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1. INTRODUCTION

1.1 Discovery of CART

Cocaine-induced molecular alterations are believed to be responsible for many of 

the drug's behavioral consequences. Attention has therefore been focused on determining the 

changes in gene expression after cocaine treatment. Changes in expression of a number of 

genes have been observed in response to acute and chronic cocaine administration. CART 

(i.e., cocaine- and amphetamine-regulated transcript) gene which was discovered in 1995 by 

Douglass et al. as an mRNA transcript by differential display method is included in this gene 

group. CART mRNA was increased in rat striatum and nucleus accumbens after acute cocaine 

and amphetamine treatment (Douglass and Daoud 1996).

To confirm that the cloned PCR product represents a striatal mRNA that is 

transcriptionally regulated by psychomotor stimulants, Northern blot analysis was conducted. 

It revealed the appearance of an RNA doublet approximately 700 and 900 bases in length after 

1 hour cocaine administration. The profile of CART mRNA within the cerebellum, striatum 

and hippocampus was determined by Northern blot analysis and surprisingly showed 

transcriptionally silent brain regions in the hippocampus after acute cocaine and amphetamine 

treatment. Douglass et al. (1995) already pointed out that CART was a new, previously 

uncharacterized rat mRNA that was not significantly related to any known mRNA.

Lastly, regional expression of the CART mRNA throughout the adult rat brain was more 

precisely determined by in situ histochemical analysis (Couceyro et al. 1997) without cocaine 

administration. In situ hybridization revealed a wide distribution pattern of CART mRNA 

expressing cells in various brain regions of different species and a very discrete localization of 

the mRNA to specific neuronal and endocrine cell groups. This indicates a role within several 

neuronal circuits in the brain and periphery, especially in those areas involved in motivation, 

reward, and feeding. CART mRNA has also been found in the telencephalon. The signals 

were limited to a few areas. The labeling in the neostriatum was evident, consisting o f the 

nucleus accumbens and olfactory tuberale. Within the neocortex, moderate labeling was seen
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only in the primary somatosensory (layer 4) and the piriform areas. Intense labeling was 

observed in the induseum griseum. A moderate signal was observed in the dentate gyrus o f the 

rostral hippocampus and the amygdaloid complex. In the diencephalon, the hypothalamus 

exhibited the most extensive labeling distribution of any brain region examined. Particularly, 

the hypothalamic supraoptic, paraventricular, and arcuate nuclei showed very intensive 

labeling signal. Subsequently, CART was found to be the third most abundant mRNA in the 

hypothalamus. In contrast to the hypothalamus, mesencephalon contained the fewest number 

of hybridization positive cells. However, within this region the Edinger-Westphal nucleus 

exhibited intense labeling. The rhombencephalon also contained regions of hybridization 

positive cells. The pituitary represented the major site of transcriptional expression. The other 

brain regions: the posterior horn of the spinal cord; sympathetic ganglions, adrenal medulla; 

and the intestine contained small detectable levels of CART mRNA (Couceyro et al. 1997).

1.2. Characteristic features of CART DNA and mRNA

CART mRNA expression patterns in the human brain were qualitatively similar to 

the rat brain CART mRNA distribution indicating that the protein product of the CART 

mRNA plays a functional role or roles across the mammalian species.

Since, CART mRNA has been described in many vertebrate species including 

rodents (mouse, rat), goldfish (Volkoff and Peter, 2001) and human. Comparing human CART 

cDNA to rat CART cDNA, the human CART cDNA sequence was about 80 % identical to the 

rat cDNA with about 92 % homology in the protein - coding region. Subsequently, the CART 

mouse gene was mapped to chromosome 13 encoding a 2.5 kb segment, and the human gene 

was mapped to chromosome 5 containing approximately 2 kb segment, while the rat CART 

gene has not been identified yet. The nucleotide sequence of human CART was determined 

after chromosomal mapping (Challis et al. 2000). The chromosomal mapping made possible to 

analyze the genetic variations of CART gene. Several polymorphisms have been described in 

the 3' UTR region and 5' flanking region. In the 3' UTR region, three polymorphisms have 

been identified (A1475G, 1457delA and among Pima Indians, C1442G) (Giudice et al., 2001)
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and only one mutation found in the coding region, Ser39Thr. The prevalence of these variants 

was determined among obese and control groups. No difference was found between the obese 

patients heterozygous for one of these polymorphisms and those homozygous for the wild — 

type allele. Six polymorphic sites were identified in the upstream 5’ flanking region; A-->G at 

-156, T—>C at -390, T -> G  at -484, G ->T  at -915, G ->C  at -929 and C -> T  at -962. The 

allele frequency of the -156 variant was significantly higher in the obese group than in the 

control group. The -156 polymorphism’s linkage disequilibrium with the site may be 

associated with genetic predisposition to obesity. To confirm this association between the 

CART 5' flanking region polymorphic site and the inherited obesity, further investigations are 

necessary (Walder et al. 2000; Yamada et al. 2002, Challis et al., 2000).

Additional rat CART cDNA sequence analysis characterized the rat CART mRNA 

in helping to understand the appearance of an RNA doublet following Northern blot analysis. 

The characterization revealed that in the termination of synthesis of CART mRNA, alternate 

poly A site utilization plays a role in the 3’ non-coding region which resulted in the appearance 

of an RNA doublet, either approximately 700 or 900 bases in length. Moreover, alternative 

splicing produced further diversity within the coding region of the transcripts in the rat, and 

resulted in two mRNA species, one with the absence of an in frame 39 base insert within the 

protein coding region, called short form of CART mRNA apart from the 700 or 900 bases in 

length (Douglass et al. 1995). In all probability, the observed CART mRNA doublet following 

Northern blot analysis corresponds to four mRNAs instead of two mRNAs (Kuhar et al. 2002). 

The shorter species was about twice as abundant as the longer one in rat. Interestingly, in 

human, the short form was the only one found.

1.3. Characteristic features of CART peptides

Rat CART cDNA sequence analysis also helped to predict the translation product 

of CART gene. The synthesized protein: either 129 or 116 amino acids in length depending on 

the alternative splicing of 39 bases in the coding region. Examination of the deduced amino 

acid sequence suggested that the CART product would be a neuropeptide that was secreted
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and processed. This suggestion was based on the identification o f a common hydrophobic 

leader sequence and the amino terminus indicating involvement in a secretion pathway, and 

several pairs of basic amino acids, which are commonly found in propeptides that are 

processed before subsequent utilization (Koylu et al. 1997; Smith et al. 1997; Couceyro et al. 

1998; Koylu et al. 1998).

Thim et al. (1999) proved this hypothesis by purifying CART peptides from 

adrenal gland, hypothalamus, nucleus accumbens and pituitary gland of the rat and determined 

the peptide structures by using microsequencing and mass spectrometry. It demonstrated a 

tissue-specific processing of CART that may point to different biological functions of CART 

peptides in the peripheral and central nervous system. From the adrenal gland, the CART (1- 

89) and CART (10-89) peptides were isolated. In contrast, from the hypothalamus and nucleus 

accumbens, shorter form peptides CART (42-89) and CART (49-89) were purified. 

Surprisingly, the long splice variant was found in all of the tissues examined (Kristensen et al. 

1998; Thim et al. 1998a; Thim et al. 1998b; Broberger 1999).

Figure 1. Schematic representation of the tissue-specific posttranslational 
processing of pro-peptide (116 amino acid lenght peptide, after cleavage of the 
f  irst 27 amino acid leader sequence) CART protein in the rat. The lysine and 
arginine residues are indicated by K and R. The underlined residues represent 
the identified mono- and dibasic processing sites. The schema based on the 
CART peptides identified by Thim at al. (1999).
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Kuhar et al. (1999) confirmed this processing by Western blot analysis. In order to 

examine the processing and localization of CART putative peptides in the brain, polyclonal 

antibodies were prepared against several CART peptide fragments (HI: 24-39; C l: 28-54; C2:

57-79; C3: 82-103; C4: 106-129). Using these antibodies, several different fragments of the 

CART protein were identified in the brain. It should be noted that after describing the cleavage 

forms of CART peptides, the literature used two nomenclatures. The peptides CART (42-89) 

and CART (49-89) are described above using nomenclature based on the 89 residue pro

peptide (Thim et al. 1999) have the same primary structure as CART (55-102) and CART (62- 

102) referred to the longer 102 residue peptide (Kristensen et al. 1998). These fragments were 

also identified by reverse-phase, high-pressure liquid chromatography (Murphy et al. 2000). It 

seemed that the two fragments were likely to be produced from the pre-proCART protein and 

presumably they had different processing modifications. These antibodies mentioned above 

were also used for immunohistochemical staining to determine the localization of CART 

peptides. The distribution of CART peptides corresponded to the expression pattern of CART 

mRNA (Kuhar and Dali Vechia 1999; Kuhar and Yoho 1999).

It has been shown that CART peptides are neurotransmitters (Smith et al. 1999;

Thim et al. 1999). Electronmicroscopic analysis showed that the peptides were found 

exclusively in large dense vesicles in neurons in the brain, processed to smaller peptides and 

released by calcium-dependent mechanisms into synapses. CART peptides are co-localized 

with numerous well-known neurotransmitters like GABA, galanin, MCH, oxytocin, POMC, 

somatostatin, as well as nitric oxide synthase (Broberger 1999; Sergeyev et al. 2001).

These neuroanatomical findings suggested various possible physiological functions. CART 

peptides could play a role in the stress response, feeding behavior, immune function, autonomic 

regulation, fluid balance, metabolic processes, sexual function and endocrine control (Kuhar and Dali 

Vechia 1999). The putative functions are listed in Table 1.
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Table l.T h e  possible physiological functions of CART peptides

Feeding behavior
• Paraventricular nucleus of the hypothalamus

• Arcuate nucleus

• Parabrachial nucleus

• Perifomical cells in the hypothalamus

Stress
• Hypothalamic nuclei

• Pituitary ( anterior or posterior)

• Adrenal medulla

• Intermediolateral cell columns of the spinal cord

Sensory processing
• Mitral and tufted cells of the olfactory bulb

• Some retinal ganglion cells

• Layer IV of the cerebral cortex in barrels

• Thalamic relay nuclei

• Nucleus of the solitary tract

• Lamina 1 of the spinal cord

• Afferent vagal fibres

Reward and reinforcement
• Nucleus accumbens

• Ventral tegmental area of the midbrain

• Basolateral amygdala

Central autonomic network
• Nucleus of solitary tract

• Nucleus ambigous

• Central nucleus of amygdale

• Paraventricular nucleus o f hypothalamus
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In order to prove presumed physiological functions, CART peptides were made by 

using molecular biology. The preparation o f CART peptides by peptide synthesis was very 

difficult. A yeast expression system was developed for the production of relatively large 

amounts of CART peptides including the naturally occurring CART (55-102) as well (Brunetti 

et al. 2000).

Injection of the peptides into the brain resulted in behavioral effects. Strong 

evidence implicates CART in the control of feeding behavior. As mentioned above, CART is 

highly expressed in the arcuate and paraventricular nuclei of the hypothalamus. These areas 

are known to be involved in the control of appetite. CART neurons show c-Fos- 

immunoreactivity after intravenous injections of leptin in rats. Hypothalamic CART mRNA 

levels are decreased in hypoleptinemic states, such as in the ob/ob mouse, and after prolonged 

fasting. In these conditions, CART expression is restored by leptin administration. 

Intracerebrovascular injection of recombinant CART peptide into rats and mice inhibits 

normal and starvation-induced feeding and blocks the feeding response induced by 

neuropeptide Y (Kuhar and Dali Vechia 1999; Trayhum et al. 1999; Ahima et al. 2000; Elias 

et al. 2000; Johansen et al. 2000; Aja et al. 2001; Asakawa et al. 2001). Conversely, after 

central administration of anti-serum against CART in rats, feeding response was increased. 

These data strongly implicate CART as an endogenous satiety factor. However, a new finding 

suggests that CART peptides may stimulate feeding at least in the hypothalamus.The injection 

of multifunctional CART peptides into the VTA produces psychostimulant-like behavioral 

effects including increased locomotor activation and establishment of conditioned place 

preference.

There is also evidence that the CART protein has neurotrophic action in vitro. The 

short form of CART protein, which is found in humans, has been shown to have neurotrophic 

properties in several primary-cell-culture neurons. These include dopaminergic, hippocampal 

and retinal neurons, and motoneurons. The effects produced include increased dopamine 

uptake, increased cell survival and increased neurite length. In a recent study, Balkan et al. 

suggested the involvement of the CART peptide in the stress response and its modulation by 

glucocorticoids (Balkan et al. 2001). CART studies predict its role in development and 

neurotrophic activity, too.
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Even with all of the information available, the CART receptor has not been found 

yet. Apart from the receptor missing, substantial evidence has been gathered that CART 

peptides are involved in psychostimulant - like effects, feeding, and stress. To understand and 

confirm the multifunctional effects of CART protein, the CART receptor needs to be 

identified. Furthermore, elucidating the detailed molecular mechanism involved in the 

regulation of CART gene may serve as a model to address the multifunctional behavior of 

CART peptides.

First , the CART was identified as an upregulated mRNA transcript after acute cocaine and 

amphetamine treatment. Secondly, the cyclic adenosine 3’, 5’-monophosphate (cAMP)- 

protein kinase A (PKA) signal tranduction pathway (Figure 2) is known to be induced by 

cocaine administration in rat nucleus accumbens (Nestler et al. 1998). Thirdly, it has been 

reported that after cAMP activation CART mRNA was increased in GH3 cells (Barrett et al. 

2001). Therefore, the possibility of PKA-mediated transcriptional regulation in the CART 

gene expression is more than likely.

In this study, based on the aforementioned evidence, the attention was focused on 

determining regulatory mechanisms driving the changes in the CART gene expression.
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Figure 2 Scheme illustrating a) adenylate cyclase (AC) - cAI^P-protein kinase A 
(PKA) transduction pathway. Forskolin increases the level of cAMP 
through membrane associated AC activation. The increased cAMP 
stimulates PKA activity and the phosphorylation of cytoplasmic as well 
as nuclear targets, including CREB. The cAMP-dependent transcription 
factor (CREB) interacts strongly with CREB-binding protein (CBP), in 
response to CREB phosphorylation at Ser-133. Then CREB and other 
cofactors are recruited to the cAMP response enhancer element (CRE) 
found in the promoters of several cAMP-responsive genes to activate 
transcription, b) Ionomycin elevates the level of intracellular Ca2+. 
Ca?+ induced calmodulin kinase (CaMK) activates CREB phosphorylation 
that plays important role in CRE-mediated gene expression (P. Sassone 
1998).
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2. OBJECTIVES OF THE RESEARCH PROJECT

2.1. Identifying transcription binding sites for the CART promoter region using the Trasfact 

computer program.

2.2. To determine whether the putative transcription binding sites on the CART promoter 

participate in the activation of CART gene expression in GH3 cells.

2.3. Characterizing the relevant transcription factors and their functions which can be recruited 

into the CART promoter during CART gene activation.

2.4. To identify transcriptional regulatory networks that can play substantial role in the 

regulation of CART mRNA expression.
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3. EXPERIMENTAL PROCEDURES

3.1. Cell lines

List of cell lines used:

GH3 rat pituitary adenoma cell line: The epithelia - like clone generates growth 

hormone at a greater rate than the GH1 cells and also produces prolactin. Studies on the 

control of the production of these protein hormones by these cells have shown that 

hydrocortisone stimulates the production of growth hormone and inhibits prolactin production.

AtT20 mouse pituitary adenoma cell line: This clone has been used successfully for 

several DNA mediated transfection studies relating to endocrine and exocrine secretory 

pathways.

PC12 rat phaeochromocytoma cell line: This cell line was derived from a transplantable 

rat pheochromocytoma. The cells respond reversibly to NGF by induction of the neuronal 

phenotype.

3.2. Cell culture

PC 12 cells were grown in Dulbecco's modified eagle medium (DMEM), 

supplemented with 5% calf serum and 10% horse serum.

GH3 cells were maintained in F-12K Ham's (Kaighn's modification) media supplemented with 

12% horse and 2.5 % fetal bovine serum.Mouse AtT20 cells were grown in Dulbecco's 

Minimal Essential Medium supplemented with 10 % horse serum. All tissue cultures were 

maintained in a humidified incubator at 37 °C under 5 % CO2 .
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For the Northern blot and the mobility shift assay, 5x106 GH3 cells were seeded to a poly

lysine-coated 10 cm cell culture dish to 70-80 % confluence. Thereafter, the cells were fasted 

in F-12K Ham's media supplemented with 0.5 % horse serum for 12-16 hours. Following 

serum starvation, the cells were treated with 20 pM forskolin for 0, 0.5, 1, 3, 6, 12 and 24 

hours in F-12K Ham's media supplemented with 0.5 % horse serum. In some experiments, 

prior to the addition of the forskolin treatment, GH3 cells were treated with 30 pM N-[2-(p- 

Bromocinnamylamino) ethyl] 5- isoquinolinesulfonamide (H89), selective protein kinase A 

(PKA) inhibitor, for 2 hours.GH3 cells were treated with 10 pM for 0.5, 1, 3, and 6 hours 

under the same conditions described for forskolin treatment.

For the transfection experiments, lx  106 GH3 cells were counted and seeded to poly-L-lysine- 

coated 8 well plates.

3.3. Sequencing and analysis of the mouse CART gene promoter region

A BamHI subclone, BAM5'C (approximately 125 kb in length), containing the entire CART 

gene was generated (Adams et al. 1999). The CART 5'-flanking region in BAM5'C (Bglll/Sac\ 

segment) was sequenced. All sequences were determined by cycle sequencing reactions.

The sequenced region was analyzed for putative transcription factor binding sites using the 

Transcription Factor Database (TRANSFAC) and Matlnspector V2.2 (Wingender et al. 2000).

3.4. Generation of plasmid constructs

pGL3-Luciferase Reporter (Promega) and pSV-Galactosidase Control Vectors (Promega) 

provide a basis for the quantitative analysis of factors that potentially regulate mammalian 

gene expression. These factors may be cis-acting (promoters and enhancers) or /ram-acting 

(various DNA-binding factors).
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pGL3-Basic Luciferase Reporter Vector: This vector lacks eukaryotic promoter and 

enhancer sequences. Expression of luciferase activity in cells transfected with this plasmid 

depends on the promoter activity of the insertion in certain cells. Without insertions, this 

vector serves as a control for the background activity.

pGL3-Control Luciferase Reporter Vector: This vector contains SV40 promoter and 

enhancer sequences, resulting in strong expression of luciferase gene in many types of 

mammalian cells. The control vector serves as positive control to monitoring transfection 

efficiency.

pSV-Galactosidase C Control Vector: This vector is co-transfected with the DNA of interest 

and acts as an internal control for transient expression assays (Figure 3).

Cloning:

Various lengths of 5' upstream sequences were cloned into the promoter-less vector; pGL3- 

Basic itself and generated clones were tested for promoter activity. Constructs were generated 

by digesting the genomic clone, Bam5'C with BgllllNco\, or Kpnl/Sacl, or Smal/Ncol. pGL3- 

Basic was digested and dephosphorylated followed by ligation with the digested genomic 

fragment using T4 DNA ligase. The clones were transformed into E. coli TOP 10 cells and 

plasmid DNA was isolated. Constructs were confirmed by dideoxy nucleotide sequencing.

The pGL3-luciferase expressing constructs made -3451 CART-LUC, spanning -3451 to +23, - 

641 CART-LUC, spanning -641 to +30, and -102 CART-LUC, spanning -102 to + 23 to +30 

where +1 is the predicted site of transcription initiation. Furthermore, mutated 641 CART-LUC 

with abrogated CRE site and CREB dominant negative mutant, (pCMV500-A-CREB) in 

which basic residues within the bZIP domain have been mutated to acidic residues, referred to 

as A-CREB were generated (Ahn et al. 1998)
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Figure 3. Schematic pictures of the vectors used for transfection experiments 

(see details in text).
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3.5. Transfection

For each transfection, 2 jag of one o f the pGL3-luciferase expressing constructs, 2pg of pSV- 

(3-Galactosidase Vector and 6 pi of FuGENE 6 Transfection Reagent (Roche) were mixed in 

the appropriate serum-free media and incubated at 25 °C for 45 minutes following the 

manufacturer’s instruction. 100 pi of the complexed DNA/FuGENE 6 mixture was added to 

each well and incubated for 18 hours at 37 °C under 5 % CO2 . In some cases, 2 ml of 

supplemented media containing 20 pM forskolin was added and incubated for additional 

amounts of time. Cells were lysed and luciferase expression measured using the Luciferase 

Assay System (Promega).

Luciferase activity was quantified using a luminometer. (3-Galactosidase activity was 

measured using the (3-Galactosidase Enzyme assay system (Promega) and the absorbance read 

at 420 nm. Protein concentration was determined using the Bradford method (Bio-Rad Protein 

Assay). In all experiments, luciferase expression was normalized to (3-Galactosidase activity 

using equal protein concentration (Abbott et al. 2001). Statistical significance was determined 

using one-way ANOVA followed by a Tukey Test or a Student t-test (SigmaStat 2.O.).

3.6. RNase protection assay

10 pg of RNA from AtT20, GH3 and PC12 cells was dissolved in High-Speed Hybridization 

buffer (Ambion) and 32P-CART RNA antisense probe was added to each sample. After 20 

minutes hybridizing at 68 °C, the probe and RNA were digested with an RNase mixture at 

37 °C for 30 minutes. After inactivation and precipitation of samples, the protected fragments 

were subjected to 8% denaturing polyacrylamide gel electrophoresis. Then, the gel was dried 

and exposed to X-ray film at minus 80 °C for 15 hours.
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3.7. Northern blot assay

Total RNA was isolated from frozen rat cerebellum and hypothalamus or GH3 cells. Tissues 

(50-100 mg) were homogenized in 1 ml of Trizol Reagent (Life Tech.) using a power 

homogenizer. 107 GH3 cells were lysed in 1 ml of Trizol Reagent and RNA was isolated 

according to the manufacturer's recommendation. Total RNA was run in a 1.2 % 

formaldehyde agarose gel. RNA was transferred by capillary action in the presence of lOx 

SSC and fixed by UV cross-linking. Prehybridization was carried out at 50 °C in 6x SSC, 5x 

Denhardt's solution (Sigma), 1 % SDS, 20 % formamide, 50 pg/ml sonicated salmon sperm 

DNA (Amersham) for 6 hours. Hybridization buffer was changed and 2x 106 cpm of a 32P- 

labeled cocktail consisting of 2 or 3 distinct oligonucleotides was incubated at 50 °C for 24 

hours. Oligonucleotides were 5' end labeled by using y-32P-ATP (6000 Ci/mmol) and 

polynucleotide kinase (Stratagene). The CART cocktail consisted of three oligonucleotides 

with the following sequence: 5,TGAAAACAAGCACTTCAAGAGGAAAG3,,

5 ’TGCAACGCTTCGATCTGCAACATAG3 ’, 55 CTCATGCGCACTCTCTCCAGCG3 ’.

The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) probe was made of two 

oligonucleotides having the following sequences:

5’AGTTGTCATTGAGAGCAATGCCAGC3’, 5’AGTAGACTCACGACATACTCAGCA3’. 

Nonspecific hybridization was removed by washing the blots with increasing stringency 

washes (5x SSC, 0.1% SDS up to 2x SSC, 0.1% SDS) at room temperature. Blots were 

analyzed by autoradiography. Blots were stripped and re-probed with the GAPDH probe. 

CART mRNA levels were normalized to GAPDH mRNA.

3.8. Western blot assay

Total protein was extracted in 100 pi of lysis buffer { 1% Triton X-100, 50 mM Tris-HCl (pH 

7.4), 300 mM NaCl, 5 mM EDTA, arid 0,02 % sodium azide} containing the following 

protease and phosphatase inhibitors: 5 nM ocadaic acid, 200 pM sodium othovanadate, lx  

protease mixture (Maniatis) and 0.2 mM PMSF.
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Equal amounts of lx  sample buffer ■{ 12.5 mM Tris-HCL (pH 7.2), 0. 4 % SDS, 0.2 M 

2-mercaptoethanol, 0.5 mg bromphenol blue } were added to 25 pg of protein lysate, which 

was boiled for 5 minutes and loaded onto a 0.1 % SDS - lx  Tris-glycine gel.

The gel was run at 120V for 2 hours and then electrically transferred overnight (50V at 

4 °C) onto Immobilon -P membrane (Millipore) using a transfer buffer consisting of lx  Tris- 

glycine. The blot was incubated in PBS-T blocking buffer (1.36 M NaCl, 2.7 mM KC1, 4.3 

mM Na2H P04 x 7 H20 , 1.4 mM KH2P 0 4, 0.01% Tween, pH:7.6) for 1 hour. After the initial 

blocking step, the blot was incubated in blocking buffer that contained anti-CREB antibody at 

a 1:500 dilution (Santa-Cruz) for 1 hour at room temperature. After incubating with the first 

antibody, the blot was washed at room temperature and then incubated with a horseradish 

peroxidase (HRP)-conjugated secondary antibody, anti-rabbit IgG (Santa Cruz), at 1:2000 

dilutions in blocking buffer. CREB binding was detected using a chemiluminescent detection 

kit (ECL+Plus). The blot was washed with 0,2 M NaOH to remove previous protein 

complexes and re-incubated overnight at 4 °C with anti-phosphorylated - CREB antibody 

(P- CREB) (Cell Signaling) in blocking buffer. The blot was washed and incubated with a 

HRP - conjugated secondary antibody, goat-anti-mouse IgG, at a 1:2000 dilution for 1 hour at 

room temperature and developed using a chemiluminescent detection kit as described above.

3.9. Electrophoretic mobility shift assay (EMSA)

DNA-protein interactions were studied by EMSA. Nuclear protein extracts were prepared 

from forskolin-treated GH3 cells as described by Szeberényi et al. (1998) with the following 

modifications. These included the addition of phosphatase inhibitors: 5 nM ocadaic acid, 200 

pM sodium ortho vanadate, and protease inhibitors: 2 mM PMSF, 2.5 mM leupeptin, 1 pM 

pepstatin, and 1.5 pM aprotinin (Sigma). Total nuclear protein (15 pg ) was incubated with 2 

ng of 32P-5'end-labeled oligonucleotide, containing the CART-CRE site 

(5’AGCATTGACGTCA35) in the binding buffer composed of 10 mM Tris-HCl (pH 7.5), 

50mM NaCl, 1 mM EDTA, 5% glycerol, and 0,05 pg/pl Poly(d)I-C)) (Roche). Total nuclear 

protein extract and labeled oligonucleotide (approximately lxlO5 cpm) were incubated for 10
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minutes at room temperature. In some cases, a 20- or 100-fold molar excess of a specific 

competitor (nonlabeled CART oligo), or 100-fold molar excess of a nonspecific competitor 

Oct 1 (5' TGTTGAGGGGACTTTCCCAGC 3') was added to the mixture, to assess the 

specificity of the DNA-protein binding complex before the addition of the labeled 

oligonucleotide. After 10-minute incubation with unlabeled oligonucleotide, the 32P-labeled 

CART oligonucleotide was added and incubation was continued for 20 minutes.

For the supershift assay, 2 pg of CREB antibody (Santa Cruz) was incubated with the nuclear 

extract and the 32P-labeled CART oligonucleotide for 45 minutes. Supershift analysis was also 

done using 4 pg of P-CREB antibody (Santa Cruz). P-CREB antibody was incubated with the 

nuclear protein extract in binding buffer for 30 minutes at room temperature, followed by 

addition of the 32P-labeled CART oligonucleotide and incubated for another 45 minutes. The 

DNA -protein complexes were separated by electrophoresis on a 6% non-denaturing 

polyacrylamide gel (lx  TBE, 2.5% glycerol). Gels were run (120 V) in the presence of 0.5x 

TBE buffer for 1.5 hour at 4 °C. Dried gels were exposed for 24 hours and analyzed by using a 

Phospholmager.
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4. EXPERIMENTAL RESULTS

4.1. Computer search for enhancer elements in the CART promoter region

To understand the molecular mechanism involved in the transcriptional regulation 

of CART gene expression, a mouse BAC genomic library was screened using rat CART 

cDNA probe. One hybridization clone was identified (Adams et al.1999). A BamHl subclone, 

BAM5’C, containing the entire CART gene was generated (Figure 4b). The CART 5’ flanking 

region in BAM5’C (Bglll / SacI segment) was sequenced. The sequenced region was analyzed 

for putative transcription factor binding sites. This analysis revealed a region in the mouse 

CART gene 5’ upstream sequence containing a cluster of transcription factor binding sites, 

including a canonical cyclic AMP response element (CRE), two AP-1 sites, one SP1 and 

several AP2 sites, along with a TATA-like sequence and an E-box (Figure 4a). There is also a 

STAT-response element, TT(N)6AA, in an overlapping STAT/CRE/AP1 site. Further 

upstream, there is a putative binding site for the pituitary-specific transcription factor Pit-1, 

AWWWTATNCAT, where W is either an A or T (Figure 4a).

The CART gene upstream sequence was further analyzed using a neural network 

promoter predicting algorithm (Ohler et al., 1999) in order to predict transcription initiation 

sites for the mouse CART gene. The transcription initiation for the mouse CART gene was 

predicted at the A located 19 nucleotides upstream of the initiating AUG codon (Figure 4b), in 

agreement with the previously published rat and human 5’ ends (Douglass et al., 1995). The 

alignment of the mouse proximal promoter region with the corresponding human region 

(Accession Number NT019389) identified a 320 bp region immediately upstream from the 

CART coding sequence that shares 83.4% nucleotide identity. The region contains the binding 

site for the clustered set of transcription factors, including the overlapping CRE/AP1/STAT 

site (Figure 4a).
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Figure 4. Structure of the mouse CART gene and sequence of the CART 
promoter region, (a) A diagram of the region in Bam 5'C that was
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sequenced. The cluster of the transcription factor binding sites is 
shown. The diagram is not drawn to scale, (b) Sequence alignment 
between human and mouse promoter region. Differences between 
human and mouse are in lower case. The transcription binding sites are 
indicated.

4.2. Assessing the transcription factor binding site for promoter activity

To examine the regulation of CART gene promoter, GH3 mouse pituitary 

adenoma cell line served as an in vitro model because these cells endogenously express CART 

mRNA measured by RNase protection assay. Furthermore, to compare the activities, predict 

tissue specificity, and determine the importance of certain CART promoter regions in the gene 

regulation, AtT20 and PC 12 cell lines were used as well as an in vitro model.

The activity of various 5’-proximal regions of the CART gene was tested for the ability to 

drive gene expression when cloned into pGL3-Basic vector upstream of the luciferase gene. 

Three luciferase expressing constructs were made and tested, -3451CART-LUC, -641CART- 

LUC, and -102CART-LUC that contain 3451, 641, and 102 bp mouse CART 5’ upstream 

sequence (+1 is the predicted site of transcription initiation), respectively (Figure 5).
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Figure 5. Luciferase expression constructs contain varying lengths of the CART 
promoter. Value of the activity of the three constructs is expressed 
as the folds increase relative to that found with p6L3-BASIC (see 
text for details). Statistical significance (*) was assessed using one
way ANOVA followed by a Tukey test (p=<0.001).

The -102CART-LUC construct contains the TATA-like box and an SP1 site. The -641CART- 

LUC construct contains the STAT/CRE/AP1 composite site and the -3451CART-LUC 

contains a putative Pit-1 binding site. Pit-1 is a transcription factor belonging to the POU
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domain proteins that is expressed exclusively in the central nervous system and in the pituitary 

(Palmer et al. 2001).

Cells were transiently co-transfected with pSV-p-Galactosidase and one of the 

CART promoter containing constructs. Luciferase activity of each construct was compared to 

that produced by pGL3-BASIC, the parent vector that lacks a promoter for background 

activity. pGL3-CONTROL, which has SV40 promoter to drive luciferase expression, was used 

as a positive control. In GH3 cells, pGL3-CONTROL had a 6-fold increase in luciferase 

activity above pGL3-BASIC. This is similar to the 5.4-fold activation by -102CART-LUC, 

indicating that this segment of CART upstream sequence can function as a promoter and drive 

luciferase expression (Figure 4). Moreover, the -641CART-LUC construct containing a larger 

upstream segment of CART promoter produced much greater, 29-fold activity. A dramatic 59- 

fold increase in luciferase activity was observed after the -3451CART-LUC construct 

transfection, suggesting the importance of this region in mediating the promoter activity 

(Figure 5). Because the promoter analysis revealed a CRE element in the CART promoter, this 

element should respond to an elevated cAMP level in the cells.

To test this hypothesis, GH3 cells were treated with forskolin known to be an 

adenylate cyclase (AC) activator, an enzyme that converts adenosine triphosphate (ATP) to 

cAMP (Figure 2). It is well known that forskolin increases c-fas mRNA expression and as 

such the effect of forskolin on c-fos expression was tested (Treisman, 1996). The cells were 

treated with forskolin for 15, 30, 45 and 60 minutes. Northern blot analysis of the total mRNA 

showed a maximal expression after 30 minutes treatment (Data not shown).

Then, the endogenous CART gene was measured for responsiveness to forskolin treatment. 

GH3 cells were treated with 20 pM forskolin for 0, 1,3, 6, 12 and 24 hours and 40 pg total 

RNA was analyzed by Northern blot analysis (Figure 6). Forskolin treatment increased CART 

mRNA levels compared to 0 hour, control exposure. The involvement of protein kinase A 

(PKA) was also tested. In the same experiment, some GH3 cells were treated with 30 pM 

H89, a selective inhibitor of PKA for 2 hours prior to and during forskolin treatment. The time 

course showed that the maximal increase in CART mRNA levels occurred after 6 hours of 

forskolin treatment. Treatment with H89 prior and during forskolin treatment reduced CART 

mRNA level up to 50% (Figure 6). This result confirms that cAMP is a second messenger for
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positive regulation of CART gene expression and PKA as protein kinase is also involved in 

the hypothetical transcription pathways of CART gene.

<0
CART mRNA ►
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H89 + -  + -  + - +  -  +

Figure 6. Changes in the endogenous CART mRNA level in response to
20 luMforskolin (F) and 30jiM H89 treatments, a) Northern blot 
analysis of CART mRNA levels in GH3 cells at different times, b) 
CART mRNA levels were quantified and normalized to GAPbH levels.
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To determine which cis-elements present in the CART promoter were responsible 

for the responsiveness to cyclic AMP induction by forskolin, two luciferase expressing 

constructs were tested. The -641CART-LUC and -102CART-LUC constructs were transfected 

into GH3 cells and 18 hours after transfection media was changed and cells were treated with 

20 pM forskolin for 7 hours. A 2-fold increase in luciferase activity after forskolin treatment 

was produced with -641CART-LUC, while no statistically significant increase in luciferase 

activity was observed with -102CART-LUC and pGL3-CONTROL (Figure 7). This suggests
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that the region between -102 and -641 containing overlapping STAT/CRE/AP1 transcription 

factor binding sites that are responsive to cyclic AMP.

Figure 7. cAMP responsiveness of -102CART-LUC and -641CART-LUC in GH3 
cells. GH3 cells were transiently transfected with each construct with 
or without 20 pM Forskolin (F) treatment. Luciferase activity was 
measured 7h after F treatment. Statistical significance was assessed 
using a student /•-test (p = 0.037)

A comparison of luciferase activity between -641CART-LUC and pGL3- 

CONTROL after forskolin treatment showed that -641CART-LUC exhibits a continuous 

increase in expression beginning at 1 hour and continuing through 48 hours (Figure 8).
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Oh F lh F 7h F 24h F 48h F

Figure 8. Time course of 20 pMforskolin (F) effect on -641-LUC in &H3 cells. 
Cells were cotransfected with pGL3-basic, pGL3-control and 
-641CART-LUC constructs. Luciferase activity were assessed at 
different time after F treatment. Each value is expressed as the fold 
increase relative to p£L3-BASIC. Statistical signif icance (*) was 
determined usin one-way ANOVA follewed by a Tukey test. (**) 
indicates that the increase in the values of p£L3 -CONTROL at lh and 
7h are significantly different than the Oh time point (p=<0.05)

The promoter activity of -641CART-LUC was examined in AtT20 and PC 12 cells 

as well. -641CART-LUC showed higher activity in PC12 cells than in AtT20 cells (Figure 9). 

However, promoter activity was the highest in GH3 cell (29-fold above background).

Forskolin treatment did not have any significant effect on luciferase expression of-641CART- 

LUC construct in PC 12 and AtT20 cells. The high activity of-641CART-LUC in GH3 cells,
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and the lower activity in PC12 and AtT20 cells suggest that the STAT/CRE/AP1 overlapping 

transcription binding sites enhance expression in a cell type specific manner.

A+T20 Cells PCI2 Cells

Figure 9. Comparison of the activity of -641CART-LUC in AtT20 and PC12 cells in 
the presence and absence of 20 pMforskolin (F) (for details see text).

Additionally, a mutation (see below, in Figure 11) that abrogated the CRE site in - 

641CART-LUC construct resulted in a 4.7-fold drop of luciferase expression in GH3 cells 

after forskolin treatment. (Figure 10). All these results together delineate the relevance of the 

CRE transcription binding site on the CART promoter in GH3 cells. Also, these findings 

propose that this overlapping STAT/CRE/AP1 site plays an important role in the 

determination of tissue specificity of CART gene expression.
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20 iitó Forskolin For 6h

Figure 10. Mutation of 6 of the 8 bases of the CRE consensus (TGACGTCA) 
results in a 4.8 fold reduction in luciferase expression after 
forskolin treatment (statistical significance was determined by a 
Two-Sample student's t-test (p< 0.05 vs -641CART-LUC).

4.3. Characterizing the putative transcription factors and their involvement in the regulation of 
the CART gene
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Subsequently, electromobility shift assays were carried out to identify in particular 

the transcription binding sites that are responsive to elevated cAMP level and responsible for 

the promoter activity in transfected GH3 cells and the induced endogenous CART mRNA 

expression after forskolin treatment. A 27-bp double-stranded oligonucleotide containing the 

CRE site, corresponding to nucleotides -153 to -127 of the CART promoter, was synthesized 

and 5’ end labeled with 32P, referred to as CART oligo (Figure 11).

In order to test if this CRE site binds protein factors from GH3 cells, nuclear 

extracts from cells treated with 20 pM forskolin for varying periods of time (0.5, 1 and 3 

hours) were incubated with 32P-labeled CART oligo. Treatment with forskolin under the same 

conditions has been shown to enhance endogenous CART gene expression in GH3 cells 

(Barrett et al 2001).

E-box /V2 5 TAT/CRE/AP1 /VI SP1 TATA
I I I HI I I I +1

-153 -127

CART CRE olioo S'cggcgggcatTGACGTCAaacggcagc
3 'gccgcccgtaACTGC A S T +tgccgtcg

mCART olioo 5'cggcgggcatCGCGATTTaacggcagc
*  3 'gccgcccg+aGCGCT AA A ttgccg+cg

Figure 11. The structure of the CART promoter of the mouse gene showing
several transcription factors binding sites including the overlapping 
5TAT/CRE/AP1 site. The sequence of CART CRE oligo used in EMSA 
and the mutant oligo used to generate m641CART-LUC are given.

The 32P-labeled CART promoter oligonucleotide clearly binds to nuclear factors in gels and 

results in the detection of a shifted DNA/protein complex (Figure 12). The binding increased 

with forskolin treatment time, and addition of 20x excess unlabeled CART oligo served to
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assess the specificity of the DNA-protein binding complex. This experiment indicates that the 

GH3 cells, in response to forskolin treatment, produced increased binding to the CART 

promoter oligonucleotide.

Western blotting study was conducted to examine whether the treatment with 

forskolin under the same conditions produced changes in CRE binding protein (CREB) and/or 

phosphorlylated-CREB (P-CREB) levels. CREB is a well-characterized transcription factor 

known to be activated by cAMP and binds to the CRE site of promoters (Figure 2) (Guitart et 

al. 1992; Bonni et al. 1995; Coven et al. 1998)

Nuclear extract  "

20X cold CART oligo - - + -  + - + - + 

20 pM Forskolin Oh Oh 0.5h 0.5h lh  lh  3h 3h

► UmMUM1 32

32P-CART oligo —►

Figure 12. Autoradiogram illustrating the binding activity in nuclear extracts
from GH3 cells with a 32P-labeled CART CRE oligo. Forskolin treatment 
for varying amounts of time results in an incmase in binding activity. 
The arrowhead indicates the CART oligo/protein complex (see the 
text for details).



34

Consequently, CREB became the first candidate for the transcription factor that 

can bind to the CRE site of CART proximal promoter and be accountable for the increased 

CART mRNA expression. It revealed an increased P-CREB level with duration of treatment 

with forskolin, while CREB levels remained unchanged (Figure 13). These results suggested 

that the nuclear protein binding to the CART promoter oligonucleotide could be P-CREB.

Oh 0.5h lh  3h 6h
Forskolin + *

P-CREB

CREB

Figure 13.Western blot analysis of CREB and P-CREB in GH3 cells at various 
times after forskolin treatment reveals an increase in the 
phosphorylation of CREB while the CREB levels remain unchanged. 
The 43 kDa CREB species is indicated.

Accordingly, mobility supershift assay was used to detect if the protein binding to 

the CART promoter site would interact with CREB and P-CREB antibodies since an increase 

of P-CREB was observed by Western blot. It was found that CREB and P-CREB antibodies 

supershifted the CART oligo/protein complex (Figure 14). In addition, molar excess of 

unlabeled cold CART oligo competed with radiolabeled CART oligo, whereas an unrelated 

oligo (Octl) did not, indicating specificity in the CART oligo/protein complex. The CART 

oligo/protein/CREB antibody complex was found in both untreated and treated cells as 

expected (Shaywitz and Greenberg 1999). Similar data were found after 0.5, 1 and 6 hours of 

forskolin treatment as well.
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To confirm the role of CREB transcription factor in CART gene regulation, a 

CREB dominant negative mutant, A-CREB (Ahn et al., 1998) was co-transfected with the 

-641CART-LUC construct into GH3 cells treated with forskolin. A-CREB functions by 

heterodimerizing with endogenous CREB transcription factor and preventing its interaction 

with the CRE element. GH3 cells, co-transfected with the A-CREB mutant had a 3.4-fold 

reduction in luciferase expression as compared to cells co-transfected with the empty vector 

(Figure 15).

Nuclear e x tract 

Cold 100X C A R T  oligo 

Cold 100X O CT1 olig 

CREB Ah  

P-CREB Ah

Oligo/protein complex — ►

+ + + + + +  +  +  +  4-

32 P-CART oligo

* 1 I \ I  |
^  Supers hifted 

complex

3 h (20 |iM F)

Figure 14. Supershift assay identifies CREB and P-CREB as components of the 
CART oligo/protein complex after forskolin treatmnet. Arrows 
indicate the CART oligo/protein complex while arrowheads indicate 
supershifted CART oligo/CREB and CART oligo/P-CREB complexes.
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20 |iM Forskolin For 6h

Figure 15. Luciferase expression from -641CART-LUC is decreased by 3.7 fold 
after forskolin treatment in the presence of a dominant negative 
mutant of CREB, A-CREB, which inhibits wild-type CREB from binding 
to DNA (Ahn et al., 1998). Statistical significance was determined by 
a Two-Sample student's t-test (p< 0.05 vs -641CART-LUC 
+pCMV500).

As a result o f the experiments, in GH3 cells, the transcriptional regulation of the 

CART gene after activation of the cAMP pathway is likely to be mediated by the CREB 

transcription factor.
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4.4. Investigating the importance of different signal transduction pathways in the regulation of 

CART gene

Ionomycin, an antibiotic has been reported to trigger the release of Ca2+ ions from

the intracellular storage resulting in an increase of P-CREB (Yamaguchi, 2000.) (Figure 2).

GH3 cells were treated with 10. pM ionomycin under the same condition as forskolin 

treatment. Northern blot analysis demonstrated a significantly changed expression pattern after 

1 hour ionomycin treatment (Figure 16). It seems that Ca2+ ions are stronger activators for the 

CART gene than AC activation.
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Figure 16. Changes in CART mRNA level in response to ionomycin (I) treatment.
a) Northern blot analysis of CART mRNA in 6H3 cells at different time 
after ionomycin treatment.
b) CART mRNA levels were quantified and normalized to 6APDH. RNA 
fold increase was compared to Oh time point.
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In order to test if the CRE site binds protein factors from ionomycin-treated 

extracts, GH3 cells were treated with 10 \iM ionomycin for 0, 0.5,1 and 3 hours and were 

incubated with 32P-labeled CART oligo. Nuclear proteins bound to 32P-labeled CART oligo 

and these DNA/protein complexes were supershifted with CREB and P-CREB antibody 

(Figure 17). In the same gel, the lOOx excess of unlabeled API oligo (Promega) competed for 

the labeled CART oligo (Figure 17) indicating that the same nuclear factor or factors have 

binding affinity to the CART and AP-1 oligo.

10 uM I
sample 1. 2, 3. 4, 5, 6. 7. 8, 9.

Nuclear- e x tra ct 

32P- CA RT oligo + +

- Cold Cfetl AP-i CREB P-CREB ATF 
CART oligo oligo Ab Ab Ab 
oligo

F  + + +  + +  + +

Oligo/Protein complex— ► -

Free 32P-CART oligo — p>

Supershifted complex

Figure 17. The binding activity of 32P-CART oligo after lh ionomycin treatment 

by EMSA (see text for details).

The binding activity of 32P-CART after 1 h ionomycin treatment demonstrated increased 

binding to the probe. Since the sample 1 has no nuclear extract serves as negative control.
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Sample 2 contains forskolin (F) treated cell extract that previously showed binding to the 

CART oligo (positive control). Sample 3 displayed complex formation in ionomycin treated 

cell extract. In the 4 and 5, the specificity of the CART oligo was detected. In sample 6, a 

competition between AP-1 and CART oligo is observed. In sample 7-8, the CART 

oligo/protein complex supershifted by CREB and P-CREB, respectively. ATF antibody failed 

to supershift CART oligo/protein complex in the sample 9.
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5. DISCUSSION

CART mRNA expression has been reported to be altered in response to various stimuli 

including fasting, leptin, and psychostimulant drugs (Kuhar and Dali Vechia 1999; Johansen et 

al. 2000; Aja et al. 2001; Ludvigsen et al. 2001) but the signal transduction pathways involved 

in the CART mRNA regulation have not been studied yet.

The aim of this work was to characterize the CART promoter regulation by identifying 

putative transcription factor binding sites in order to describe signal transduction pathways 

involved in the regulation of CART gene expression. Sequence analysis of a 3.4 kb mouse 

genomic DNA fragment revealed a 320 bp region located upstream from the transcription 

start site, which is highly conserved between human and mouse CART gene. This region 

contains several transcription factor binding sites including an overlapping STAT/CRE/AP1 

site located 148 nucleotides upstream from the predicted transcriptional initiation site. This 

binding may play an important role in the regulation of the CART gene. (Greenberg et al. 

1999).

The transient transfection system is the primary tool for identifying and characterizing 

the interaction of cA-acting elements with their corresponding /r<ms-acting factors and 

associated cofactors in mammalian cells (Qiu et al. 2002). In order to test the presumed 

promoter activity of the individual DNA fragment, different lengths of the mouse CART 

promoter were transfected for transcriptional activity into the GH3 rat adenoma line. This 

comparative transfection analysis revealed diverse transcriptional expression patterns after 

forskolin treatment in accordance with the different lengths of the CART promoter. These 

studies indicate that this individual DNA fragment displays significant promoter activity, 

moreover a major role for the overlapping STAT/CRE/AP1 transcription binding site in the 

regulation of the CART gene. This suggestion is supported by the mutation of the CRE site 

(Figure 11) in the -641CART-LUC construct that showed significant decrease (Figure 10) in 

the promoter activity. In addition, -3451CART-LUC displayed the highest promoter activity 

suggesting the importance of other transcription factor binding sites in CART gene expression
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(Figure 5). Additionally, the transfection studies on AtT20 and PC 12 cells showed promoter 

activity considerably reduced indicating a highly tissue -  specific regulation of this promoter 

(Figure 9). Likewise, the Pit-1 binding site at position -818 on the mouse CART promoter 

suggest the Pit-1 transcription factor involvement in a cell-type specific transcriptional 

activation of the CART gene. Pit-1 is a POU-homeobox transcription factor that is responsible 

for either the commitment or maintenance of somatotrop, lactotrop, and thyreotrop cell 

lineages in the pituitary (Andersen et al. 1997; Rhodes et al. 1996).

To identify the possible regulation pathway/pathways, endogenous CART gene 

responsiveness to forskolin treatment was tested. Transcription activation of endogenous 

CART gene in GH3 cells showed a continuous increase after cyclic AMP activation. In 

accordance with the recent scientific viewpoint this elevation was probably due to PKA 

activation since forskolin turns on the cAMP-PKA pathway. PKA stimulates different 

transcriptions factors including CREB. CREB is known to bind to CRE elements in the 

promoter of number of genes (e.g. somatostatin and tyrosine aminotransferase) (Greenberg et 

al. 1999). Consequently, treatment with H89, an inhibitor of PKA, with simultaneous forskolin 

treatment, reduced the increase in the expression of endogenous CART mRNA. In summary, 

these studies together suggest that the CRE site in the CART proximal promoter could mediate 

the increased expression in CART mRNA levels in response to forskolin treatment via the 

PKA pathway.

Following this train of thoughts, it has been well described that the binding of cAMP to 

two PKA regulatory subunits, releases the catalytic subunits and enables them to phosphorylate 

target proteins. ATF/CREB family is one of the target proteins including several members, of 

which the CREB, CREM and ATF1 gene products are directly phosphorylated by the cAMP- 

dependent PKA. ATF/CREB family belongs to a larger leucine zipper family. This leucine 

zipper is a conserved structural motif at the C-terminus of these proteins formed by a heptad 

repeat o f leucine residues (bZIP). This domain allows CREB, ATF1 and CREM to be able to 

bind to CRE sites as a dimer. The presence of highly conserved and related dimerization domains 

suggests that the different members o f the CREB/ATF family might be able to form 

heterodimers and homodimers as well (Greeberg et al. 1999).
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Furthermore, composite CRE/AP1 sites have been found in a number of genes in playing very 

important roles in neurotransmitter synthesis, including dopamine hydroxylase (Shaskus et al; 

1992), prodynorphin (Messersmith et al; 1996), proenkephalin (Comb et ah, 1986), and 

cholecystokinin (Hansen et al., 1999).

CREB is one of the main transcription factors involved in many genes’ regulation in the 

brain; therefore, CREB became the first candidate, which may moderate the expression of CART 

gene via the PKA pathway by binding to the CRE site on the CART promoter. The results of 

mobility shift assays pointed out that treatment of GH3 cells with forskolin produced an 

increased level of P-CREB via the PKA pathway that binds to the CART promoter 

oligonucleotide containing CRE/AP1 site. These findings are very important because 

phosphorylation of CREB affects the ability of dimerization with different bZIP partners or the 

phosphorylation at Seri 33 might trigger CREB binding to CRE (Greenberg et al. 1999). 

Transfection experiments with the dominant negative mutant CREB-A also supported a crucial 

role for CREB in the regulation of CART gene expression.

On the other hand, it is a well-known fac t, that increase in the intracellular Ca level 

causes an elevation of P-CREB (Shaywitz et al. 2000). Many kinases, some of whose activities 

are enhanced by Ca2 are capable o f phosphorylating CREB in vitro, including Ca2+/calmodulin- 

dependent kinases I, II, and IV (CaMKIJI, and IV) and PKC. The best characterized of the Ca2+- 

activated CREB kinases are CaMKs. Phosphopeptide mapping indicates that all CaMKs 

phosphorylate CREB at Ser 133 in vitro (Finkbeiner et al. 1997; Shaywitz and Greenberg 1999; 

Kang et al. 2001; Wu et al. 2001; Amould et al. 2002), the same residue that is also 

phosphorylated by PKA. In this study, it was also demonstrated that the increase of intracellular 

Ca2+ level by ionomycin treatment induced the gene expression of CART (Figure 16) through 

CREB recruitment to the CRE site of the promoter in GH3 cells (Figure 17). These observations 

indicate that the CART gene may be regulated by other signal transduction pathways activating 

CREB, not exclusively by cAMP-PKA. Additional studies are required to determine the precise 

role of intracellular Ca2+ in the regulation of the CART gene. Moreover, the mobility shift assay 

of ionomycin-treated cells (Figure 17) showed a competition between labeled CART probe and 

unlabeled AP-1 oligonucleotide indicating the possible role of other transcription factors (e.g. 

AP-1) in the regulation of CART gene expression.
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The fact that other transcription factors can form complex with CRE can explain this 

phenomenon. After cAMP and Ca2+ stimuli, CREB makes different complexes involving several 

transcription factors. The molecular mechanism that accounts for the CRE/API specificities of 

bZIP proteins has been a focus of research since this DNA recognition motif was first identified 

in 1987 (McKnight et al. 1991, Kerppola et al. 1991). The CRE (TGACGTCA) and API 

(TGACTCA) target sites share the same consensus half-site and differ by only a single, central 

G-C base pair. It has been reported that the CRE/AP1 specificity of CREB is controlled by 

charged residues has interesting implications about how transcription factors seek and selectively 

bind to precise sequences within genomic DNA (Montclare et al. 2001) emphasizing the ease 

with which specificity can be altered through the formation of different heterodimers or through 

combinational interactions with cellular factors (McCabe and Burrell 2001).

Recently, in vitro binding studies have indicated that phosphorylation of CREB on Ser 

133 does not alter the affinity of CREB for a palindromic CRE site (TGACGTCA; CART 

promoter has the same palindromic sequence), but it can be crucial at different levels of the 

transcription activation pathway for promoting target gene activation through recruitment of 

the 265-kDa, 2442 amino acid co-activator protein, CREB binding protein (CBP) (Jin et al. 

2001). CBP co-activator is a member of acetyltransferase family (AT) including p300/CBP- 

associated factor (P/CAF), TAFn 250, steroid receptor coactivator-1 (NCo-l/SRC-1), 

p300/CBP-interacting protein (P/CIF), and p i60. These proteins are able to acetylate 

transcription factors (e.g. p53), histone proteins and other nuclear proteins (Perissi et al. 1999).

Based on studies, in accordance with our results, the Ser-133 phosphorylation of 

CREB is both necessary and sufficient for complex formation promoting the interaction 

between KIX domains. This interaction domain of CBP is required for binding to the P-CREB. 

CBP can serve as a molecular bridge that allows CREB to recruit and stabilize the RNA 

polymerase II (Pol II) transcription complex at the TATA box. Some studies have shown that 

the AT containing domain of CBP can only stimulate transcription from certain promoters and 

that the PKA activation of CREB required CBP, P/CAF and P/CIF. The diversity amongst the 

AT domains in different co-activators may account for their observed promoter selectivity 

(Fronsdal et al. 1998; Andrisani 1999; Aratani et al. 2001; Bhattacharjee et al. 2001; Dal
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Peraro et al. 2001; Harton et al. 2001; Jin et al. 2001; McManus and Hendzel 2001; Yuan and 

Gambee 2001).

As mentioned above, CREB forms heterodimers with its family members (ATF1, 

CREM, ICER) (Cruzalegui et al. 1999; Shaywitz and Greenberg 1999; Bailey et al. 2000) and 

seems to make complexes with other factors binding to the CRE site, for example c- Jun and 

NF-kB through CBP (Shenkar et al. 2001). In this regard, our findings postulate a hypothesis 

in which the direct and indirect interaction of different transcription factors, co-activators with 

CREB involving the alternation of AT activity are also involved in the CART promoter 

regulation. Additional mutational analysis and mobility shift assay of the STAT/CRE/AP1 

composite site with different transcription factors including CBP will be important in 

identifying which transcriptional binding sites and factors beside CREB are involved in the 

Ca2+/cAMP responsiveness of CART promoter.

The present results may be of physiological significance since cocaine administration 

increases P-CREB levels in the brain (Blendy et .al. 1998) and increases CART mRNA levels 

in the striatum as well. Since the CART peptide appears to play a role in the action of diverse 

neurotransmitters and has itself multiple functions in the central and peripheral nervous system 

(Table 1), the further investigation of the regulation of the CART gene can elucidate the 

background of its multiple functions. On the other hand, using CART gene promoter studies as 

a model for investigating gene regulation, can provide a new approach helping to understand 

the complex regulation of genes and their expression in central nervous system.
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6. SUMMARY OF NEW FINDINGS

1. Stimulation of the cAMP/PKA signal transduction pathway induces endogenous 

CART gene expression and activation of a 641 promoter fragment of the CART gene.

2. The CRE/AP1 site on the CART promoter binds proteins present in nuclear extracts 

from rat pituitary adenoma cells. CREB and P-CREB are demonstrated to have affinity to the 

CRE/AP1 site on the CART promoter. 3

3. Elevated intracellular Ca2+level induces endogenous CART mRNA expression in 

rat pituitary adenoma cells.
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l  ABBREVIATIONS

VC, adenylate cyclase

VP-1, activator protein 1

VTP, adenosine triphosphate

HaMK, Ca2+ induced calmodulin kinase

;AMP, cyclic adenosine 3’, 5’-monophosphate

HART, cocaine.- and amphetamine-regulated transcript

HBP, CREB binding protein

ERE, cAMP response enhancer element

HREB, CRE binding protein

DMEM, Dulbecco’s modified eagle Medium

EMSA, Electrophoretic mobility shift assay

F-12K Ham's, Kaighn's modification media

GABA, y-amino-butyric acid

GAPDH, glyceraldehyde-3-phosphate dehydrogenase

KJX, kinase interaction domain of CBP

MHC, melanin-concentrating hormone

mRNA, messenger RNA

NFkB, nuclear factor kB

NGF, nerve growth factor

PKA, protein kinase A, cAMP-activated protein kinase
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PKB, protein kinase B

PKC, protein kinase C 

POMC, pro-opiomelanocortin

STAT, signal transducer and activators of transcription 

VTA, ventral tegmental area
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haracterization of the cocaine- and amphetamine-regulated 
anscript (CART) peptide gene promoter and its activation 
y a cyclic AMP-dependent signaling pathway in GH3 cells

sraldina Dominguez,* Anita Lakatost and Michael J. Kuhar*

ivision o f  Neuroscience, Yerkes Research Center, Atlanta, Georgia, USA 

1epartment o f  Biology, University M edical School o f  Pécs, Pécs, Hungary

stract
caine- and amphetamine-regulated transcript (CART) 
Dtides are regulated neuropeptides that play a role in a 
iety of physiological processes. CART mRNA is also highly 
lulated as its levels change in response to psychostimulant 
igs and leptin. To understand the mechanisms involved in 
Mating CART mRNA levels, the mouse CART 5'-flanking 
lulatory region was studied. The sequence of 3.4 kb of the 
use CART 5'-flanking region revealed a proximal promoter 
t contains a cluster of transcription factor binding sites, 
luding an overlapping STAT/CRE/AP1 site. In addition, the 
most 320 bp of the CART promoter shares 83% nucleotide 
ntity between mouse and human. Three luciferase 
iressing constructs containing varying amounts of CART 5' 
dream sequence were generated and tested for promoter

activity. Transient transfection of GH3 cells with constructs 
containing 641 and 3451 bp of upstream sequence displayed 
strong promoter activity, producing 29-fold and 51-fold sti
mulation, respectively, while, a construct containing 102 bp of 
upstream sequence displayed a 5.4-fold increase in activity. 
A construct containing the composite STAT/CRE/AP1 site 
was responsive to cyclic AMP induction by forskolin in GH3 
cells. Forskolin treatment also resulted in a 4.5-fold increase 
in CART mRNA levels after 6 h and the addition of H89, an 
inhibitor of protein kinase A, reduced the levels by 50%. 
These studies indicate that the CART proximal promoter lies 
within the 5'-most 641 bp and that in GH3 cells the CART 
gene is regulated via a cyclic AMP-dependent pathway. 
Keywords: AP1, CART, CRE, cyclic AMP, PKA, promoter.
J. Neurochem. (2002) 80, 885-893.

JIT (cocaine- and amphetamine-regulated transcript) is a 
hly regulated mRNA, and CART peptides are regulatory 
hides that are expressed only in neurons and not other 
Is in the nervous system. CART mRNA expression is 
ulated by psychostimulant drugs (Douglass et al. 1995; 
;ergren and Hurd 1999; Brenz Verca et al. 2001) as well 
by leptin (Kristensen et al. 1998; Wang et al. 1999; 
ima and Hileman 2000; Dhillon et al. 2000) and 
sumably by other stimuli. CART mRNA and its cleaved 
hides are widely distributed in the brain and other 
iocrine tissues, including the pituitary and adrenals 
mglass et al. 1995; Koylu et al. 1997). CART peptides 
thought to have a role in multiple physiological functions, 
luding reward and reinforcement, feeding, stress, auto- 
nic and endocrine control, and sensory processing (Kuhar 
. Dali Vechia 1999; Thim et al. 1999; Kuhar et al. 2000). 
iracterization of the mechanisms involved in CART 
e regulation will aid in understanding CART peptides’ 
aeostasis.

The rat, human, and mouse CART genes have been 
identified and sequenced (Douglass and Daoud 1996; 
Douglass et al. 1995; Adams et al. 1999). The CART gene 
is composed of three exons and two introns, with rat and 
mouse having alternatively spliced variants (Douglass et al. 
1995; Adams et al. 1999). Splicing occurs within exon 2 of 
the long form, which results in a transcript that is missing 39 
nucleotides (termed the short form). Also, in rats, two major 
CART mRNA species have been described which are the 
results of differential usage of polyadenylation sites.
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Our laboratory has started to address the molecular 
mechanisms involved in the regulation of CART mRNA 
expression. The data presented identifies putative cis-regu- 
latory elements, and functionally tests various segments 
containing these cA-regulatory elements for promoter activ
ity. The role of the cyclic AMP signal transduction pathway 
was also examined.

Experimental procedures

T issue culture and stim u lation
Rat pituitary GH3 and rat pheochromocytoma PC 12 cells were 
maintained in Ham’s F-12 media supplemented with 15% horse 
serum and 5% fetal bovine semm (Life Technologies, Rockville, 
M D, U SA). M ouse pituitary AtT20 cells were maintained in 
D ulbecco’s minimal essential media supplemented with 10% horse 
sem m  (Life Technologies). A ll tissue cultures were maintained in a 
humidified incubator at 37°C under 5% C 0 2.

GH3 cells were grown in poly-L-lysine-coated 10 cm cell 
culture plates to 70-80%  confluency. M edia was then changed to 
Ham ’s F-12 supplemented with 0.5% horse sem m  for 16 -24  h. In 
the some experiments, follow ing serum deprivation, new 0.5%  
horse sem m  supplemented media was added containing 30 pM 
V -[2-(p-brom ocinnam ylam ino)ethyl]-5-isoquinolinesu lfonam ide  
(H89) (Sigma, St Louis, MO, U SA ) for 2 h follow ed by addition 
o f  20  ju.vi forskolin (Sigma) to the media for 1, 3, 6, 12, and 24 h. 
Similarly, samples were treated with forskolin in the absence o f  
H89.

R N A  isolation  and northern blot
Total R N A  was isolated from frozen rat cerebellum and hypotha
lamus or GH3 cells. Tissues (50 -1 0 0  mg) were hom ogenized in 
1 mL o f  Trizol Reagent (Life Technologies, Grand Island, NY, 
U SA ) using a power homogenizer. GH3 cells were lysed in 1 mL o f  
Trizol Reagent per 1 cm2 o f  culture dish surface area. Samples were 
incubated in Trizol Reagent and R N A  isolated according to the 
manufacturer’s recommendation.

Total RNA was run on a 1.2% 3-fV-moipholino]propanesulfonic 
acid (MOPS, Sigma)/6% formaldehyde agarose gel. R N A  was 
transferred by capillary action in the presence o f  10 x  saline sodium  
citrate buffer (SSC; 1.5 m NaCl 0.15 m sodium citrate, pH 7.0) and 
fixed by U V  cross-linking. Prehybridization was carried out at 50°C  
in 6 SSC, 5 x  Denhardt’s solution (Sigma), 1% sodium dodecyl 
sulfate (SDS), 20% formamide, 50 pg/mL sonicated salmon sperm 
D N A  (Amersham Pharmacia Biotech Inc., Piscataway, NJ, U SA ) for 
6 h. Hybridization buffer was changed and 2 x  106 cpm o f  a 
32P-labeled cocktail consisting o f  two or three oligonucleotides was 
added and incubated at 50°C for 24 h. Oligonucleotides were 5' end 
labeled using y-32P (6000 Ci/mmol) and polynucleotide kinase 
(Stratagene, La Jolla, CA, U SA). The CART cocktail consisted o f  
three oligos with the follow ing sequences: 5 '-TGAAAACAAG- 
C A C T T C A A G A G G A A A G -3S'-T G C A A C G C T T C G A T C T G C A - 
ACATAG-3', and 5'-CTCATGCGCACTCTCTCCAGCG-3'. The 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) probe was 
made up o f  two oligos having the follow ing sequences: 5'-AGT- 
TGTCATTGAGAGCAATGCCAGC-3' and 5'-AGTAGACTCAC- 
GACATACTCAGCA-3'.

N onspecific hybridization was removed by washing the blots 
with increasing stringency washes (5 x  SSC, 1% SDS up to 2 x  
SSC, 0.1% SD S) at room temperature. Blots were analyzed by 
autoradiography or using a Phospholmager (Storm, Molecular 
Dynamics, Sunnyvale, CA, U SA). Blots were stripped and 
re-probed with the GAPDH probe. CART m RNA level was 
normalized to GAPDH RNA.

Sequencing and analysis o f  the m ouse C A R T  
gene prom oter region
A  previously described m ouse BAC genomic library was screened 
using a rat CART cD N A  probe. One hybridization positive clone 
(approximately 125 kb in length) was identified (Adams et al. 
1999). A  BamEl subclone, Bam5'C (approximately 9.5 kb in 
length), containing the entire CART gene was generated (Fig. 1). 
The CART 5'-flanking region in Bam5'C (BglWSacl segment) 
was sequenced. A ll sequences were determined by cycle-sequen
cing reactions using a dye-labeled chain terminator sequencing 
kit. Cloned fragment termini were sequenced using vector-derived 
primers; custom designed primers were used to walk across the 
region until double-stranded coverage across the region was 
obtained with a four-fold redundancy or greater. The sequence 
has been deposited with GenBank under accession number 
A F148071.

The sequenced region was analyzed for putative transcription 
factor binding sites using the Transcription Factor Database 
(TRANSFAC) and Matlnspector V 2.2 (Wingender et al. 2000). 
The sequence was also analyzed for specific patterns previously  
shown to be involved in restricting gene expression to a particular 
cell type using FindPattems in the W isconsin Package (Genetics 
Computer Group, Madison, WI, USA ).

C loning
Various lengths o f  5' upstream sequences were cloned into the 
promoter-less vector, pGL3-BASIC (Promega, Madison, WI, USA), 
and these clones were tested for promoter activity. Constructs were 
generated by digesting the genomic clone, Bam5'C, with BglU/Ncol, 
or Kpnl/Sacl, or Smal/Ncol. pGL3-BASIC vector was digested and 
dephosphorylated follow ed by ligation to the appropriately digested 
genomic fragment using T4 D N A  Ligase (Promega). Reactions were 
incubated overnight at 4°C and used to transform competent 
Escherichia coli TOP 10 cells (Invitrogen, Carlsbad, CA, USA). 
Representative colonies were picked and plasmid D N A  isolated. 
Constructs were confirmed by dideoxy nucleotide sequencing 
(Emory D N A  Sequencing Core Facility). The three pGL3-luciferase 
expressing constructs made were: -  3451CART-LUC, spanning 
- 3 4 5 1  to +  23; -  641CART-LUC, spanning - 6 4 1  to +  30; and 
-  102CART-LUC, spanning -  102 to +  23 where +  1 is the predicted 
site o f  transcription initiation.

T ransfection  and luciferase assay
GH3, AtT20, and PC12 cells were plated on 35-mm  poly L-lysine- 
coated six-w ell plates at a density o f  1 x  106 cells/w ell in 2 mL of  
fully supplemented media as described. For each transfection, 2 pg 
o f  pSV-P-Galactosidase Vector (Promega), 2 pg o f  one o f  the 
pGL3-luciferase expressing constructs, and 6 pL o f  FuGENE 6 
Transfection Reagent (Roche Diagnostics Corporation, Indianapolis, 
IN, U SA ) were mixed in the appropriate serum free media and
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(a)

B g l II

V

-3451
h

K p n I N co I

H — W —
Sma I Sac I

Í Bam5’C

Sequenced

(b)
-320

Human GAAGGCATTT TCCATTtcct aggcccctcc cgcttcccgT CCCTCACCTc TaGCCCCTCg 
Mouse GAAGGCATTT TCCATT.........................T CCCTCACCTt TtGCCCCTCa

-260
Human GcTTCAGCTC aGGCCCCTcG GGgAGCaTCC CTtGCcGtGa GACtGACAGC cTTTgGGGGC
Mouse GtTTCAGCTC tGGCCCCTaG GGaAGCtTCC CTgGCtGcGg GACgGACAGC gTTTcGGGGC

-200 E-box AP2
Human gCaGGGTCcT GTTcTCTGCG CTCTAGCCCA TCTGTGCGCA GAGCCTCGTT CCCaGGCgCC 
Mouse aCgGGGTCtT GTTtTCTGCG CTCTAGCCCA TCTGTGCGCA GAGCCTCGTT CCCgGGCtCC

-160 SP1 STAT/CRE/AP1 API
Human tGGAaCCCGG CGGGCATTGA CGTCAAqCGc CgGCGGAGCG CTGCCTACAG ACGGtTGACC
Mouse cGGAgCCCGG CGGGCATTGA CGTCAAaCGa CaGCGGAGCG CTGCCTACAG ACGGcTGACC

-100 SP1
Human CGGGCcCTCC TCCACACCCC CtTCCTTCTT CgCCtCCTCC CTCTTtCCtG CACggGggcT
Mouse CGGGCtCTCC TCCACACCCC CgTCCTTCTT CtCCcCCTCC CTCTTcCCgG CACccGattT

-40 TATA-box +1 22
Human CgggCtcaCI ATAAaAgGtg GGAGcGCGtg GTGCCCcAGC AaCGAcGAGt TtCAGAACgATG
Mouse C.aaCcggCI ATAAqAaGcc GGAGaGCGca GTGCCCgAGC AgCGAgGAGg TcCAGAACcATG

Fig. 1 Structure of the mouse CART gene and sequence of the 
proximal promoter region, (a) A diagram of the region in Bam 5'C (see 
Experimental procedures) that was sequenced. The genomic structure 
of the CART gene as found in the clone is shown. The three exons and 
two introns of the CART gene are indicated. Exons are drawn as clear 
numbered boxes and the length of the introns is given. The cluster of 
transcription factor binding sites is shown and each is represented by

a unique symbol. The diagram is not drawn to scale. The location 
of each transcription binding site relative to the site of transcription 
initiation (+ 1) is given in parenthesis, (b) Sequence alignment between 
the human and mouse proximal promoter region. Differences between 
human and mouse are in lower case. The transcription binding sites 
are underlined. The predicted site of transcription initiation is indicated 
as + 1 and the initiating ATG is given. See text for additional details.

incubated at 25°C  for 45 min as described by the manufacturer. 
One hundred microliters o f  the com plexed DNA/FuGENE 6 mixture 
was added to each w ell and incubated for 18 h at 37 °C under 5% 
CO2. In som e cases, media was replaced with 2 mL o f  supplemented 
media containing 25 pM forskolin and incubated for additional

amounts o f  time. Cells were lysed and luciferase expression 
measured using the Luciferase A ssay System  as recommended by 
the vendor (Promega).

Luciferase activity quantified using a luminometer (Turner Designs 
M odel TD -20/20 luminometer, Sunnyvale, CA). (LGalactosidase
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activity was measured using the (3-Galactosidase Enzyme A ssay  
System (Promega) and the absorbance read at 420 nm. Protein 
concentration was determined using the Bradford method (Bio-Rad  
Protein Assay, Bio-Rad, Hercules, CA, U SA ). In all experiments, 
luciferase expression was normalized to (3-galactosidase activity 
using equal protein concentration.

Measurements were carried out on three or more independent 
transfected cultures that were done in duplicate. A ll results were 
expressed as mean ±  SEM. Statistical significance was determined 
using one-way anova follow ed by a Tukey test or a Student’s /-test 
(SigmaStat 2.0, Jandel Corporation).

R esults

CART’s proximal promoter region contains transcription 
factor binding sites that are conserved between mice and 
humans. Analysis of the mouse CART gene 5' upstream 
sequence identified a region containing a cluster of tran
scription factor binding sites, including a canonical cyclic 
AMP response element (CRE), two API and SP1 sites, and 
several AP2 sites, along with a TATA-like sequence and an 
E-box (Fig. 1). There is also a STAT-response element, 
TT (N)gAA, in an overlapping STAT/CRE/AP1 site. Further 
upstream there is a putative binding site for the pituitary- 
specific transcription factor Pit-1, AWWTATNCAT, where W 
is either an A or a T (Fig. la).

The CART gene upstream sequence was further analyzed 
using a neural network promoter-predicting algorithm 
(Ohler et al. 1999) in order to predict transcription initiation 
sites for the mouse CART gene. Transcription initiation for 
the mouse CART gene was predicted at the A located 19 
nucleotides upstream of the initiating AUG codon (Fig. lb). 
This is in agreement with the previously published rat and 
human 5' ends (Douglass et al. 1995; Douglass and Daoud 
1996).

The CART peptide coding sequence is highly conserved 
between rodents and man, with greater than 90% nucleotide 
identity (Douglass and Daoud 1996). To determine if the 
5'-flanking region of the mouse CART gene was similarly 
conserved across species, the human CART 5'-flanking 
sequence was identified in the databases. A contig (Acces
sion Number NT019389) located on human chromosome 5 
and spanning 877,249 bp was found. It contained the 
CART gene plus 5' upstream sequence. A pairwise 
comparison between the mouse and human sequences was 
performed using GAP (GCG W isconsin Package; Accetys 
Inc., San Diego, CA, USA) with a gap weight of 50 and 
length weight of 3. Figure 1(b) is an alignment of the 
mouse proximal promoter region with the corresponding 
human region. The comparison identified a 320-bp region 
immediately upstream from the CART coding sequence that 
shares 83.4% nucleotide identity. The region contains the 
binding sites for the clustered set of transcription factors, 
including the overlapping CRE/AP1/STAT site.

Functional studies
To assess the importance of the regulatory elements within 
the CART upstream sequence, the activity of various 
5'-proximal regions of the CART gene were tested for their 
ability to drive gene expression when cloned upstream of the 
luciferase gene. Three luciferase expressing constructs were 
made and tested; -  3451CART-LUC, -  641CART-LUC, and 
-  102CART-LUC that contain 3451, 641, and 102 bp of 
mouse CART 5' upstream sequence (+ 1 is the predicted site 
of transcription initiation), respectively (Fig. 2). We chose 
GH3 cells as our in vitro system because CART mRNA is 
expressed in the pituitary (Couceyro et al. 1997) and these 
cells had previously been shown to express high levels of 
CART mRNA (Barrett et al. 2001). GH3 cells were 
cotransfected with pSV-(3-galactosidase (which serves as an 
internal control for normalization of transfection efficiency)

-3451 t
Luc

------------------- -3451 CART-LUC
-6411------------I^ ^ H -6 4 1  CART-LUC

Fig. 2 Luciferase (LUC) expression of constructs carrying varying 
lengths of the CART promoter. The constructs were cloned into 
pGL3-BASIC vector which lacks a promoter, and the luciferase- 
expressing clones were transiently cotransfected with p-galactosidase 
vector, which serves as an internal control for normalization of trans
fection efficiency, into GH3 cells. Boundaries for the CART-LUC 
constructs are: -3451 CART-LUC, -3451 to + 23; -641 CART-LUC, 
-  641 to + 30; -  102CART-LUC, -  102 to + 23 where + 1 is the site of 
transcription initiation (see Fig. 1b). pGL3-CONTROL contains the 
SV40 promoter to drive LUC expression and serves as a positive 
control. Each value is expressed as the folds increase relative to that 
found with pGL3-BASIC. Values are mean ± SEM from at least three 
independent experiments each done in duplicate. Statistical signifi
cance (*) was assessed using one-way a n o va  followed by a Tukey 
test. The differences in the values among the different constructs are 
greater than would be expected by chance (p =  < 0.001).
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and one of the CART containing constructs, -3451CART- 
LUC, -641CART-LUC, and -102CART-LUC. Luciferase 
activity of each construct was compared to that produced by 
pGL3-BASIC, the parent vector that lacks a promoter 
(background activity).

pGL3-CONTROL, which has a SV40 promoter to drive 
luciferase expression, was used as a positive control since it 
exhibits strong promoter activity in a variety of mammalian 
cells. In GH3 cells, pGL3-CONTROL had a six-fold increase 
in luciferase activity above pGL3-BASIC. This is similar to 
the 5.4-fold activation by -102CART-LUC, indicating that 
this segment of upstream sequence can function as a 
promoter and drive luciferase expression. However, con
structs containing larger upstream segments produced much 
greater activity. -641CART-LUC produced a 29-fold acti
vation and -3451CART-LUC had a 51-fold activation. The 
-102CART-LUC construct does not contain the E-box, AP2, 
SP1, or STAT/CRE/AP1 sites highlighted in Fig. 1(b) but 
it does contain the TATA-like box and an SP1 site. The 
-641CART-LUC construct contains the STAT/CRE/AP1 
composite site, and -3451CART-LUC also contains a 
putative Pit-1 binding site. Pit-1 is a transcription factor 
belonging to the POU domain proteins that is expressed 
exclusively in the central nervous system and in the pituitary 
(reviewed by McEvilly and Rosenfeld 1999).

Cyclic AMP-dependent activation of the CART gene 
in GH3 cells
Because these promoter studies were carried out in GH3 
cells, it is important to show that these cells normally express 
CART mRNA. Barrett et al. (2001) have shown that CART 
mRNA levels were up-regulated by activators of cyclic AMP, 
including forskolin, dibutryl-cyclic AMP, and PACAP-38 in 
these cells. To confirm and extend their results, a time course 
of forskolin induced activation of CART mRNA was 
performed. Forskolin is an activator of adenylate cyclase, 
which is the enzyme that converts adenosine triphosphate to 
cyclic adenosine monophosphate. GH3 cells were treated 
with 20 pM forskolin for 0, 1,3, 6, 12, and 24 h as described 
in Experimental procedures and 40 pg of total RNA was 
analyzed by northern blot analysis (Fig. 3). Continuous 
exposure to forskolin increased CART mRNA levels com
pared to 0 h of exposure. The involvement of protein 
kinase A (PKA) was also tested (Fig. 3). In the same 
experiment, some GH3 cells were treated with 30 pM H89, 
an inhibitor of PKA, for 2 h prior to and during forskolin 
treatment. Pretreatment of PC 12 cells with the same 
concentration of H89 results in a significant reduction of 
forskolin-induced protein phosphorylation (Chijiwa et al. 
1990). The time course showed that the maximal increase 
in CART mRNA levels occurred after 6 h of forskolin 
treatment. Because it is well established that forskolin 
increases cFos mRNA (reviewed by Herdegen and Leah 
1998), the effect of forskolin on cFos expression in GH3

(a)

Forskolin . + + + + + + + + + +

H89 . +  .  + . +

Fig. 3 Changes in CART mRNA levels in response to forskolin (F) 
and H89 treatments, (a) Northern biot analysis of CART mRNA levels 
in brain regions and GH3 cells treated with forskolin (F) alone or F plus 
H89 as described in Experimental procedures. The 0 h time point 
shows CART mRNA in the absence of any treatment. Total RNA 
(40 pg) was transferred by capillary action and probed with a CART 
oligonucleotide cocktail. Brain regions analyzed: CE, cerebellum as a 
negative control (20 pg); and HY, hypothalamus as a positive control 
(20 pg). (b) CART mRNA levels were quantified and normalized to 
GAPDH levels. RNA fold increase was determined by setting the 0 h 
time point to 1 and comparing the other time points to the 0 h time 
point. Data is from a single experiment but is representative of data 
from three independent experiments.

cells under the same experimental conditions was tested; 
maximal expression was seen after 30 min, after which time 
levels decreased (data not shown). Treatment with H89 prior 
to and during forskolin treatment reduced the CART mRNA 
levels by approximately two-fold.

To determine which cA-elements present in the CART 
promoter were responsible for the responsiveness to cyclic 
AMP induction by forskolin, two luciferase expressing 
constructs, -641CART-LUC which contains the clustered 
transcription factor binding sites including the overlapping 
STAT/CRE/AP1 site, and -  102CART-LUC which lacks the 
STAT/CRE/AP1 site were tested. The -641CART-LUC and 
-  102CART-LUC constructs were transfected into GH3 cells 
and 18 h after transfection, media was changed and cells were 
treated with 25 pvt forskolin for 7 h. As illustrated in Fig. 4, a 
two-fold increase in luciferase activity after forskolin treat
ment was produced with -641CART-LUC, while no statis
tically significant increase in luciferase activity was observed 
with -102CART-LUC and pGL3-CONTROL. This suggests 
that the region between -102 and -641 contains cA-elements 
that are responsive to changes in cyclic AMP levels.

A comparison of luciferase activity between -641CART- 
LUC and pGL3-CONTROL after forskolin treatment showed

© 2002 International Society for Neurochemistry, Journal o f Neurochemistry, 80, 885—893



890 G. Dominguez et al.

Cyclic AMP responsiveness of -641CART-LUC in cells 
of different origins. Promoter activity of -  641CART-LUC in 
AtT20 and PC 12 cells was examined. AtT20 and PC 12 cells 
were transfected as described in Experimental procedures.

-641CART-LUC was more active in PC 12 cells than in 
AtT20 cells (Fig. 6) however, promoter activity was highest 
in GH3 cells (29-fold above background, Fig. 2). Forskolin 
treatment of AtT20 and PC 12 cells did not have a significant 
effect on luciferase expression. In addition, in AtT20 cells, 
increasing the amount of 5' upstream sequence by using 
-  3451CART-LUC did not significantly affect the lucif
erase expression level in the presence or absence of forskolin 
treatment, which is contrary to what we observed in GH3 
cells (data not shown). CART mRNA is expressed at 
much lower levels in AtT20 cells than in GH3 cells 
(Dominguez G., unpublished result and Barrett et al. 2001).

Fig. 4 Cyclic AMP responsiveness of -102CART-LUC and -641 
CART-LUC in GH3 cells. GH3 cells were transiently transfected with 
each construct as described in Experimental procedures and luci
ferase activity assayed 7 h after forskolin (F) treatment. Samples are 
compared to the corresponding nontreated control. Each value is 
expressed as the folds increase relative to pGL3-BASIC. Values are 
mean ± SEM from at least three independent experiments each done 
in duplicate. Statistical significance (*) was assessed using a student 
f-test. The difference between the values of -641 CART-LUC and 
-641 CART-LUC + F is significant (p =  0.037).

that -641 CART-LUC exhibits a continuous increase in 
expression beginning at 1 h and continuing through 48 h 
(Fig. 5). In comparison, pGL3-CONTROL exhibited greatest 
luciferase activity after 7 h of forskolin treatment, with a 
three-fold decrease after 24 h.

D iscussion

CART mRNA levels change in response to various stimuli 
including fasting, leptin, and psychostimulant drugs 
(Douglass et al. 1995; Kristensen et al. 1998; Fagergren 
and Hurd 1999; Hurd et al. 1999; Wang et al. 1999; Ahima 
et al. 2000; Dhillon et al. 2000), but the transcription factors 
involved in CART mRNA regulation have not been studied. 
The aim of this work was to characterize the CART promoter 
by identifying putative transcription factor binding sites and 
to test segments containing these elements for functional 
promoter activity.

Sequence analysis of a 3.4-kb mouse genomic DNA 
identified a 320-bp region, located immediately upstream 
from the transcriptional start site, that is highly conserved

*

0 h F 1 h F 7 h F 24 h F 4 8 h F

Fig. 5 Time course of forskolin (F) effect on 
-641 CART-LUC in GH3 cells. Cells were 
treated with forskolin (25 (im ) for 1, 7, 24, 
and 48 h. Each value is expressed as the 
folds increase relative to pGL3-BASIC. 
Values for pGL3-CONTROL are included 
for comparison. Values are mean ± SEM 
from at least three independent experi
ments each done in duplicate. Statistical 
significance (*) was assessed using one
way a n o va  followed by a Tukey test. The 
differences between the values of 
-641 CART-LUC at 48 h F and the other 
time points are greater than would 
be expected by chance (p =  < 0.001). 
‘ ‘ Indicates that the increase in the values of 
pGL3-CONTROL at 1 h and 7 h are sig
nificantly different than the 0 h time point 
(p =  < 0.05).
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AtT20 Cells PC12 Cells

Fig. 6 Comparison of the activity of -641CART-LUC in AtT20 and 
PC12 cells in the presence and absence of forskolin (F). AtT20 and 
PC12 cells were transiently transfected with -641CART-LUC as pre
viously described. Luciferase activity is expressed as the folds 
increase relative to pGL3-BASIC.

between the mouse and human CART gene (Fig. lb). The 
region contains several transcription factor binding sites and 
thus suggests that the mouse and human CART gene could 
be transcriptionally regulated by the same transcription 
factors. For example, the overlapping STAT/CRE/AP1 site 
located 148 nucleotide upstream from the predicted site of 
transcription initiation is completely conserved between 
mouse and human. Additionally, the conservation of these 
binding sites suggests that these transcription factors have an 
important role in the regulation of the CART gene.

Transcriptional activation of cellular genes by a cyclic 
AMP-responsive element (CRE)-binding protein (CREB)- 
mediated response usually peaks after 30 min of stimulation 
and decreases after 2-4 h (reviewed by Mayr and Montminy 
2001), the continuous increase that we observed in GH3 cells 
(Fig. 5) suggests that the cyclic AMP responsiveness of the 
CART promoter may not be due only to CREB-mediated 
activation but to activation by other transcription factors. 
Theoretically, the STAT/CRE/AP1 element could allow 
complex transcriptional regulation via CREB and cJun 
proteins as well as by signal transducer and activator of 
transcription (STAT) proteins (Shaywitz and Greenberg 
1999). Composite CRE/AP1 sites have been found in a 
number of genes involved in neurotransmitter synthesis, 
including dopamine j3-hydroxylase (Shaskus e t al. 1992), 
prodynorphin (Messersmith e t al. 1996), proenkephalin 
(Comb et al. 1986), and cholecystokinin (Flansen et al. 
1999). For example, the inflammation-induced model pro
posed by Messersmith e t al. (1998) for prodynorphin gene 
transcription describes the interaction between Fos/Fra, 
phosphorylated-CREB, and phosphorylated-cJun at the

composite DYNCRE3 site. Mutational analysis of the 
STAT/CRE/AP1 composite site will be very important in 
identifying which transcription factors are involved in the 
cyclic AMP responsiveness of the CART promoter.

The presence of a STAT-binding motif suggests that the 
CART gene could be regulated directly via cytokine 
signaling. This could be a mechanism by which leptin 
stimulates CART mRNA transcription, since the leptin 
receptor signals through the Janus kinases (JAKs)/STAT 
pathway (reviewed by Good 2000). The presence of the SP1 
adjacent to the STAT-response element (Fig. lb) in the 
CART gene promoter sequence adds additional support for 
this, since SP1 has been shown to play a role in mediating the 
STAT response (Look e t al. 1995). Interestingly, a model of 
leptin action in a thyrotropin-releasing hormone (TRH) 
neuron includes direct regulation of the TRJT promoter by 
leptin via the phosphorylation of STAT3 (Harris e t al. 2001). 
Recently, Elias e t al. (2001) showed that leptin directly acts 
on hypothalamic CART neurons that coexpress TRH mRNA.

The Pit-1 binding site at position -818 (Fig. la) in the 
mouse CART promoter suggests the involvement of Pit-1 in 
cell-type specific transcriptional activation of the CART 
gene. Pit-1 is a POU-homeobox transcription factor that is 
responsible for either the commitment or maintenance of 
somatotroph, lactotroph, and thyrotroph cell lineages (Lin 
e t al. 1994; Rhodes e t al. 1996; Andersen e t al. 1997). This 
transcription factor has been shown to be required for the 
tissue specific expression of several genes including growth 
hormone, prolactin, and thyrotropin (Haugen e t al. 1996; 
Karin e t al. 1990; Voss and Rosenfeld 1992). The Pit-1 
protein has also been shown to participate in synergistic 
interactions with other transcription factors, including cJun 
(Farrow e t al. 1996), thyroid hormone receptor (Chang e t al. 
1996), and estrogen receptor (Ying and Lin 2000). The 
1.8-fold increase in luciferase activity exhibited by 
-  3451CART-LUC as compared with -641CART-LUC in 
GH3 cells (Fig. 2) suggests that Pit-1 may play a role in 
CART gene expression. In AtT20 cells, -  3451CART-LUC 
resulted in no significant increase in luciferase activity in the 
presence or absence of forskolin (data not shown). In AtT20 
cells, prolactin mRNA is not induced by the Pit-1 pathway 
(Girardin e t al. 1998). Additionally, the luciferase activity 
of -641CART-LUC in GH3 cells (somatomammotroph 
phenotype) is higher than in AtT20 cells (corticotroph 
phenotype) thus suggesting that -641CART-LUC contains 
cA-elements that enhance expression in GH 3 cells.

The data obtained from these studies provide a basis for 
future studies on the mechanisms regulating the CART gene. 
The data presented (Figs 3 and 4) also confirm that the 
CART gene can be positively regulated via a cyclic AMP- 
dependent pathway. Further studies aimed at identifying 
which transcription factors and pathways are involved in 
regulating the CART gene may identify common signal 
transduction pathways that are shared by neuropeptide genes
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such as proopiomelanocortin (POMC) and melanin-concen
trating hormone (MCH). In the arcuate nucleus CART, 
POMC, and MCH are coexpressed, affect feeding (Elias 
et al. 1998; Broberger 1999; Vrang et al. 1999) and may also 
be transcriptionally regulated in a similar manner.
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Abstract ,

It has been shown previously that: CART (cocaine- and amphetamine-regulated transcript) mRNA is tightly regulated in brain; protein 
kinase A (PKA) is involved in CART expression in GH3 cells; and a cyclic AMP-responsive element (CRE) site is present in the 
proximal promoter region of the CART gene. Thus, the goal of this study was to test if CRE binding protein (CREB) can bind to the 
consensus CRE site and if phosphorylation of CREB occurs in GH3 cells under conditions of enhanced CART gene expression. 
Electromobility shift assays showed that a 27-bp oligonucleotide containing the CART CRE site was indeed bound by nuclear factors. 
Western blotting showed that incubation of GH3 cells with forskolin, which enhances CART mRNA expression, caused an increase in 
phosphorylated CREB (P-CREB) levels. Supershift analyses indicated that the CART CRE oligo/protein complex interacted with a 
P-CREB antibody. Taken together, these data indicate that P-CREB is a likely regulator of CART expression in GH3 cells. © 2002 
Elsevier Science B.V. All rights reserved.

Theme: Neurotransmitters, modulators, transporters, and receptors

Topic: Signal transduction: gene expression

Keywords: CART; Promoter; CRE; CREB; EMSA; Cocaine

1. Introduction

CART peptide is a regulated peptide neurotransmitter 
involved in reward and reinforcement, feeding and other 
physiologic processes [15,17,18,23]. CART mRNA is 
reported to be regulated by psychostimulant drugs [4,8,9], 
leptin [1,6,16,25] and other factors. Accordingly, regula
tion of CART gene expression has been of interest. The 
promoter region of the gene has been sequenced, binding 
sites for transcription factors have been identified [7] and 
protein kinase A (PKA) has been shown to regulate CART 
mRNA expression in GH3 cells [3,7], As a result of these 
prior findings, GH3 cells were chosen as our in vitro 
system to study CART transcriptional regulation. Because

*Corresponding authors. Tel.: +1-404-727-1737; fax: +  1-404-727- 
3278.

E-mail addresses: gdoming@rmy.emory.edu (G. Dominguez),
mkuhar@rmy.emory.edu (M.J. Kuhar).

PKA is known to activate CREB, and because of the 
presence of a CRE site in the proximal promoter region 
[7], the goal of this study was to test if CREB binds to the 
CART promoter CRE site, and if phosphorylation of 
CREB occurs under the conditions of enhanced CART 
mRNA expression in GH3 cells.

2. Methods

2.1. Cell culture and treatment

GH3 cells, a rat pituitary adenoma cell line (ATCC, 
Manassas, VA) were maintained in F-12K Elam’s (Kaighn’s 
modification, ATCC) media supplemented with 12% horse 
and 2.5% fetal bovine sera (Gibco, Grand Island, NY). 
Approximately, 5X 106 cells were seeded to a poly-Lysine 
coated 10-mm dish. After fasting the cells in F-12K Ham’s 
media supplemented with 0.5% horse serum for 16-24 h,

0169-328X /02/$  -  see front matter © 2002 Elsevier Science B.V. All rights reserved. 
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Is were treated with 20 |xM forskolin (Sigma, St 
MO) for 0, 0.5, 1, 3, and 6 h.

Testern blot analysis

Dwing completion of the forskolin treatment, total 
. was extracted in 100 pi of lysis buffer containing 
iton X-100, 50 mM Tris-H C l (pH 7.5), 300 mM 

5 mM EDTA, 0.02% sodium azide, 2 nM 
methlysulfonyl fluoride (PMSF), 0.2 mM sodium 
rnadate, and 5 nM okadaic acid. Equal amounts of 
mple buffer (12.5 mM Tris-H C l (pH 7.2), 5% 
)1, 0.4% SDS, 0.2 M 2-mercaptoethanol, 0.5 mg 
phenol blue) were added to 25 fxg of protein lysate, 
was then boiled for 5 min and loaded onto a 10% 

pre-cast SD S-T ris-G ly  cine gel (Invitrogen, 
ad, CA). The gel was run at 120 V for 2 h and then 
eally transferred overnight (50 V at 4 °C) onto 
)ilon-P membrane (Millipore, Bedford, MA) using a 
r buffer consisting of 1% SDS-1 X  Tris-Glycine. 
ot was incubated in blocking buffer (5% milk, 0.1% 
Tween-20 in PBS, PBS-T) for 1 h. After the initial 
ig step, the blot was incubated in blocking buffer 
antained anti-CREB antibody at a 1:500 dilution 
Cruz Biotechnology, Santa Cruz, CA) for 1 h at 

temperature. After incubating with the primary 
iy the blot was washed at room temperature three 
(5 min per wash) with PBS-T (pH 7.6) and then 
ted with a horseradish peroxidase (HRP)-conjugated 
lary antibody, anti-rabbit IgG, at a 1:2000 dilution 
Cruz Biotechnology) in blocking buffer.

3B binding was detected using a chemiluminescent 
on kit (ECL+Plus, Amersham Pharmacia Biotech, 
lghamshire, UK) as recommended by the manufac- 
The same blot was washed with 0.2 M NaOH to 
e previous protein complexes and re-incubated over- 
at 4 °C with anti-phosphorylated-CREB antibody 
EB) (Cell Signaling, Beverly, MA) in blocking 
. The blot was washed as described above and 
ited with an HRP-conjugated secondary antibody, 
nti-mouse IgG, at a 1:2000 dilution for 1 h at room 
rature and developed using a chemiluminescent 
ion kit as described above.

2.3. Electrophoretic mobility shift assay (EMSA)

D N A-protein interactions were studied by EMSA. 
Nuclear protein extracts were prepared from forskolin- 
treated GH3 cells as described by Szeberenyi [22] with the 
following modifications. These included the addition of 
phosphatase inhibitors okadaic acid (5 nM) and sodium 
orthovanadate (0.2 mM), as well as protease inhibitors 
PMSF (2 mM), leupeptin (2 |xg/ml), pepstatin A (1 
|jig/ml), and aprotinin (0.1 |xg/ml) (Sigma, St Louis, 
MO). Total nuclear protein (15 pg) was incubated with 2 
ng of 32P-5' end-labeled oligonucleotide, containing the 
CART CRE site (Fig. 1), in binding buffer composed of 10 
mM Tris-H Cl (pH 7.5), 50 mM NaCl, 1 mM EDTA, 5% 
glycerol, and 0.05 fxg/fxl Poly[d(I-C)] (Roche, In
dianapolis, IN). Total nuclear protein extract and labeled 
oligonucleotide (approximately 1X105 cpm) were incu
bated for 10 min at room temperature. In some cases, a 
20- or 100-fold molar excess of a specific competitor 
(non-labeled CART oligonucleotide), or 100-fold molar 
excess of a non-specific competitor OCT.1, 
5 'TGTTGAGGGGACTTTCCCAGGC (Promega,
Madison, WI) was added to the mixture, to assess the 
specificity of the D NA-protein binding complex, prior to 
the addition of the labeled oligonucleotide. After a 10-min 
incubation with unlabeled oligonucleotide, the 32P-labeled 
CART oligonucleotide was added and incubation was 
continued for 20 min.

For the supershift assay, 2 pg  of CREB antibody (Santa 
Cruz Biotechnology) was incubated with the nuclear 
extract and the 32P-labeled CART oligonucleotide for 45 
min omitting the previously described 10-min incubation. 
Supershift analysis was also done using 4 |xg of P-CREB 
antibody (Santa Cruz Biotechnology). P-CREB antibody 
was incubated with the nuclear protein extract in binding 
buffer for 30 min at room temperature, followed by 
addition of the 32P-labeled CART oligonucleotide and 
incubated for another 45 min. The DNA-protein complex
es were separated by electrophoresis on a 6% non-denatur
ing (80:1) polyacrylamide gel (IX  TBE, 2.5% glycerin). 
Gels were run (120 V) in the presence of 0.5 X  TBE buffer 
for 1.5 h at 4 °C. Dried gels were exposed to Kodak 
BioMax MR film (Eastman Kodak Company, Rochester,

-260

CART oligo

SPl
E-box AP2 STAT/CRE/AP1 API SPl TATA

-153 -127
5'cggcgggcatTGACGTCAaacggcagc 
3'gccgcccgtaACTGCAGTttgccgtcg

CRE

+i

Proximal CART promoter region showing transcription factor binding sites, and sequence of the CART CRE oligonucleotide used in EMSA and 
ift assays. The CRE oligonucleotide is —153 to —127 according to Dominguez et al. [7].
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NY) or exposed for 24 h and analyzed using a Phospholm- 
ager (Molecular Dynamics, Sunnyvale, CA).

3. Results

A 27-bp double-stranded oligonucleotide containing the 
CRE site, corresponding to nucleotides -1 5 3  to —127 of 
the CART promoter [7], was synthesized and the 5' end 
labeled with 32P (Fig. 1). In order to test if this CRE site 
bound protein factors from GH3 cells, nuclear extracts 
from cells treated with 20 pM  forskolin for varying 
amounts of time were tested in electromobility shift assays. 
Treatment with forskolin under these conditions has been 
shown to enhance CART gene expression [7]. The 32P- 
labeled CART promoter oligonucleotide clearly bound to 
nuclear factors in the gels, resulting in the detection of a 
shifted DNA/protein complex (Fig. 2). The binding in
creased with forskolin treatment time, and addition of 
excess unlabeled CART oligonucleotide resulted in a 
reduction of the binding of the radiolabeled CART oligo
nucleotide. These experiments indicate that the GH3 cells, 
in response to forskolin treatment, produced increased 
binding to the CART promoter oligonucleotide.

Western blotting studies were carried out to test if 
treatment with forskolin under the same conditions pro
duced changes in CREB and/or P-CREB levels. A promi
nent 43-kDa band was detected using the CREB and 
P-CREB antibodies. Even though the antibodies can detect 
CREB, CREM, and ATE-1, the molecular weight of the 
major species detected corresponds to that of CREB and 
not to CREM or ATF-1. It was found that only P-CREB

0 0.5 1 3 6 h MpM¥

P-CREB m m

c&m

Fig. 3. Western blot analysis of CREB and phosphorylated CREB (P- 
CREB) in GH3 cells at various times after treatment with forskolin (F). 
The prominent 43-kDa CREB band is shown. See text for details.

levels increased significantly with duration of treatment 
with forskolin, whereas CREB levels remained unchanged 
(Fig. 3). P-CREB levels were increasing at all times, 
including up to 6 h, similar to the binding factor observed 
in Fig. 2. These results suggested that the nuclear protein 
binding to the CART promoter oligonucleotide could be 
P-CREB.

Accordingly, using supershift assays, we tested if the 
protein binding to the CART promoter CRE site would 
interact with CREB and P-CREB antibodies. Indeed, it was 
found that CREB and P-CREB antibodies supershifted the 
CART oligo/protein complex (Fig. 4). In addition, molar 
excess of unlabeled cold CART oligonucleotide competed 
for binding with the radiolabeled CART oligonucleotide, 
whereas an unrelated oligonucleotide (OCT1) did not, 
indicating specificity in the CART oligo/protein complex. 
The CART oligo/CREB/antibody complex was found in 
both untreated cells and in cells treated for 3 h with 20 pM

Nttefetr extract 

20X cold CART oligo

Fig. 2. Binding activity in nuclear extracts o f GH3 cells of a CART CRE oligonucleotide by EMSA. Autoradiogram shows the effect of incubation with 
forskolin (F) for various times on CART oligonucleotide binding to nuclear extracts. Composition of each reaction is given at the top. An arrowhead 
indicates CART oligo/protein complex. See text for detail.


