA (33), and
when tested in promoter-reporter

O GH 0 min
m GH 60 min

gene assays, the majority of these
domains also functionally boosted
transcriptional activity, a result
consistent with their possessing
enhancer-like properties (34). For
example, in HeLa cells three inter-
feron vy-inducible Statl elements
that mapped in chromatin to
regions with potential enhancer sig-
natures mediated stimulatory tran-
scriptional responses in promoter-

© TY YOO 20O OON 3D OAN NAAN
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FIGURE 10. GH induces histone acetylation in chromatin at a subset of inducible Stat5b binding domains
within the IgfT1 locus. Results are shown of quantitative ChIP experiments using hepatic chromatin harvested
from GH-deficient male rats prior to (light gray bars) and at 60 min after a single systemic GH injection (dark gray
bars). A, ChIP for acetyl histone H3. B, ChIP for acetyl histone H4. For all experiments IGF- promoter 1 (P1) serves
as a positive control,and a region located ~10 kb 5’ to the beginning of IGF-I exon 1 as a negative (neg) control.
Results are representative of three independent experiments. The coordinates listed in boldface type corre-

spond to the Stat5b-binding sites in Fig. 48.

nition sequences and the other half paired or triple elements
(9), similar to what we now observe for the igfI locus.

Only limited genome-wide screening results have been
reported for Stat5a and Stat5b, but from the small number of
binding elements analyzed to date, it appears that the majority
are located near promoters or in introns (we find 4/7 for IGF-I)
(55) and that most are paired sites (we find 6/7) (41, 55). More-
over, with the possible exception of Socs2 (32), there yet have
been no examples similar to IGF-I in which multiple functional
Stat5b binding domains have been associated with a single tar-
get gene. As analysis of the Igf locus on rat chromosome 7q13
revealed no other genes within ~290 kb in the 5’ direction or
within ~120 kb in the 3’ direction of the 75-kb transcribed
IGF-1 gene (RGSC 3.4, updated September, 2009), it seems
likely that the seven Stat5b domains mapped to the locus pri-
marily interact with IGF-1.

ChIP-based whole genome assays have been employed
recently to elucidate the chromatin characteristics of enhanc-
ers, although starting assumptions have varied among different
investigative groups. One approach has been to use compara-
tive genomics to define highly conserved intergenic regions
among multiple species. In some cases these ultraconserved
domains were prevalent in tissue-specific and developmentally
specific enhancers, but so was DNA that was less conserved
(38). Other studies looked for nuclease-hypersensitive sites as
indices of open chromatin, as might be found in the landscape
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In contrast to these latter results,
in our studies the main predictive
determinant of functional enhancer
properties appeared to be inducible
Stat5b binding to DNA in hepatic
chromatin after systemic GH treat-
ment. All seven domains that were
positive by Stat5b ChIP were able to stimulate activity of an
IGF-I promoter and of a minimal TK promoter in a GH- and
Stat5b-dependent way in cultured cells, but none that were
negative by ChIP were able to do so, even though in each latter
case a potential Stat5 site was present in the DNA (see Figs.
3-5). Moreover, only four of the seven Stat5b-positive domains
were also positive for in vivo binding of p300 and Med1 (and
RNA pol II) by ChIP, and there was no correlation between
strength of transcriptional activity in reconstitution experi-
ments and p300 or Med1 binding iz vivo in rat liver chromatin.
The discrepancy between our results with Stat5b and those out-
lined above for Statl may represent fundamental distinctions
between the properties of the two transcription factors, may
indicate differences between studies using terminally differen-
tiated animal tissues as performed here versus experiments in
cultured HeLa cells (33), or may reflect other as yet unrecog-
nized features. It also is likely that reconstitution experiments
that employ transiently transfected promoter-reporter plas-
mids do not fully replicate the chromatin environment of
endogenous genes in mammalian cells. Clearly better charac-
terization is needed to define the chromosomal properties of
transcriptional enhancers, although it should be noted that
p300 binding appears to be a strongly positive predictor of
enhancers that are active during mouse development (39).

One additional feature of note in our results was the presence
of p300, Med1, and RNA pol II on hepatic chromatin in four of
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seven domains in advance of GH signaling or recruitment of
activated Stat5b. This observation contrasts with data from
Nelson et al. (41), in which interleukin-2-mediated recruitment
of Stat5a and Stat5b to a single enhancer in an intron of the
NCAM?2 gene in cultured cells also promoted binding of p300
and RNA pol IL It is not clear what mechanisms are responsible
for pre-loading some chromatin domains in the IgfI locus with
transcriptional co-factors prior to GH-stimulated recruitment
of Stat5b to the same sites. It is possible that this pre-loading
reflects the selective binding of as yet unidentified transcription
factors to some of the same regions that subsequently bind
Stat5b in response to GH. Alternatively, perhaps the modifica-
tions that we now find at selective locations in the IgfI locus,
along with chromatin opening at the two IGF-I promoters that
we have reported recently (49), may reflect the normal matura-
tion of the liver, including constitutive binding of as yet uniden-
tified transcription factors that are responsible for recruitment
of p300, Med1, and RNA pol II to the putative enhancers iden-
tified here. Further investigations will be needed to define the
processes that govern chromatin changes in the liver during
postnatal development, and it will be of great interest to deter-
mine whether these alterations might be susceptible to envi-
ronmental influences, including those mediated by systemic
hormones, growth factors, or pharmacological agents.

Finally, the classification of GH-activated Stat5b binding
domains in chromatin into two distinct groups based on the
presence or absence of associated transcriptional co-factors
raises a question about possible differential in vivo functions. If
the four domains with bound p300, Med1, and RNA pol II can
be shown to act as Stat5b-regulated long range transcriptional
enhancers, then what functions might be ascribed to the three
elements that lack these co-factors? Not only does GH play a
pivotal role in promoting childhood growth by controlling pro-
duction of IGF-I, but it also exerts similar effects in the adult,
where IGF-I is an important mediator of tissue repair and
regeneration, particularly in muscle and bone (17, 18). As evi-
denced by the linkage of GH and IGF-I with the development
and propagation of several cancers (20), and with their postu-
lated deleterious impact on aging (19), dysregulated expression
of IGF-I may have potentially severe pathogenic consequences,
implying that its production must be tightly controlled under
normal physiological conditions. If true, then one potential role
for the GH-induced Stat5b chromatin domains that lack the
signature of enhancers may be to reduce availability of active
Stat5b by acting as decoys to limit access to other more func-
tional domains, such as those that promote GH-stimulated
IGF-I gene transcription. One implication of this “sequestra-
tion hypothesis” would be that these alternative Stat5b-binding
sites on DNA would function as allosteric modifiers of GH-
activated and Stat5b-dependent target gene transcription
through titration of available Stat5b from more productive
interactions. Further evidence will be needed to support or
refute this hypothesis and to elucidate the mechanisms of
action of Stat5b to control IGF-I gene activity.
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