
Introduction
Pit-1 is a member of a family (POU) of transcription fac-
tors regulating mammalian development. The expres-
sion of both the human (h) and rat (r) growth hormone
(GH) genes is controlled by a pituitary-specific promot-
er that contains 2 binding sites for Pit-1 (1). Both sites
are essential for GH promoter activity in vivo and in vitro
(2). Pit-1 contains 2 protein domains — POU-specific
and POU-homeo — that are necessary for high-affinity
DNA binding on the GH gene (1, 3). When bound to
DNA, Pit-1 activates GH gene expression, in part,
through an NH2-terminal transactivation domain rich
in hydroxylated amino acid residues (4, 5). The level of
Pit-1 in pituitary cell lines is sufficient to activate the
minimal elements in the GH promoter necessary for cell-
specific expression of this gene (3), but Pit-1 alone is not
sufficient for regulated GH gene expression (6–11).

The GH gene is regulated by growth hormone–releasing
hormone (GHRH) in a process whereby elevated intracel-
lular cAMP levels in normal pituitary cells consequently
activate protein kinase A (PKA) (12, 13). Although it has
been suggested that Pit-1 is involved in the cAMP regula-
tion of the rGH promoter (9, 14, 15), it is not clear how Pit-
1 mediates the effects of cAMP. For example, the cellular
content of Pit-1 is not increased by PKA (16). Changes in
the phosphorylation state of Pit-1 by either PKA or protein
kinase C (PKC) might mediate the increase in gene expres-
sion. Three phosphorylation sites are present on Pit-1: Ser
115, Thr 219, and Thr 220 (16, 17). PKA, PKC, and a mitot-
ic kinase have all been shown to phosphorylate Pit-1 at Thr
220 in vitro, and phosphorylation at this site has been
shown to inhibit DNA binding (16, 17).

The hGH promoter contains 2 core cAMP-response
elements (CREs) consisting of CGTCA motifs of the
palindromic consensus sequence TGAC-GTCA: a distal
(d) CRE located at –187/–183 and a proximal (p) CRE
located at –99/–95 (18), both located near the distal Pit-
1 binding site at –123/–112. All 3 sites are required for
cAMP responsiveness, as mutations of these sites result
in decreased forskolin induction (18). These CREs are
also present in the chinook salmon (19) and the rain-
bow trout (20) and function in a similar manner. The
proteins binding to the CREs in the hGH promoter are
related to cAMP-response element binding protein
(CREB)/activating transcription factor-I (ATF-1) but
direct CREB or ATF-1 binding to these response ele-
ments has not been proved (18). In addition, the rGH
promoter lacks both CREs but has been reported to be
stimulated by cAMP (21, 22). Thus, the mechanism
responsible for synergistic hormonal response on the
GH gene is unknown.

A protein has been isolated that bound to CREB in a
phosphorylation-dependent manner and activated gene
expression in response to PKA. This nuclear protein,
termed CREB binding protein (CBP), is 270 kDa in
molecular size and closely related to another coactivator,
P300 (23–25). CBP acts by binding to phosphorylated
CREB (PKA-dependent) and activating gene expression
(25–29). CBP binds to CREB through an NH2-terminal
domain (30) and functions to activate transcription
through a more COOH-terminal domain, which is pro-
posed to activate histone acetyltransferases (31, 32) and
displace nucleosomes, as well as to recruit RNA poly-
merase II to the transcription complex (33) in a process
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be independent of CREB, with CBP being the likely target of phosphorylation by PKA.
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requiring RNA helicase A (34). The COOH-terminus of
CBP (amino acids 1678–2441) has been shown to mediate
PKA induction when fused to the GAL4 DNA binding
domain on a GAL reporter (25). CBP not only acts
through CREB, but also interacts with various kinases,
mitogens, and nuclear hormone receptors (NHRs), includ-
ing c-Jun (26, 35), c-Fos (36), c-Myb, v-Myb (37, 38), Sap-
1a (39), Stat2 (40), MyoD (41), pp90Rsk (42), p45/NF-E2
(43), and the TR, RAR, and RXR receptors (44, 45). CBP is
also controlled by nuclear calcium and CaM kinase IV
(46). CBP can be phosphorylated within its COOH-termi-
nal glutamine-rich region by extracellular signal-related
kinase–subclass (ERK-subclass) mitogen-activated protein
kinases (MAPKs), which can enhance CBP’s transactiva-
tion potential (39). Kamei et al. (45) proposed, based on

multiple interactions with different nuclear proteins at
different CBP domains, that CBP may function as an inte-
grator of many regulatory pathways. Because the hGH
gene is under control of some of the same pathways
known to impinge on CBP, a role for CBP in Pit-1 regula-
tion of hGH gene expression was investigated.

In this report, we demonstrate that CBP acts as a
cofactor for Pit-1–dependent activation of the hGH
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Figure 1
Proximal end (–195/–1) of the hGH promoter. The 2 core CREs at
–187/–183 and –99/–95 are underlined with a solid line, and the 2 Pit-1
binding sites at –122/–111 and –86/–75 are underlined with a dashed line.
Nucleotides altered for mutational analysis are indicated below each site.

Figure 2
CBP and Pit-1 synergistically activate the proximal hGH promoter after stimulation of the hGHRH receptor by hGHRH, which requires both Pit-1
binding sites. CV-1 cells were transfected with hGHRH receptor and SV-40 expression vectors (pSG5) containing either Pit-1 or CBP cDNAs in the
presence of (a) 195 bp of the hGH promoter; (b) mutation of the proximal Pit-1 binding site, GH1; (c) mutation of the distal Pit-1 binding site, GH2;
or (d) mutation of both Pit-1 binding sites to nonbinding sites. Stimulation was with hGHRH(1-29)-NH2 for 6 hours, or with BSA as a control. Data
are expressed as mean fold activation ± SEM relative to EV Pit-1 plus EV CBP after stimulation with BSA. Significant activation was not seen without
cotransfection of the GHRH receptor (data not shown).

Figure 3
CBP and Pit-1 synergistic activation of the hGH promoter after GHRH stimulation does not require the presence of CREs. CV-1 cells were transfect-
ed with hGHRH receptor and SV-40 expression vectors (pSG5) containing either Pit-1 or CBP cDNAs in the presence of (a) 195 bp of the hGH pro-
moter (b) mutation of the pCRE, or (c) deletion of an additional 55 bp of the hGH promoter, with loss of the dCRE. Stimulation was with hGHRH(1-
29)-NH2 for 6 hours, or with BSA as a control. Data are expressed as mean fold activation ± SEM relative to EV Pit-1 plus EV CBP after stimulation
with BSA. Significant activation was not seen without cotransfection of the GHRH receptor (data not shown).



promoter by the GHRH signaling pathway and PKA.
Although the hGH promoter contains imperfect CREs
that may be targets for phosphorylated CREB, the CBP-
mediated Pit-1–dependent activation is shown to be
independent of CREB.

Methods
Transfection constructs. Luciferase reporter constructs con-
tain either 195 or 140 bp of 5′-flanking DNA of the hGH
promoter with or without mutations of the proximal Pit-
1 binding site GH1 (mut GH1), the distal Pit-1 binding
site GH2 (mut GH2), or the pCRE (mut pCRE) (Figure 1);
846 bp of 5′-flanking DNA of the human common gly-
coprotein α-subunit promoter; or 4 copies of a consensus
CRE upstream of TK (Stratagene, La Jolla, California,
USA). All Pit-1 and CBP constructs were cloned into the
SV-40 expression construct pSG5. The Pit-1 binding
mutant W261C and the Pit-1 phosphorylation mutant
S115A/T119A/T220 (AAA) were created using site-direct-
ed mutagenesis (CLONTECH Laboratories Inc., Palo

Alto, California, USA) of the original wild-type (WT) Pit-
1. CBP deletion mutants were made using restriction
enzyme digestion and removal of WT mouse CBP as
described previously (47). hGHRH receptor was cloned in
pGEM7z. WT and mutant PKA catalytic subunit (48)
were cloned in an RSV expression vector.

Transfection assays. Experiments were carried out in trip-
licate in 24-well plates. A calcium-phosphate precipita-
tion technique (Specialty Media Inc., Lavallette, New Jer-
sey, USA) was used in CV-1 cells (Pit-1–deficient) or in F9
cells (CREB-deficient) as indicated. A total of 0.15 µg of
pSG5 Pit-1 expression construct, 0.2 µg of pA3-luc
reporter construct, 1 µg of pSG5 WT CBP expression
construct (amount adjusted for size of deletion
mutants), 0.1 µg of WT or mutant catalytic subunit
PKA, and 0.0125 µg hGHRH receptor were transfected
per well. All transfections were balanced for the same
amount of expression vector using empty vector (EV) as
needed. For GHRH stimulation, 1 nM hGHRH(1-29)-
NH2 dissolved in BSA was added to the media for 6
hours, or with BSA as a control. Luciferase activity was
measured 48 hours after transfection.

GST assays. WT Pit-1 protein was fused in-frame with
glutathione-S-transferase (GST) in pGEX4T2 vector
(Pharmacia Biotech Inc., Piscataway, New Jersey, USA).
Recombinant proteins were synthesized in JM109 bacte-
ria and purified on glutathione-Sepharose resin under
nondenaturing conditions. GST proteins were analyzed
on SDS-PAGE before use in the assay. 35S-labeled CBP
deletion construct (1–450 or ∆8–1457) was generated in
an in vitro transcription/translation system (TNT;
Promega Corp., Madison, Wisconsin, USA) and exposed
to the indicated GST protein. After extensive washing
with NET (150 mM NaCl, 1 mM EDTA, 0.5% NP-40) at
4°C, the proteins trapped by the resin were resolved on
SDS-PAGE and detected by autoradiography.

Results
Classically, on genes containing CREs, CREB binds as a
homodimer and, after phosphorylation by PKA, binds to
CBP (23, 25). Because the hGH promoter contains 2
CREs and 2 Pit-1 binding sites, we wanted to determine
whether CBP acts as a cofactor for Pit-1–dependent reg-
ulation of the hGH gene. Cotransfection assays of the
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Figure 4
CBP and Pit-1 synergistically activate the proximal hGH promoter by
PKA. CV-1 cells were transfected with SV-40 expression vectors (pSG5)
containing either Pit-1 or CBP cDNAs and 195 bp of the proximal hGH
promoter in the presence of WT or mutant PKA catalytic subunit. W261C
is a naturally occurring Pit-1 binding mutant, and AAA is a Pit-1 cDNA
with loss of all phosphorylation sites (S115A/T119A/T220A). Data are
expressed as mean fold activation ± SEM relative to EV Pit-1 plus EV CBP
plus PKA mutant.

Figure 5
CBP and Pit-1 synergistic activation of the hGH promoter by PKA does not require the presence of CREs. CV-1 cells were transfected with SV-40 expres-
sion vectors (pSG5) containing either Pit-1 or CBP cDNAs in the presence of WT or mutant PKA catalytic subunit and in the presence of (a) 195 bp of
the hGH promoter (b) mutation of the pCRE, or (c) deletion of an additional 55 bp of the hGH promoter, with loss of the dCRE. Data are expressed
as mean fold activation ± SEM relative to EV Pit-1 plus EV CBP plus PKA mutant.



proximal GH promoter reporter were performed in a Pit-
1–deficient cell line, CV-1. A total of 195 bp of the hGH
promoter was chosen for these studies (because it con-
tains both nonclassical CREs and both Pit-1 binding
sites) and was fused to the luciferase reporter gene (Fig-
ure 1). The rat Pit-1 cDNA was chosen because rat Pit-1

and its isoforms are much better characterized than is
human Pit-1, and because rat Pit-1 and human Pit-1 are
virtually identical at the amino acid level. hGHRH(1-29)-
NH2 was used in these studies, as its ability to stimulate
GH secretion is well documented (49).

Figure 2 illustrates the effects of Pit-1 and CBP on hGH
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Figure 6
CREB independence of PKA activation of the hGH promoter. (a) CREB-deficient F9 cells were transfected with SV-40 expression vectors (pSG5) con-
taining Pit-1 or CBP cDNAs and 195 bp of the proximal hGH promoter in the presence of WT or mutant PKA catalytic subunit. Data are expressed
as fold activation relative to EV Pit-1 plus EV CBP plus PKA mutant. (b) CREB-deficient F9 cells and CREB-sufficient CV-1 cells were transfected with
a common glycoprotein α-subunit reporter construct, which contains 2 well-defined CREs, and WT or mutant PKA catalytic subunit. Data are
expressed as mean fold activation ± SEM relative to EV Pit-1 plus EV CBP plus PKA mutant.

Figure 7
Determination of CBP domains responsible for synergism with Pit-1 on activation of the hGH promoter. (a) Schematic representation of CBP and
its deletion constructs. (b) CV-1 cells were transfected with SV-40 expression vectors (pSG5) containing WT Pit-1, WT or deletion construct CBP
cDNAs, and 195 bp of the proximal hGH promoter in the presence of WT or mutant PKA catalytic subunit. Data are expressed as mean fold activa-
tion ± SEM relative to WT Pit-1 plus EV CBP plus PKA mutant. (c) CV-1 cells were transfected with SV-40 expression vectors (pSG5) containing WT
Pit-1 and CBP cDNAs, CMV expression vector containing E1A, and 195 bp of the proximal hGH promoter in the presence of WT or mutant PKA cat-
alytic subunit. Data are expressed as mean fold activation ± SEM relative to EV Pit-1 plus EV CBP plus PKA mutant.



gene activation. After stimulation by hGHRH, which
required cotransfection of hGHRH receptor (data not
shown), the hGH promoter was activated 7-fold by CBP
and 14-fold by Pit-1 (Figure 2a). CBP and Pit-1 synergis-
tically activated the hGH promoter 54-fold (Figure 2a);
ligand (GHRH) was required for this synergistic effect.
Dose-response experiments using 0.1, 1, 5, and 10 nM
GHRH suggested that the response was maximal at a
dose of 1 nM (data not shown), the dose of GHRH most
commonly used in the literature (12, 49). Mutation of
either Pit-1 binding site, the proximal GH1 (Figure 2b) or
distal GH2 (Figure 2c), decreased activation by Pit-1 and
CBP to 31- and 23-fold, respectively; and mutation of
both sites resulted in loss of activation (Figure 2d), con-
firming the importance of Pit-1 binding. Moreover, the
CREs in the construct were unable to mediate a response
to GHRH in the absence of Pit-1 DNA-response elements.

Because GHRH signaling acts through cAMP, the
CREs in the hGH may be targets for cAMP responsive-
ness. Therefore, hGH promoter activation was also
assessed after mutation of these response elements.
Mutation of the pCRE (–195 mut pCRE reporter con-
struct; Figure 3b) or loss of the dCRE (–140 reporter con-
struct; Figure 3c) resulted in 63-fold and 53-fold activa-
tion, respectively, by CBP and Pit-1 after GHRH
stimulation — essentially unchanged from that of the
WT –195 promoter (Figure 3a). Although disruption of
the CREs did not affect activation of the hGH gene by
CBP alone, it did result in an approximately 50% reduc-
tion of activation by Pit-1 alone (Figure 3). Therefore, the
CREs may mediate cAMP responsiveness of CBP-inde-
pendent events. However, these elements are not suffi-
cient for maximal activation of the hGH promoter, as
loss of either CRE has no effect on hGHRH-stimulated
hGH gene activation by Pit-1 and CBP (Figure 3).

As the CREs on the hGH gene were apparently not sig-
nificant for GHRH-stimulated Pit-1 and CBP synergis-
tic activation of the hGH gene, and GHRH is known to
activate the PKA pathway, the role of CBP in Pit-
1–dependent GH gene activation was further evaluated
using a PKA catalytic subunit expression vector, or a
mutant PKA catalytic subunit as a control (Figure 4).
After stimulation by PKA, the hGH promoter was acti-
vated 4-fold by CBP and 12-fold by Pit-1. CBP and Pit-1
synergistically activated the hGH promoter 56-fold.
When the naturally occurring Pit-1 binding mutant
W261C (50) was cotransfected with CBP, activation was
4-fold, similar to that seen with CBP alone, suggesting
that binding of Pit-1 to the hGH promoter is necessary
for the synergistic effect. As Pit-1 is phosphorylated at
only 3 sites (Ser 115, Thr 119, and Thr 220) by the PKA
catalytic subunit, these sites were mutated to alanines,
and the resultant construct (AAA) was tested in cotrans-
fection assays (Figure 4). CBP and AAA Pit-1 synergisti-
cally activated the hGH promoter 67-fold after stimula-
tion by PKA, similar to that seen with WT Pit-1.
Therefore, Pit-1 is not the target of phosphorylation.

To evaluate this pathway further, the role of the CREs
was investigated after direct stimulation of the PKA path-
way, although the CREs had not been important for hGH
promoter activation after stimulation by GHRH. Figure
5 shows the results of this experiment. Pit-1 activated the

proximal hGH promoter (–195) 16-fold after stimulation
by PKA, and CBP and Pit-1 were synergistic, resulting in
44-fold activation (Figure 5a). Mutation of the pCRE
(–195 mut pCRE; Figure 5b) or loss of the dCRE (–145;
Figure 5c) resulted in decreased activation by Pit-1 from
16-fold to 6-fold, confirming previous reports (18, 19)
that these CREs have a role in cAMP responsiveness.
However, this is a relatively minor contribution, as there
was not significant change in activation by Pit-1 with
CBP cotransfection after loss of the proximal and distal
CREs (from 44-fold to 34- and 40-fold, respectively).
These data confirm results in Figure 3 showing the CRE
independence of GHRH signaling on the hGH gene, and
suggest that CBP acts as a cofactor for Pit-1–dependent
regulation of the hGH gene independently of the CREs.

To demonstrate CREB independence, a cotransfection
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Figure 8
Activation of a CRE reporter by hGHRH. CV-1 cells were transfected with
hGHRH receptor, SV-40 expression vectors (pSG5) containing either Pit-
1 or CBP cDNAs, and 4 copies of a CRE upstream of the TK promoter.
Stimulation was with hGHRH(1-29)-NH2 for 6 hours, or with BSA as a
control. Data are expressed as mean fold activation ± SEM relative to EV
Pit-1 plus EV CBP after stimulation with BSA.

Figure 9
Protein interactions between CBP and Pit-1. GST pull-down assay of radi-
olabeled fragments of the CBP protein and WT Pit-1. GST–Pit-1 fusion
proteins were synthesized, purified, and exposed to 35S-labeled CBP amino
acids 1–450, CBP amino acids ∆8–1457, or unprogrammed reticulocyte
lysate. After extensive washing, proteins trapped by the resin were resolved
on SDS-PAGE and detected by autoradiography.



assay with WT Pit-1 and WT CBP in undifferentiated F9
embryonal carcinoma cells, which are CREB-deficient
(51), was performed (Figure 6a). Pit-1 and CBP activated
the proximal hGH promoter 10-fold after PKA stimula-
tion, suggesting that hGH activation may be independ-
ent of CREB. As a control, there was no PKA response in
F9 cells after cotransfection of a common glycoprotein
α-subunit reporter construct that contains 2 well-
defined consensus CREs whereas there was activation in
CV-1 cells, which are CREB-sufficient (Figure 6b), con-
firming that the F9 cells were CREB-deficient.

Given that CBP and Pit-1 markedly activated the hGH
promoter, we next determined which domains of CBP
were responsible for this effect. CBP deletion constructs
(Figure 7) were compared with WT CBP in a cotransfec-
tion assay in CV-1 cells (Figure 7b). The ∆142–705 con-
struct, which lacks the CREB binding domain, was com-
pletely sufficient in mediating PKA stimulation of the
proximal hGH promoter by Pit-1. The 1–500 and 1–1334
constructs, which lack all or most of the histone acetyl-
transferase (HAT) domain, respectively, were deficient in
mediating this response. These 2 constructs were suffi-
cient for thyrotropin-releasing hormone signaling (47).
The 1–1891 construct, which lacks the glutamine-rich

region, was completely sufficient in mediating PKA acti-
vation. All CBP deletion constructs had equivalent
expression in Western blot analysis (data not shown).
These data suggest that the elements necessary for the
response lie between amino acids 705 and 1891, inde-
pendent of the CREB binding domain.

As the CBP constructs lacking the HAT domain were defi-
cient in mediating PKA-dependent activation of the hGH
promoter, the role of HAT activity was further evaluated.
CBP is thought to stimulate transcription by recruiting
HAT to gene promoters (52). The adenovirus E1A onco-
protein represses transcriptional induction of numerous
genes after its association with CBP (34) by inhibiting the
HAT activity (53). As shown in Figure 7c, relative to EV, Pit-
1 and CBP activate the hGH promoter 7-fold in the pres-
ence of PKA mutant, and 56-fold after stimulation with
PKA. The addition of increasing amounts of E1A inhibits
this effect, suggesting that the mechanism by which CBP
and Pit-1 stimulate the hGH promoter is HAT activity.

Because CBP acts independently of CREB and the
CREs on hGH gene activation, we next wanted to assess
whether Pit-1 could directly stimulate a CRE. Figure 8
shows the results of a cotransfection assay on a CRE
reporter (4 copies of a CRE upstream of the TK promot-
er). As expected, Pit-1 had no activation of the CRE
reporter relative to EV. In the absence of GHRH stimu-
lation, CBP activated the CREs (9-fold compared with
EV). However, there was no further activation by CBP
with the addition of Pit-1. hGHRH stimulated the CRE
reporter 32-fold, but there was no further stimulation
with addition of Pit-1 (25-fold). There was further acti-
vation by hGHRH with the addition of CBP (143-fold),
but again, no additive effect of Pit-1 (146-fold activa-
tion). Thus, Pit-1 cannot directly stimulate a CRE.

Previous studies using 35S-labeled Pit-1 and GST-CBP
fragment fusion proteins have shown that Pit-1 binds to
CBP at 2 different sites, both within cysteine/histi-
dine–rich regions, C/H1 and C/H3 (Figure 7) (47, 54).
We performed a GST pull-down assay using 35S-labeled
CBP amino acids 1–450 or CBP amino acids ∆8–1457
and GST-WT Pit-1 fusion protein. Figure 9 demon-
strates that both these regions of CBP bind to GST-WT
Pit-1 protein, but not to GST protein alone. As a nega-
tive control, unprogrammed reticulocyte lysate did not
bind to the GST-WT Pit-1 fusion protein.

To demonstrate an in vivo effect, cotransfection experi-
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Figure 10
Activation of the proximal hGH promoter in Pit-1– and CBP-sufficient GH3

cells after stimulation by hGHRH or PKA. GH3 cells were transfected with
195 bp of the proximal hGH promoter or mutation of the proximal GH1
and/or distal GH2 Pit-1 binding sites with (a) cotransfection of hGHRH
receptor and stimulation with hGHRH(1-29)-NH2 for 6 hours, or with
BSA as a control; or (b) cotransfection with WT or mutant PKA catalytic
subunit. Data are expressed as relative light units (RLU) ± SEM.

Figure 11
Model of Pit-1–dependent stimulation of hGH gene expression by CBP.



ments were repeated in the Pit-1–sufficient cell line GH3

which also contains much higher levels of CBP than the rel-
atively CBP-deficient CV-1 cells (47). Figure 9a demon-
strates that with cotransfection of the proximal hGH pro-
moter (–195) and the hGHRH receptor, there was activation
of the hGH gene by hGHRH. Loss of the proximal Pit-1
binding site (mut GH1), the distal Pit-1 binding site (mut
GH2), or both (mut GH1/GH2), resulted in lack of activa-
tion, confirming the importance of both Pit-1 binding sites.
Addition of PKA (Figure 10b) stimulated the proximal hGH
promoter relative to PKA mutant, supporting the role of the
PKA pathway in hGH gene activation.

Discussion
GHRH is a growth factor that stimulates GH gene expres-
sion through the cAMP-mediated PKA signal-transduc-
tion pathway. GHRH, through its interaction with its Gs-
coupled receptor on the somatotroph, stimulates
adenylate cyclase, resulting in a rise in intracellular levels
of cAMP, which activates the catalytic subunit of PKA
(55). PKA is known to phosphorylate CREB at ser 133,
and phosphorylation of CREB increases its affinity to
CREs. Because the hGH gene promoter contains 2 non-
classical CREs (18) and 2 Pit-1 binding sites, a possible
model has been that CREB activation leads to enhanced
transcription of the Pit-1 gene, with Pit-1 then activating
the transcription of the GH gene (54). However, there is
no increase in Pit-1 levels after cAMP activation (16).

Because CBP is a nuclear protein that binds specifical-
ly to the PKA-phosphorylated form of CREB and can
activate transcription (25), we investigated its role in hGH
gene activation. We demonstrated that CBP activates the
hGH promoter after GHRH or PKA stimulation. Howev-
er, CBP is not dependent on CREB for hGH gene expres-
sion, as Pit-1 and CBP are synergistic if CBP is lacking the
CREB binding domain and if experiments are performed
in CREB-deficient cells. The CREs do not play a signifi-
cant role in Pit-1–mediated hGH gene activation, as loss
of either site does not decrease the Pit-1 and CBP syner-
gism on hGH gene activation. They may play a role in
CBP-independent pathways, as they appear to be neces-
sary for full cAMP responsiveness of stimulation by Pit-1
alone. However, maximal activation of the hGH promot-
er requires the interaction between CBP and Pit-1 and is
not dependent on intact CREs. That the rGH promoter
is also stimulated by cAMP but lacks these CREs further
suggests they may not play an in vivo role (21, 22).

Transgenic mice, overexpressing a transcriptionally
inactive mutant form of CREB that cannot be phospho-
rylated, have a dwarf phenotype. Their pituitary glands
are atrophied and markedly deficient in somatotrophs,
suggesting that transcriptional activation of CREB is
necessary for the normal development of somatotrophs
(56). As our data indicate that CREB is not required for
hGH promoter activation, there appears to be dissocia-
tion between somatotroph development and hGH gene
regulation. To reconcile these differences, it is possible
that CREB’s role in pituitary development is the main
reason for the dwarf phenotype in these animals.

The PKA pathway is known to phosphorylate pro-
tein(s) other than CREB. We have shown that phos-
phorylation of Pit-1 is not important, as mutation of

all the Pit-1 phosphorylation sites does not reduce
PKA-dependent activation of the hGH promoter. Sim-
ilarly, Okimura et al. showed that Pit-1 containing
mutations of the Thr 219 and Thr 220 PKA phospho-
rylation sites was fully functional in responding to an
elevated cAMP level on a Pit-1–responsive element (57).
As the region of CBP between amino acids 1334 and
1891 is required for hGH gene activation, and this
region has been shown to mediate PKA induction (25),
we speculate that PKA phosphorylation of CBP might
play a role in this pathway. Alternatively, PKA may
phosphorylate other cofactors, recruiting them to the
COOH-terminus of CBP.

We and others have shown that CBP interacts with Pit-
1 in 2 cysteine/histidine–rich regions, C/H1 and C/H3 (47,
51). Because CBP containing a deletion of the CH/1 site
(∆142–705) is fully functional in activating the hGH gene,
Pit-1 interaction with the C/H3 domain on the hGH pro-
moter must be sufficient to mediate its effects. Binding of
Pit-1 to CBP probably involves both the POU-specific and
POU-homeo domains (51). We propose a model (Figure
11) whereby GHRH-stimulated increase in cAMP activates
PKA, with subsequent phosphorylation of CBP or other
cofactors. Our data also show that E1A inhibits the syn-
ergistic effects of CBP and Pit-1, and that CBP lacking the
HAT domain is defective on hGH gene activation. Thus,
the phosphorylated CBP or CBP complex interacts with
Pit-1, with increase in HAT activity and resultant activa-
tion of transcription of the hGH gene. 
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