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AB8TRACT

Glucocorticoids and somatoslatin bath influence a broad specuum of biological

activities and their actions are cooperative in growth control, [Jancreatic is1ct fuaction, immune

suppression, and stress response, e.g. il! vivo studies indicate that glUCOC0l1icoids ll1ay act

through somatostatin to suppress growth, growth honnone secretion and inflanunation. Recent

studies have suggested that glucocol1icoids influence somatostatin production but the precise

nature of this effect has re1l1ained unclear. In this thesis, 1 eharaeterized the actions of

glucocorticoids on somatostatin gene expression and their molecular mechanis1l1s of action in

three consecutive studies. (1) 1started wilh an invesligation of the ill vivo and ill vitro em~cts

of glucocorticoids and found lhat dexamethasone exel1s signilïcant effects on s01l1alostalin

peptide and steady slate 1l1RNA levels in nonnal somatostalin-producîng tissuc.~ in rats, in

cultured cerebral cul1ex, pancreatic islet and islet somalOstatin01l1a (1027B,) cells.

Glucocol1icoids sti1l1ulate s01l1atostatin production in peripheral tissues (stomach, pancreas,

and jejunum) and suppress its biosynthesis in cerebral COltcx and hypothalamos.

Glucocorticoids induce dose-dependent biphasic effects on steady state S01l1utostalin-mRNA

levels in normal rat islel and 1027B, cclls, characterized by stimulation at low doses (10.10

M) and marked inhibition at high doses (<: 10,7 M). This suggests a eomplex l\101ccular

mechanisms ofgluCOC0l1icoid action on the somatostatin gene involving 1l1ulti-lcvel rcgulation.

(2) 1 further discovered that glucocorticoids stimulate somatostatin gene transcription in

PCl2 (pheochromocytoma) cells transfected with somatoslatin promoter-CAT

(chloramphenicol acetyl transferase) ~porter gene. Dexamethasone induccs a dose-dependent

2.2 fold stimulation of somatostatin-CAT expression in PCl2 ecUs and exel1s an addilive



•
effect on cAMP-induced gene transcription. The dexamethasone effect is abolished in A126­

IB2 (protein kinase A-delïcicnt mutant PCI2) cells and with CRE (cAMP response element)

mutant construct in PCI2 cells, suggesting that glucocorticoid-induced transactivation is

dependent on protein kinase A activity, and may be mediated via protein-protein interaction

between the glucocorticoid receptor and the CRE binding protein (CREB). Promoter deletions

and gel mobility shifl assay indkated that DNA sequences upstream from the CRE between ­

250 and -71 bp in the somatostatin promoter arc the target of glucocorticoid action. (3)

Finally, 1 investigated the molecular mechanism underlying glucocorticoid-induced

suppression of somatostatin-mRNA levels in thyroid medullary carcinoma (TT) ceUs.

Dexamethasone (~ 10"" M) produced a dose-dependent reduction of both somatostatin

secretion and somatostatin-mRNA levels after a lag period of 12-24 h. To exc1ude a

transcriptional effect, 1 found that dexamethasone did not inhibit somatostatin-CAT activity

and failed to influence the rate of somatostatin gene transcIiption detertnined by nuc1ear run

on assay. Both actinomycin 0 (inhibitor of mRNA synthesis) and cycloheximide (inhibitor

of protein synthesis) effectively blocked glucocorticoid effect on somatostatin-mRNA

accumulation. The results suggest that glucocol1icoid inhibition of somatostatin-mRNA le\~l

in TT ceUs is not mediated through direct transcriptional control of the gene. Il requires

transcription of another g~ne(s) whose product(s) accelerates somatostatin-mRNA

degradation. Therefore, at low doses and in peripheral tissnes. glucocorticoids activate

somatostatin gene transcription via positive interaction with CREB. At high doses,

giucocorticoids decrease somatostatin-mRNA levels through accelerated mRNA degradation,

in bolh brain and peripheral tissues as weU as in thyroid carcinoma TT ceUs.
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RÉSUMÉ

Glucocorticoïdes et la somatostatine influencent un large spectre de processus bio­

logiques et ils oopèrent à la croissance, au fonctionnement des îlots de Langerhans, à

l'immunosuppression et aux réponses au stress. Par exemple, des études in vitro suggèrent

que les glucocorticoïdes puissent agir via la somatostatine en supprimant la croissance et

l'inflammation. Les études récentes suggèrent que les glucocorticoïdes induisent la produc­

tion de la somatostatine, mais la nature de cet effet n'est pas connue. Dans ce mémoire, j'ai

étudié l'influence des glucocorticoïdes sur l'expression de gène de la somatostati~e et le

mécanisme moléculaire de ce processus. Cette étude comporte trois vol(:ts consécutifs. J'ai

commencé avec l'examen des effets des glucocorticoïdes dans les conditions in vitro et in

vivo. J'ai trouvé que le dexamethasone a un effet important sur les niveaux de la somato­

statine et de son mRNA dans les tissus qui produisent de la somatostatine dans les condi­

tiuns normales chez le rat, dans les cultures du cortex cérébral, des îlots de Langerhans et

des cellules de somatostatinome des îlots (1027B,). Glucocorticoïdes stimulent la produc­

tion de la somatostatine dans les tissus du système nerveux périphérique (estomac, pan­

créas, jéjunum) et ils suppriment sa biosynthèse dans le cortex cérébral et l'hypothalamus.

Glucocorticoïdes influencent de deux différentes façons le niveau de mRNA chez les îlots

normales de rat et chez des cellules 1027B, qui sont stimuWes par une faible dose (lO"M)

et inhibées par une dose élevée( >10' M ). Ces données suggèrent l'existence d'un com­

plexe mécanisme moléculaire de l'action des glucocorticoïdes sur le gène de la somato-

iii
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statine, impliquant la régulation à plusieurs niveaux. En plus, j'ai trouvé que les gluco­

corticoïdes stimulent la transcription de gène de la somatostatine chez les cellules de PC12

transfectées avec somatostatine à l'aide de gène rapporteur: promoteur-CAT. Dexa­

methasone provoque une stimulation oe 2.2 fois, dépendante du dosage, de l'expression de

la somatostatine - CAT chez les cellules de PC12. Elle a aussi un effet additif sur la tran­

scription du gène induite par l'AMP cyclique. L'effet de la dexamethasone est aboli chez

les cellules de A126 lB2 ( mutant de PC12 déficient en protéinkinase A). Le même effet

est obtenu en utilisant un CRE (élément de réponse de P-MP cyclique) ce qui suggère que

la transactivation induite par les glucocorticoïdes dépend de l'activité du protéine kinase A.

Cette transactivation peut être transmise via l'interaction protéine-protéine entre les réce­

pteurs glucocorticoïde et la protéine de liaison de CRE. La suppression du promoteur et

un essai par gel de retardement indiquent que la séquence de DNA, en remontant à partir

de CRE (entre 250 et -71 bp) sur le promoteur de somatostatine, est la cible de l'action

des glucocorticoïdes. Finalement, j'ai étudié le mécanisme moléculaire étant à l'origine de

la suppression du niveau de SS-mRNA induite par les glucocorticoïdes chez les cellules

médullaires du carc;inome de thyroïde (TT). Dexarnethasone cause la réduction de la sé­

crétion de la somatostatine et du niveau de SS-mRNA après un décalage de 12 à 24 h En

écartant l'effet de la transcription, j'ai trouvé que la dexamethasone n'inhibe pas l'activité

de la somatostatine - CAT et, en plus, elle n'influence pas le taux de la transcription de

gène de la somatostatine tel que déterminé par un essai de transcription nucléaire. Actino­

mycine D (inhibiteur de la synthèse de mRNA) et cyclohexirnide (inhibiteur de la synthèse

des protéique) bloquent efficacement l'effet des glucocorticoïdes sur l'accumulation de SS-

iv
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mRNA. Les résultats indiquent que l'inhibition de niveau de SS-mRNA chez les cellules de

TT n'est pas transmise via le contrôle direct de la transcription de gène. La transcription

d'un autre gène, produit duquel accélère la dégradation de SS-mRNA, est requise. Cepen­

dant, à faible dose et dans le tissu périphérique, les glucocorûcoïdes activent la transcrip­

tion du gène de la somatostatine via une interaction positive avec CREB. A forte dose les

glucocorticoïdes baissent le niveau de SS-mRNA en accéléranlla dégradation de mRNA

dans les tissus central et périphérique ainsi que chez les cellules TT du carcinome de thy­

roïde. (Traduit par Olga Dembinska)

.v
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• PREFACE

Somatoslatin is a secretory peptide important in conlrolling hormone secretion in

pituitary, pancrealic islet and the gUI, as weil as in neurotransmission, gut function, and

immune response. Il is prod~ccd in a variety of mùmmalian cells notably those in the brain,

pancreas, and guI. Somatostatin secretion and biosynthesis are inOnenced by agents such as

nutrients, ions, peptide hormones, and neurotransmitters, many of which act through

intraeellular cAMP, wllich activates somatostatin gene transcription through the cAMP­

response clement (CRU. Glucoc0l1icoids are also known to regulate secretion anÜ'gene

expression in many ';Ildocrine and nonendocrine target cells. Previous reports have suggested

that glucocorticoids arc capable of inOuencing somatostatin function but the precise nature and

molecular mechanisms of Ihis effect have remaincd unclear. In this thesis, 1 have

systematically examined the effects of glucocorticoids on somatostatin peptide and steady state

mRNA levels using in vivo and in vitro models. 1 have fm1her analyzed the molecular

mechànisms of glucocorticoid actions on somatostatin gene transcription and mRNA

degradation. Following Chapter 1 (review and introduction), the main body of the thesis

consists of tluee individual chapters (III lo V) based on original publications, each with their

own brief introduction, result, and discussion.

Most of the studies described in this thesis have been (are ta bel published in the

following ORIGINAL ARTICLES:

•
1. DN Papachristou, .IL Liu, and YC Patel. Glueoe0l1icoids regulate steady state

somatostatin mRNA and peptide levels in normal rat tissues and in a somatostatin
producing islel tumor eellline (1027B2). EndocrinoIogy 1994; 134: 2259-66.
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2. iL Liu, ON Papachristou, and YC Pate!. Glucocorticoids activatc somatostatin gene

transcription via positive interaction with the cAMP signalling pathway. Biochem J
1994; 301: 863-9.

3. iL Liu, and YC Pate!. Glucocorticoids inhibit somatostatin (SS) gene expression
through accelerated degradation of SS-mRNA in human thyroid medullary carcinoma
(TI) ceUs. Endocrinology 1995; 136(6) (in press)

Apart from Dr. Yogesh C. Patel, my thesis supervisor, the participation of the coauthor

in the above listed publications was as follows:

#1. Dimitrious N. Papachristou initiated the study, perforrned half of the in vivo study,

experiments with 1027Bz ceUs and pancreatic islet culture. 1 contributed the remaining half

of the same studies, and additionally perforrned the expcriments with cerebral eortieal

cultures. 1 analyzed the data with Dr. Papachristou's help, prepared all the Tables and Figures,

and wrote the manuscript with Dr. Pate!.

#2. Dimitrious N. Papachristou part'cipated in setting up the transfection condition and

CAT assay in preiiminary stage.

ln the development of the PhD project, 1 have becn involved in other related projeets

in this laboratory and made significant contributions in the following four manuseripts and

various symposia presentations (The manuscripts are not included in the thesis but

summarized in the Appendix):

•

4.

5.

ON Papachristou, iL Liu, and YC Pate!. Cysteamine-induced reduction in tissue
somatostatin immunoreactivity is associated with alterations in somatostatin mRNA.
Regulatory Peptide 1994; 49: 237-47.

MT Greenwood, R Panetta, LA Robertson, iL Liu, and YC Pate!. Sequence analysis
of the 5'-flanking promotèr region of the human somatostatin reccptor 5 (SSTR5).
Biochem Biophy Res Comm 1994; 205: 1883-90.

vii



• 6. YC Patel. JL Liu. A Warszynska, G Kent. and ON Papachristou. Quinolinic acid
differentially stimulates somatostatin but not neuropeptide Y gene expression in
cultured cortical neurons. J Neurochem 1995 (in press)

7. YC Patel. AS Galanopoulou. SN Rabbani. JL Liu. M Ravazzola, and M Arnherdt.
Prosomatostatin is efficiently processed at dibasic and monobasic cleavage sites to
both SS-14 and SS-28 via the constitutive pathway in islet somatostatin tumor cells
(1027B2). J Biol Chem 1995 (submined)

ABSTRACTS:

•

1.

2.

3.

4.

5.

JL Liu. ON Papachristou. and YC Pate!. Glucocorticoids regulate somatostatin gene
transcription positively in 1027B2 islet and PC12 pheochromocyloma tumor cells. 3rd
InRO World Congress of Neuroscience. August 4-9. 1991. Montreal. Canada.
Abstract P17.8

JL Liu. and YC Pate!. Glucocorticoids activate somatostatin gene transcription through
cooperative interaction with the cAMP signalling pathway. 74th Annual Meeting of
the Endocrine Society. June 24-27. 1992. San Antonio. TX. Abstract #573.

YC Patel. A Warszynska. JL Liu. G Kent. ON Papachristou. and SC Pate!. NMOA
differentially stimulates somatostatin (SS) but not neuropeptide Y (NPY) gene
expression in cortical SSINPY producing neurons. 22nd AnouaI Meeting, Society for
Neuroscience, October 25-30. 1992. Anaheim, CA. Abstract #613.12

JL Liu. and YC Pate!. Glucocorticoids inhibit somatostatin (SS) gene expression
through accelerated degradation of SS-rnRNA in human thyroid medullary carcinoma
(TT) cells. 76th AnnuaI Meeting of the Endocrine Society, June 15-18. 1994.
Anaheim. CA. Abstract #1210

MT Greenwood. R Panetta, JL Liu. 0 Oembinska, and YC Pate!. Cloning and
sequence analysis of the human somatostatin receptor 5 (SSTR5) 5'-flanking promoter
region. 24th Annual Meeting, Society for Neuroscience. November 13-18. 1994.
Miami Beach. FL. Abstract 220.2
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SP-A surfactant protein A
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SS-14 somatostatin 14
SS-28 somatostatin 28
SS-mRNA somatostatin-mRNA
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SSTR somatostatin receptor
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SV40 simian virus 40
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This thesis deals with the regulation of somatostatin gene expression by

glucocorticoids. at both transcriptional and post-transcriptionallevels. in cooperation with the

cAMP signalling pathway. Accordingly. this review chapter starts with somatostatin. ils gene

and regulation of gene expression; followed by a brief discussion of basic transcription

mechanism; in-depth discussions of cAMP stimulated and pancreatic islet D-cell specifie

somatostatin gene transcription; the mechanisms of glucocorticoid regulated gene transcription;

and rnRNA stability. ils regulation; The objectives of the study will be introduced following

these discussions .
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1. SOMATOSTATlN,ITS GENE AND REGULATION

Somatostatin (somatotropin release inhibitory factor, SS) was discovered in sheep

hypothalamic .extracts in 1973 in the laboratory of Guillemin at the Salk Institute, in an

unsucccssful search for the growth hormone releasing factor (GHRF or GHRH) (1). It proved

to be a cyclic peptide of 14 amine acid residues. A second biologically active form

somatostatin-28 (SS-28), consisting of an amino terminally extended form of somatostatin-14

(SS-14), was isolated in 1980 (4). Subsequent studies revealed that somatostatin is not only

produced in the hypothalamus, but also in ether regions of the central nervous system, the

gastrointestinal tract and the pancreatic islet of Langerhans. Ils wide anatomical distribution

is paralleled by an equally broad specllUm of biological effects inc1uding endocrine inhibition

of growth hormone (GH), lhyrotropin (TSH), insulin and glucagon; inhibition of exocrine and

endocrine secretions in the gastrointestinal tract; and neuromodulalory activities (2. 3).

1.1 ANATOMICAL DISTRIBUTION OF SOMATOSTATIN CELLS

Somatostatin-producing cells occur at high densities throughout the central and

peripheral nervous systems. in the endocrine pancreas, in the gut, and in small numbers in the

thyroid, adrcnal. submandibular gland, kidney, prostate and placenta (3) (Table 1-1). The

typical morphological appearance of a somatostatin ccli is that of a neuron with multiple

branching processes or of a secretory ccli often having short cytoplasmic extensions (D cells)

(3). Within the hypothalamus, the most prominent collection of somatostatin neurons lies in

the anterior periventricular region (5-7). Outside the hypothalamus, somatostatin-positive

neurons and fibres arc distributed Ir. the entire central nervous system, with the notable

exception of the cercbellum (5. 6). Brain regions rich in somatostatin ceUs inc1ude the deeper

2



• layers of the cortex, aU limbic structures, the striatum, the periaqm'ductal central grey and aU

levels of t~e major sensory systems (Table 1-1). The approximate relative mnounts of

somatostatin in the major regions of the brain arc as foUows: cerebral C0l1ex 49%, spinal co1l1

30%, brain stem 12%, hypothalamus 7% (8).

Table 1-1. Major sites of somatostalin localization.

(reproduecd l'rom l'cf. 3)

Body region and ccII type Location

nervous system:

pancreas:

gut:

neurons

o ceUs

o cells
neurons

hypothalamus
cerebral C011ex
limbic system
basal ganglia
major sensory systems
spinal cord
dorsal root ganglia
autonomic ganglia

islets

mucosal glands
submucous and myenteric plexllses

•

Somatostatîn in the pancreas is conlïned to 0 cells in the islels of Langerhans (9). In

the fetus and neonate, somatostatin cells are the second most abundant islet-cell type artel'

insulin ceUs. aceounling for up to 40% of the total endocrine ccli population; in the adull.

however. they make up only about 3% of islet ecUs (3). Islet 0 ecUs arc characteristically
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adjacent to glucagon ceUs and pancrcatic polypeptide ceUs and are located in the peripheral

mantle zone (3). Gastrointestinal somatostatin ceUs are of two types: D ceUs and neurons

intrinsic to the gut (10). The former are located in mucosal glands from the cardiac portion

of the stomach down to the rectum, their highest concentratiùn being in the antrum; the latter

populate both the submucous and myenteric plexuses in aU segments of the gastrointestinal

tract (10). In the thyroid, somatostatin coexists with calcitonin in a subpopulation of C ceUs

(2). Rccent studies demonstrate that somatostatin is also widely expressed in ceUs of the

immune system, such as Iymphoid organs (spleen, thymus), mononuclear leukocytes, mast

ceUs, polymorphonuclear leukocytes and B lymphocytes (12-14). In the rat, the gut accounts

for about 65% of total body somatostatin, the brain for 25%, the pancreas for 5% and the

remaining organs for 5% (15).

1.2 ACTIONS OF SOMA.TOSTATIN

Along wilh its wide anatomical distribution, somatostatin acts on multiple targets

including the brain, gut, pituitary, endocrine and exocrine pancreas, adrenals, thyroid and

kidneys. Its actions include inhibition of viItually every known endocrine and exocrine

secretion; various behavioral and autonomic effects of centraUy administrated somatostatin;

and effects on gastroinlestinal and biliary motility, vascular smooth muscle tone; and intestinal

absorption of nutrienls and ions (2, 3). At a ceUular level, the broad array of biological

actions can be resolved into live proccsses that are regulated by somatostatin (3, 16):

(1) neurotransmission;

(2) endocline inhibition: secretion of thyrotropin-releasing honnone (TRH),

corticotrophin-releasing hormone (CRH), GH. TSH. insulin, glucagoll. gastrin, secretin,
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cholecystokinin (CCK), vasoactive intestinal peptide (VIP), motilin, neurotensin;

(3) exocrine inhibition: secretion of pancreatic enzymes and bicarbonate, gastric acid

and pepsin, bile;

(4) smooth muscle contractility: both inhibition (Iate phase of gastric emptying, gastric

migrating motor complexes, gallbladder contraction, ileallongitudinal muscle contraction) and

stimulation (early phase of gastric emptying, intestinal migrating motor complexes);

(5) inhibition of cell proliferation: gastrointestinal mucosa.

Somatostatin is secreted in different ways to function as a true honnone, a

neurotransmitter, or a paracrine regulator. As a classical honnone, somatostatin is secreted into

the blood mainly from the gastrointestinal tract and acts on distant targets. Somatostatin

released from neurons acts as a neurotransmitter or a neuromodulator (3). In the

gastrointestinal tract, somatostatin cells with long cytoplasmic extensions contact directly on

parietal (HCI-producing), chief (enzyme-producing) and gastrin-producing cells and thereby

regulate these cells locally by paracrine modulation (16). On the target cells, the actions of

somatostatin are mediated by high affmity plasma membrane receptors that are coupled via

G proteins to adenylyl cyclase, K+ and Ca2+ ion channels, exocytotic vesicles and protein

tyrosine phosphatase (3). Pharmacological studies have suggested that somatostatin receptors

(SSTRs) are heterogenous and feature subtypes selective for SS-14 and SS-28 (17). The reccnt

cloning of the SSTRs has confmned the existence of molecular subtypes but additionally

revealed a greater genetic diversity than previous suspected. Five distinct SSTR subtype genes

have been identified, encoding a family of G-protein coupled receptors - SSTRI, 2, 3, and

4 being relatively selective for SS-14, and SSTR5 having 13-fold greater affinity for SS-28
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than SS-14 (18). A comparison of the amino acid sequence of SSTRs shows that these

receplOrs are closely related in size and structure. They diverge most at their amino and

carboxyl termini and show the grcatest similarity within the putative 7 trans-membrane

domains (18).

1.3 SOMATOSTATIN B10SYNTHESIS

Biosynthesis of somatostatin is directed by a single gene which is localized on the long

ann of human chromosome 3 (19). The rat somatostatin gene was c10ned and characterized

in 1984 in the laboralories of Habener and Dixon (20. 21). The transcriptional unit consislS

of exons of 238 and 367 bp separated by an intron of 621 bp (877 bp in the human gene)

(Figure 1-1). Like other peptide hormones. sOlllatostalin is synthesized as pmt of a large

precursor protein that is cleaved into the prohonnone form and processed enzymatically to

yield the mature products (3). Somatostatin exons encode a prepro-somatostatin of 116 amino

acid residues. which is synthesized on ribosomes and gives rise to pro-somatostatin (PSS. 92

amillo acids) by c1eaving a signal peptide (24 amino acids) right after translation. PSS is

translocated into the lumen of the endoplaslllic retieululll, and transported by budding non­

clathrin-coaled vesicles through the Golgi stacks to the trans Golgi network. Here the prolein

is sorted via c1athrin-coated vesicles into a regulatory eompartment consisting of seeretory

granules or into a constitutive. non-regulated pathway through non-c1athrin-coaled vesicles

which exit l'rom the Golgi and migrate to the plasma membrane (22). The maturation of PSS

to active peptides involves endoproteolytic c1eavage at di- or monobasic amino acid sites (3).

Processing of PSS oecurs principally atthe C-terminal segment of the moleeule and generates

the two bioaclive fonns SS-14 and SS-28. In addition, a monobasic eleavage at the N-tenninal
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-113/83 -48/41 -26 exon 1 exon Il
5' 621 bp 3'

SMS-UE 238 bp 367bp

a-CBF CREB TFIID
5TF-1/IDX-1

CREB

Figure 1-1. Rat somatostatin gene structure. SMS-UE, somatostatin
gene upstream enhancer; CRE, cAMP-response element; TATA, TATA box.
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segment generates the decapeptide PSS,.,o (antrin) without any known biologieal activity (22).

Analysis of the nucleotide sequence 5' to the start site of transcription has rcvealed

a number of DNA clements that may be involved in initiating somatostatin gene transcription.

A variant of the TATA box, TTTAAA, lies 26 bp (23 bp in human) upstream from the start

sile. A cAMP response clement (CRE) is located upstream at -48,0 -41 bp (23). An upstream

enhancer clement (SMS-UE) has been identified at -lB to -83 bp which confers pancreatic

islet D-ccll specific gene expression, under the inOuence of transcriptional factors including

a-CAAT box binding factor (a-CBF), a homeodomain protein (named STF-1, IDX-1, or

IPFl), and CRE binding protein (CREB) (24-26).

1.4 REGULATION OF SOMATOSTATIN SECRETION AND SYNTHESIS

Early studies have revealed various regulators of somatostatin secretion. Neuronal

somatostalin secretion is stimulaled by depolarization, cAMP, glutamine, aspattie acid, acetyl

choline (ACh), VIP, while it is inhibited by y-aminobutyrie acid (GABA). In pancreatic is1ets,

somatostatin sccrelion is stimulated by glucagon, amino acids, glucose, neurotransmitters

including ACh, ~-adrenergic agonists, gut peptides including VIP and CCK and suppressed

by inslilin and catecholamines acting throllgh a-receptors. ln the gastrointestinal tract,

somatostatin secretion is stimulated by glllcagon, secrelin, gaslrin, CCK and gastrie acid;

inhibited by substance P, lhe endOlphins, and ACh (2, 13, 16, 27).

Many agents that inOuence somatostatin secretion arc also capable of altering

somatostalin gene expression, as assessed by changes in steady-state mRNA levels. Cyclic

AMP is the main intracellular regulator of somatostatÎn gene transcription. The effect of

cAMP and the tissue-specific expression of somatostatin gene will he discussed in detail in
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subsequent sections (3 and 4) in this chapter. Another major regulator of somatostatin

synthesis is glucocorticoids, the role of which will be discussed in Section 7 of this chapter

and in greater detail in Chapter m to V. In addition, somatostatin production and mRNA

accumulation are stimulated by GH, GHRH, insulin like growth factor 1 (IGF-I), testosterone

and estradiol in the hypothalamus; by interleukin 1 (IL-I), tumor necrosis factor (TNF), and

N-methyl-D-aspartate (NMDA) receptor agonists in the cerebral cortex; inhibited by insulin

in the pancreatic islets, and by vitamin D3 in thyroid tumor ceUs (3). Both hypoglycaemia

(induced by insulin) and hyperglycaemia (induced by glucose infusion) increase hypothalamic

SS-mRNA level and inhibit GH secretion (28).

(1) Calcium and depolarization. Tolon et al. (29) analyzed the stimulatory effect of

potassium depolarization on SS-mRNA levels in primary cultures of fetal cerebrocortical ceUs.

Acute depolarization with 56 mM K+ increased somatostatin release and decreased SS-mRNA

level. Prolonged depolarization (3 h or more) stimulated somatostatin secretion as weU as SS­

rnRNA levels. These changes were inhibited by the Ca'+ channel antagonist verapamil.

Examination of the rate of disappearance of SS-rnRNA levels after inhibition of transcription

by actinomycin D revealed that K+ stimulation stabilized the SS-mRNA. Timc-course studies

confmned that the K+-induced SS-rnRNA accumulation is time dependent, and depcndem on

chronic activation of Ca'+ channels (29). This study indicates that prolonged depolarization

(K+) augments SS-rnRNA levels in cerebrocortical ceUs through a Ca'+-dcpendcnt pathway

by stabilizing the rnRNA. In addition, intraceUular Ca'+ may activate somatostatin genc

transcription directly by activating calcium-calmodulin kinase, which has been shown to be

able to activate CREB through phosphorylation and glucagon gene transcription (30-32).

(2) Growth hormone and insulin like growth factor J. Physiological evidence
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suggests that GH acts through a short-Ioop feedback mechanism to inhibit its own secretion

by stimulating hypothalamic somatostatin release. Patel (33) fIrSt reported that chronic

administration of GH increases hypothalamic somatostatin concentration in rats. In addition,

GH administration restores somatostatin content reduced by hypophysectomy in the median

eminence of the hypothalamus. Rogers et aL (34) reported that in both hypophysectomized

and sham-operated rats, bovine GH significantly increases SS-rnRNA levels in the

periventricular nucleus assessed by in situ hybridization, indicating that GH augments

hypothalamic somatostatin biosynthesis. Hurley and Phelps (35) studied the influence of

endogenous GH excess or deficiency (induced in transgenic mice expressing excessive GHRH

or somatotroph-specific toxin) on hypothalamic SS-mRNA level by in situ hybridization. GH

overproduction resulted in giant transgenic mice which exhibited a 2.3 fold increase in

hypothalamic SS-mRNA (without a change in the density of somatostatin-producing neuron),

while transgenic dwarf ffiice with undeteetable GH had a 40% reduetion in SS-rnRNA signal.

This further supports a stimulatory effeet of GH on somatostatin biosynthesis. A reeent study

by Sato et aL (36) does not support a stimulatory effeet of GH on somatostatin gene

expression. They found that in GH-defieient dwarfrats OH has no effeet on hypothalarnie SS­

mRNA level when administrated either systemieally or intracerebroventrieularly (icv). The

diserepaney may be explained in part by the genetie strain of rats used in this study.

In an attempt to elucidate the moleeular meehanism of OH action on somatostatin

gene, OH was found to stimulate expression of the reporter gene CAT (ehloramphenicol

acetyl transferase), driven by somatostatin promoter, 4-5:fold when transfeeted into a rat islet

tumor cell line (RIN 5-AH). The promoter element involved in the OH effeet was located

between -71 to -44 bp of somatostatin gene, whieh ineludes the CRE, sugge3ting a CRE-
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dependent mechanism (37). As the GH receptor belongs to the tyrosine kinase receptor family•

it will be interesting to determine the nature of the molecular interaction between the receptor

and CRE in activating somatostatin gene transcription.

GH could also influence somatostatin secretion and synthesis through a long-loop

feedback involving IGF-I produced from the Iiver. IGF-I has been reported to stimulate

somatostatin secretion (38). In the report of Sato et al. (36). systemic injection of recombinant

human IGF-I for 7 days did not influence hypothalamic SS-rnRNA level in dwarf ral~. While

continuous icv infusion of IGF-I for 7 days increased SS-rnRNA \.5-1.9 fold in rats (36).

Although IGF-I is produced peripherally and has no access to the brain. it may act on its

receptors at the median eminence which is outside of the blood-orain barrier (36).

Furthennore. the existence of IGF-I and IGF-I rnRNA has been reported in various brain

regions including hypothalamus (39. 40).

(3) Cytokines. Somatostatin is produced in ceUs of the immune system and has been

documented to function as an anti-inflarnmatory agent. Cytokines stimulate somatostatin

production in various culture systems. Scarborough et al. (52. 53) have found that IL-I. TNF.

and IL-6 stirnulate the synthesis and release of somatostatin from cultured fetal rat

diencephalic ceUs. The effect of IL-I ~ on cellular somatostatin content is obtained with

concentrations as low as lO'u M and is dose-dependem up to a maximally effective dose of

10,8 M. Il is detectable as early as 24 h, continues for up to 6 days, and is accompanied by

increases in SS-mRNA levels. The exact mechanisms are unclear and may involve stimulation

by cytokines of cAMP formation, CRH secretion. 'central noradrenergic neurons, or

proliferation of somatostatin neurons (52, 53). In addition, Honegger et al. (41) reported that

IL-I~, but not IL-6 or TNF-a, caused a drastic release of somatostatin from a rat
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hypothalamus expIant system, which was antagonized by the cyclo-oxygenase inhibitor

(indomethacin), indicating the involvement of prostaglandins.

(4) NMDA receptor agonists. Somatostatin is produced in a subpopulation of neurons

in the striatum that are selectively resistant to NMDA neurotoxicity and showed a 3-5 fold

increase in somatostatin content in Huntington's disease (54-56). Recently, Patel et al. (42,

57) reported that quinolinic acid (QUIN), an NMDA receptor agonist, augments SS-rnRNA

accumulation in cultured fetal rat cortical neurons. QUIN and NMDA induced a dose­

dependent, maximal4-fold increase in SS-rnRNA level, which can be blocked by 2-amino-5­

phosphonovaleric acid (APV, a NMDA receptor antagonist). Time-course studies showed that

the effect of QUIN and NMDA on SS-rnRNA occurred after a latency of 8 h. Cortical cells

transfected with somatostatin promoter-CAT showed no stimulation of CAT activity with

QUIN or NMDA. These data revealed a dose-dependent, NMDA receptor-mediated

stimulation of SS-mRNA accumulation. Such stimulation is likely to be post-transcriptionaI,

as suggested by CAT assay and the delay in SS-rnRNA induction (42, 57).

(5) GURU, nitrk oxide and cGMP. Aguila (50) found that both GHRH and cGMP

increased somatostatin release and SS-rnRNA leveIs in explants of rat periventricular nucleus.

The effect of GHRH could be abolished by a specific inilibitor of nitric oxide synthase (L­

NMMA) but not by its inactive isomer (D-NMMA). GHRH increased intracellular cGMP (but

not cAMP) formation, which was aIse abolished by L-NMMA but not by D-NMMA. The

results suggest that GURH releases nitric oxide from neighbouring cells, which diffuses into

somatostatin neurons, where it activates guanylate cyclaSe, leading to increased formation of

cGMP. cGMP may increase SS-mRNA level and somatostatin release from the periventricular

nuclei (50). Tht: mechanism underlying cGMP dependent augmentation of somatostatin gene
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expression, however, remains undear.

(6) Sex steroîds. Werner et al. (43) reported that gonadectomy decreased SS-mRNA

level in hypothalamus by 67% in male and 75% in female rats. SS-rnRNA level was similarly

reduced in the periventricular and ventromedial regions of the hypothalamus. Estradiol or

testosterone treatrnents reversed the decrease in SS-mRNA level in castrated rats. In contrast,

there was no change in cerebral cortical SS-rnRNA levels after gonadectomy. These rcsults

suggest that sex steroids are involved in tissue-specifie rcgulation of the somatostatin gene

in the hypothalamus. Argente et al. (44) further demonstrated that testosterone increases SS­

mRNA levels in hypothalamus through activation of androgen receptors and not by

aromatization to estradiol and activation of the estrogen reccptor. They found that

dihydrotestosterone, a non-aromatizable androgen could mimic the effect of testosterone in

castrated male rats; while 17j3-estradiol had no effect in preventing post-castration decline in

SS-mRNA content (44). Therefore bath androgen and estrogen arc capable of restoring the

loss of SS-rnRNA due to castration.

(7) Inhibitors: insulin and vitamin D3, Negative reguJation of somatostatin gene

regulation is relatively rare in the literature. Somatostatin is a weil recognized inhibitor of

insulin secretion from pancreatic isle!. SS-28 released from intestinal D cells following food

ingestion attenuates islet B-cell secretion of insulin (45-49). Insulin, in tum, may inhibit

somatostatin secretion and biosynthesis. Patel et al. (58) examined the direct effect of insulin

on somatostatin synthesis and secretion in a somatostatin-producing islet tumor cell line

(1027B2). Insulin induced a dose-dependent reduction in somatostatin secretion, a slight

decrease in somatostatin content, and a 50% reduction in SS-rnRNA accumulation, suggesting

that insulin exerts a direct suppressive effect on somatostatin secretion and synthesis .
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Rogers el aL (51) studied the effect of 1,25-dihydroxyvitamin D3 [1,25-(OH)2D3J on

basal and cAMP-stimulated SS-mRNA accumulation and somatostatin secretion in human

thyroid carcinoma TI cells. 1.25-(OH)2D3 a10ne decreased SS-mRNA level and peptide

content in the cells. Four days pretreatment with 1.25-(OH)2D3 a1so inhibited cAMP-mediated

increase in SS-mRNA accumulation, but had no effect on stimulated somatostatin secretion

(51). GABA receptor agonists have no significant effect on somatostatin gene expression in

cultured hypothalamic neurons, a1though they do inhibit somatostatin release (59). It is

reported that dopamine DI and D2 receptor antagonists decrease SS-mRNA accumulation in

rat striatum (60).

In summary, somatostatin is a unique and important regulatory peptide in that it is

produced in many parts of the body and influences many biological processes including

neurotransmission, glandular secretion and cell proliferation. In tum. somatostatin secretion

and biosynthesis are stimulated by peptides and neurotransmitters generally through the cAMP

signalling pathway. GH, CytOkili~S. NMDA receptor agonists, sex steroids, GHRH.

depolarization and intracellular Ca2
+ a1so influence somatostatin gene fonction but the exact

molecular mechanisms remain to be defmed. Negative regulators include insulin and vitamin

D3. Glucocorticoids either augment or suppress somatostatin biosynthesis dependent on the

target tissue and doses used, as discussed later in this thesis (Table 1-2).
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• Table 1-2. Major regulators of steady state SS-mRNA accumulation.
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ActionIRegulator

Stimulation

cAMP

glucocorticoids

growth hormone

NMDA agonists

interleukin 1~

GHRH, nitric oxide, cGMP

estradiol

testosterone

hypo- & hyperglycaemia

Inhibition

insulin

1,25-(OH)2D3

glucocorticoids

Target tissue

neuron, D-cell, C-cell (20,51,61,62)

pancreas, stomach, jejunum (63)

hypothalamus (34,35,37)

cerebral cortical culture (42, 57)

diencephalic cells (52, 53)

hypothalamus expiant (50)

hypothalamus (43)

hypothalamus (43,44)

hypothalamus (28)

pancreatic islet (58)

thyroid carcinoma (51)

cerebral cortex, hypothalamus (63)

thyroid carcinoma (64)
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2. BASIC TRANSCRIPTION

Genes consist of DNA segments which encode information that specifies functional

produClS, either RNA molecules or proteins used for various cellular functions. The base pairs

of the encoding clement specify the amino acid rcsidues to be linked together into a protein

chain. As shown in Figure 1-2, the coding rcgion of a gene contains exons and introns. Exons

sIan 5' from the transcription stmt site, or the lirst nucleotide in mRNA sequence, and

include the entire sequences corresponding to the mature mRNA (including 5'- and 3'­

untranslated regions). Introns arc stretches ofnoncoding DNA interrupting exons (66, 67). For

instance, the rat sOlllatostatin gene contains two exons of 238 and 367 bp and an intron of 621

bp (Figure 1-1).

In addition to the coding region, genes also include regulatory elements. Nucleotide

sequences that inOuencc the rate of transcription lie in regions of DNA upstream of the

traoscriplion statt site. They oncn include an clement tich in adenine and thymine, known as

the TATA box, and other sequence motifs lying within about 1(){) bp of the stan site (Figure

1-2). Collectively called the promoter of a gene, these sequences comprise binding sites for

RNA polymerase and its numerous cofactors. The position of the promoter with regard to the

transcription stan site is rclatively inOexible (65-67).

In contrast 10 prollloters, other DNA regulatory clements, enhancers, occur in

unprediclable locations, onen al a considerable distance frolll the stan site and augment

transcription from the gene promoter (Figure 1-2). Enhancers, like promoters, form binding

sites for rcgulatory proteins, but unlike promoters, the position and orientation of an enhancer

arc Oexible with regard to the gene. Indeed, enhancers can dramatically increase gene

transcription from positions wilhin or on either side of the gene, even from thousands of bases
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away (67). Individual elements residing in promoter or enhancer sequences that interact with

specific transcription factors consist of smaIl stretchs of DNA (S 30 bp) caIled cis elements

(such as CRE). The corresponding transcription factors are known as trans factors (such as

CREB).

Transcription is DNA directed RNA synthesis. the ftrst and usuaIly most important

step in the control of gene expression. There are three classes of transcription mediated by

different RNA polymerases (Pol I-ffi). PolI transcribes ribosomal pre-RNAs; Pol II is the

enzyme which facilitates synthesis of the mRNA and its encoding protein; Pol ffi directs

synthesis of !RNA and low-molecular-weight RNAs (68).

The model for the assembly of Pol II-directed transcription initiation complex is based

largely on kinetic assays. undenatured gel electrophoresis. and nuclease protection assays

(Figure 1-3). An initial committed complex is forrned by TATA box-binding protein (TBP)

binding to the TATA box of a promoter. It binds the DNA in the minor groove (while

vinuaIly aIl known DNA-binding proteins bind in the wide groove). with its larger outer

surface (N-terrninal) being available to extend contacts to other proteins. TBP is a smaIl

protein (-30 kDa) which is sufficient for recognition of TATA box and subsequent

incorporation of other TBP-associated factors (TAFs). But TBP is not enough to mediate

transcriptional regulation by upstream regulators. which requires the entire transcription factor

IID (TFIID) complex. consisting of TBP and the TAFs. As a central piece of the basal

traÎlscription machinery. TBP is highly conserved during eukaryotic evolution (69).
.

Transcription factor IIA (TFIIA) joins the complex and may activate TBP by relieving

a repression caused by the TAFs. TFIIA contains three subunits (IWO in yeast) and can

associate with TBP or TFIID even in the absence of target DNA. TFIIA is not essential for

18



•
@)

/.
-@)-J------

pol

"®

Minimal
Initiation
Complex

Complete
Initiation
Complex

•
Figure 1-3. Assembly of transcription initiation complex.
pol: RNA polymerase Il; B, D, E, F, H: TFIIB, D, E, F, H.

(adapted from ref. 69)



•

•

basal transcription wilh olher puritïed faclors .

Transcription faclor lIB (TFIIB) inleracls direclly wilh TBP and associales loosely

with DNA downslream of Ihe TATA box, which (as a bridging prolein) can reclUit Pol II and

Iranscription factor IlF (TFlIF) into the complex. This complex is stable in bolh kinetic assays

and undenalurcd gel clcclrophoresis.

TFIIF contains two subunils. The larger subunil (RAP74) has an ATP-dependent

DNA helicase aClivily Ihal couId he involved in melling the DNA al initiation. The smaller

subunit (RAP38), wilh some homology to lhe bacterial sigma factor tha! conlact the core

polymerase, binds tightly 10 Pol Il. TFIIF may in fact bring Pol Il to Ihe assembling

transcriplion complex and provide the means by which il binds. Interactions wilh TFIIB may

be important when TFIIF-polymerase joins the complex. Allhough it is Ihe calalytic enzyme

in Ihe proccss of gene transcription, RNA polymerase Il is not as inlensively studied as most

of Ihe olher basallranscriplion faclors. The yeasl enzyme consists of 12 subunits, al! of which

have been cloned (70). The mammalian counterparts of many of the subunit genes remain to

be cloned.

Finally transcription factors TFlIE, and Ihen TFIIH and THIl join the complex.

TFIIE is encoded by two genes and is probably a telramer with two subunils of each type.

Its incorporaiion uppears neccssury for subsequent reclUitmenl of TFIIH. TFIIH has a kinase

aclivily Ihut cun phosphOlylme the C-tel1ninal domain of Pol II. Il is possible that

phosphorylalion of the C-Iail is needed to release Pol II from the transcription factors so that

il can leave thc promoter and stm1 elongütion. Once the complete complex is assembled, an

ATP-dependent activaiion stcp is necessmy for transcription to occur (Fig 1-3) (69, 71).

Therc are probably 20 proteins (a total mass of -500 kDa) involved in the basal
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transcriptional apparatus, exc1uding the Pol 11, \Vhich alone has 12 subunits \Vith a lIlass of

another 500 kDa (71). An upstream transcription factor (such as CREB) can interact ùirectly

with one of the basal transcription factors (such as TFllB), or indirectly \Vith the TAFs (such

as CREB with TAFllO), or even more inùireel1y \Vith a eoactivator (sueh as CREB \Vith CBP,

which then interacls with TFllB), allas ùiscllsseù later in Section 3.
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3. cAMP REGULATION OF SOMATOSTATIN GENE EXPRESSION

The main intracellular regulator of somatostatin gene transcription is cAMP. It is

converted from the precursor ATP by the enzyme adenylyl cyclase, located on the inner

surface of the plasma membrane and coupled via G proteins to membrane receptors for

various hormones and neurotransmitters. Therefore, upon stimulation of the recc~ltor by its

ligand, adenylyl cyclase is activated and intracellular cAMP is generated (Figure 1-4). cAMP

binds to the regulalOry (R) subunit of cAMP-depenàent protein kinase (protein kinase A,

PKA), leading 10 the dissociation of the catalytic (C) subunit. PKA catalyses the transfer of

the y-phosphate of ATP :6 serL"le or threonine residues in a variety of proteins, including

CREB (68).

3.1 cAMP RESPONSE ELEMENT (CRE)

Il has been shown that somalOstatin secretion is increased by agents that stimulate

adenylyl cydase activity, including VIP, glucagon and epinephrine. In primary diencephalic

cultures, Montminy et al. (61) reported that steady state SS-mRNA level, as weIl as

somalOstatin secretion, were increased by exposure to forskolin, a post-receptor adenylyl

cydase activator. Il indicated that cAMP activates somatostatin gene expression.

The CRE was first identified in the somatostatin gene. Montminy et al. (23) prepared

chimeric genes containing the somatostatin gene promoter fused to the bacterial reporter gene

CAT and transfected them into PC12 pheochromocytoma cells. The authors found that

forskolin increased CAT activity 7.5-fold. Promoter deletion studies defmed a region between

-60 and -29 bp that conferred cAMP responsiveness when placed adjacent to the simian virus

40 (SV40) promoler. The. CRE consensus was identified as an 8-base palindrome (5'-
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Figure 1-4. Schematic model of cAMP-mediated target gene regulation. cAMP
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TGACGTCA-3') which was also found to be present in many other cAMP responsive genes.

cAMP responsiveness was greatly reduced when the fusion gene was transfected into the

mutant PCl2line A126-IB2, which is deficient in PKA (23). This was the first demonstration

that the somatostatin gene is transcriptionally regulated by cAMP. requiring a highly

conserved promoter element and PKA activity (23).

3.2 CRE BINDING PROTEIN (CREB)

Identification of CRE prompted Montrniny et al. (72) to furthec identify a specifie

nuclear protein which interacts with this conserved region of DNA. By DNase 1 footprint

assay, they characterized a protein in PC12 nuclear extracts which binds selectively to the

CRE of the somatostatin gene. The purified 43 kDa CREB mrns out to be the first member

of a family of transcriptional factors capable of binding to CRE. Forskolin caused 3-4-fold

increase in the phosphorylation of CREB, indicating that the cAMP-dependent pathway may

regulate transcription by phosphorylating CREB (72). Following hormone stimulation and

subsequent activation of adenylyl cyclase, the C subunit of PKA appears to be translocated

to the nucleus where it phosphorylates CREB at a single residue, Ser-133 (73). This

phosphorylation is very imponant for somatostatin gene regulation since PKA stimulates

somatostatin gene transcription 20-fold in vitro (73).

Hoeffler et al. (74) isolated the frrst CREB cDNA by screening an expression library

of human placenta. The cDNA clone encodes a CREB which exhibited binding specificity to

DNA probes containing CRE. Comparison of the cDNAs from human, rat and mouse revealed

the presence oftwo primary CREB protein isoforms, CREB327 and CREB341, encoded from

the same gene by alternative splicing of the rnRNA (74). The cloning of CCAAT
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boxlenhancer binding protein (CJEBP), AP-1, CREB, and the subsequent cloning of cDNAs

for other CREBIATF proteins, and analysis of their predicted protein sequences has revealed

a cornmon structural motif, the basic region-leucine zipper (bZIP) domain. The bZIP domain

is essential for binding to specific enhancer sequences. The bZIP family of proteins bind as

dimers to their target DNA enhancer sequences. The amine terminal three-fourths of CREB

comprises the transactivation domain, and the carboxyl-terminal one-fourth of the sequence

contains the DNA-binding and dirnerization domains (75) (Figure 1-5).

Within the bZIP family of transcription factors, CREB, CREM and ATF-1 form a

distinct subfarnily of proteins characterized by highly conserved DNA binding domains and

phosphorylated regions. Qther possible members include CRE-BPlIATF-2 and ATF-a (75).

Together they represent the rmal communicative link in the regulation of gene expression in

response to the activation of the cAMP-dependent signalling pathway.

Conceming the role of phosphorylation, only CREB, CREM and ATF-1 are activated

upon phosphorylation by PKA, and aIse in sorne circumstanccs CREB is activated by

calcium-calmodulin kinase (30-32). The serine-133 (or Ser-119 in CREB327) is the consensus

site for both PKA and calcium-calmodulin kinase in CREB341 (30. 31). Phosphorylation of

the PKA site is essential but not sufficient to activate CREB. An additional region located

carboxyl-proxirnal to CREB (a peptide, amino acid residues 88-101) is required to confer

transactivation functions (76). In sorne circumstances, CREB appears to activate gene

transcription independent of its phosphorylation by PKA (e.g. when activating SMS-UE in

cooperation with homeodomain proteins) (77). In addition to amplifying the effects of cAMP

in a diverse group of biological functions (neuronal excitation, circadian rhythm. pilUitary

proliferation, gluconeogenesis), CREB is targeted by other signalling molecules such as
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calcium influx (induced by action potential) and TGF-~ and may be able to integrate distinct

cellular pathways into the nucleus (30-32. 81). Recently. CREB has been found to be a

mediator of long-term memory (82).

3.3 MECHANISMS OF CREB-INDUCED TRANSACTIVATION

How does phosphorylated CREB activate gene transcription after binding to its target

DNA ? There is evidence for both direct and indirect interaction of CREB with the basal

transcription machinery. (1) Direct CREB-TAFIlO interaction. Mutagenesis studics have

revealed a 60-amino acid modulatory domain of CREB, termed the kinase-inducible domain

(KID), or P-box because of the presence of a phosphorylation site (Ser-133), which is critical

for phosphorylation stimulated CREB activity (76, 83) (Figure 1-5). KID functions

synergistically with an adjacent glutamitie-rich region Q2, which extends from amino acids

160 ta 283 of the CREB protein (84, 85). Q2 sequences rescmble the hydrophobie and

glutamine-rich Spi activation domain B. which is irnponant for interaction with dTAFnllO

(a TBP associated factor). FelTeri et al. (86) tested for similar interactions between Q2 and

dTAFnIlO. They prepared CRE oligonucIeotide nffinity resins bound by purified CREB or

Q2 mutant protein. The dTAFnllO protein could indeed bind to CRE rcsin containing wild­

type CREB, but not Q2-mutant CREB. indicating direct interaction of CREB (through Q2

domain) with the basal transcriptional complex (through dTAFnll0). Such an ir.œraction was

further confumed in the yeast two-hybrid system. A yeast expression plasmid encoding the

Q2 domain fused to the acidic activation domain of Gal4 was cotransformed into a yeast

strain with a second vector expressing a dTAFnll0-Gal4 DNA binding domain fusion protein.

Interaction of the Q2 domain with dTAFnllO, monitored by the rccruitment of the acidic
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activation domain onto Ihe promoter of a GalI -lacZ reporter gene, was readily observed (86).

In similar a~says, CREB-Q2 did nOI appear to inleract wilh olher componenls of Ihe TFIID

complex, such a~ TBP, TAF40, and TAF80. The results suggested Ihal CREB-Q2 recruits

TAID to cAMP-responsive promoter, probably by interacting with TAFI JO. This finding aIso

explains why CREM proteins ex, ~, and E, which lack Q2, may function as represscrs (86).

(2) CREE acting through a coactivator (CEP) and TFIIE. Activated CREB may

also function through coaetivator molecules, since Chrivia et al. (87) have identified a CREB

binding protein (CBP) which binds specifically to phosphorylated CREB (Figure 1-5). CBP

is a large nuclear protein of 2441 amino acid residues (265 kDa) and contains a so-called

bromodomain, a conserved structural unit thought to be important for protein-protein

interactions. This domain is found in Drosopilila and yeast coactivator proteins involved in

signal-dcpendent (not basal) transcription. Il also contains scveral calmodulin kinase II

phorsphorylation sites, a single PKA phosphorylation site, two zinc finger regions, and a

carboxyl-terminal glulamine-rich domain (Figure 1-5).

How does CBP contact the transcriptional apparatus upon recruitment by

phosphorylated CREB? Kwok et al. (88) provided evidence thatthe activation domain ofCBP

interacls with the hasaltranscriplional faclor TFIIB through a domain that is conserved in the

yeasl coaclivator ADA-l. In CREB deficient F9 teratocarcinoma cells, in the absence of

endogenous CBP, thc combination of CREB and PKA ciJuld only activate expression of a

reportcr gene 15-fold; Addition of CBP increased transcription in a dose-dependent manner

up to 90-fold. CBP did not activale gene expression in the absence of CREB, even in the

presence of PKA. Furthermore, CREB mutated at the PKA phosphorylation site did not aIlow

CBP 10 activate cxpression. The I1nding that CBP induces gene expression only if CREB and
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PKA are both present implicates that CBP is the medialor responsible for cAMP-activated

gene transcription (88).

Binding ofCBP to TFIIB was tested by using glutathione-S-translèrase (GST)-TFIlB

fusion proteins linked to glutathione agarose beads. Specific binding was observed with

minimum CBP fragment containing residues 1680-1812. which contains a zinc finger

structure homologous wilh ADA-l. Binding belween CBP and deletion mutants of TFIlB

suggested that CBP may require an mnino-terminal rcgion of TFIlB and the two repeals

required for VP16 binding. These dala SUPPOIt lhe modelthat CBP serves as a coaclivator for

phosphorylated CREB. The interaction of the zinc-finger region of CBP with TFIIB is

intriguing but il can not exclude interactions with other basallranscriptional faclors or even

direct interactions belween the basal factors and portions of CREB (as discussed earlier) (89).

Since TFIIB inleracts wilh TBP and helps to reclUit Pol Il to the promoter. Il

continuous chain of physical contacls is now established. linking the stimulus-activaled and

phosphorylated CREB. bound distal to the promoter. with the Pol II complex lhal iniliales

transcription (90).

Arias et al. (89) developed an antiselUm againslalllinr,acids 634-6/;8 of the CREB
:' ;;-

binding dOlllain of CBP in arder to characterize ilS functional properties. liyWeslern blot.

they detected a 265 kDa protein which co-migraled with the predominant CREB binding

activity in nuclear extracls. Microinjection of the anti-CBP serum inlo Iibroblasts completely

inhibited transcription l'rom a cAMP responsive promoler. CBP antibody absarbed with

synthetic CBP peptide failed to inhibit cAMP-induccd gene transcription. FUlthermore. CBP

also showed cooperation with upstream aclivators such as c-1un which are involved in

mitogen responsive transcriplion. These authors proposed that CBP is recruiled to the
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promoter through interaction with certain phosphorylated factors, and that CBP may thus play

a critical role in the transmission of inductive signais from ccli surface receptor to the

transcriplional apparatus (88-90).

To summarize. in response to cAMP elevation, the catalytic subunit of PKA

dissociatcs from the regulatory subunit and migrates into the nucleus where it phosphorylates

CREB at Ser-133 (or Ser-119). Phosphorylation may change the protein conformation of

CREB therehy exposing domains neccssary for interactions either with (1) the basal

transcriptional factors, e.g. TAFllO interacting with Q2 domain of CREB; or (2) CBP as a

coactivator, which in tllrn recruits TFIIB by interaction of a zing-finger region of CBP with

regions of TFllB, leading to activation of target gene transcription (Figure 1-5).
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4. PANCREATIC ISLET-SPECIFIC EXPRESSION OF SOMATOSTATIN

GENE

The somatostatin gene is widely expressed but in restricted cell types, e.g. neurons.

D-cells in pancreatic islets and gastrointestinal tract, and C-cells of the thyroid gland. Little

is known about the cis-regulatory sequences that determine the restricted cellular specificity

of somatostatin gene expression. The insulin-, glucagon-, and somatostatin-producing cells in

the pancreatic islets derive from a common precursor stem cell and differentiate sequentially

during embryonic development, thereby providing an informative model for the slUdy of the

transcriptional mechanisms involved in the control of cell-specific gene expression.

Morphogenesis of the pancreas begins by evagination of the duodenum at the 26

somites stage (day 9.5 of gestation) in the mouse. By embryo microdissection coupled with

reverse transcriptase-polymerase chain reaction (PCR), the onset of cell-specific gene

expression was recently redefmed duriog pancreatic organogenesis (91). SS-mRNA is the first

to be detected, at the JO-somite stage throughout the foregut, long before the onset of insulin

and glucagon expression (20-somite) and pancreas evagination. In the felUs and neonate,

somatostatin cells make up 40% of the total endocrine pancreas, only next to insulin

producing cells (9). However, in adult pancreas and gut, somatostatin expression is restricted

to D cells, which make up only 3% of the pancreatic islet cell population (3, 91). In the last

several years, we have begun to understand the involvement of both positive and negative

transcriptional control mechanisms, which determine the early onset of somatostatin gene

expression in pancreas, and its restricted expression in islet D cells in the adult.

4.1 GLUCAGON AND INSULIN GENE EXPRESSION
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Binding assays and transient transfection analyses of reporter plasmids bearing

rcgu!atory sequences of the glucagon or insulin genes have lead to the identification of

transcriptional control elements that interact with regulatory proteins to direct pancreatic islet

A- or B-ceII-specific transcription, respectively.

Glucagon gene. Expression of the glucagon gene is restricted to the A-ceIIs of the

pancreatic islet, the L ccIIs of the intestine, and a few distinct neurons in the brain (153).

Thrce hundred bp of the 5'-flanking region of the rat glucagon gene has been found to be

sufficient to confer A-ccII specificity. There are thrce transcriptional control elements within

this part of the gene: GI (-97/-65 bp) is A-ccII specific enhancer, G2 (-192/-174 bp) and G3

(-268/-238 bp) are islet ccII but not A-ccII specific. Thus, in pancreatic islets, ccII specificity

of glucagon gene expression is confered by the glucagon promoter, incIuding the G1 elemeat,

which acts together with islet ceII-specific enhancer elements (G2 and G3) (275, 276, 278).

Further upstream is the CRE (TGACGTCA) at -298/-291 bp (Figure 1-6).

Insulin gene. In adult mammals, insulin is synthesized excIusively in the B-ceIIs of

the pancn:atic islets. Efficient transcription of the insulin genes require 300-400 bp of the 5'­

flanking sequence. In most species, including humans, the insulin gene exists as a single copy.

In rodents there are two non-aIIelic insulin genes, designated insulin 1 and insulin n, which

are transcribed equally. There are considerable sirnilaritiy in length and organization between

the human and the murine insulin n genes (277-279). The terminology concerning cis-acting

DNA elements and trans-actin!; factors for the insulin gene is very confusing. The important

ones based on studies of rat insulin 1and II, and human insulin genes are surnrnaried here and

shown in Figure 1-6:

(1) NIR, an 8 bp enhancer (GCCATCG}at -112/-105 bp of the rat insulin 1 gene,
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named after Uri Nir. essential for basal and B-cell specifie expression. It corresponds to the

insulin control element (ICE) or GC-I (sequence: GCCATCTG) in rat insulin II or human

insulin genes. respectively. The trans-acting factor is insulin enhancer factor 1 (IEF-1).

(2) FAR. another identical 8 bp enhancer upstream of the NIR (-238/-231 bp). equally

important in function. aIso bound to IEF-l. In the human gene this element is called GC-II

(sequence: GCCACC). but binds to factors other than IEF-l. The rat insulin II gene does not

have such an element. In other studies. NIR and FAR have been termed E box elements.

being recognized by the ubiquitous helix-loop-helix protein Pan-1 and Pan-2 in rodents (or

termed E47 and E12 in human) (294).

(3) CRE. TGACGTCC. at -185/-178 bp. present in all insulin genes. binds to CREB

family of proteins.

(4) FLAT (or E2). a mini-enhancer region located just downstream of the FAR box

(-223/-208 bp). not present in rat insulin II gene. Il binds to cdx-3.lmx-1. Is1-1 (homeodomain

proteins) and hepatic nuc1ear factor 1-cx (HNF1-cx). In human insulin gene a similar region

is named CT-II (sequence: TCTAATG).

(5) P box (-80/-74 bp. TAATGGG). an enhancer e1ement conserved in rat and human

insulin genes. P box and FLAT share a common TAAT consensus motif. which are a1so

found in somatostatin gene. The protein factor. insulin promoter factor 1 (IPF1). has be\~n

recently cloned and found to be important in pancreas formation during embryonic

development (279. 295. 297). IPF1 is identical protein to IDX-1 and STF-1 as discussed 1ater.

4.2 SOMATOSTATIN GENE EXPRESSION

To delineate the location of the positive and negative cis-regulatory elements,;n the
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somatostatin gene, Vallejo et al. (24) perfonned transient transfection assays in somatostatin-

producing pancreatic islet ccli line (RIN-1027-B2) using CAT reporter plasmids bearing

somatostatin promoter sequences. Sequential 5' end deletions of the somatostatin promoter

(-900 to +55 bp) indicated the presence of both positive (-120 to -65 bp, tenned SMS-UE)

and negative (-425 to -345 bp, and -250 to -120 bp) regulatory clements. Deletion of CRE

located downstream from SMS-UE reduced SMSI20-CAT expression 3-5-fold in RIN-I027-

B2 cells. indicating that both the SMS-UE and CRE enhance transcription in a synergistic

manner.

To test the functional interaction of CRE and SMS-UE, the authors used another cell

Une. because RIN-1027-B2 cells are known to be defective in cAMP signalling. In hamster

insulin-producing HIT-TI5 cells, the basal level of SMSI20-CAT expression was 3-fold

higher than that of SMS65-CA:' (without SMS-UE). Incubation with cAMP resulted in a 6.5-

and 5.2-fold increase in SMS65-CAT and SMS120-CAT expression, respectively. These

results indicate the existence of a functional synergism between the SMS-UE and CRE under

basal conditions. Under cAMP-induction SMS-UE and the CRE also act synergistically (24).

When transfected inlo different types of islet celllines, StI~S120-CAT has the highest

expression in RIN-1027-B2 (D-cell, 100%). only 40% activity in InRI-G9 (A-cell). and only

20% activity in RIN-I046-38 (B-cell). This indicates that a functional unit including the SMS-

UE. CRE. and TATA box is sufficient for the preferential expression ofsomatostatin gene in

islet D-cells. In addition, when 3 copies of SMS-UE were inserted in front of the minimal,

promoter ofthe herpes simplex vims (HSV) thymidine kinase (TK) gene [(SMS-UE)3TKI. the

activity was about 20-fold higher than TK promoter alone in RIN-1027-B2 cells, compared

to only 2-3-fold in other cell types (including other islet cells) (24). These results indicate that
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the SMS-UE is part of a functional unit which includes other clements of the somatostatin

gene proximal promoter, and that they act IOgether to rcgulate D-cell-specific transcription of

the somalostatin gene in islel cells (24).

4.3 CHARACTERIZATION OF THE TRANSCRIPTION FACTORS

INVOLVED IN PANCREATIC ISLET·SPECIFIC GENE EXPRESSION

In a follow op study, Vallejo et al. (25) characterized the nuclear proteins that interact

wilh the SMS-UE. Detailetl mutation comhined with CAT rep0l1er transfection studies

revealed the presence of two domains (A and Bl within the SMS-UE. Domain A of the SMS-

UE is a DNA enhancer sequence ihat is identicalto that bound by the ubiquÏlously distributed

a-CBF, a transcription factor that also regulates the expression of genes such as human

chOlionic gonadotropin (hCG) a-subunil gene. The B domain, on the other hand, binds an

islel cell-specific protein wilh characleristics similar to that orIsl-I, a transcriptional activator

protein that binds to the FLAT (E2) .~nhancer of the rat insulin 1 gene. In addition, the SMS-

UE binds transcription factor CREB but not CREM, on a sile adjacent to, or overlapping with,

the 3' end of domain B. The carboxyl-termincl bZIP domain of CREB alone binds to the

CRE of the somatostatin gene but is not sufficient for binding to the SMS-UE, suggesting that

CREB/SMS-UE binding rcquires slabilization by a region of the CREB located within the

transaclivation domain (25).

Leonard et al. (77) identified three consensus recognition sites (CTAATG) for Isl-1

at -96, -295, and -452 bp on somatostatin promoter. Mutation of the proximal Isi-i site (-96

bp, SMS-UE B domain) caused a 70% reduction in ccll-specific activity in MSL-G2-Tu6

(pancreatic tumor) eclls. Insel1ion of a single Isi-I motif into a minimal repol1er enhanced its
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aclivily 5-10-fold in MSL-G2-Tu6 ceUs, supponing Ihe notion that Isi-i lllay be a ceU

specifie transcription factor. However, in Ihe sallle study. expression of an lsl-I-like prolcîn

was also delllonstratcd in PCI2 pheoehrollloeylollla ceUs by Westel11 blot. indicating that Isl-l

is not restricted to pancreatic islet. and is thus unlikely to be Ihe islet specifie transcription

factor itself.

Recenlly. hOllleodolllain-containing transcription factors nallled STF-I, lPF-I, und

IDX-I werc cloncd independently l'rom three lubomtories. und turncd out to be un identicul

prolein. HOllleodomuin is u sequence first chamclerized in seveml prnteins coded by genes

involved in development regulation iltDrosuflili/a (homeotic loci) (71). Miller et al. (26)

cloned islet/duodenum homeobox-l (lDX-I), a protein of 31 kDa, 283 amino acid residue.

IDX-I mRNA and protein arc detected in rat pancreatic islet, ùuodenum. RIN-1027B2 ceUs

and in rat l'etaI intestine. In gel shifl assay. IDX-l is able to bind to TAATI (-462/-438 bp)

and TAAT2 (-303/-280 bp). B domain of SMS-UE, and to the FLAT clement in rai insu lin

1 promoter. IDX-I activatcs somatostatin gene transcription mainly through interaclion wilh

TAATI clement. Somatoslation gene enhancer clements TAATI and TAAT2 bear strong

similmilY 10 insulin promoter FLAT clement (26).

Leonard et al. (154) cloned a somatostalÏn transaclivating factor-l (STF-I) thal

slimulales somalostatin expression in pancreatic islet ecUs. STF-I is expressed in ceUs of the

endocline pancreas and smaU intestine. The 284-amino acid prntein binds 10 tissue-specifie

clements wilhin Ihe somatostalin promoter and slimulales somalostalin gene expression bolh

il! vivo and il! vitro. As IDX-l/STF-! expression is not eonfined to D-ccUs. Ihis faclor may

be more generaUy involved in promoting peplide hormone expression in the pancreas and

small intestine. FU11her sludy revealed Ihal immunoreaclive STF-! is localed in nuclei of 90%
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of H ceIls, in contrast to 2% of A ccUs and 19% of D ceIls, indicating that STF-I protein is

largely contined to a suhset of insulin-containing ceIllypes within the pancreatic islets (294).

As only 19% of somaloslatin-producing ecUs in adult pancrealïc islets contain immunorcaclive

STF-I, il is probably not required for maintenance of somalOstalin expression in most islet

ceUs.

Ohlsson et (/1. (279) describcd the c10ning of insulin promoter factor 1 (lPFI), whose

expression is restricted to pancreatic islet B-ceIls, ~TCl cells (an insulin-producing B-cell

line), pancreatïc islet, and duodenum. IPFI binds to the enhancer P box, which is conserved

in the rat and human insulin genes, and transaclivates insulin gene. IPFI expression is

inilialed prinr to insu lin gene expression at the primitive foregut where pancreas will later

fonn. In facl, IPFI is required for the formalion of the pancreas as Jonsson et al. (297)

rep0l1ed. Mice homllzygous for a largeted mulaIion in the [pf! gene can not develop a

pancreas and die soon aner bit1h (297).

ln summary, currenl studies mark only the beginning in the undcrslanding of cis and

tralls clements involved in pancrcatic islet specitie somatostatin gene expression. SMS-UE

and its binding proteins, in eollnboration with CRE-CREB, eould well be the key clements

in indueing somatostalin gene expression in very early stage of development. But eurrent

evidence is nol enough yetto identify n D-ccll specifie tralls fnclor whieh interaels with SMS­

UE. In nddition, there hnve to be negative e!cments/fnctors which suppress somatostatin gene

expression in othcr cells .
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5. THE MOLECULAR MECHANlSMS OF GLUCOCORTICOID-REGULATED

GENE EXPRESSION

Glucoconicoids (conisol and corticosterone) are synthesized in the adrenaI cortex

(zonafasciculata) and secreted as hormones in response to ACfH released from the pituitary.

In the circulation. they are bound to an ct giobulin called transcortin (or conicosteroid-binding

globulin, CBG) and to a lesser extent to aIbumin. Their half life is 1-1.5 h. They regulate

fundamentaI functions such as blood pressure, carbohydrate and lipid metabolism. mineraI

metabolism. immune system, and body response to stress (11). Like other steroid as weIl as

thyroid hormones. glucoconicoids travel via the blood stream to their target cells, entcr these

cclls by simple or facilitated diffusion, and then bind to specific reccptors which activate or

silence target genes (Figure 1-7).

The steroid hormone receptor superfarniIy consists of a large number of genes, and

represent~ the largest known farniIy of transcription factors in eukaryotes. It includes receptors

for the steroid hormones (estrogen, progesterone. glucoconicoids. mineraloconicoids. and

androgen); thyroid hormone, vitarnin D. retinoic acid. 9-cis retinoic acid; and orphan rcceptors

without known ligand which have sequence homology to the receptor superfamily. Steroid

receptors exist in inactive forms either in the cytoplasm or nucleus. AIthough g!ucocorticoid

receptor (GR) is present in aImost alI ccII types, its concentration depends on the cell type,

the state of differentiation, the phase of the ccII cycle. and the endocrine status of the ccII

(174). Unliganded steroid receptors are maintained as part of hetero-oligomeric complexes

with the heat shock proteins (hsp90 and hsp70) as weIl as other Jess weIl characterized

proteins (96). Upon binding their respective ligands. the reccptors undergo an activation or

"transformation" step. The activated reccptor binds to a DNA response element e.g.
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Figure 1-7. A simplified model of steroid action on target gene expression.
• steroid hormone; Re: receptor; HRE: hormone response element.

(adapted from ref. 176)
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glucocorticoid response element (GRE) and activates transcription of a target gene. In addition

to regulating transcription, steroid hormones are also known to regulate gene expression by

affecting rnRNA stability and translational efficiency (176), as discussed in Scction 6 of the

chapter.

5.1 RECEPI'OR STRUCTURE. Amino acid sequence analysis and mutational

dissection of intracellular steroid receptors indicate that they can be subdivided into several

domains as indicated in Figure 1-8 (176). The N-terminal A!B domain is highly variable in

sequence and in length (GR 1-420). This transactivation domain activates target genes

presumably by interacting with components of the basal transcriptional machinery,

coactivators, or other transactivators. This region of the receptor may also be important for

determining target gene specificity of different receptors, which recognize the same response

element, e.g. both glucocorticoid and mineralocorticoid receptors bind to GRE on target DNA.

The C region, DNA binding domain (DBD), contains two zinc fmger structures, which are

responsible for DNA recognition and dimerization (GR 421-496). Il is the most conserved

region among all steroid receptors cIoned so far (174).

Immediately adjacent to the carboxyl terminal end of the C region there is a variable

hinge region, the D region (GR 496-528), which may allow the protein to bend or alter

conformation, and often contains a nucIear 10calization domain and/or transactivation domain.

The ligand-binding domain, or E region, is located carboxyl-terminal to the D region (GR

528-777). Il is relatively large (-250 aa) and functionally complex. Il usually contains regions

important for HSP association, dimerization, nuclear localization, transactivation,

intermolecular silencing, intermolecular repression and, most importantly, ligand binding.
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Although most of these functions require only small stretches of amino acid sequence, the

ligand binding domain appears to fonn a pocket involving a majority of the E region since

most of the mutations identified in this region compromise the ability of the altered receptor

to bind honnones (176). The major dimerization domain of receptors has been localized in

the C-terminal half of the ligand binding domain. This region contains leucine-rich sequences

that may fonn coil-coil interactions as the receptor dimerizes. Finally. located at the C­

terminal end of certain receptors is the variable F region, for which no specific function has

been identified. For example. deletion of the F region in estrogen receptor does not affect any

known receptor function (177).

Although steroid receptors are highly phosphorylated proteins and several

phosphorylation sites have been identified on various receptors. their functional significance

is unclear (179). It may he more accurate to consider these receptors as inherentiy active

transcription factors whose potential is enhanced by phosphorylation in a cell and promoter

specific manner. In addition, phosphorylation of steroid receptors is a way of cross-talk with

other signalling pathways. For example. PKA can enhance the DNA binding activity of

glucocorticoid receptor thereby activating gene transcription in F9 embryonal carcinoma cells.

without the need of endogenous CREB (92). Phosphorylation of progesterone receptor by

PKA can occur independent of ligand binding and can be controlled by other signais. such

as dopamine (97).

5.2 CONSENSUS GRE AND DIRECT GENE ACTIVATION BY STEROID

RECEPTORS. DNA sequences responsive to glucocorticoids was flfst identified by

mutational analysis of the long tenninal repeat (LTR) of the mouse mammary tumor virus
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(184). A deletion or mutation of that sequence eliminated hormone responsiveness. A short

oligonucleotide corresponding 10 the identified sequence conferred glucocorticoid binding and

responsiveness 10 a heterologous promoter (190). The GRE consists of two short, imperfect

inverted repeats separated by Ihree nucleotides (GrrGrrTACA,cnnnTGTI,cCT). Later, response

clements for progesterone, mineralocorticoid, and androgen rcceplors were shown to be

identical to Ihat of glucoe0I1icoid receptor (176). The conservation among hormone rcsponse

clements (HREs) is in fact due to conservatiun of their amino acid sequences in the DNA

binding domain of the receplors.

Upon binding hormone, steroid receptors bind to DNA and activate targel gene

expression. The receptor stimulates Ihe formation of a pre-initiation complex by incrcasing

its raIe of formation and/or by stabilizing a preformed complex, through direcl interaction with

eomponents of the basal transcriptional machinery or an intennediate factor (coactivator).

Formalion of the pre-initiation complex at a core promoter is a sequcntial process, as

desctibed in section 2 of Ihis chapter. Il is possible that a receptor can act on mulliple sites

to enhance formation of the prc-iniliation complcx (176).

Early studies indicatcd that chickcn ovalbumin upstream promoter transcriplion factor

(COUP-TF), a membcr oflhe slcroid/lhyroid hormone receptor superfamily, interacted directly

with TFIIB withoul the need for a cofactor, since rc-naturcd COUP-TF l'rom a single gel band

wns able to bind to TFIIB (ln, 198). Similar observations were also made for rcceptors for

progeslerone, eslrogen, lhyroid hormone, and rclinoic acid (RAR) (198, 208). Baniahmad et

al. (208) hnve found lhat Ihe N-Ienninal end of the Ihyroid hormone ;ecl}ptor interacts

specifically with TFIIB, at its C-Ierminnl hall' which colJlains a direcl repeat. Since binding

of TFIIB 10 the TFIID-DNA complex is one of the rate-limiting steps in pre-initiation
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complex fonnation, it is possible that thyroid honnone receptor enhanccs the formation of the

complex through such an inleraction. In addition to TFllB, TBP has been shown 10 interact

wilh Ihyroid hormone receptor and other lransactivators (242, 260).

5.3 SYNERGISM OF MULTIPLE cis ELEMENTS. Many eukaryotic genes arc

under Ihe control of multiple hormones and enviromllental cues. Consequenlly, HREs arc

usually found in multiple copies or cluslered wilh other cis-acling clements. For example, the

tryptophan oxygenase gene, the MMTV LTR, and the vitellogenin genes contain multiple

HREs (261-3). In addition, the MMTV LTR, rat tryptophan oxygenase, and

phosphoenolpyruvate carboxykinase (PEPCK) gene eontain other cis-aeting clements in close

proximity to HREs (262, 300, 302). In Ihese cases, when either one of the HREs or the

adjacenl cis-acling clements is mutated, promoter activity is draslical1y decreased. Thus, HREs

often interacl synergistically with other HREs or with different class of cis-acting clements.

Ptashne (303) has proposed IWO models 10 explain synergismthat arc relevant to the

steroid/thyroid hormone reeeptor superfamily members. (1) Cooperative binding: Binding

of one reccptor eomplex faeilitates the binding of a second. This synergistie interaction al10ws

both complexes to bind with grealer affinity and conscquently in greater oeeupancy of the cis­

acting clements, thus promoting greater lranseriptional aelivity. Indeed, cooperative binding

ofreceptors to multiple response clements has been obscrvcd with l'CCCplors for progesterone,

glucocorticoids, and estrogen (304-306). Protein-protein interactions between the two dimers

probably facilitate cooperativity. Tsai et al. (307) found that two molecules of the E. coli­

exprcssed DBD of glUCOCOlticoid receptor were able 10 bind 10 a single GRE in a cooperative

manner. However, Iwo dimers of Ihe DBD were unable tO bind cooperatively to two adjacent
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GREs, although lhe fuIl·length receplOr could do so (44). Sincc bolh the DBD and the full·

lenglh reccplOr can hind DNA, coopcralive hinding between two rcccptors appears to require

protein·protein inleractions involving regions oulside the DBD domains. By deletion analysis,

the region required for cooperalive binding was localized 10 amino acid residues 250-417

of progeslrone reccplOr, which incllldes the DBD (amino acids 280-369) (308).

(2) Cooperative protein.protein interaction. Although cooperative binding is an

allractive modcl, it is unlikely 10 account for lhe lOtal level of transcriptional synergism

ohserved al target genes, especially when different HREs arc present. For example, a GRE

and an ERE can activate transcIiplion of a Iinked target gene synergistically, but very litt1e

cooperative binding hetwcen progestrone and eslrogcn receptors can be observed (308). The

second meehanism is proposed lhal cooperative interactions of rcccptors or transcription

factors wilh multiple targcl siles (prcsumahly componenls of lhe aggregate transcriplional

machincry) may play a l'Ole in syncrgism. Allempts 10 define the rcgions important for this

lype of cooperativity have nol becn very succcssful. Mutalion of a variety of regions in

progcstrone rcccplOr dccreases its ability 10 synergize with eslrogcn receptor (308). Similarly,

synergislic inleraclion has been observed between glllCOC0l1icoid receplor and olher

transcription factors, and the structure impo11ant for this interaction has been shown to be

complex (313).

Therc is a good example of functiona! cooperalivity bctween the glucocorticoid

receplor and lhe cAMP signalling pathway, illustraled by the gcne for PEPCK (GTr;

EC4.1.1,32). As the rate·limiting gluconcogenetic enzyme, PEPCK catalyzes the conversion

of oxaloacelate to phosphoenolpyruvate. The hormones lhat rcgulate gluconeogenesis appear

to do so by altering the l'ale of synlhesis of PEPCK. Thus, cAMP and glucocorticoids increase
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the transcription rate of the gene. and insulin inhibits (309. 144). The cAMP and

glUCOCOlticoid effects are synergistic. and the insulin effecl is dominant both in rat liver and

in H4IIE hepaloma cells (309).

The minimal DNA sequence required for glucoeOlticoid induction of the PEPCK gene

is defined as the glUCOCOlticoid response unit (GRU). which spans about 110 bp and includes

two receptor-binding clements plus two accessory factor-binding clemenls liS detennined by

DNase 1 protection assay (98. 175. 180) (Figure 1-9). Purified glucocorticoid receplor bouml

two regions: GRI (-389/-375 bp) and GR2 (-367/-353 bp). Factors in cl1lde rat liver nuclear

extract bound to two additional rcgions on the promoter. designaled accessory faclor 1 (AF 1. ­

455/-431 bp) and accessory factor 2 (AF2. -420/-403 bp) clements. respectivcly. Gel

retardation analysis rcvealed Ihat at least two proteins bound to AFI and thal they were

distinct l'rom the proteines) thal bound to AI<""2. Valious combinations of GRI, UR2, AFI. and

AF2 were fused to the CAT reporter gene and colransfected with a glucoeortieoid receptor

expression plasmid into H4IIE cells to characterize Ihe functional GRU. Neither the

glucocOlticoid receptor binding rcgions nor the .aceessory factor binding regions alone were

sufticienllo confer gluCOCOlticoid responsiveness. GRI and GR2 functioned independenlly.

and each accounled for hall' of the maximal response. provided the accessory fac(()r clemcnts

were present. In the abse:1C,;ofthe accessory factors. the glucocorlieoid rcccptor binding sites

alone are lunclionally inel1. and bind glucoc0l1ieoid receplor al a 5-1 O-fold lower alTinilY than

does Ihe consensus GRE (150). Similarly. delelion of either AFI and AF2 diminished

gluCOCOlticoid induclion of the PEPCK genc to approximatcly hall' of the maximum. The role

of AFI and AF2 seems to be to enhance or stabilizc binding of Ihe glucoeortieoid reœptors

to GRI and GR2.
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Figure 1-9. PEPCK gene promoter elements.
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Funher studies indicated that AFI inc1udes a relinoic acid rcsponse clement (RARE)

and an HNE-4 elementthatmay be involved in hepatic-specific expression of genes (98. 145.

146); AF2 functions as both an insulin responsive sequence (lRS) and phorbol ester l'Csponse

clement (TRE) (147. 148). Retinoic acid acts on the PEPCK gen~ synergisticr,lly with

glucoconicoid. while insu lin and phorbol esters inhibit cAMP or glucoc0I1icoid induccd

rcsponses. both individually as weil as in combination, The two glucOCOI1icoid reccptor

binding sites arc distinct l'rom the consensus GRE sequence in which they match in only 7/12

and 6/12 positions. l'Cspectively (175) (Figure 1-9),

The rcsponse of Ihe PEPCK gene to cAMP is mediated primarily Ihrough an E/CRE

at -90 bp that is both a part of the basal promoter and a CRE (149), The E/CRE binds the

transcription factor CREB and is required for the full response of the PEPCK gene to

glucoconicoid. Granner et al, (98) found that internai deletions of either the CAAT box and

the E/CRE together or of the E/CRE alone produccd a marked reduction in the glucocorticoid

response. In contrasl. glucocOl1Ïcoid induction was unalTected by de1f~tion of Ihe CAAT box

alone. In addition. llieY,.round that GRU l'rom the PEPCK gene funclions poody when

subcIoned into the TK promoter (Wilhout a CRE) (98),

Faber et al. (151) extended the in vitro observations of PEPCK promoter uctivity to

"in vivo" genomie footprinting. e.g, DNase 1 footprintÎng in pel'lneabilized H4IIE cclls. Nearly

aIl of the sites of protein interaction ob~crved in vitro arc protected in vivo. The DNase 1

protection pattern is the same in cells without or with any of the hormone treatments

(glucOCOI1icoid. insulin. and cAMP). suggesling that hormonal modulation of transcription

docs not involve addition or removal of factors l'rom the cis-elements of the promoter (151).

Protein-protein interaction was observed in vitro bctween glucocorticoid reccptor and
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CREB that might account for the role of the E/CRE in the glucocorticoid response of the

PEPCK gene (98). eSS)-methionine-labeIled CREB was mixed with extracts of HeLa cells

infected with a glucocortieoid receptor-expressing recombinant vaccinia virus, or with wild

type vaccinia virus. After incubation, the receptor and associated prot"ins were

immunoprecipitated with a monoclonal antibody against glucocortieoid receptor. Following

electrophoresis, labelled CREB was found to co-precipitate with glucocorticoid receptor. As

a positive control, wild type c-Jun but not C-terminal truncated Llc-Jun complexed with

glucocorticoid receptor as weIl. Therefore, the functional interaction between GRU/3!!G'EICP.E

is mosl probably through a physical association of the glucocortie<liù it:ceptor with CRF13
;< '

(98).

cAMP and glucocorticoids influence many of the same physiologie processes. In sorne

cases OL~ or another of these effeciurs plays a permissive role, and numerous additive and

synergistic responses have been described. A functional relationship between the

glucocorticoid and cAMP response elements, through interaction of the proteins that bind to

them, may be one way that these physiologic effects are achieved (180, 302).

5.4 MECHANI8M8 OF GLUCOCORTICOID·INDUCED GENE SILEIIICING,

Over the years, there have been several models to explain negative regulation of

glucocorticoids on target gene transcription. e.g. negative, competitive or composite GREs and

even without direct binding to DNA (no GRE). They are briefly discussed below.

(1) Negative GRE: An initial study by Sakai et aL (310) irnplicated the specific DNA

sequence recognized by the receptor as the determinant of positive or negative regulation. A

34-bp sequence of the bovine prolactin gene which binds purified glucocorticoid receptor in

50



•

--

vitro represses heterologous promotcrs to which it is fused. This so-ealled "negative

glueocorticoid response clemenl" (nGRE: CAGATCTCAGCATCAT) dilTers substantially

l'rom Ihe consensus sequence identilied for the positive GRE (311). 11 W<lS suggested thal the

interaction of receptor with nGRE sequences might alter receptor conformation, thereby

inhibiling ils pesitiw aClivity (310).

A second example of lhe negative GRE has been repm1ed in Ihe e<lse of Ihe

pro-opiomelanoem1in (POMC) gene in Ihe <lnlerior pituitary, Ihe lr<lnseriplion of which is

lotally inhibited by glucocol1ieoids (178). An clement within the nit paMC gene 5' -Il <Inking

region is required for glueocol1icoid inhibition oflhe gene Iwnscriplion in AtT-20 cells, which

conlains an il! vitro binding site <lt -63 bp for purilied glucoem1icoid receplOl". SÎle-direcled

mutagenesis reve<lled Ihat binding of the receptor to Ihis site is essenti<ll for glucoeorticoid

reprcssion of transcliplioo. The DNA scquence of the paMC neg<llive GRE dilTers

signil1eantly l'rom the GRE consensus, which nmy rcsult in different receplor-DNA

interactions and may <lccount al least in pm1 for the opposite transcriptional propel1ies of these

elements. An alternative exphmatiun is b<lsed on Ihe fact that glucoeorlicoid receptor himls

to a region (nGRE) on Ihe paMe promoter adjacent or overlapping the enhancer CAAT hox.

MUlually exclusive binding of Iwo proleins may result in suppression on the gene (178,248).

In the case of both prolaclin and paMC genes, lhe responsible DNA elemenls have been

referred to as nGRE clue to lheir vmiance l'rom the nucleotide sequence of the consensus

GRE. However, theil' mechanism of action may be better understood as compelitive GREs.

(2) Competitive GRE: Repression cil' the human glycoprolein u-subunil gene by

glucocorticoids has been extensively chaweterized.lt was shown lhal glueOCOl1icoid inhibition

was dependent on the presence of a funclional CRE closcly adjacent 10 or lJverlapping Ihe
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GRE (93). Thus, negative regulalion couId be duc io the glucocorticoid receplor causing steric

hindranee to the binding of a posilive faclor to the CRE. Similar results were oblained for

several other genes. In lhe case of the bovine prolactin gene, the rat cd-fetoprotein and the

raI POMC gene, il was shown Ihal the GREs alY always localcd close to or overlap with

bind.ng sites for (!f!lcr transcIiplion factors, which mediate glucoc0l1icoid-induced gene

suppression (312).

(3) Composite GRE: is proposcd by Diamond et al. (311) based on sludies of rat

proliferin gene promoter. Both glUCOC0l1icoid reccplor and AP-I arc able to bind 10 a 25-bp

plfG promoter region; and glucoc0l1icoid rcceptor inleracts directly with c-Jun in a solution

(311). G1ucocorticoids exel1 tluee different effects on the proliferin gene duc to ccII specific

dilTerences in .AP-I proteins: (a) In the absence of AP-l activity, e.g. in F9 cells,

glucoC0l1icoiri;. are without effecl on the proliferin promoter because of failure of the hormone

rcceplDr complex to interact funclionally wilh thc targel DNA region (plfG clement). (b) The

c-Jun homodimer alone binds weakly to plfG and activates the promoler, e.g. in HeLa cells.

Thc glucoc0l1icoid receplor inleracls both with the plfG sequence and with c-Jun, producing

a slable complex thal slrongly enhanccs promoler funclion. (c) In CV-l cells, the Jun-Fos

heterodimer slrongly enhances promoler function. The hormone-receptor complex interacts

bolh with plfG and with Jun-Fos producing a complex with altered confonnation Ihat is not

funclional for enhaoccment, or altemalively, stlUclural alteration may lead 10 release of ail

componcnts fromlhe DNA thereby causing gene silencing (311).

In this model, Iimiling amounts of the rcceplor can repress efl1ciently and specifically

despile its inability to occupy fully even eognate GRE sequences. The key fealure is Ihal the

reccptor interacls at the composite GRE not mercly with a DNA sequence but also with the
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bound Jun-Fos complex. Thus, the receptor assoeiales only with aetivuted promoters. The

finding that the reeeplOr interaets both with DNA and with Jun-Fos implies thm the composite

GRE may fucilitate or stubilize the protein-protein interuction, and provides u meehunism for

selectivity that explains why glucoeOl1ieoids do not regulate ull promoters thut utilize AP-l

(311, 314).

(4) No DNA binding: A different type of negmive regulalion hus been deseribed

which does not involve DNA binding of the rcceplOr ut ull. Tremment of mouse Iïbroblusts

with phorbol esters, ullruviolet lighl, or serum growth fuetors induees drumutie c1mnges in

their gene expression pullern. One exmuple is the induction of the eollagenuse gene medimed

by binding of AP-I protein to the promoter, which cun be coullleructed by uddition of

glucOCOl1ieoids, without the presence of a GRE on the turget DNA (94). Glucoc0l1icoid

receptor lacking the DBD is also funelionul in sueh a repression. III vitro experiments using

purified glucoeOl1icoid reccptor und c-Jun proteins suggest thut mutual reprcssion is due to

direct interaction between them. Direct interaction between AP-l und glucoCOl1icoid receptor

in the presence of hormone could be demonstrated by inulluno-coprecipitution (94, 99). ThllS,

it appears that AP-I and glucoc0l1icoid receplOr form a complex which is unuble to

transactivate. Conversely, glucoc0l1icoid cun be repressed by ovcrcxpression of AP-l. As well,

the estrogen receptor wus shown tn rcpress the proluctin gene in the ubscncc of DNA binding,

by interacting with the pÎluitary-specilïc transcription factor Pit-l (95).

In summary. glucocol1icoids influence targel gene trunscription through activating

their receptors. Binding of the glucoC0l1icoid receptor to positive GRE on the target promotcr

may stabilize thebasaltranscriptional machinery und active gene trunscription. Such uClivulion
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requircs the direct or indirect interactions of glucocorticoid receptor with TFIIB or other basal

transcriptional factors. Synergislic lransaclivation and/or DNA binding exist with multiple

GREs. or GRE in conjunclion with other enhancer clements. Negative regulalion in most

cases is duc 10 eilher prolein-protein imeraclion with olher transcriptional enhancers, or

compelitive DNA binding wilh olher adjacent enhancers. Negative GRE can also mediate

glucocortÎCoid-suppression of gene transcription probably through destabilizing the basal

transcriptionalmachinery. Finally, glucOC0l1ÎCoid rcceptor can also inhibit gene transcription

through inleraclion wilh olher transcription factors withoul direcl binding to target promoters

(Figure 1-10 and Table 1-3).
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Figure 1-10. Schematic models of glucocorticoid regulated gene transcription.
GR, PR, ER: glucocorticoid, progestrone, and estrogen receptrors; GRE, CRE,
ERE, TRE: glucocorticoid-, cAMP-, estrogen-, and phorbol esters- response
elements; plfG: proliferin gene enhancer element; CREB: CRE binding protein;
APl: activator protein 1.
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Table 1-3. Mechanisms of glucocorticoids action on gene transcription.

•

ROlEOf GRE TARGET GENE MECHANI5M

positive COUP-TF, PR, ER, TR, RAR - TFIIB
TR - TBP

synergistic MMTV LTR cooperative DNA binding
PEPCK GR - CREB

negative bovine prolactin, POMC

competitive glycoprotein a-subunit, GRE - CRE
prolactin, POMC,
a1-fetoprotein

composite proliferin GR - c-Jun/c-Fos

none collagenase GR - AP-1
prolactin ER - Pit1
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6. rnRNA STABILITY AND ITS REGULATION

Unti! recently, most studies of the regulation of eukaryotic mRNA levels have focused

on the control of gene transcription. However, the level of a cellular mRNA actually

represents a balance between ils rates of synthesis and degradation. Il is known that

eukacyotic mRNAs display diverse half-Iives ranging l'rom a few minutes to many hours or

even days, and the degradation rate of a given mRNA can be allered in response to external

stimuli. The Iist of examples of genes whose regulation involves mRNA stability has

continued to expand. The regulation of cytoplasmic mRNA stability has emerged as an

important control point in a variety of biological systems, inc1uding oncopl'Oteins, peptide

hormones, and cytokines (100, 121, 122, 15S, IS8).

Following gene transcription, the steps leading to protein synthesis can be summarized

as follows (67, 68, 100, 101): (1) Processing of the primary transcript (helerogenous RNA):

As shown in Figure 1-2, the primary lranscript inc1udes both exon and inll'On sequences. Posl­

transcriptional processing begins with changes at bOlh ends of the RNA lranscript. Al the S'

end, enzymes add a specialnuc1eolide cap: 7-methyl guanine (m70); al the 3' end, an enzyme

clips the pre-mRNA about 30 bp after the AAUAAA sequence in the last exon. Another

enzyme adds a poly(A) tai!, which consists of up to 200 adenine nucleotides. Next,

spliceosomes remove the introns by cutting the RNA at the boundaries between exons and

introns. (2) mRNA transport: Mature mRNA is transpOlted through nuclear porcs into the

cytoplasm, at which point it may be translated and/or degraded. (3) Translation is initialed by

interaction of the 40S ribosomal complex with the S'-end of mRNA followed by binding of

the 60S ribosomal unit and subsequent synthesis, elongation, and termination of polypeptide

chains. (4) Transfer of secreled proteins into the lumen of the endoplasmic reticulum is co-
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trans!ational aCter which moditicalions such as glycosylalion and sulphalion of the newly

synthesized protein may occur. The regulation of synthesis of many polypeptide honnones

occurs at onc or mo.;: ste.'s along lhese pathways (101). Forthe purpose of this thesis, mRNA

stability and its regulalion will be discussed in this section.

6.1 SEQUENCE ELEMENTS IN THE mRNA MOLECULE DETERMINE ITS

STABILITY

It is believed lhalmRNA is inherently slable in cells. Unslable mRNA is due to the

presence ofval'ious destabilizing sequences, linked 10 mRNA degradation mechanisms. mRNA

exists in the cyloplasm as ribonucleoprolein particles with sorne proleins protecting the mRNA

l'rom digestion by nucleases and olhers promoling nuclease attack. The proteins function

through interaction wilh mRNA structure or sequences, and lheir amount is regulated by

hormones and other signaIs (68, 100). l'.ecent work on mRNA decay indicates thal sequence

clements regulating mRNA stability are found throughout the message, as illustrated by the

following examples (summarized in Table 1-4).

(1) The 5' cap structure: The unique 5'-5' phosphodiester bond of the cap makes

il intrinsically resistant 10 genel'al l'ibonuclcases. A specitic decapping enzyme has been

purified l'rom yeast, and it is possible that activation of this enzyme by mRNA sequences

would cl'eate an unstable mRNA. Removal of the cap SlIucturc wou Id lead to digestion of the

mRNA by eithel' a 5'-3' exoribonuclease or an endoribonulcease whose site of action would

be masked by the cap (155).

(2) The 5'-UTR and the translational requirement ofmRNA degradation: The 5'­

UTR of mRNA has not yet been detinitivcly shown to be a destabilizing sequence in any
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mRNA. However, the S' -UTR has been weil doeumented to control the translalability of a

mRNA moleeule, and it is through negalive rcgulation of translation that this region of mRNA

has been shown to int1uence the degradation proeess.

There arc a number of examples of rapidly degraded mRNAs whose levels arc

markedly inercased in cells treated with inhibitors of protein synthesis, sueh as mRNAs for

e-mye, c-fos, and c-jun (264-267). The increase in mRNA levels appear to be the resull of

substantial stabilization of the mRNAs by the protein synlhesis inhibitors and arc seen with

various types of inhibitors (i.e., inhibilors of translation initialion ana of clongation thal act

by distinct mechanisms). The mechanism by which prolcin synlhesis inhibilors slabilizc

certain mRNAs is thought to require a highly unstable protein that is involved in Ihe

degradation of these mRNAs (a so-called tralls effec!), or translation per se is requircd for

the decay of these mRNAs (a cis eITec!). These two possibilitÎCs are not mutually exclusive

and each may be applicable in certain instances (158).

The cis en'ect: Consistent with a cis elTeet, a mutatioll resuhing in a deereased rate

of translation due to limited functional tRNA also slabilized mRNA (157). Them is evidenee

thal ribosome-bound ~-Inbulin mRNA is degraded artel' cotranslational recognitioll of the

nascent amino-terminal peptide (Met-Arg-Glu-Ile) by unassembled dimers of (X- and ~-Iubulin

(268). This recognition is presumed 10 aelivale an RNase Ihal may be ribosome-associaled.

In fact, such a nuclease has also been invoked in models .tOI' regulaled turnover of histone

mRNAs (268-270). In the case of c-fos mRNA stabilizalion by eycloheximide. il has bei.'ü­

suggested that the rapidity of the effect on mRNA slability is more consistent with a ci,\' effeet

(271). But the major difficulty in dislinguishing between a cis em~cl and a tralls effect of

protein synthesis inhibilors is that inhibition of global prolein synthesis will, by ils nature,
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inhibit the translation of the mRNA in question and the synthesis of the putative short-lived,

trans-acting protein.

The tralls elrect: To overcome this probJem, Koeller el al (158) performed a unique

experiment with mRNAs for human lransferrin receptor and c-fos. They introduced a ferritin

iron response clement (IRE) inlo the 5'-UTR of each of these mRNAs. The jJresence of the

IRE allowed the aulhors to use il'On availability to alter the translation of the mRNA in

question, without global effecls on cellular protein synlhesis. The translation of a mRNA is

up-regulated by ;ron in lhe presence of an IRE in ilS 5' -UTR (272-274). In this study,

allhough specifie translation of lhese mRNAs couId be inhibited by iron chelalion la a degree

comparable la lhat seen with cycloheximide (-95% inhibition), no effecl on mRNA lurnover

was observed (158). These data support the model of lralls effect in which a tralls-acling

labile pr"t~i!l is necessary for the turnover of these mRNAs (158).

(~) Pre:mature termination and r.1RNA destabilization: Investigations on the

mechanism by which nonsense mulations within mRNA lead 10 instability have pl'Ovided

significanl insight into the general palhways of mRNA degradation. It has been apprecialed

for some time lhat nonsense mulalions can destabilize mRNA. Furthermore, the closer lhe

mulalion is ta the iniliator methionine codon, the less stable the transcript is (160).

(4) Open reading t'rame (ORF) destabilizing sequences: In what remains a unique

example, Yen el al. (161) discovered thallhe N-lenninal1etrapeptide encoded by ~-tubulin

mRNA provided a signal la larget rapid degradalion of that mRNA under conditions of

lubulin monomer excess. Destabilizing sequence is also identified in the ORF of c-fos mRNA

(162). The sequence was only utilized when the message was transientIy expressed following

growth faclor stimulation. A closer examination of this element has shawn that it is the RNA
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sequence, but not the protein product or a biased codon usage, that is required for

destabilization (162). Recently, several proteins that recognize the ORF destabilizing region

of c-fos mRNA have been identified by ultraviolet cross-linking experiments (165). In a

related series of experiments examining an analogous destabilizing sequence in the ORF of

c-myc mRNA, Bernstein et al. (163) found that the in vitro decay rate of the polyribosome­

bound c-myc rnRNA was dramatically increased in tlle presence of a synthetic RNA

containing the destabilizing region.

(5) 3'·UTR destabilizing sequences: have received the greatest attention in studies

on mRNA degradation. Transferrin rnRNA degradation is reguiated by changes in cellular

stores ofiron. Located within the 3'-UTR ofthis rnRNA is an IRE that contains five distinct

stem-loop structures, capable of binding the IRE-binding protein (IRE-BP). The binding of

the IRE-BP to the transferrin rnRNA stabilizes the mRNA. Cellular iron regulates the affinity

of binding by dissociation and reassociation of an iron-sulphur cluster within the IRE-BP

(164).

A well-characterized 3'-UTR destabilizing sequence is the AU-rich clement (ARE).

Shaw and Kamen (130) made the initial observation that an ARE in the 3'-UTR of the

granulocyte-macrophage colony stimulating factor (GM-CSF) mRNA could stimulate the

degradation of the ~-globin rnRNA. The consensus sequence for the AREs is loosely defmed

as AUUUA repeats, often found within a U-rich region in the 3'-UTR, of the rnRNAs

including the lymphokine and irnmediate early genes.

(6) 3'.Poly(A) tail: Most eukaryotic mRNAs are protected by a poly(A) tail from

degradation caused by rilJonucleases. Ils removal may be a pre-requisite for rnRNA

degradation as discussed later.
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Table 1-4. Defined elements in mRNA which determine its stability.

•

Location Host mRNA Element/Function

S'-cap ail mRNAs removal of the cap
destabilizes mRNA (159)

5'-UTR --- translatability -->
mRNA stability (155)

premature termination --- upstream nonsense mutation
--> mRNA instability (160)

open reading frame ~-tubulin mRNA; encodes a signal for
degradation (161);

c-fos & c-myc mRNA destabilizing sequences
(162, 163)

3'-UTR transferrin mRNA; iron-response element
stabilizes the mRNA (164);

lymphokine, immediate AU-rich element destabilizes

early gene mRNAs mRNA (130)

poly(A) tail many mRNAs pre-requirement for mRNA
degradation

.
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6.2 PROPOSED MECHANlSMS OF rnRNA DEGRADATION

Three models have been proposed to eharaeterize the moleeular mechanisms of mRNA

degradation: deadenylation. sequence-specific cleavage of Ihe mRNA independent of poly(A)

shortening, and antisense RNA. They arc discussed briel1y below.

(1) Deadenylation. Several observations have implieated lhe remov.ll of lhe poly(A)

lail as an early slep in the decay of many mRNAs (121). mRNA degradalion is initiatcd by

shortening of the 3' poly(A) lail, which leads 10 decapping (removal of lhe 5' cap), followed

by 5' to 3' degradation of the lranscripts. For example, mRNAs laeking poly(A) tails degmde

more rapidly Ihan adenylaled control mRNAs. In addition, changes in the size distribulion of

the poly(A) tails of some mRNAs cOlTelate with alleralions in their deeay mie. Moreover,

some sequences Ihal promote rapid mRNA deeay cause rapid deadenylation, e.g. sequences

in the 3'-UTR of Ihe unslable yeasl MFA2 mRNA, sequences wilhinthe coding region and

an ARE found in the 3'-UTR of dos mRNA (l2\).

More direci evidence thal shOltening of the poly(A) lail is required for mRNA deeay

comes l'rom sludies following the degradalion of "pulses" of newly synthesizcd transcripls

produced by rapid induclion and repression of regulatable promolers. These "transcripliona\

pulse-chase" experimenls demonstrale that lhe unslable mammalian c-fos mRNA and several

yeaslmRNAs, including bolh stable and unstable Iranscripls, do not beginlo decay unliltheir

poly(A) tails are shOltened (\21, 131). In addition, chimeric lranscripls of stable mRNAs

eontaining either the ARE or the eoding rcgion of c-fos mRNA, or c01Jlaining Ihe 3'-UTR of

the MFA2 mRNA, begin 10 decay eal'lier lhan lheir wild-lype eoU11lerparls, eorresponding to

their more rapid deadenylation (121). These observations argue slrongly that dea~lenylalion

is required for the decay of at least some mRNAs.
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CUITent knowledge of how deadenylation leads to the deeay of mRNAs is Iimited. One

possibility is that the poly(A) tail associated with poly(A)-binding proteins (PABPs) protects

mRNAs l'rom nonspecilie exonueleases. Several observations suggest that deadenylation

triggers a nucleolytic event near thc 5'-end (I2\). The ribonucleuse involved in PABP­

dependent shol1ening of poly(A) tails l'rom yeast has been pUlified and cloned (172). This

poly(A) ribonuclease is unique among identitied eukaryotic RNuses in that it requires a

prolein-RNA complex as a sllbstrate. Furthennore, a mammalian poly(A)-specifie nucleuse

ha~ been pat1ially puril1ed, allhough ils imp0l1ance in mRNA decay remains to be determined

(173).

(2) Sequence-specitic c1eavage of the mRNA independent of poly(A) shortening.

A second mechanism of mRNA turnover is initiated by sequence-specific cleavage within the

3'-UTR, independent of poly(A) tail removal. Evidence fol' this mechanism comes l'rom

analysis of lranscripls, such as manunalian 9E3 and IGF-ll mRNAs, where mRNA fragments

arc delected ill vivo lhal con'espond to the 5'- and 3'-portions of the transcript and that are

consislent with internai cleavage within the 3'-UTR (132, 133). After blocking mRNA

synlhesis, the level of lhese fragments increases as the level of the full-Iength transcript

deereases, sllggesling thal these fragments are decay intermediates. In both eases, the 3'­

fragments slayed adcnylated, indicaling lhal poly(A) tail removal is not reqllired fol' the

cndonllclcolytic clcavagc. SlIch cleavage sites thM are rccognized independently of the

poly(A) tail have also been identil1ed in the 3'-UTR of Xellopus X/llbox2b mRNA (121,134).

Scqllence-specitic cleavàge is also critieal in the dccay of mammalian histone mRNAs.

Althollgh not polyadenylated, lhey possess a charaeteristie stem-Ioop strueture at their 3'-end.

The initial event in hislone mRNA decay is removal of a few nllcleotides at the 3'-terminus,
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which dislUptS this stem-Ioop stlUcture (121, 135). Therefore, all of pathways described above

are iniliated by a modilïcation of the 3'-end of the transcript (deadenylation, endonucleolytic

cleavage wilhin the 3'-UTR, or removal of the histone 3' stem-Ioop slllleture), whieh then

triggers later nucleolylic events.

In the deadenylalion-dependent pathway, differenees in decay rate resull l'rom bolh the

rate of poly(A) shol1ening and the rates of decay of the oligoadenylated transcripl. Thus, the

decay rate of a mRNA is contl'Olled by the presence of featurcs within the mRNA that uffeet

these two rates. The elements within mRNAs that promnte poly(A) sh0l1ening (sueh a~ the

ARE in the 3'-UTR of c-fos mRNA) may recruit different poly(A) nucleases, or modify Ihe

rate at which a single poly(A) nuclease functions (121, 131,136). DilTerences in decuy raIes

between mRNAs are also due to IJe presence of sequencc-spccilic endonuclease targel. sites

wilhin some mRNAs und the secondary stl1lclures of Il1RNA (lOI, 130, 137, 138).

(3) Degradation Ut' rnRNA invulving antisense RNA. Antisense trunscripls

introduced into eukaryotic cells have been shown to inhibil gene expression by rapid

destabilization of the corresponding endogenous Il1RNAs (291). However, there is only limited

evidence for the pat1icipation of endogenous antisense RNAs in eukaryotic gene regulation.

After induclion of murine erythroleukemia (MEL) cells to differenlialion in response

to chell1ical inducers, oncoprotein p53 is found to undergo down-regululion ut a posl-

transcriptionallevel involving synthesis of an RNA 1l10lecule (127). By probing with vurious

fragments of the p53 gene, Knochbin and Lawrence (127) identilied a nuclear RNA molecule

of -1.3 kb, which uccumulates when cells are treated by the chell1ical inducers, while p53-

Il1RNA undergos degradation. Il has -1.2 kb sequence complementary 10 p53-Il1RNA and is

not a spliced product of p53 pre-mRNA because il can only be delected by a sense probe.
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This RNA was found at a low level even in uninduced cells and is accumulated upon

induction of cell differentiation. Sequence analysis of the genomic DNA fragment revealed

the presence of Pol III consensus boxes (A and B) at 3' end and the antisense orientation.

These boxes assemble a potential promoler whieh may direct the synthesi3 of the RNA upon

cell induclion (127).

Down regulation of p53 mRNA under post-transcriptional control has also been

described in mouse teratocarcinoma F9 cells upon induction (292) and chick embryonic

development (293). ln both eases the aUlhors reponed a constant rate of p53 gene

transcription and the slabilization of p53-mRNA when treated with actinomycin D.

FUl1hennore, lhe de!lmdation of eslrogen receptor mRNI\ by phorbol esters in human

mammary adenocarcinoma (MCF-7) cells is found to he dependent on ongoing RNA synthesis

bul not on protein synthesis, indicating an RNA molecule being involved in the mRNA

degradation (187). Another example of mRNA degradation by antisense RNA cornes l'rom the

Dictyostelilllll discoidelllll prespore gene EB4-PSV. In early develnpment and after

disaggregation, the 2.2 kb mRNA becomes unstable. In the meantime, a 1.8 kb antisense

transcript originating l'rom the same gene locus is detected by a sense strand probe. The

inhibilion of RNA synthesis during disaggregation prevents the synthesis of the antisense

RNA and degradation of the mRNA (290).

An udvanlage of anlisense mediated mRNA degradation is the ability to respond

rapidly to environmental changes. A single set of enzymes, including double strand-specifie

RNase, would provide the meam: to destabilize aIl antisense-controlled mRNAs. In contrast,

regulalion of mRNA stability by specific trans-acting factors would be slower in aetion, and

function only on a fumïly of coordinately regulaled transcripts. Thus, endogenous antisense
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RNA synthesis represents a general, rapid and eflicielil type of gene regulmion.

6.3 CHARACTERIZATION OF RNA 8INDING PROTEINS

In order for eukarYGtic mRNAs to be regulated at the level of degradation or

translationa! control, the ccli must possess a mechanism for their selective recognition. So fur,

proteins specilïc for ARE, IRE, und poly(A) lUi! huve been identilïed. As discussed, ARE in

the 3'-UTR represents a common featurc of unstuble mRNAs. To identify cellulur fuctors Ihut

interact with ARE, RNA gel shift and RNA-protein ultraviolet-cross linking assuys huve heen

developed (167, 168). A 32 kDu protein was identilïed predomina!cly in Ihe nuelei of HeLu

ceUs which intcracts with AREs l'rom a number of transclipts including GM-CSF, c-myc, und

c-fos (168). Another simi!ar factor (36 kDa) which is present in eytoplusmic extracts l'rom

Jurkat cells or l'rom human peripheral blood mononucleur cells, intemcts with AREs l'rom IL-

3, GM-CSF, interferon-y, and c-fos mRNAs, and forms a major ultraviolet cross-linked

complex with RNA that migrates at 44 kDa (167).

Bohjanen et al. (169) ha'lr· identilïed three RNA-binding proteins l'rom humun T

lymphocytes Ihat interact wilh AREs. AU-A is an abundant, constitutively expresscd 34-kDa

factor that localizes primari!y to the nucleus. Il binds to AUUUA multimers with low affinily
"

and also binds to other U-rich sequences. AU-B and AU-C ure 30- und 43-kDu cytoplusmic

factors that arc induccd following T ccli !\:ceptor-mediuted stimululion und bind ln AUUUA

multimers with high aflinity. Protease cleuvage of the RNA-prolcin complexes indicate that

AU-B and AU-C are struclurally relaled to cach othcr but distinct l'rom AU-A (169). These

data suggest that AU-B and AU-C RNA-binding factors couId be cytoplasmic regulators of

lymphokine mRNA metabolism.
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More recently, IWo proteins of 37 and 40 kDa were purified l'rom K562 ceUs that

selecliveIy acccIerate degradalion of c-myc mRNA in a ceU-free system (170). These proteins

bind specificaUy to the c-myc and MG-CSF IIlRNAs allhe 3'-UTR, suggesting that Ihey are

in paJ1 responsihle for selective IIlRNA degradation. The Iwo proteins are found 10 be

immunoIogically cross-reaclivc and bolh arc phosphoryIatcd and compIexed wilh other

prolcins. Imlllunologically rclatcd prolcins are found in both lhe nucIeus and the cytoplasm.

The 37-kDa protcin was fUJ1her cIoned using antibodies. Thc cDNA (AUFI) contains an ORF

predicled to producc a prolein with sf'{cral features, incIuding two RNA recognition motifs

and domains that potentiaUy mediate protcin-protein interactions (170). These resuIts provide

further sUPP0l1 for a roIe of these proteins in mediating ARE-directed mRNA degradation.

Yu et al. (181) purified the IRE-BP and subsequentIy isoIated its cDNA l'rom the rat

liver. The prolein was predicled 10 have 889 amino acids and a MW of 98kDa. IRE-BPs l'rom

human and rod"nt share 95% idenlity. A mRNA of 3.6 kb was expressed in rat liver, spleen,

and guI. lnjeclion of iron decrcased the RNA binding activity of IRE-BP by 50% but did nol

change its IIlRNA level, indieating that IRE-BP functionaUy responds 10 iron concentration,

lhrough binding to larget RNA.

The poIy(A)-binding protein (PAEP) is 70-kDa,localized excIusively 10 the cyloplasm

(182). PABP occurs at a high concentration in HeLa ceUs whcre il displays a low turnover

rate. Il binds oligo(rA)'5 in high affinity (Kd of 7 nM) and exisls in an approximately 3-fold

1110lar exccss of the PARP in relation to available binding sites on cytoplasmic poly(A) (182).

6.4 REGULATION OF rnRNA DEGRADATION BY GLUCOCORTICOIDS

GIUCOC0l1icoids havc been r~pol1ed to exel1 both posilive and negalive effecis on
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mRNA stabilily. For example, glucoe0l1icoids enhance the stability of GH (109, 110),

fibronectin (111), and PEPCK mRNAs (112) and decrease the slabilily of mRNAs for insulin

(102), surractant prolein-A (SP-A) (117-120), interleukin-I ~ (113), 3-hydroxy-3­

methylglutaryl-coenzyme-A reduclase (114), type 1 procollagen (115), GM-CSF (116), and

inlerferon-~ (171). DEX has been rep011ed tn inducc a dose-jepcndent decreuse in sleady

state insulin-mRNA levels wilholll changing the l'me of insulin gene transcriplion (102).

Inhibition of RNA and prolein synthesis by aClinomycin 0 and cycloheximidc, rcspectively,

completely ubolished Ihe DEX effeet, whereas actinomyCÎn 0 added 9 h aner DEX had no

effect on DEX-induccd insulin-mRNA degradalion, indicating that DEX elTect nn inslilin

biosynthesis reqllires transcriptional activation of a gene encoding a protein responsible for

the accelerated disappearancc of insulin-mRNA (102).

SP-A, the major pulmonary slirfactant-assoCÎaled prolein, is a developmenlally and

hormonally reguluted sialoglycoprolein. Glucoconicoids have dose-dependent biphasic eflècls

on Ihe levels ofSP-A and ils mRNA in hllmanlètallung il! vitro (117-120). At concenlrations

of 10'1°_10,9 M, DEX increases the levels of SP-A and ils mRNA level over Ihose of control

tissues, whereas at concentrations ~ 10" M, Ihe elTecl is murkedly inhibilOry. F1II1hermore,

DEX slimlilates SP-A gene Iranscription in hllmun lclal lung and UCIS synergislically wilh

cAMP to increuse the Iranscriptional activily. On the olher hand, DEX (> 10'9 M) hus a

dominant negative elTect on SP-A mRNA accumulation and antagonizes the slimulatory effect

of cAMP by promoting SP-A mRNA degradation (117-120).

The elTects of steroid hormones on mRNA stability arc likely 10 be mediated by lheir

receptor proteins. The best evidence thal classical reccptors arc required for altercd mRNA

stability comes [rom a comparison of cells wilh and wilhoui the receplOr. RU486, which
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antagonize the progesterone receptor, allers the stability of mRNA for fally acid synthase in

MCF-7 cells, which conlain progcsterone reccptor, but not in MDA-MB231 ceUs, which lack

this receptor (139). In addition, the ARE in the 3'-UTR has been rcp011ed to mediate the

increased turnover of interferon-~ mRNA induced by glucocortieoids (171). Human

interferon-~ mRNA mUlants wilh deletions of ARE in the 3'-UTR displayed no effect on the

stability of the mRNA and liule effect on ils efficiency of translation. However

glucoe0l1icoids destabilizcd mRNA only in ceUs expre~~;ng interferon-~ mRNA with ARE

in the 3'-UTR, suggesting that glucoC0l1icoids may act by stimulating a ribonuclease which

degrades mRNAs containing ARE in the 3'-UTR (171).

At present, therc is no evidence that steroid receptors act dircctly in the cytoplasm to

aller mRNA stability. Eslrogen, progesterone, and androgen rcceptors are predominantly

nuclear proteins (140). Unligandcd glucocorticoid receptor may be localized in the cytoplasm,

bUI translocates to the nucleus upon hormone binding. Most likely receptors participate

indirectly in regulated mRNA turnover because they arc required for the transcriptional

.rcgulation of a turnover factor (122). Consistent wilh this point, stabilization of PEPCK-CAT

ehimeric mRNA in rat hepatoma ceUs occurs only after 8 h of glucocorticoid treallnent, and

the stabilization of OH mRNA by glucoc0l1icoid in fibroblast ceUlines requires 12-24 h (141,

142). On the olher hand, more rapid and direct effects of glucoc0l1icoids on mRNA turnover

ulso exist. For exmnple, destubilization of interferon-~ mRNA by glucoe011icoid oceurs within

2 h, perhaps through activation of a pre-existing signalling pathway since it is not bloeked by

inhibitors of protein synthesis (143).

In summary, in the lust several years, mRNA stability has beeome an important
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control point for the expression of many oncoproteins, peptide hormones, and cytokines.

Destabilizing sequences located throughout the transcript delermine mRNA half-life. mRNA

degradation is usually initiated by removal of the 3'-poly(A) track, which then triggers 5'­

decapping and 5' to 3' digestion of the transcript. Lcss commonly, mRNA degradalion starts

l'rom within Ihe sequence without poly(A) sllOrtening; or is caused by interaction Wilh induced

endogenous antisense RNA. mRNA slability is rcgulatcd by factors such as glucOCOI1icoids,

cAMP. iron, ccli cycle- and ccli-specifie factors, although the precise molecular mcchanisms

are not weil underslood.
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7. FUNCTIONAL INTERACTIONS OF SOMATOSTATIN AND

GLUCOCORTlCOIDS

Although glucocorticoids are only produccd in adrenal cortex, their reccptors arc

present in almost evcry cell and they affect fundamental processes throughout the body.

Somatostalin is produccd in many body tissues and acts on multiple tissue targets. Thus both

glucocorticoids and somalOstalin inl1ucncc a broad spectlUm of biological activities. In

addilion, them is evidence Ihat glucocOlticoids regulale somatostatin function, and

somatostatin, in IU111, is able to inl1uencc the functions of CRH and ACTH and thereforc of

glucocorticoid secrelion.

7.1 IN VIVO INTERACTIONS OF SOMATOSTATIN AND

GLUCOCORTICOIDS

The most importanl interactions of somatostatin and glucOCOlticoids are observed in

gl'Owth control, pancreatic islet function, immune suppression, and stress responses.

(1) Growth and Growth Hormone Secretion. Postnatal gl'Owth is contl'Olled by GH

and IGFs, IhYl'Oid hormone, sex" 'll'Oids and glUCOCOlticoids, in addition to genetic,

socioeconomic and nutritional faclors (19). Glucocorticoids in excess are weil known to retard

growth. Only 2-3 timcs lhe normal daily secrction rate of cortisol can attenuate gl'Owth (13),

e.g. in Cushing syndrome or lrealmcnt of children with cxogcnous glucocorticoids for diseases

such as aslhma and glolllclUloncphlitis. Thc effect of glucoeOlticoids on GH function is rather

complicaled in that gluCOCOlticoids inhibit GH secretion in vivo but stimulate GH biosynthesis

and secretion when directly applied 10 GH producing cells (80, 296). The in vivo inhibition

is most pl'Obably through release of inhibitors of GH secretion, such as somatostatin (19).
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The role of hypothalamÎC somatostatin re!case in gluCOC011ÎCoid inhibition of growth

and GH secretion was investigated by using passiw inllllunization techniques (105, 106). lt

was rep011ed that 4-day pretrealment with DEX (40 Ilg/day) signilicantly reduccd bas'II and

GHRH-stimulated GH secretion in rats. To determine the raie of somatostatin in the impaired

GH response, anolher set of animais was injectcd with somatostatin antisel1nn 30 min before

GHRH. Somatostatin anliselUm reversed the responses to GHRH, suggesting Ihat the ill vivo

inhibition of GH secretion by gIUC"C011Îcoids is at !casl pat1ially mediated via augmented

hypothalamÎC somatostatin rclease (105). In a followup study, Wehrenberg el al. (1 (6) found

Ihat young rats (50 g) treated with daily DEX injection (40 Ilglkg) for 33 days grcw much

slower Ihan control animais. GIUCOC011ÎCoid-induced growth retardation was pat1ially revcrsed

by concomitant treatment of rais with somatostatin antisclUm. Most reccntly, c011ÎCosterone .

has been rep011ed 10 directly increase somatostalin content 2-3 fold in letal l'al hypOlhalamic

culture (299). Thercfore, the inhibitory efleet of glucocorlÎCoids on groWlh and GH may be

madiated, in part, by increased somalOstatin secretion (Figure 1-11).

(2) Pancreatic islet function, Glucoi:orticoids exel1 profound effects on intennediary

metabolism, most of which are counteractive 10 Ihose of insu lin. They enhance hepalic

production of glucose, decrease glucose uptake and increase amino acid release l'rom muscle,

and increase lipolysis and release of glyccrol and l'l'cc fally acids l'rom adipose tissue. Dliring

fasting, glucocorlicoids contribllte to the maintenance of plasma glucose levels by increasing

hepatic gluconeogenesis, glycogcn dcposition, and peripheral rcleasc of subslt·atcs (amino

acids, free fally acids, etc.) (19). Furthcrmore, glUCOC0l1icoids inhibit insu lin sccretinn and

biosynthesis from both normal rat islets and HIT cells (315). Philippe el al. (102) rcporled
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a dose-dependeni decrease in steady state insulin-mRNA levcls in HIT cells treated with DEX.

This clTect is duc 10 aceelerated mRNA degradation rather than suppression of instilin gene

transcription. Somatostatin biosynlhesis and secretion arc augmented in the gut during fasting

(316), and somalOstatin inhibits insulin biosynthesis and secretion, thereby, funelÎonaily

eollabnrating wilh glucOCOI1icoids in maintaining a normal metabolic status. In addition,

cortîcosterone has been rep0l1ed to augment somalostatin content and secretion as weil as D­

ccllnumber in cultured rat islet ce Ils (107). Therefore, both glUCOC0l1icoids and somalOstatin

inhibit insu lin secretion. The glueoc0l1ÎCnid-induccd somatoslatin production l'rom the islets

may eonstilute an extension of their anlÎ-insulin actions.

(3) Immune Suppre.~:;ion. A prominent effeet of glueoe0l1icoids is suppression of the

immune respnnse. Recent studies indicate Ihat somatostatin is produced in lymphoid organs

(spleen and thymus) and mononuclear leukocyles, mast ceIls, and polymorphonuclear

leukocyles and inhibits the immue rcspnnse (12-14).

Somatoswlin peptide and mRNA are found in the spleen and thymus of rats, and in

the spleen, thymus, and bursa of Fabricius in the chicken. Ils localization in the borsa

indicates tha! the peptide is synthesized in B lymphocytes sincc this is the site of origin of

R lymphocytcs in birds (14). Thc prcsence of snmalostatin in rat spleen is confined in somc

Reelis and other cell types, but nol in T eclls. In the rat thymus, somatostatin is present in

a small pnpulation ofT lymphocytes in the medulla, as rcvealed by the Thy-l.I marker (14).

Fuller and Verity (12) also demonstrated the expression of SS-mRNA in rat thymus. Specifie

receptors for somalostatin are expressed on quieseent as weil as aclÎvated monocytes,

lymphocytes, Iymphocytic lcukaemia cells and Iymphoid ccli lincs (209, 210, 215).
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Somalostatin produced in immue cells mal' exel1 paraerine or au\ocrine functions. In addition.

somatostatin is found in C-tïbres and the smaU myelinated A-o tïbres of peripheral nervous

system (215). which mal' rdease somatostatin into the immune system. This mighl represent

a direct regulatory interaction bet,yccn the nervous and the immune syslems.

Somatostatin mal' modulate lhe ;mmtolle rcsponse hl' a variet)' ohueehanisms. The

peptide eXC11s both stimulatory and inhibitory effeets on the proliferation of lymphocyl'~s (type

T and B) and leukocytes (basophïls) (1 l'S. 210-213); suppresses immunoglobulin synthesis

by plasma ecUs (210); inhibits the release of colony-slimulaling factor l'rom activated

lymphocytes (214); suppresses tumoricidal activity of macrophages (2 i 5); and enhanœs

leukoeyte-migration-inhibiting factor formation in aetivaled lymphocytes (21 D).

GiucOC0t1icoids suppress mulliple aspects of immunologie and inllammatory

responsiveness. They cause a species- and ccli type-spectiic Iysis of lymphocytes and impair

release of effector substanccs such as the lymphokine IL-l. antigen proccssing. antibody

production and clearance. and other lymphocyte functions (19. 68). They suppress the

inllammalOry response by 1) decreasing the numher of circulating lcukocytes and the

migration of tissue leukocytes; 2) inhibiting 1ïbroblast proliferation; and 3) inducing

lipocol1ins which. by inhibiling phospholipase Al' blunt the production of the potent anti­

inllammatory molecuies, prostaglandins and leukotrienes (6R).

The immune system, in tUlll, affects the hypothalamic-pituilmy-adrenal (HI'A) axis.

The inllammalory cytokines TNF-a, IL-I~, and IL-6 activate the axis primarily by causing

hypothalamic CRH secretion. which leads to glucOCOt1icoid secretion mediated by ACTH

release (201-205). Glucocorlicoid secretion then limits the inllammatory reaction by

preveming leukocytes l'rom reaehing the inllammatOlY site and by decreasing the secretion and
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aclion of various cytokines and lipid mediators of inllammation (205, 206). Although IL-l~,

and prohahly TNF and IL-6 as weIl, stimulatc somalostatin production from cultured neurons

(41,52,53), ;, is not knnwn whether somalostatin pal1icipales in sueh a physiologie proeess

as an anli-inllammatory peptide. il would be of interesl to examine the local secretion of

somatoslalin dUlÎng glucoc0I1ÎCoid-induced suppression of the inllammatory response.

Rceenlly, the anti-inllammatory elTect of somatostatin has been documented (205). In

an experimentalmodd of inllanllnalion induced hy injection of earrageenin into subculuneous

air pouehes in raIs, the volume, the leukoeyte concentration and the level of local pro­

inllammalory medialOrs (TNF-a, suhstance P and CRH) in the inllammatOlY exudate werc

signilïeanlly reduccd by systematic or Il),;al injcclion of somatostatin analogues (BIM 23014

and sandostalin) in a time- and dose-dependent manner (205). FUl1hennore, endogenous

somatostatin was shown to pat1icipate in DEX-induced anti-inllammatïon effect. DEX

inhibiled lhe production of ail pro-inllammatory substances, bystimulating lhe endogenous

production of smllatostatin locally (207). These arc exciling observations which provide a

physiologic hasis for a functional interaction between glUCOC0l1icoids and somatoslalÏn

wherehy gluenenl1icnids inhihit the inllanllnatory reaelion secondarily lhrough activation of

somatostmin which in turn inhihils the production of pro-inllammatory peptides.

(4) Stress. Aeute physical nr psychological stress stimulates several adaptive hormon.-:I

respnnses, inc1uding the secretion of glucoe0l1icoids l'rom the adrenal c0l1ex and

catecholamines from lhe adrenal meduIla (285). Stress, acting via poorly del1ned central

palhways, activates the HPA axis by stimulating the release of hypothalamic CRH and AVP

which in turn enhance pituitary ACTH secretion. ACTH stimulates glucocorticoids which
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exen negative feedhack co11lrol on thc pituitary and hypothalamus. In the anterior pituilary.

glucoconicoids inhihit both ACTH secrction anù POMC gene transcription (178). To a lesser

extenl. glUCOC0l1ÎCoids also dccrease CRH anù AVP mRNA and peptide kvds in the

hypothalamic paraventricular nuc1ei. In addition. glucoc11l1icoids block the stimulatory d'fecls

of CRH on POMC gene transcliption and acute ACTH rc1ease (178. 128) (Figure 1-11).

Stress also activates somatostatin function. Aguila et f/I (280) detected a 2-fold

increasc in somalOswtin rclcase l'rom hypothalamus. sustained for 20 min. following a 2 min

ethcr stress in rats. In the anestrous ewe. prolonged electric f(lOl shock augmentcd

hypothalamÎC somaloslatin relcase (281). In addition. Engclhardt and Schwille (2XO) rcpo1'lcd

Ihat plasma sl.lmatostatin conccntration is incrcased SO-90% in rcsponsc to strcss in rats.

Stress-induccd somatostalin relcase supprcsses ACTH secretion. possibly by inhibiting

CRH. Thus, SS-28 (but not SS-14) giwn icv inhibils strcss-induccd pituiwry ACTH rcle1L~e.

ICV infusion of the somatostatin analo~ue (octreotide) pat1ially inhibits hClllolThage·induccd

ACTH release wilhout alTecting ACTH secretion in control euvolcmic animais (2X2). The

elevation of ACTH artcr !ail-suspension stress is total!y prevented by iv administration of
• ' 1 •

ùntisera against CRH. Since SS-28 does not inhibit CRH-induced ACTH sccrction l'rom the

piluitary il! vivo or il! vitro. tilcse results are consistent with the Ilypothesis that SS-2X

prevcnts strcss-induccd ACTH secrction, not by a direct action on ;;:tuilary cortÎCotrophs but

by inhibition of hypothalamic CRH release (287).

Siress-induced somatostatin rclease also suppresses OH secretion. in collaboration with

CRH or glucoconÎCoids. The first rep(lI1 of a rolc of somatostatin on stress-induced OH

secretion came l'rom Terry et al. (301), who f()Und~thàt anlisennll to somatostatin

adminislratcd iv 10 rats sucjcclcd ((!.·swim stress rcstored OH secretory pulses whieh were
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suppresseù in non immune sel1lm col1lrols. inùicating that circulating somatostatin plays a

promÎllcnl role in stress-inùuœù inhibilion of OH secrclion. Il was rep0l1eù thal artel' ether

exposure. mean plasma OH level was signilical1lly reùllccù (280). While exposure to elcctric­

shocks markeùly lowereù plasma Ol-! Ievels. central aùminislration of the CRH antagonisl

alpha-Hcl CRH-(9-41) totally aholisheù this eflèct of stress (288). F1Il1hermore, cel1lrally

aùministrateù CRH can mimic stress in reùucing OH secrelion. The eflèct of CRH can be

blockeù by somatoslatin anlisel1l1n. inùicating that the CRH effect is mediated through

somatostalin release (2RR. 2R9). Such observations SUPP0l1 the hypothesis that in Ihe rat.

enùogenous CRH meùiates the inhibilory action of noxious stimuli on OH secretion and

f1ll1her suggest thal lhis effect may involve an increaseù release of endogenous somatostatin

(2RR). In aùùition. CRH may inhibit OH secretion inùirectly at another level tbrough

activation of ACTH anù glucoc0l1icoiùs, sinee glucoc0l1icoiù is a weil known inhibitor of in

vivo OH secretion.

As illuslrateù in Figure 1-11. stress-induccd CRH release (1) activates the HPA axis

leading 10 inereased secretion of glUCOC0l1icoids. which in IUrn enhance hypothalamic

somatostatin secretivn; (2) augments somalostatin reiease dircctly l'rom hypothalamus. The

somatostatin released in response to CRH and glucocol1icoids inhihits OH secretion.

F1Il1hermore. somatoslatin seems 10 be an inhibitory factor on stress-activated HPA axis in

Ihat it acts at Ihe Icvt:ls of hypothalmnus (CRH) and pituitalY (ACTH) to confine the extent

of stress rcaclions.

7.2 REGULATION OF GLUCOCORTICOID SECRETION BY

SOMATOSTATIN
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As discussed earlier. somatostatin inhihils glucoeolicoid production through uction~

at the levels of CRH and possibly ACTH secretion. Smnutostulin suppresscs CRH secretion

und CRH-slimululed ACTH secretion in piluitury lumoreells uml muy medi'lle glucocorlicoid­

induced ACTH inhibition (216-219). Ferruru et al. (152) repol1ed Ihui sonUlloslutin (in Ihe

hippocumpus) mediutes DEX-induccd fccdback suppression of HPA system in the raI.

Systemic administrution of cysleumine (u deplelOl' of somutoslulin slorage). or iev

udministration of somutoslalin unlibody. or microinjeclion inlo IWO diserete ureus of the

hippocampus under sterotutie control. complelely bloeked DEX-induced inhibition of

corticosterone secretion. Altbough high uflïnity binding siles for sOll1utostulin huve been

detected in the rat udrenul cortex (220) und somalostulin inhibits Ihe growlh of <V/Ill

g[omerulosa of the rut adrenuls and ungiolensin ll-still1ululed uldosterone produclion ill vitro

(13,221), them hus been no report on direct sOll1utoslutin uclion on glueocm1icoid pwduclion

l'rom the udrcnul corlex.

7.3 REGULATION OF SOMATOSTATIN FUNCTION UY

GLUCOCORTICOIDS

Over Ihe yeurs, sporudie reports huve suggested thut glUCOC0l1icoids ure eupuble of

inl1uencing somu;oslulin function, r.lthough thert: are eonllicling reports. Rodriguez et al. (3S)

repOited that adrcnolcctoll1Y in rais led to u signilïcanl decrease in Ihe number of sOll1uloslulin

receptors in hipPocull1PUS, striatull1 and hypothalamus, bul nOI in cerebral cOl1ex, without

changing Ihe somatoslatin content in these regions. Such a deerease was completely reversed

by glucocorticoidJeplacement. Schonbrunn et al. (124) round thut excessive glucoc0l1icoid

rcduced the numbei' or~oll1atoslatin receptors in piluilary cells in culture. Adrenalectomy has
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been reported to lead to increased pancœatic and circulating somatostatin concentrations in

dogs (12S),

Direct effects of glucocorticoids on somatostatin peptide synthesis. secretion. and

mRNA accumulation have been reported in several systems. In cultures of embryonic quail

sympathetic ganglia, corticostercne increased somatostatin 3 fold after 4 day treatment (317).

Corticosterone augmented somatostatin content and secretion as well as D-cell number in

cultured rat islet cells (107). Corticosterone has been reported to directly increase somatostatin

content 2..3 fold in fetal rat hypothalamic culture (299). In thyroid C-celIline 44-2C. which

produces calcitonill. calcitonin gene-relateè peptide (CGRP). neurotensin and somatostatin.

Zeytin and Delellis (79) found that DEX increased both somatostatin secretion and cellular

somatostatin content. Pharmacological doses of DEX (16S J.lglday. 3 days) also increased

hypothalamic somatostatin content in the rat (80). It has been reported that IO-day DEX

administration reduced rat hypothalamic SS-rnRNA SO% (23S) while 3-day treatrnent

increased hypothalamic SS-mRNA level in female rats (318). Fuller and Verity (12)

demonstrated that levels of thymic SS-rnRNA exhibited a bell-shaped stimulatory response

to DEX administrating to drinking water in adrenalectomized rats. After 6 days of DEX

treatment SS-rnRNA level increased S-fold. But higher doses of DEX decreased somatostatin

gene expression. Cote et al. (64) have studied glucocorticoid effect on somatostatin production

in the human thyroiri carcinoma TT celIline. DEX inhibited both somatostatin production and

SS-mRNA accumulation in a dose-dependent manner. TT cells treated with DEX showed an

aImost complete inhibition of peptide production by 48 h. Molecular sizing chromatography

displayed a decrease in both the probable somatostatin pœcursor (13 kDa) and the fully

processed peptide. The hybridizable SS-rnRNA decreased to -SO% of basallevels within 12
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h of treatment.

Thcrefore, glucoc011icoid effects on somatostatin secretion or hiosynthesis involves

both inhihition (hypothalamus, TT cclls) and stimulation (hypothalamus, pancreatic islets,

thymus, thyroid tumor cclls). While the dilTerenccs in the n:pm1ed effects of glucocol1icoids

can be explained by the use of widcly different experimental paradigms involving different

normal tissues as well as tumor cells, il! vivo and il! vitro models. and different conccnlrations

of glUCOC0l1icoids, the precise nature of lhe effecl of glucocorlicoids on somatoslatin function

remains unclear:Accordingly, 1 have directed my efforts in this thesis towards a systematic c-'

investigation of Ihe elTects of glUCOC0l1icoids on somUloslalin gene expression in normal

tissues and a characterization of the molecular mechanism of glucoeorticoid aclion at

transcriptional and post-transcriptional levcls using il! vitro ccli mod'ls .
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8. AIMS OF STUDY

Glucocorticoids have been reported to influence somatostatin peptide and rnRNA

levels. involving both stimulation and inhibition with sometimes conflicting results, but the

precise nature of this effect and Ïls molecular mechanism are u.nclear. For the PhD project.

1 have proposed to systemically examine the effects of glucocorticoids on somatostatin gene

expression in various systems (Part A), to determine direct transcriptional effect of

glucocorticoids on somatostatin promoter (Part B), and to cnaracterize the role of rnRNA

stability in glucocorticoid-regulated SS-rnRNA Jevels (Part C).

Part A. To start my PhD project, 1 have used as models DEX treatt:d rats in vivo.

primary cultures of rat islet and cerebrocortical cells. and a somatostatin-producing rat islet

tumor cellline (1027 B2). in order to answer the following questions:

Do glucocorticoids influence somatostatin gene expression ?

Is the glucocorticoid effect tissue specific ?

Is the glucocorticoid effect dose dependent ?

Does it differ between normal and neoplastic cells ?

Does it result from a direct action of glucocorticoids on somatostatin cells ?

Part B. In order to determine possible direct action of glucocorticoids on somatostatin

gene transcription, 1 proposed

(1) to examine direct transcriptional control of the somatostatin gene by gluCOC01Cicoid

using promoter-CAT reporter gene transcription assay;
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to compare Ihe elTect of glucoeOllicoids with that of other steroid and thyroid

hormones;

(3) ln map the 5' upslream regulatory rcgion of the somatosuuin ~ene invo\ved in

glllcocoI1icoid transactivation;

(4) to invcsligate transctiptional interaction hetween glllcoCOllicoids and the cAMP

signalling pathway;

(5) to detennine the roles of CRE/CRER and l'KA in glucocorlicoid transaclivatina;

(6) to characlerize inleraclion of glucoccl11icoid receplor wilh somatoslatin prollloler hy

gcl shirt assay.

Part C. In order 10 investigalc the molecular mechanisms underlying DEX inhihition

of SS-mRNA level, 1 used hUlllan thyroid carcinoma TI ecUs in which DEX has heen

repolled to produce solely an inhibition on somatostatin secretion and SS-IllRNA

accumulation and proposed

(1) 10 characlerize DEX inhibition on SS-mRNA level and snlllatostatin seerelion hy dose­

dependence and lime course sludies;

(2) 10 delermine direct transcriptional elTect of DEX on sOlllatoslalin gene by nudear run

on transcription assay and repOller gene (CAT) transfeetion; and

(3) to dctermine the elTects of transcript ion blockade (by actinolllycin D) and Iranslational

blockade (by cyclohcximide) on DEX effecl on SS-mRNA level.
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CHAPTER II. MATERIALS AND METHODS

MATERIALS

Dexamethasone sodium phosphate solution (Decadron, Sabex, Quebec) was diluted

in water and used for il! vivo administratioil. For il! vitro experiments, dexamethasone was

dissolvcd initially in cthanol and subsequently dilutcd in waler. Dexamethasone, 8-(4-

chlorophcnylthio)-cAMP, dibutyryl cAMP, actinomycin D, cycloheximide, phorbol 12, 13

di butyrate (PDB). for~koiin, ~-est~aJio\, testosterone, 3,3',5-triiodo-L-thyronine (T3), and

relinoie acid wcre from Sigma Chcmical Co. (St. Louis, MO). 5,6-Dichloro-l-~-D-

ribofuranosylbenzimidazolc (DRB) was from Calbiochem (La Jolla, CA). The stock solutions

of actinomycin fi and DRB wcrc n.:ide in methanol, and cycloheximide in water. Synthetie

SS-14 was a gift from Ayerst LaboralOries (Montreal, Quebec, Canada). Tyr-SS-14 was.

purchased from Bachem (Torrancc, CA).

Medium 199, Dulbccco's modified Eagle medium (DMEM), phenol red-free DMEM,

RPMI medium 1640 (with glutamine, without phcnol red), heat inactivated fetal bovine serum

(FBS) and horse serum (HS), L-glutaminc, and other tissue culture reagents were purchased

from GIBCO. Hormone-free serum was prepared by incubating 100 ml serum with 5 ml 0.5%

ehareoal (Norit A) and 0.05% dextran-T70 in O.l4M NaCI for 30 min underconstant stirring;

removing the charcoal by centritùgation; and heating the serum at 56 C for 30 min; followed

by filtering sterilization, as reported (183).

[
J2p]-UTP, [a-32P]-dcoxY-CTP, [y_32P]-deoxy-ATP, D-threo-[diehloroacetyl-1YC]

chloramphenicol, [1,2,4,6,7-3H]-dexamethasone, and [Nal25I] were purcbased from Amersham

Corporation, Arlinglon Heights, IL.
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Restriction endonucleases and other nucleic acid modifying enzymes were l'rom RRL•

Bethesda. MD. Oligonucleotides of CRE and GRE consensus were l'rom Promega. Mennaid

and GeneClean oligo DNA purificali('n kils were l'rom B101Ol. PrimeEnlse kit W:1S l'rom

Stratagene. La Jolla, CA. Oligonucleotide primers for PCR reaction were prepared by Shelton

Biotechnology Centel; McGill University. Montreal.

Purified bacterially expressed glUCOCOlticoid receptor-DNA binding domain (GR­

DBD-l4o,s,,) was l'l'cm Dr. L.P. Freedman (New York. USA) (189). Prcpro-somalOslatin cDNA

was provided by Dr. R. Goodman. cyclophilin cDNA by Dr. S. Rabbani. and MT-CREH

expression vector by Dr. D. Dmcker. Plasmids pCAT-Basic was l'rom Promega. pBluescript

l'rom Stratagene. and pCHllO (SV40-1acZ) l'rom Pharmacia. Ali other reagellls were of

analytical grade and obtained l'rom vlllious commercial sources.

IN VIVO EXPERIMENTS

Groups of 10 male Sprague-Dawley rats (Charles River) weighing -180 g were

injecled with saline or DEX (0.5 mg/kg Lp.) for 1. 3 or 8 days and studied immediately

thereafter. Another group of 10 rats was injectetJ similarly for 8 days. allowed to reCllver for

14 days and studied on day 22. Rats were caged in a light controlled room (iights 6 a.m. 10

6 p.m.) at 22-25 C with atllibitulIl.aecess to food (pure Purina Chow) and water. Injections

were administercd at 9:00 a.m. daily. On the day of study. fed rats were weighed anù killed

by decapitation. The hypothalamus. cerebral cortex, stomach. pancreas, anù a 12 cm segment

of jejunurn were l'emoved, fl'ozen in liquid nitrogen and stored at -80 C pending extraction

for RNA and immunorcactive somatostatin (SSLI) measurements .
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CELL CULTURE AND IN VITRO EXPERIMENTS

Islet Cell Cultures: Cultures of dissociated panereatic islet cells l'rom splenic segments

of pancreata of 3-4 day old Wistar rats (Charles River) were eSlablished in 35 mm diameler

plaslic Petri dishes as previously described (62, 194), and used l'rom day 5-7 artel' plating.

Thcse cultures contain prcdominantly B- and D-cel1s, less numbers of A-celIs, and vÎltually

no pancreatic polypeptide cel1s. Regulation of somatostatin secretion l'rom neonalal islet cells

has been previously shown to be comparable 10 thal in adult islets (193, 194). The culture

medium consisted of medium 199, supplemenled wilh 10% heal inactivated FBS, 16.7 mM

glucose, penicillin (100 Ulm!), slreplomycin (100 ~g/m!) and fungizone (0.25 ~g/ml).

Medium glucose and selUm concentralion werc reduced to 5.5 mM and 1% respectively, 24

h before the sllllt of experiments. Test incubations were carried out by exposing groups of 5­

10 culture dishes I(Jr 18 h with control medium or medium containing DEX (10,10_10,5 M).

1027 B, Islel Tumor Cells: The somatostatin-producing rat islet cell line 1027B2,

derived l'rom a radiation-induced transplantable islet tumor RIN-r, was obtained l'rom Dr. W.

Chick (Worcester, MA) and cultured as previously deseribed (62). 0.5 x 106 Cells were plated

in 35 mm diameter plaslic Petri dishes in medium 199 - 5% FBS - 16.7 mM glucose and

grcw as a monolayer. They were used on day 4 artel' plaling when they had grown 10 -1.5

x 10" celIs/dish. For test experiments, groups of 8-10 culture dishes werc exposed for 18 h

to control medium (medium 199 - 5.5 mM glucose - 1% FBS) or medium containing DEX

(10. 10_10'5 M).

At the end of incubations of normal islet cel1s or 1027B2 tumor cells, media were

decanted, centrifuged (1,000 l'pm x 2 min) to remove floating cells, and the supematant

acidilied to pH 4.8 with 1 M acclic acid and assayed for SSLI. Released SSLI was stable in
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the incubation medium for up to 48 h. Cells were extractcd in gllanidine thiocyanate (OTC)

solution, 100 III aliquot removed for SSLI measurements and the remaining extracls poolcd

for RNA analysis.

Thyroid Carcinoma (TT) CeUs: The somatostalin-prodllcing TT ccli. a line of

transfonned parafollicular (C) cell, derived l'rom a Imman thyroid carcinoma, was ohtaincd

l'rom Ametican Type Culture Collection (Rockville, MD). It produces calcitonin and CORI'

as weil. For N011hern biots and radioimmunoassay (RIA) analysis, cells (1 X 10") were plated

in 35-mm diameter plastic Petri dishes in RPMlmedium 1640 supplemented with 15% fBS

and grew as a monolayer. Triplicate dishes of TT cells were used on day 4 artel' plating. 24

H prior to DEX incubation, fresh medium c011laining only 5% FBS rendered hormone l'l'CC

by treatment with dextran-coated charcoal was used. For CAT translection experiments, the

cells (2 X 106
) were plated in lOO-mm diameter Petri dishcs and used at day 3. For nuc\ear

mn-on assay, conlluent TT cells l'rom multiple llasks were pooled and used for nuclei

preparation.

Cerebroc011icai Cell Cultures: Primary cultures of dispcrsed letal rat cerebrocortical

neurons were prepared as previously described (194). EmblYos wcre obtained l'rom pregnant

SD rats (Charles River) 17-18 days post conception. The cerebral hemispheres were removed

and slivers of cortical tissue (-1 mm dcep) were obtaincd by disscction undcr an operating

microscope. Tissue fragmcnts were dissociatcd by trituration inlo a homogencous cell

suspension which was plated at a density of -5 x Hf cells/plate in 35 nUIl diameter Petri

dishes. The culture mcdium for the lirst 6 days consisted of DMEM supplemented with 10%

heat inactivated HS, 10% heat inactivalCd FBS, glucose (21 mM), bicarbonate (38 mM), and

insulin (8 units/100 ml). Cultures were lert undisturbcd for 6 days following which the
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medium was changed at 48 h intervals. The fecding medium consisted of DMEM

supplemented with 15% HS, 5% FBS, 21 mM glucose, 38 mM bicarbonate, and insulin (8

units/100 ml). Cultures were viewed through a Zeiss 1 M invcrted microscope. Vnder these

conditions cells grew as a mixed population of neurons and astrocytic glia. Experiments were

conducted on day 15 of cullure. Groups of 5 culture dishes werc incubaled for 18 h with

control medium (DMEM, 1% FBS, 21 mM glucose, 38 mM bicarbonate, insulin 8 units/lOO

ml) with or wilhout DEX (](J"1I_1O·6 M) and dbcAMP (5 mM). In a lime-course sludy, c011icai

cultures were incubatcd wilh DEX and cAMP for l, 2, 4, 8, or 18 h.

DEfERMINATlON OF CYJOSOL/C DEX BINDING SITES

In order to confirm the presence of glucocorticoid receptor in the tumor cells used in

these sludies, cytosolic DEX binding was delermined as rep011ed with minor modifications

(195, 196). Brielly, cells were homogenized in ice-cold 10 mM Tris-HCl, 300 mM potassium

chloride, 1.5 mM EDTA, 1 mM dithiothreitol, 10% glycerol, 20 mM sodium molybdate, pH

7.4 (at 23 Cl. Following centrifugation for 1 h at 105,000 X g at 4 C, 200 III of the

supernatant was incubated on ice with 4 nM [1,2A,6,7-3H]-DEX for 18 h in presence or

absence of 800 nM cold DEX (total volume: 240 Ill). Free DEX was precipitated by

incubating for 15 min with 40 III of 2.5% charcoal and 0.25% dextran T-70 followed by 5

min centrifugation at 10,000 l'pm. The radioactivity in supernatant was counted as bound

DEX. The protein assay was described later in the seclion of CAT assay. Results were shown

in the table (n = 3).
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1027B,

PCI2

A126-IB2

Specilïc bindinl! capacitv l'or [JH1-DEX (l'mol/mg protcin)

46 ± 12

24±7

37 ± 10

•

MEASUREMENT OF SSLl, INSULlN, AND GLUCAGON BY RAD/oIMMUNOASSAY

SSLI wns measured in mcdium and ccli extracts by RIA using antibody RI49

(directed against the central segment of SS-14), [\251] Tyr-SS-14 radioligand, and SS-14

standards as previously described (8). OTC extracts or tissues or cultured cclls were dilllted

prior to analysis to eliminate nonspecilïc interrerencc or OTC in the RIA. Inslllîn

concentrations in the culture media were determined by RIA using the Wright guinea pig

antibody, rt15l] pork insulîn, and rat insulin standards (62, 194). Glucagon was measured in

the secretion media by RIA using a sheep antiglueagon antibody (Donald), [1251] pork

glueagon, and pork glueagon standards (62, 194).

RNA EXTRACTiON AND NORTHERN BLOT ANALYSIS

RNA extraction method A: used for Chapter 111 or the study. Rat tissues or cell

cultures were homogenized in 4 M OTC, 25 mM sodium citrate (pH 7.0), 100 mM B­

mercaptoethanol, 1 mM EDTA, 0.5% sodium laurosyl sarcosine with a polytron homogcnizer

(Brinkman, Swilzerland) or a hand heId homogenizer (199). Following centrirugation at 9000

X g at 4 C for 10 min, a 100 ~l aliquot or the supernatant was kept for meaSllremenl of SSLf.

Total RNA was isolaled l'rom the remaining supernatant by ultracentrifugation over a 2 ml

cushion of 5.7 M CsCl, 25 mM NaAc (pH 5.0) at 42,000 l'pm for 18 h in a fixed-anglc rotor
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(70.1 Ti, Bechman, Fullenon, CA). The pellet was collecled in 1 ml mixture of 0.25 M NaAc

(pH 6.5)-ethanol 0:2.5 v/v), and the RNA was allowed to precipitate at -80 C for 1 h. After

removing the ethanol, the precipilate was dissolved in diethyl pyrocarbonate (DEPC)-treated

water, and RNA concentration was determined by absorbance at 260 nm (accepted ratio of

absorbance at 260/280 nm 1.8-2.2).

RNA extraction method B: used in Chapter V of the study. RNA extraction was

simplified with major modifications l'rom method A. Total RNA was isolated from cultured

cells by acid OTC-phenol-ehloroform extraction (97). Cell cultures in 30 mm-diameter dishes

were scraped into 1 ml solution D [4 M OTC, 25 mM sodium citrate, pH 7.0, 0.5% sarcosyl,

and added in fresh 0.\ M ~-mercaptoethanol (0.7%, v/v)]. Total RNA was extracted in 15-ml

conicallubes by adding 100 !lI 2 M NaAc (pH 4.0), Imllremed phenol followedby shaking,

and 200 !lI Chlorofonu-iso-amyl alcohol (24: l, v/v) followed by vigorously mixing for 10

second:,. The mixture was placed on ice for 15 min and then centrifuged in 15-m1 Corex tubes

at 10,000 X g for 20 ~in, at 8 C. The aqueous phase was mixed with equa1 volume of

isopropanol and precipitated al -20 C, for ;:: 1 h. The first RNA pellet was obtained by

centrifuging at 20,000 X g for 20 min al 8 C, and was resuspended in 0.7 ml solution D, and

pelleted again with 0.7 ml isopropanol in 1.5-ml Eppendorftubes. The second RNA pellet was

achieved by centrifuging at 13,000 l'pm for 10 min in a microcentrifuge. The pellet was

washed once with 70% ethanol, dried briefly under vacuum, and resuspended into DEPC­

treated water. The RNA concentration was determined by absorbance at 260 mm.

N0l1hel'll hlot analysis: Equal amount of total RNA (5-20 !lg) was electrophoresed on

1.5% agarose formaldehyde gel, lransferred to Nytran membranes (Schleicher-Schuell, Keene,

NH) hy a Vaccl1meOene system (Pharmacia). The hybridization probe consisted of e2p]_
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cRNA transcribed by T7 RNA polymerase l'rom a 0,45 kb prcpro-SS-cDNA in pGEM 090.

199). The RNA blols were hybridized fOl' 18 h al 60 C in 5 X SSPE. 1% SDS. 2.5 X

Denharts', 0.1 mg/ml ssDNA, and 50% fonnamide. The blols were washed al 60 C for lIuee

limes of 20 min in 1 X SSPE and 0.1 % SDS, onee of 30 min in 0.1 X SSPE and 0.1 % SDS.

Autoradiograms were prcparcd by cxposing Ihe membranes to Kodak XAR-S Iïlm al -70 C

for 1-4 days with an intensifying scrccn. AUloradiographic signais were analyzcd wilh a

Quick Sean R&D d"'iisitomeler (Helena Laboralories, Beaumonl, TX) using the Hocfer

graphicsçompuler program (Hoefer Scientific, USA). SS-mRNA levels were expre~·"d in

arbitrary (densitometric) units. To minil11ize variations between blolS, analysis was carried oui

on multiple autoradiograms obtained froml11ultiple eleclrophorelical gel 11111S of cvery smnplc.

As an internai control to confinn equal rceovery of mRNA in gel lanes and III validate the

specificity of SS-l11RNA changes, membranes were stripped (by boiling in 0.02 X SSPE,

0.02% SDS for 15 min) and rchybridized with an [o:-"P]deoxy-CTP-Iabclcd O.S-kb l'al

cyclophilin cDNA probe (238). The blot was hybridized at 42 C fol' 18 h and washed in 1 X

SSPE and 0.1 % SDS for 10 min at room temperaturc, twice of 20 min at 55 C, and anolher

10 min at room temperature. Changes in the levels of SS-mRNA was eompared wilh mRNA

for cyclophilin (a ubiquitous and abundant eukaryotic protein) used as a negalive conlrol.

CELL CULTURE AND GENE TRANSFECTION

PC12 l'al pheochrol11ocytol11a (200) and A126·IB2 mutant PCI2 cells deficienl in

PKA activity (222) were obtained l'rom Dr. J.A. Wagner, Dana Farber Cancer Inslitule,

Boston, MA. Both celllines were cultured in DMEM with 10% FBS, 5% HS, and 27.8 mM

glucose. In ail expet1menls involving culture of cells in sleroid hormones, transfected ecUs
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were incubated in medium that was phenol red-free, supplemented with FBS and HS rendered

hormone-free by trcatlnent with dextran-coated charcoa!.

For transient transfection expcriments, 2.5 x 10' cells were plated in 10 cm diameter

plastic Pctri dishes. AI"tcr 48 h of culture at -70% conl1uency, they were transfected by

calcium phosphate precipitation followed by glycerol shock (223). 20-40 Ilg of plasmid ONA

wa~ mixed in 125 mM CaCl" 25 mM HEPES-buffered saline, pH 7.05 at room temperature

for 30 min and subscquently incubatcd with the cells for 4-6 h. The medium was then

discardcd and cells werc exposed to 15% glycerol for 3 min, washed wilh phosphate buffered

saline (PES), and rcincubatcd with 10 ml fresh culture medium. Test agents were added 24

h ancr transfection and the cclls harvestcd by scraping 48 h later. 1027B, rat islet tumor and

TT human thyroid carcinoma cells were transfected under the same conditions.

CHLORAMPHENICOL ACETYL TRANSFERASE (CAT) ASSAY

Cells werc washed twice with PBS, harvested in 1 ml of 40 mM Tris (pH 7.4), 150

mM NaCl, 1 mM EDTA (NET solution), and collected by low speed centrifugation. Cell

pcllct was rcsuspended in 150 III of 250 mM Tris-HCI buffer (pH 7.8), and cell extract was

prcpared by 3 cyclcs of freezing and thawing in a dry ice-ethanol bath and were cleared by

centrifugaI ion at 10,000 x g at 4° C for 10 min. Aliquot of the supematant were assayed for

protein concentration by the mClhod of Bradford wilh bovine serum albumin (BSA) as

standard (224). For standard curve, 0, l, 2, 3, 4, 5, 7, 10, and 15 Ilg of BSA in 100_ III

Water was mixed wilh 1:5 diluted Bio-Rad protein dye (Bio-Rad Laboratories, Richmond,

CA). Arter 5 min (bul no more than 1 h) incubation at room temperature, the optical

density was read at 595 nm. The relationship of 00595 value and protein concentration
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(Ilg/tube) was analyzed by linear regression with the following equation:

protein concentration (Ilgltube) = a + b X [OD'9'nm]

Cell extract samples (2-5 Ill) were read in duplicates under the same condition and

their protein concentration was calculated using the above equation. CAT assays were

perfomled at 37 n C in a total volume of 150 III with 0.25 M Tris-HCl (pH 7.:'.', 0.53 mM

acetyl coenzyme-A (Pharmacia), and 0.83 IlCi/ml [I~c] chloramphenicol (223), prepared

as follows:

eell extract

0.25 M Tris-HCl bulTer (pH 7.8)

4 mM acetyl coenzyme A

[14C]-chloramphenicol

Incubate at 37 C for 2 h,

4 mM acetyl coenzyme A

Incubate at 37 C for 1.5 h.

At the end of the incubation, chloramphenicol is extracted by 1 ml ethyl acetate,

which is evaporated under vacuum. The final samples arc resuspended in 30 III of elhyl

acetate and loaded on a lhin layer chromalography (TLC) plate. Run the TLC plale above

a mixture of 190 ml chloroform and 10 ml melhanol for 6 min (-6 cm) in a TLC tank,

dry the plate in lhe air, and expose it to a X-ray lïlm for 1-2 days al -70 C.

Under these conditions, lhe CAT aclivily l'rom the assay was lincar up lo 8 h and

300 Ilg of protein. CAT acûvily was quantilïed by liquid scintillation counling of excised

bands containing either the acetylated or nonacetylaled forms of ['~C] chloramphenicol
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and expressed as a percent of ["Cl chloramphenicol converted to the acetylated forms.

Ali experimenL~ were repeated at least three times.

p-GALACTOSIDASE ASSAY

As an internai control for monitoring transtèction el1ïciency, the plasmid pCHllO

(10-20 Il.g, Pharmacia) was routinely cotransfecteù with various CAT constructs (225).

Il expresses constitutively lacZ (p-galactosidase, p-Gal) gene driven by SV40 early

promoter. AliquoL~ of cell extract prepared for CAT assay arc also used for p-Gal assay.

The following reactions were set up:

(ul of solutions) Ne~rative Positive Sample

100 X Mg solution 3 3 3

1 X ONPG 66 66 66

extract from mock-transfected cells 30 30 0

cell extract 0 0 30

p-Gal (50 Ulm!) 0 1 0

0.1 M sodium phosphate (pH 7.5) 201 200 201

Incubale the mixture at 37 C for 1 h (or until a fainl yellow color has developed),

stop the reactions by adding 0.5 ml 1 M sodium carbonate, and rcad the optical density

of the reactions at a wavelength of 420 nm. 100 X Mg solution: 0.1 M MgCI2, 4.5 M p­

mercaptoethanoI. 1 X ONPG: 4 mg/ml of o-nitrophenyl-p-D-galaetopyranoside in 0.1 M

sodium phosphate (pH 7.5).

The result (mean, n = 3) of a test assay was as follows. From that, 10-20 Ilg of
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pCHllO was chosen as the usual amount of cotransfection with somatostatin-CAT

constructs.

(U!!) pCH llO transfected

o

5

10

20

40

negative

positive

Treatment with test agents did not produce any significant variation in ~-Gal

activity in any experiment. The rcsult of a representative experiment was shown as

follows (n = 3). PCI2 cells were cotransfected with 30 Jlg of pSS-750CAT and 10 Jlg of

pCH110, incubated with test agents for 48 h. Changes in CAT activity were presented in

Chapter IV (Table 4-1), while no significant change was observed in ~-Gal activity due

to the treatments.

C-Gal (GO/m!! protein) Relative CAT activity

control 0.72 ± 0.04 l.OO ± 0.13

OEX (l JlM) 0.74 ± 0.07 2.12 ± 0.21

forskolin (l0 JlM) 0.79 ± 0.06 4.89 ± 0.51

forskolin + OEX 0.67 ± 0.05 7.48 ± 0.70

96



•

•

PLASMID CONSTRUCTIONS

The metallothionein-CREB (MT-CREB) expression vector was obtained from Dr.

D. Drucker (Toronto, Canada) and has been previously described (226). CREB expression

was induced by exposure of MT-CREB transfected ceUs to ZnSO. (90 IlM). Chimeric

gene constructs pSS-750 CAT and pSS-71 CAT (containing somatostatin gene sequences

from positions -750 to +55 bp and -71 to +55 bp respectively ligated to the bacteriaI

reporter gene encoding CAT) were obtained from Dr. M.R. Montrniny (Salk Institute, La

JoUa, CA) (23). pSS-250 CAT was generated by inserting a Sai l fragment (-250 to +55

bp) of the -750 somatostatin promoter into a pUCl9-derived pCAT-Basic vector. A CRE

substitution mutation in the -250 bp promoter (tl.-CRE pSS-250 CAT) was generated by

replacing the octameric CRE (TGACGTCA) with an equaI sized nonrelated sequence

(GCGTAGTC) by a 2-step PCR procedure for gene splicing by overlap extension as

described below (227).

Somatostatin promoter fragment (-250 to +55 bp) was subcloned into Sai l site of

pBluescript II KS+ (Stratagene) and used as template for frrst PeR. Two complementary

38-mer oligonucleotides were synthesized as middle primers, which contain the mutant

sequences flanked by 15 nucleotides of wiId-type sequences at either side (CREMTl: 5'­

TTTAAACTCTCTCTCgcgtagtcGCCAAGGAGGCGCCC-3', and CREMT2: 3'-

. AAATTTGAGAGAGAGcgcatcagCGGTTCCTCCGCGGG-5'). For the flfst two sets of

PCRs, the middle primers (carrying mutants) were used with either KPNC or SAC+ as

end primers and run 25 cycles of: 94 C, 1 min; 50 C, 2 min; 72 C, 1 min. DNA

fragments K2 (KPNC-CREMT2, equivaIent to -250 to -27 bp) and SI (SAC+-CREMTl,-
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63 to +55 bp) generated from these reactions were purified with a PrimeErase kit. The

second PCR was ron with K2 and SI fragments as templates and end primers KPNC and

SAC+, which generated a fragment (KS) containing sequence from somatostatin

DNA -250 to +55 bp with CRE mutation. KS fragment was purified and subcloned into

Sal l site of pCKI'-Basic. AU constructs and insert orientation were· confumed by

restriction mapping and/or sequence analysis using the method of Sanger (228).

GEL SH/FT ASSAY

(l) Nuclear exttacts were prepared from PC12 cells as described (229). Briefly,

Cells from culture flasks were washed with and scraped into ice-cold PBS, pooled in a

graduated conical centrifuge tube, and pelleted by centrifugation for 10 min in a JS-4.2

rotor (Bechman) at 3000 rpm. The cell pellet was rapidly resuspend in 5 pcv (packed cell

volume, measured by the graduation on the tubes) of hypotonic buffer (l0 mM HEPES,

pH 7.9 at 4 C, 1.5 mM MgC12.lO mM KCl, 0.2 mM PMSF*, 0.5 mM DIT*), and

centrifuged for 5 min in .he JS-4.2 rotor at 3000 rpm and the supematant was discarded.

[*Both PMSF and DIT are added fresh from stock solutions. 200 mM PMSF

(Phenylmethylsulfonyl fluoride, MW 174.2) is dissolved in anhydrous isopropanol.]

Resuspend the packed cells in hypotonic buffer to a final volume of 3 pcv (packed

cell volume) and allow to swell for 10 min on ice. For example, if an original pcv of 1

ml has swelled to 2 ml, only 1 ml of additional buffer is required here. The cells should

swell at least 2-fold.

The cell suspension was homogenized with a glass Dounce homogenizer with ten
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up-and-down strokes using a type B peslle. The nuclei were collected by centrifuging for

15 min in the JS-4.2 rotor at 4000 rpm (3300 X g). The supernatant was removed and

could be used for preparation of S-100 cytoplasmic extracl.

Resuspend the ouc1ei with haU pnv (packed nuc1ear volume) of low-salt butTer (20

mM HEPES, pH 7.9 at 4 C, 25% glycerol, 1.5 mM MgCI2, 20 mM KCI, 0.2 mM EDTA,

0.2 mM PMSF, 0.5 mM DTT). In a dropwise fashion, while stirring gently, add 0.5 pnv

of high-salt hUITer (20 mM HEPES, pH 7.9 at 4 C, 25% glycerol, 1.5 mM MgCI2• 1.2 M

KCI, 0.2 mM EDTA, 0.2 mM PMSF, 0.5 mM DTT). Allow the nuc1ei to be extracted for

30 min at 4 C with cOlitinuous genlle mixing on a tiltboard.

Pellet the extracted nuc1ei by centrifuging 30 min in a Beckman JA-20 rotor at

25,000 X g. Draw olT the resulling supernatanl. Dialyze the extract against 50 volumes

of dialysis buffer (20 mM HEPES, pH 7.9 at 4 C, 20% glycerol, 100 mM KCI, 0.2 mM

EDTA, 0.2 mM PMSF, 0.5 mM DTT) for 24 h with 3 changes. Centrifuge in 1.5 ml­

Eppendorf tuhes at 13,000 rpm for 15 min and discard the precipitation. Determine the

protein concentration hy the method of Bradford as described in the CAT Assay and

quickly frceze aliquot in lillUid nitrogen and keep at -80 C until use.

(2) Somatostatin promoter fra~ments -250 to -71 bp (SaI I1BgI 11), -71 to +55 (BgI

II1Sal 1), and -250 to +55 (Sai 1 fragment) were digested l'rom pSS-250CAT, isolated by

cither Mermaid or GeneClean and end-Iabelled with [(l(_32p]_dCTP through Klenow fill-in

reactions. Synthetic double-stranded CRE or GRE consensus oligonuc1eotides were end­

lahelled with [y_32p]_dATP by T4 polynucleotide kinase reaction.

(3) The 6% nondenaturin!! polyacrylamide ~el was prepared with two 16-cm glass
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plates, cleaned and siliconized. Assemhle the plats vertically with 1.5 mm-thick sp'lccrs

in hetween for casting the gel. The hottom was sealed with heated 0.5% agp.rose solution.

Prepare 35 ml high-ionic-strength gel mix with 7.0 ml 5 X Tris-glycine stock

solution (0.25 M Tris base, 1.9 M glycine, 12 mM EDTA, pH 8.5), 7.0 ml 30%

aerylamide, 1.31 ml 2% bisacrylamide, 1.5 ml 50% glycerol, and 17.9 ml H,a. Add 88

III of 30% ammonium persulfate and 30 ).11 TEMED immediately hefore use and swirl

gently to mix.

Pom the gel mix hetween the plates and top it with a comh with teeth of 7 mm

(or wider). Allow the gel ln completely polymerize for 20 min. Remove the comb and

attach the plates to the electrophoresis tank al'tcr Iïlling the lower reservoir with 1 X high­

ionic-strength electrophoresis hulTer. Fill the upper reservoir with bul'fer and pre-l'un the

gel at \00 V (current -22 mA) for atleast 90 min.

For best resolution and conlïrmation of the resulls, experiments were pcrformed

with 4% and 5% gels and under low-ionic-strength condition as weil. For 35 ml of 4%

low-ionic strength gel mix, mix 236 III 1 M Tris-HCl (pH 7.9),70 III 0.5 M EDTA, 116

).11 1 M sodium acetate (pH 7.9), 4.7 ml 30% acrylamide, 0.88 ml 2% bisacylamide, and

1.75 ml 50% glycerol. Low-ionic strength electrophoresis bul'fer con tains 6.7 mM Tris­

Hel, pH 7.9, 3.3 mM sodium acelate, 1 mM EDTA. In order to counteract bulTer

polarization during electrophoresis, a pump, with two heads and a l10w rate of lOto 30

ml pel' min, was set up to exchange butTer between the upper and lower reservoirs.

(4) DNA hindin!! reactions were carried out in the presence of 51lg sonicated Iïsh

sperm DNA, 0.5 mg/ml BSA and specilïe competitors as indicatcd (229, 230). Nudear
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exlraclS (5-10 llg prolcin) wcre incubaled for 30 min al room lemperalure with 50,000

cpm (10-20 l'mol) radiolabelled probe in a tOlal volume of 20 III containing 20 mM Tris-

HCl (pH 7.5), 1 mM EDTA, 6 mM DTT, 40 mM NaCl, 0.5 mg/ml BSA, 10% glycerol

and 0.002% Triton X-100. Compelition experimenlS werc carried out by incubation first

with 9 pmol cold CRE or GRE oligonuc1cotides for 20 min at room temperature without

probe, followcd by 20 min with probe, at room temperature. The reaclion mixtures were

loaded onLO 6% nondcnaluring polyacrylamide gels and resolved by electrophoresis at 120

V for 3 h, undcr high ionic slrenglh running conditions. The gels were subsequently dried

and autoradiographed al -70°C with an intensifying screen.

IN VITRO NUCLEAR RUN ON TRANSCRIPTION ASSAY

Relative lranscription rates of somalostalin and cyc10philin genes were measured

by nuclear run-on assay (231). Nuc1ei were prepared l'rom 10-20 X 106 ceUs incubated

with or wilhout DEX for 18 h. CeIls were scraped into ice-cold PBS, pH 7.4, pelleled at

4 C, and lysed with Nonidet P-40 Iysis buffer [0.3 M sucrose, 60 mM KCl, 15 mM NaC1,

15 mM HEPES (pH 7.5), 2 mM EDTA, 0.5 mM EGTA, 0.15 mM spermine, 0.5 mM

spcrmidine, 14 mM ~-mercaptoethanol, and 0.2% Nonidel P-40j. After 8 min on ice,

nuclei were pelleted al 800 X g and resuspended in 75 III of nuc1ei storage buffer [50%

glycerol, 20 mM Tris (pH 7.9), 75 mM NaCI, 0.5 mM EDTA, 0.85 mM DTT, and 0.125

mM PMSFj, and snap-frozen in liquid nitrogen, and slored at -80 C until assay.

Run-on (in vitro elongalion) reactions were carried out at 30 C in 300 mM

ammonium sulfate, 100 mM Tris-HCl (pH 7.9), 4 mM MgCI2, 4 mM MnCI2, 50 mM
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NaCI, 0.4 mM EOTA, 1.2 IlM OTT, 0.1 mM PMSF, 10 mM creatine phosphate, 29%

glyccrol, ISO IlCi [32p] UTP, and 1.5 mM each of CTP, ATP, and GTP for 45 min.

Reactions were quencbed with 100 J.lg tRNA and treated with RQI ONase (37 C, 15 min)

and proteinase K (60 J.lg, 42 C, 30 min), and phenol/chlorofonn extracted. Precipitate

[
32P]-labelled transcriplS with an equal volume of TCA solution (60 mM sodium

pyrophosphate in 10% trichloro-acetic acid), by incubating on ice for la min, followed

by centrifugation at 13,000 rpm for 15 min. Carefully remove the last drop of the

supernatant and resuspend the pellet in 250 J.l1 icc-cold 20 mM HEPES, 5 mM EOTA, pH

7.5. Then add 63 11101' 1 N NaOH to denature the RNA and leave on ice for 13 min

exactly. Stop the rcaction by adding 175 III of 3 M NaAc, 1 M HEPES, pH 5.0. The

reaction mixture (488 Ill) was mixed with 1 ml ethanol and kept at -20 C (;:: 1 h) until

ready for hybridization. Prior to hybridization, precipitate the RNA by centrifuging 15

min at 13,000 rpm and wash the pellet once wilh 70% ethanol and dry briel1y.

Plasmid ONA (5 Ilg) containing somatostatin and cydophilin cONA inserts, or

pBleuscript vector, were linearized and NaOH denatured, slot bloued (BioOot, BioRad),

and hybridized with 20 X 106 cpm [32P]-labeled transcripts in 50% formamide, 5 X SSPE,

1% SOS, 2.5 X Denhart's, 100 Ilg/m1 ssONA at 60 C for 48 h. In any single experiment,

equal amount of radioactivity were used for ail conditions. Nytran filters were washed in

1 X SSPE, 0.1% SOS at 60 C, for 20 min twice and exposed 10 autoradiographie film.

Quantitation of the relative rates of somatostatin gene transcription was achieved by

counting the radioactivities of excised strips of ONA blolS, corrected wilh that of

cydophilin signais.
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STATIST/CAL ANALYSIS

Data are expressed as mean ± SE. Statistical comparisons werc made using

unpaired Student's Hest and one-way analysis of variance of Anova using InStal

computer program (Graph Pad Software, San Diego, CA).
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CHAPTER III

GLUCOCORTICOIDS REGULATE STEADY STATE SOMATOSTATIN mRNA

AND PEPTIDE LEVELS IN NORMAL RAT TISSUES AND IN A

SOMATOSTATIN PRODUCING ISLET TUMOR CELL UNE (1027B,)

Somatostatin secretion is int1uenccd hy agents such as nulrients. ions, peptide

hormones. and neurotransmitlers. many of which act through stimulation of intraccllular

cAMP (2, 3). cAMP is an important regulalor not only fiJr secretion huI also for somatostatin

gene transcIiption (23. 61. 62. 72. 74. 232). GIUCOC011icoids arc also known to regulale gene

expression in many endocrine and nonendocrine target cclls. They stimulate expression of

several genes such as PEPCK and suppress others. e.g. POMC. glycoprotein hormone ct

subunit (174. 302). Arter dilTusing into targel cells. glucocorlicoids bind to intracellular

receptors; the activated reccptor then interacts with targel DNA 10 cause an increase or

decrease in gene transcriplion (174). Over Ihe years, sporadic rep0l1s have suggesled that

glucocorticoids are capable of int1uencing somatoslalÎn function but the precise nalure of lhis

effecl has remained unclear. Thus. the administration of DEX to raIs il! vivo inhihits growth

in part by increased somatostatin secretion (105. 106). C011icosterone has heen reported to

augment somatoslatin conlent and secrelion as well as Dccli number in cullured rat islel cclls

(107). Adrenaleclomy in dogs, howevel; also leads 10 increascd pancrcatic and circulating

somatostatin concentrations (125). DEX slimulates somatostatin conlent and release in lhyroid

44-2C cells and SS-mRNA accumulation in rat thymus (12. 79). By eontrast. DEX reduces

somatoslatin secretion and mRNA accumulation in TT human lhyroid carcinoma cells (64).

These cont1icting reports can be explained by the use of widely different experimental
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paradigms involving different nonnal tissues as weil as tumor ceUs. in vivo and in vitro

models. and different concentrations of glucocorticoids. In the present study. the effects of

glucocorticoids on somatostatin peptide and steady state mRNA levels have been

systematicaUy examined. Using as models DEX treated rats in vivo. primary cultures of rat

islet and cerebrocortical ceUs. and a somatostatin-producing rat islet tumor ceUline (1027 B2).

1 have sought to answer the foUowing questions: (1) Do glucocorticoids influence normal

somatostatin gene expression? (2) Is the glucocorticoid effect tissue-specifie? (3) Is il dose­

dependent? (4) Does it differ between normal and neoplastic ceUs? and (5) does il result from

a direct action of glucocorticoids on somatostatin ceUs?

RESULTS

1. Glucocorticoids intluence somatostatin peptide and SS-mRNA levels in normal

somatostatin-producing tissues in vivo

DEX administration was associated with a significant loss of body weight (6% at 3

d. 28% at 8 d) compared to saline treatcd controls (Table 3-1). Discontinuation of DEX after

8 days partiaUy restored body weight but the DEX treated animais did not reach the body

weights of their saline injectcd counterparts by the end of study (day 22). Despite these

growth differcnces. organ weights and total RNA concentrations of the removed somatostatin­

producing tissues (hypothalamus, cerebrûl c011ex. pancreas. stomach, Jejunum) were not

significantly different betwecn saline and DEX injected rats at aU time points of the study

(Table 3-1).

Figure 3-1 depicts the effect of in vivo DEX administration on steady state SS-mRNA
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• Table 3-1. Body weight (A), organ weight and total RNA content (B) in control and DEX­
treated rats. In B, data from the 8 day group alone are depicted. The 3 d and 22 d groups
(like the 8 d group) showed no change in organ weight or RNA contents. (Mean ± SE, n =
8, *p < 0.05)

A.

Body Weight (g) Control

DEX

B.

3 d

196 ± 3

184 ± 4*

8d

242 ± 5

175 ± 5*

22 d

359 ± 9

286 ± 12*

•

Tissue Wcight (g) RNA Content
(mg/g tissue)

Hypothalamus Control 0.046 ± 0.006 1.77 ± 0.14
DEX 0.042 ± 0.004 1.87 ± 0.10

Cortex Control 0.83 ± 0.06 1.46 ± 0.24
DEX 0.96 ± 0.07 1.48 ± 0.20

Pancreas Control 0.92 ± 0.03 11.5 ± 03
DEX 0.67 ± 0.04 11.8 ± 0.4

Stomach Control 1.38 ± 0.06 4.23 ± 0.34
DEX 1.09 ± 0.02 4.12 ± 0.31

Jejunum Control 1.72 ± 0.06 2.46 ± 0.14
DEX 1.34 ± 0.06 2.47 ±O.20
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FIGURE 3-1. Effect of in vivo DEX administration on steady state SS-mRNA accumulation

in cerebral COl1ex, hypothalamus, stomach, pancreas, and Jejunum. Rats were

injected with saline or DEX (0.5 mglkg i.p.) for 3 or 8 days and stUllicd

immediately thereafter (3 d, 8 d groups). A lhird group of rats was injecled

for 8 d, allowed ta recover for 14 d and studied on day 22 (22 d group).

Cyclophilin-mRNA levels did not change under the same experimental

conditions (data not shown). (n =8; *p < 0.05)



• accumulation in ccrcbral C0l1ex. hypothalamus. slOmach. pancreas. and jejunum. DEX

induced significant alleralions in SS-mRNA (detected as a 0.75 kb transcripl) in aIl of these

lissues. Cerebroc0l1ical SS-mRNA level was reduced by 50% and 60% aner 3 and 8 days of

trealment respeclively. A smaller but signilïcant reduetion in SS-mRNA was also observed

in the hYPolhalamus aner 8 days of DEX treatment. Alleraiions in SS-mRNA induced by

DEX in peripherallissue~ were opposite 10 lhose seen in brain. Thus, slomach, pancreas, and

jejunum ail exhibiled 2-3 fold increases in SS-mRNA. As in the case of brain, the DEX effect

was lime-dependenl being more pronounccd aner 8 days lhan anel' 3 days of trealment. In all

lissues. SS-mRNA levcls relurned 10 control values at day 22, 2 weeks aner cessation of

DEX.

Changes in tissue SSLI conlenl paraIlellcd those of SS-mRNA (Figure 3-2). Thus, in

cerebral c0l1ex lhere was a 35% and 60% reduclion in SSLI ancr 3 and 8 days of DEX

lrealment respeelively. A reduclion in hypothalamic SSLI also oeclllTed Wilh DEX but was

less marked than in cerebral C011ex and significanl only at 8.days when levels fell by 20%

l'rom 7.5 10 6 llg!g lissue. The content of SSLI in stomach, pancreas, and Jejunum was

increased by DEX. Therc was a significanl 60% increase in gaslric SSLI at day 8, 33% and

98% increases in pancrealic SSLI al day 3 and day 8 respeclively, and 65% and 80%

increases in jejunum ut day 3 und day 8 of DEX adminislralion respeclively. In aIl tissues,

SSLl content was reslored lU control levels by duy 22, two weeks ancr discontinualion of

DEX. At un eurly lime point, 1 d DEX treUlment did nol induce any significant chunge in SS­

mRNA or SSLllevcls in ail tissues examined (dala not shown).

•
2. Glucncorticnids inl1uence SS·mRNA IeveI, cellular snmatostatin content and
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FIGURE 3-2. Changes in SSLI content in brain and peripheral tissues following 3 or 8 days

of DEX trealment or on day 22 following tennination of 8 days treatment as

describcd in Figure 3-1 (n =8, *p<O.OS).
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somatostatin secretion in cultured normal islet cells

Figure 3-3 illustrales changes in SS-mRNA, cellular SSLI content, and SSLI rclease

from cultured islet cells incubated with DEX (\0.\0_10.5 M) for 18 h. DEX produccd

signifieant alterations in all 3 paramelers. ln the case of SS-mRNA accumulation, Iherc was

a dose-dependent biphasic pallem: low dose of DEX 00·\0 M) slimulated SS·mRNA 40%

whereas higher doses produced progressive inhibition of SS-mRNA with a maximum 55%

decrease at 10.6 M. Changes in cellular SSLI content followed a comparable pattern with

stimulation at low doses of DEX and inhibition at higher doses. In the case of SSLI secretion,

there was no change with low doses of DEX but higher concentrations 00.9_10.5 M) produccd

up to 45% inhibition. Cell numbers and lotal RNA concentration in the cultures did nol

change signitïeantly during the lime course of the experimenl.

3. Glucoeorticoids stimulate insulin secretion and inhibit glucagon release l'rom

cultured normal islet cells

Since islet ccll cultures represent a mixed populalion of cclls which also secrete insulin

and glucagon. bolh of which could regulate somatostatin gene expression independent of DEX

(58, 62), the secretion of these 2 hormones was monitored by RIA (Figure 3-4). Insulîn

secretion was stimulated by DEX in a dose·dependenl manner with maximum stimulation of

- 40% at 10.6 M DEX. In contrasl, the secretion of glucagon was inhibited up to 47% with

low doses of DEX (10·\0 M and 10.9 M) but higher concentrations of DEX failcd to maintain

Ihis inhibition resulting in sleadily increasing glucv.gon secrelion towards normal conlrol.

Therefore, an indirect effecl of DEX on somalostalin cells through secondary changes in

insulin and glueagon secretion ean not be roled ouI.
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FIGURE 3-3. Steady state SS-mRNA levels (e---e upper pancl), ccllular SSLI contcnt (.--­

.) and SSLI release (0---0 lowcr pancl) l'rom cultured rat pancrcatic islct

cells exposed for 18 h with DEX (10.10
- lQ's M). Groups of 5 culturc dishcs

were incubatcd with control mcdium or medium containing DEX.

Cyciophilin-mRNA levels did not change under the samc cxpcrimcntal

conditions (data not shawn). Results of SSLl arc rcprcsentative of 3 complete

experiments. Data are expressed as percent of control (n = 5, SSLl; Il =3,

SS-mRNA; *p<0.05).
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4. Glucocorticoids suppress SS·mRNA accumulation in cortical ccII cultures

Figure 3-5 illustrates the effect of DEX on SS-rnRNA accumulation in primary

cultures of cerebrocortical neurons. SS-mRNA levels were suppressed by DEX in a dose­

dependent manner with a maximum 48% reduction at 10-'-10-6 M DEX. The direction of this

change was comparable to that induced by DEX on cortical SS-rnRNA in vivo (Figure 3-1).

In a lime course study, the effect of DEX on steady state SS-mRNA level became evident

only after 8 h of incubation (Figure 3-6), in comparison to cAMP, whose stimulation on SS­

mRNA leve; became evidem within 2 h of incubation and reached 1~·f')ld by 18 h. DEX did

not significantly reduce the cAMP-stimulated SS-mRNA accumulation in cortical cell cultures

(Figure 3-6).

5. Glucocorticoids influence SS·mRNA level, cellular somatostatin content and

somatostatin secretion in 1027B, cells

DEX treatment of the somatostatin-producing islet tumor ceU line 102782 produccd

dose-dependent changes in the levels of SS-rnRNA and SSLI (Figurc 3-7). The pattern of

these changes was comparable to that observed in culturcd nonnal islct ceUs. Thus. thcrc was

an initial 50% increase in SS-rnRNA at low concentration of DEX (10-10 M) followed by a

dose-dependent inhibition with increasing concentrations of DEX, with a maximum 65%

reduction in SS-rnRNA at DEX 10-6 M compared to control. SSLI content in thcse cells

showed a comparable pattern with initial stimulation followed by supprcssion. Howevcr. only

the slimulatory effect was statistically significant. SSLI release from these cells was

comparable to that observed in cultured nonnal islets with no stimulation of release but a

dose-dependent inhibition of secretion at DEX conccntrations from 10-'-10-5 M with a
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FIGURE 3-7. Erfeels of an 18 h incubation wilh DEX (10.10
- 10'~ M) on sleady slate SS­

mRNA levcls (e---e top panel), cellular SSLI eonlent (.---.). and SSLI

rclease (0---0 bollmn panel) l'rom 102781 l'al islel SS-producing tumor cells.

Pools of 5 culture dishes were incubaled with eonlrol medium or medium

containing DEX. 20 Ilg lotal RNA was hybridized 10 a \"PJ labeled SS-cRNA

probe. Cyclophilin-1l1RNA was analyzed as an inlernal col1lrol. and unlike SS­

1l1RNA. was unalTecled by DEX. Daia arc expressed as percenl or conlrol (n

= 3. SS-1l1RNA; n = 5. SSLl; *p<0.05).
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maximum 60% inhibition.

DISCUSSION

This study demonstrates that glucocorticoids exert significant effects on somatostatin

peptide production and steady state mRNA accumulation in ail of the major somatostatin

producing tissues such as the brain. gastrointestinal tract. and pancreatic islets. The

glucocorticoid effects are tissue specific, dose- and time-dependem. and occurred in opposite

directions in brain compared to peripheral organs.

In view of the wide distribution of somatostatin cells and their capacity for interaction

with many different body systems. it is not surprising to find that somatostatin function can

be influenced by a broad array of secretagogues ranging from ions, nutrients, and cyclic

nucleotides to neuropeptides, neurotransmitlers. c1assical hormones, and growth factors (2, 3).

Many of the agents that inlluence somatostatin secretion are also capable of altering

somatostatin gene expression as assessed by changes in steady state mRNA levels. For

instance. somatostatin secretion and mRNA accumulation are stimulated by cAMP in brain,

pancreas and gut (3, 61, 62). by GH in the hypothalamus (34, 35. 233), by IL-l, TNF in

diencephalic cells (41. 52, 53) and NMDA receptor agonists in the cultured cortical neurons

(42). whereas both are inhibited by insulin in pancreatic islets (58). In the case of steroid

hormones, il! vivo administered testosterone and estradiol have both been reported to augment

hypotbalamic SS-mRNA levels (43. 234). By contrast. there has been no systematic

investigation of the effects of glucocorticoids on somatostatin gene expression in normal

tissues despite scatlered evidence thal this hormone influences somatostatin function at the

peptide level in sorne tissues (107, 125) and on SS-mRNA in thyroid tumor cells and rat
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thymus (12, 64).

In the present study, it is shown that ill vivo administration of DEX produced

significant decreases in SSLI and SS-mRNA levels in cerebral COl1ex and hypothalamus

associated with increases in stomach, pancreas, and Jejunum. Although DEX trcatment led to

a loss of body weight, total RNA was unalTected, indicating that the observed changes in

cellular SSLI and mRNA levels were specilically induced by the glucoCOl1icoid. Additional

evidencc for glucoC0l1icoid specilicity came l'rom the Iinding that DEX produced a tissue­

specilic pattern of both increased and decreased SS-mRNA level together with a dose­

dependent eITect, the changes being more pronounced at day 8 compared to day 3, and

reversing towards normal upon discontinuation of the glucoc0l1icoid treattllent. There have

been no previous studies of the elTeets of glucocol1iC0ids on somatostatin function in cerebral

col1ex or the gastrointestinal traet. In the case of the hypothalamus, our data are in agreement

with a preliminary study describing a 50% reduction in SS-mRNA following 10 days of DEX

administration in rats (235) but at variance with the rcpol1ed inerease in hypothalamic SS­

mRNA following 3 days of DEX administration to female rats (318). Since changes in

somatostatin secretion and mRNA accumulation generally occur in parallel, the lïnding of a

reduction in hypothalamic SS-mRNA levels arter 8-day DEX treatment does not SUPPOlt the

proposaI that glucOCOl1icoid-mediated growth inhibition in rats is due to suppressed OH

secretion secondary to increased hypothalamic somatostatin release (lOS, 106). Nevertheless,

without direct evidence on somatostatin release l'rom the hypothalamus, one can not mIe out

that possibility. fUl1hel1llore, the observed reversai of glUCOC0l1icoid induced OH inhibition

by somatostatin antibody couId be due to inUllunoneutralization of circulating somatostatin

produced l'rom other sources.
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The in vivo actions of glucocorticoids on somatostatin function could be a direct one

on somatostatin-producing cells, or secondary to the numerous endocrine and metabolic

effects that glucoc0l1icoids are known to exert on non somatostatin-producing cells. Changes

in the levcls of circulating hormones induced by DEX couId be one explanation for the

differential effect of the glucocorticoid in brain compared to peripherai tissues, since unlike

steroid hormones, circulating peptides and many other hormones and transmilter substances

do not readily traverse the blood brain barrier. This is aIso suggested by the il! vitro

experiments comparing the effects of DEX on somatostatin function in primary cultures of

normal islet and ccrebrocortical neurons. Islet ccli cullures exposed to DEX for 18 h displayed

a dose-dependent biphasic change in SSLI and SS-mRNA, low dose glucoc0l1icoids being

stimulatory and high doses inhibitory. The pattern of SS-mRNA and SSLI in DEX treated

brain cullures was different to thal in islels with a predominant in!Jibitory effect at higher

concentralions of DEX. To obtain further insights into a potential direct effect of

glucoc0l1icoids on normal somalostatin-producing cells, 1correlated DEX-induced allerations

in SS-mRNA wilh changes in insulin and glucagon secretion. Neonatal islet ccli cullures

rcpresenl a mixed population of ccIls containing predominanlly Band D cells, lesser numbers

of A cells, and vÎl1ually no pancreatic polypeptide cclls (62, 191). Since bolh insulin and

glucagon can influencc somatostatin gene expression, the levels of the two hormones were

measured in the culture media. The increase in insulin secretion which occurred with DEX

could secondarily inhibit Dccli function since insulin is capable of suppressing islet D ceU

secretion and SS-mRNA expression (58). Likewise, the suppression of glucagon induced by

DEX could also conlribute 10 a reduction in somaloslatin secretion and mRNA level because

glucagon acting on D ccIls is capable of augmenting both secretion and gene expression of
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somatostalin through a cAMP-dependent mechanism (62). Whilst these data sUPP0l1 an

indirect effect of DEX on somalostatin cells through secondary changes in insulin and

glucagon secretion, the absence of a tight rclationship between the palterns of insulin and

glucagon secretion and somatostatin funetion leave open the possibility of an additional direct

glucocorticoid effeet on D cells.

To confirm a direct glueocorticoid elTect on D cells, the rat islel somalostatinoma ccli

line 1027B, was examined. These cells possess DEX binding sites (sec Delermination of

Cytosolic DEX Binding Sites in Chapter Il) and responded to DEX with stimulation of SS­

mRNA and somatostatin secrelion at low doses and inhibition at higher doses comparable tn

that observed in normal islet ccli cullures. providing delinilive evidence for a direct action of

glucocorticoids on somalostatin gcne expression. In the only other study of the direct effeets

of glucoe011icoids on SS-mRNA, fote et al. repol1ed uniphasic inhibition of somalostalin

secretion and mRNA levels in medullary thyroid carcinoma (TT) cells by DEX IO,K - 10'6 M

(64). These data are in partial agreement with our findings in 1027B, cells. dilTering only with

respectto the stimulatory component of somatostatin secretion and mRNA levcls elicited in

1027B, cells. Present l'Csuits in 1027B, cells clearly indicate that the patlern or DEX induced

allerations in SS-mRNA is complex with dosc-depcndent slimulatory and inhibilory

components suggesting multilevel regulalinn. Since glucoC0l1icoids nol only aller

transcriptional rates in target genes (174, 176) but additionally inducc cffccts on mRNA

stability and translational efliciency (102. 109, 112.236.237), fUl1her studies are rcquired ln

determine whether the aitcrations in steady state SS-mRNA level produccd by DEX arc

regulated at a transcriptional and/or post-transcriptional Icvel.
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ln conclusion. this study provides the first evidence that glucocorticoids influence

somalOstatin peplide and steady state mRNA levels in normal somatoslalin-producing tissues

il! vivo and il! vitro. The glucoconicoid effect is time- and dose-dependent. lissue-specilïc. and

al least in part due to a direct action of the steroid hormone on somatoslatin-producing ecUs.

Thc mechanisms underlying the direct actions of glucocorticoids on somatostalin gene

cxprcssion arc complcx and may involve multiple intraccllular levels of glucocOlticoid action.
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CHAPTER IV. GLUCOCORTICOIDS ACTIVATE SOMATOSTATIN GENE

TRANSCRIPTION VIA POSITIVE INTERACTION WITH THE cAMP

SIGNALLING PATHWAY

As desclibcd in Chapter III, DEX inducc-~ tissue-specitïc, time- and dose-dependelll

alterations in somatostatin peptide production and mRNA accumulation in nonl1al somalostalin

producing tissues il! vivo and il! vitro (63). F1II1henl1ore, DEX produces a biphasic patterns

of change in somatostatin secretion and steady slale mRNA levcls in ml islet culture and

somalostalin producing islet tumor ceIls (l027B,) with dose-dependent stimulatory and

inhibitory components (63). This suggesls a complex mo\ecular mechanism of glucOC1JI1icoid

action on the somatoslatin gene involving ll1ulti-level regulations. In the presenl study, 1 have

examined transcIiptional control of Ihe sOll1aloslatin gene by glucoc0I1icoid a.~ one putative

level of control. Using the CAT tl"anscIiption assay, 1 have cOll1pared Ihe elTecl of

glucocorticoids with that of other steroid and thyroid hormones, and investigalcd

transcriptional intemction between glucocorticoids and the cAMP signalling palhway. 1

dell10nstrate that gluCOC011icoids regulate somaloslalin gene transcription positively through

cooperative interaction with the cAMP signalling pathway and Ihal DNA seqoences upstream

from CRE in the somalostatin gcne arc necessary for this elTec!.

RESULTS

1. Glueocurticoids activate somatnstatin gene promnter

To determine whether glUCOC011icoids can influence somalostatin gene transcription,

-":;'.
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Ihe effect of DEX on pSS-750 CAT cxprcssion was investigated initially in PCI2 cells. DEX

induced a signilïcant dose-dependent incrcase in CAT aClivity from 10.8 to 10.6 M, with a

maximal 2.2 l'old induction at 1 llM (Figure 4-1). To test the specilïcity of DEX action, the

abilily of other steroid and lhyroid hormones to alter somatostatin gene transcription was

detcrmined (Tahle 4-1). In contrast to DEX, ~-estradiol, testosterone, 3,3 ',5-triiodo-L­

thyronine (T3) and relinoic acid in doses between 10'9 10 10.6 M had no eflèct on pSS-750

CAT expression in PCI2 cells. Likcwise, phorbol csters werc without eITecl whereas cAMP

and forskolin induccd a 4-5 fold stimulalion of somalostatin-CAT expression (Table 4-1).

2. The -250 tll -71 bp Ill' the somatllstatin promllter regilln is required for DEX­

induced transactivatilln

In order to map the promoler region rcsponsible for gluCOCOlticoid activation,

progressive deletions of the 5' llanking somalostatin DNA were performed. Both the -750

and -250 bp promoter consllucls exhibited full responsiveness to DEX stimulation (Figure 4­

2). Delction of the 5' somatostatin DNA to -71 bp which retains the CRE and TATA

clements but removes the SMS-UE, abrogated DEX-induced stimulation of somatostalin gene

transcription. These resülts fUither validate the spccificity of the DEX effcct and suggest that

CRE alone is insufticient for DEX-induced transactivation, which requires additional elements

located tiJlther upslream l'rom CRE between -250 and -71 bp in the promotcr region.

3. DEX potentiates cAMP stimulated sllmatostatin-CAT gene expression

ln view of the finding of DNA clements responsive to glUCOCOlticoid stimulation

upslrcam from CRE in Ihe somaloslatin genc, lhe potential interaction between DEX and
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Figure 4-1. Effect of DEX on pSS -750 CAT expression in PC12 cells. Following
transient transfection, PC12 cells were incubated with DEX for 48 h and
assayed for CAT. CAT activity is expressed relative to untreated controls.
DEX induced dose-dependent stimulation of SS-CAT expression with a
maximum 2.2 fold effect at 10'6 M. The panel depicts an autoradiogram
of a representative assay used to determine CAT activity in transfected
PC12 cell extracts.



• Table 4-1. Effecls of DEX. cAMP, forskolin. and other agents on pSS-750CAT
expression in transiently transfected target ceUs. (n =5. *p < 0.05 vs control.
**p<0.05 vs cAMP or forskolin atone)

•

Agenls CeU Type CAT Activity (% of control)
(mean ± SE)

DEX(1 IlM) PCl2 212 ±21*

cAMP (1.5 mM) PCl2 457 ±48*

forskolin (10 IlM) PCl2 489 ± 51*

~-estraùioI (l IlM) PCI2 108 ± 11

lestosterone (l IlM) PCI2 106 ± 13

triiodothyronine (1 IlM) PCI2 116 ± 16

retinoic aciù (1 IlM) PCI2 lOI ± 8

phorboI 12.13 dibulyrùte
(1 Il M) PCI2 95 ± 15

DEX + cAMP PCI2 776 ± 81 **

DEX + forskolin PCI2 748 ±70**

DEX (1 IlM) A126-1B2 110 ± 12

cAMP (1.5 mM) A126-1B2 120 ±21

forskolin (ID IlM) A126-1B2 lOS ± 18
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Figure 4-2. Effect of progressive 5' deletion of the somatostatin promoter fragment on

DEX-induced transactivation in PC12 cells. Three promoter fragments of ­
750. -250. and -71 bp were used and are schematically depicted in the upper
panel. Both the -750 and -250 nucleotide promoter constructs exhibited full
responsiveness to DEX stimulation. Deletion to -71 bp abrogated DEX­
induced stimulation of somatostatin gene transcription.
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cAMP induced gene transcription was explored in PCI2 cells transfected with pSS-750 CAl'.

8-(4-Chlorophenylthio)-cAMP (1.5 mM) or forskolin (10 J.IM) both induced a 4-5 fold

stimulation of somatostatin promoter activity (Figure 4-3 and Table 4-1). The combination of

DEX with cAMP or forskolin potentiated CAl' activity 7-8 foId, suggesting an additive effect

between DEX and cAMP-induced transcription. The additive effect ofDEX was also observed

at low concentration of cAMP (0.1 mM), which stimulated somatostatin gene transcription

from 3 to 5 fold (data not shown). The pSS-250 CAT construct exhibited cAMP and forskolin

responsiveness as weI! as the additive effect with DEX, identical to the longer -750 bp

promoter. On the other hand, the pSS-71 CAl' construct which was insensitive to DEX

(Figure 4-2), maintained full cAMP responsiveness (data not shown).

4. DEX transactivation shows dependency on protein kinase A activity

To further characterize the components of the cAMP signalling pathway involved in

DEX-induced transactivation of the somatostatin gene, AI26-IB2 mutant PCI2 cells lacking

PKA activity were used (Table 4-1). As expected, AI26-1B2 cells transfected with pSS -750

CAT did not respond to either cAMP or forskolin. These cells also proved to be

unresponsive to DEX-induced somatostatin gene transcription, confmning a requirement for

PKA activity for the DEX effect.

5. Mutation of CREabolishes DEX effect on somatostatin promoter activity

To test the effect of mutation of the CRE element on DEX-induced somatostatin gene

transcription, PCI2 ceUs were transfected with Â-CRE pSS-250 CAT. Replacement of CRE

by a nonrelated sequence reduced basal CAl' activity (% conversion of chloramphenicol into
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• Figure 4-3. Additive effect of DEX and cAMP stimulation of somatostatin gene
transcription. cAMP (1.5 mM) or forslmlin (FSK. 10 IJ.M) both induced 4­
5 fold stimulation of pSS -750 CAT expression in PC12 cells. The
combination of DEX (10.6 M) with cAMP or FSK potentiated CAT
activity 7-8 fold.
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acctylated [onns) from 1.42 ± 0.28 to 0.52 ± 0.03 (p<O.OI). As expected. the mutation

aholished the slimulatory effecl of forskolin but addilionally blocked DEX-induced

stimulalion. as weil as the combined forskolin and DEX potentialion of CAT aclivity (Figure

4-4). Mutation of CRE was funher validaled by gel electrophoretic mobility shift assay.

somatoslalin promoter fragments -2S0 to +SS bp from cognate (containing the CRE) or CRE

mutant (Il-CRE) pSS-2S0CAT were radiolabelled and incubated with PCI2 nuc1ear extracl.

Three retarded DNA-protein complexes were obsetved with the natural promoter. labelling

of one of which was signilïeantly inhibited in the presence of SOO fold molar excess of

unlabelled CRE consensus oligonucleotide (Figure 4-S). This band was not observed with the

CRE mutant prOinoler.

In a reciprocal experimelll. the elTect of overexpressed CREB on DEX-induced

somatostalin gcoe transcription was investigmed. CeIls werc transfected with pSS-7S0 CAT

(28 Ilg) with or withoul MT-CREB (12 Ilg) whose expression was induced by the addition

of zinc sulphate (90 IlM) 10 the culture mcdium. Cotransfection of PCI2 cells with MT-CREB

and pSS-7S0 CAT had no effect on basal CAT expression and did not enhance DEX.

forskolin. or combined forskolin and DEX induced stimulation of CAT activity in these cells

(data not shown).

6. Gel shift assay indicales Ihat the -250 to -71 bp somalostatin promoter is

glucncorticnid reccptnr binding reginn

In order to nbtain evidence for a potential DNA-protein interaction between the

somatoslatin promoter and the glUCOC0l1icoid rcccplor. gel shift assays were performed.

Incubation of labelled -2S0 to -71 bp somatostatin-DNA with nuclear extract from PCI2 cells
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Figure 4-4. Effect of mutation of the CRE elementon somatostatin-CAT
expression in PC12 cells. Mutation of the CRE element in the -250 promoter
abolished ail the effects of forskolin (FSK, 10 flM), DEX (1 flM), or combined
forskolin and DEX. (n=3)
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Figure 4-S. Gel mobility shift assay confmned CRE mutation in SS gene promoter.
[

32P]-labelled cognate (Panel A) or CRE mutant (panel B) SS promoter
fragments (-2S0 ta +SS bp) were incubated with nuclearextractfrom PC12
cells. In both panels: lane l, probe (SO,OOO cpm) alone; lanes 2 and 4,
probe incubated with PC12 nuclear extract (10 IJ.g protein); lane 3, with
PC12 nuclear extract and 9 pmol of CRE consensus oligonucleotide (SOO­
fold molar excess). Note that there are three retarded DNA-protein
complexes (c, arrows) formed in lane 2 and 4 with cognate promoter
(panel A); labelling of the second one is competitively inhibited by cold
CRE oligo (lane 3); the same band is not formed in lane 2 and 4 of f,.­

CRE SS promoter. (p, free probe; c, DNA-protein complex)
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revealed a retarded band (Figure 4-6, panel A, lane 3). The specilicily of the labcllcd complex

was tested by competilion experiments with synlhetic oligonueleolides. Addilion of 500 fold

molar excess of unlabellcd GRE consensus oligonuelelllide 10 the binding reaction spccilically

inhibiled comp:0x formation (lane 5), whcrcas the same conœlllraiion of unlabelled CRE

consensus oligonuclcotidc wa~ wilhoUI clTcct (lane 4). To fUl1her validate the specilicity of

somatostatin DNA-protcin intcraction, parullel gcl elcelrophorctic mobility shirt assay were

conducted with lhe -71 to +55 bp somalOstalin promoler DNA (Figure 4-6, panel H). A

promotcr DNA complcx bctween -71 to +55 bp somalostalin DNA and PCI2 nuelear CXlracl

was detccted as a high molecular weight band (lane 3) whose labelling was inhibitcd by

excess unlabclled CRE conscnsus oligonuclcotide (lane 4) bUI not by GRE oligonuclcotide

. (lane 5). In conlrastto Ihc binding obselvcd belween somatostatin promolcr DNA and PCl2

nuclcar exlract, pmilkd glucocol1icoid rcccptor DNA binding domain prolcin (GR-DBD....,."')

failcd 10 bind 10 eithcr somatostatin prnmoter fragments (Figurc 4-6, lane 2 in pancl A und

B). Thc receptor protein was capable of retarding the mobilily of labcllcd SYlllhctic conscnsus

GRE but not CRE (data not shown).

7, DEX prumotes somatostatin gene transcription independently of tissue specilic

somatostatin enhancer elements

In vicw of rcccnt cvidencc for a pancrcatic islet ccll-specilic transcriptionul enhanccr

SMS-UE, which cooperates with CRE and l'ails within thc somatostatin promoter segment

which also confers glucocol1icoid rcsponsiveness (-250 to -71 bp), 1 compare(1 DEX-induccd

activalion of somalOstalin gene transcription in PCI2 ceUs wilh that in 102782 cells. 1027H2

cel1s exhibit high level constitutive expression of the somatoslatin gene under the control of
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Figure 4-6. Gel eleetrophoretie mobility shUt assays with [32P]-labeled SS promoter
fragments and nuclear extraet l'rom PC12 eells, Panel A, Sai IIBgl il fragment (-250 to -71
bp) of SS DNA as probe, Lane 1, probe alone (50,000 epm); 2, with glueocorticoid receptor
DNA binding domain protein (GR-DBD440-m) 1 ng; 3, with PC12 nuclear extract (7 ~g

prote in); 4. with PC12 extraet and 9 pmol CRE oligonucleotide; 5, with PC12 extract and 9
pmol GRE oligonucleotide. Note the retarded DNA-protein complex (c, arrow) in lane 3,
labclling of which is competitively inhibited by preincubation with GRE (lane 5) but not CRE
(lam: 4). Panel n, Identical conditions to those described in Panel A, except for the
radiolabelled probe (-71 to +55 bp SS DNA). A higher molecular weight retarded DNA­
protcin complex (c, arrow) is observed (Iane 3), labelling of which is specifically inhibited
by unlabelled CRE (lane 4) but not GRE (lane 5). (p, free probe; c, DNA-Protein complex)
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islet cell-specitic !1uclear proteins which bind to and activale the SMS-UE. As in PC 12 cclls•

DEX induced dose-dependent stimulation of CAT activity in 1027B, cells transfected with

pSS-750 CAT (Figure 4-7) with a maximum 2.1 fold response vÎl1ually identical 10 thm found

in PCI2 cells. In keeping with their known unresponsiveness III cAMP. 10278, cells showed

no stimulation of pSS-750 CAT expression with forskolin. and no synergism between DEX

and forskolin. As in PCI2 cells. DEX is inactive to pSS-71 CAT constl1lct in 10278, cells.

DISCUSSION

The presel1l studies provide the tirst evidence of direct transcriptional enhancement

of the somalOslatin gene by glueoeOlticoids. The elTeel of glucoeorlieoids was hormone­

specitic and could not be demonstrated with other steroid and thyroid horlllones. or wilh

retinoic acid. The action of glucoc0l1ieoids was dependent on a funetional interaclion with

CRE/CREB and related binding proteins (75) and led to an additive response belween the two

regulatory elements.

Transcriptional control by steroid and thyroid hormones is mediated by a family of

nuclear rcceptors that arc aetivated by ligand and bind to cis regulalllry elements in specilie

target genes (140. 176.243). Recent rep0l1s have provided increasing evidence for funetional

interactions between the nuclear receptol'S and other transcription factors not involving a

natural promoter (244-248. 3(0). This is pUlticularly the case with glucocOiticoid-inducible

genes which freque11l1y show GREs contiguous with DNA regulatory sequences fol' other

transcription factors in the promoter rcgion. These include binding sites for SPI, NFI.

CACCC and CCAAT box binding proteins (244. 300). CREB (245, 248) and AP-I factors

(246.247). or a second GRE (244). Interaelion between the glucocOlticoid receptor and these
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accessory faclors can lead to either enhancemelll or rcprcssion of gene transcription.

Synergism between the glUCOC01licoid receptor and other transcription factors wus tirst

reported for NFl, SPI, und CACCC hinding proleins in genes encoding tyrosine

aminotransferase and tryptophan oxygenuse (244, 300). Functionul cooperativity in these

instances was shown to be crilically dependent on the spacing belwccn the rcgulatory

elements but not their orientation, and mediuled hy protein-protein intemclion rather thun

cooperative DNA binding (244, 300). These studies udditionully revealed thut u single copy

consensus GRE sequence isoluted at a dislUnce l'rom the tmnscription Slatl site wus

insufficient for gene induction hut heeame active when u second reglilulory clement including

a second GRE wus positioned neurhy (244). This suggests u hasic model of glucoeollieoid­

indllced tmnscriptional uctivation requiring multiple GREs or u combinution of a GRE with

other cis clements for constitution of a honnone-inducible enhancer. Mon: reccmly, the

glucoeOllicoid rcceptor hus heen shown to l"CprcSS gene expression hy functionul interfercnce

with severnl differenttransc1Ïptional uclivators (245-248). For instunce, repression of Ihe hCG

a-subunit and POMC genes appears 10 be mediated by competitive binding of Ihe

glucoeOllieoid receptor 10 DNA rcgulutory sequences tenned negutive GRE, thereby displucing

transCliptional uClivators such us CREB in the cuse of the a-subunit gene (245), und the

CAAT box binding fuelnr in the case of the POMC gene (248). For other genes slieh as those

for osteoculcin, proliferin, und cnllagenuse, glUCOC011icoids repress un AP-l sitc by a diffèrent

mechanism involving direct protein-protein intemction between c-Jun und the glllcoceJJ1icoid

receptor leuding to a mutllul inhibition of their DNA binding activities (246, 247).

Dependence of glucoC01licoid rceeptor-mediated enhaneement of somuloslUlin gene

transcription on CRE/CREB activation wus shown here by two Hnes of evidence. Firsl, the
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PKA deficient mutant cell line AI26-IB2, which is incapable of inducing cAMP-mediated

gene transcription due to an inability to phosphorylate and thereby transactivate CREB, was

also unresponsive to glucocorticoid induction. Secondly, replacement of the canonical CRE

in the somatostatin gene upstream region with an inert sequence abolished both cAMP and

glucocorticoid responsiveness. Failure of DEX to induce the -71 bp somatostatin promoter

suggests that the glucocorticoid receptor needs elements further upstream to interact with the

CREICREB complex. Since the -250 bp promoter showed full glucocorticoid responsiveness,

our fmdings imply a glucocorticoid sensitive region in the -250 to -71 sequence of the

somatostatin promoter. Gel electrophoretic mobility shift assay confmned that the -250 to -71

bp region of the somatostatin promoter (but not the -71 to +55 bp domain) binds specifically

to a GRE sensitive nuclear protein suggesting a putative glucocorticoid receptor interaction

with somatostatin promoter DNA. Failure of the purified glucocorticoid receptor DNAbinding

domain protein to bind to somatostatin DNA suggests the requirement of other components,

of the receptor protein and/or associated binding proteins for responsiveness. For example,

retinoid X receptor ~ is required for both DNA binding and transactivation of retinoic acid

receptor to its cognate response element (249); Interaction of glucocorticoid receptor with the

promoter of glycoprotein hormone a gene is dependent on cell-specific cofactors (250).

Analysis of the somatostatin promoter failed to reveal a classical GRE but did disdose

sequences of two possible variants (aGGCTInnnTtTICT at -167 bp and aaGPJTnnnTGgTCT

at -219 bp) which ressemble non consensus GREs. Further studies with promoter deletion

mutants combined with DNase 1 footprint are necessary to map precisely the regulatory

elements of the somatostatin gene which interact directly with the glucocorticoid receptor.

There is only one other example of functional cooperativity between the glucocorticoid
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receptor and the cAMP signalling pathway, illustrated by the gene for PEPCK (98, 180, 302).

The proximal region of the PEPCK gene promoter (-100 to +1 bp) contains the TATA and

E/CRE clements in a vÏ11ually identical conlïguration to thal found in the sonltllostatin gene

(Figure 1-9). The glUCOC0l1icoid response "clement" in this gene is a complex unit (hence

tenned glUCOC011icoid responsc unit or GRU) consisting of a tandcm array (5' to 3') of 11

RARE, an lRS, and 2 gluCOCot1icoid receptor binding sites, the entire complex spanning about

110 base pairs (l'rom -451 to -353). The 2 glucocorticoid receptor binding sites arc nOI

homologous with the conscnsus GRE sequence which they match in only 7112 and 6/12

positions, respectively, and which function independently, each accounlÎng for hall' of the full

response (302). Glucocorticoids and cAMP individually induce PEPCK gene transcription and

in combination produce enhancement. This is achieved through a protein-prolein interaction

between the glUCOC0l1icoid receptor and CREB occuring over a distance of 300 bp. Retinoic

acid acts on the PEPCK gene synergistically with DEX, and insulin inhibils the DEX and

cAMP responses, both individually as weil as in combination. Inlhe ,Ibsence of the acccssory

factors, the glucocorticoid receptor binding sites alone are inen. In the case of the

somatostatin gene promoter, we found evidence of functional cooperativity between

glucocorticoids and the CRE/CREB locus which however resultcd in an additive rather than

a synergistic response. Interestingly, in addition to transcriptional cooperativity bctween the

glucocortieoid receptor and the CRE/CREB unit, somatostatin gcne expression is also capable

of inhibition by insulin (58). A survey of the somatostatin gene promoler for these accessory

factor binding sites shows 2 eontiguous putative RARE (-373 to -366 bp) and ms (-330 to­

321 bp) motifs eonsiderably fU11her upstrcam l'rom the potential glucocorticoid receptor

responsive sile. Despite these differenees, there are sul'ficient similarities to suggest that the
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PEPCK gene couId serve as a useful modei for fUIther studies to determine the precise nature

of the transcriplional interaction between the glueoeorticoid receptor, CRE, and perhaps the

relinoie acid reccptor and insulin sensitive transel;ption factors in the somatostatin gene.

Sincc glneocortieoids acl on nnmerous targel genes, an interaelion between

glucocorticoids and the cAMP pathway couId also occur at points more proximal to the gene

through induclion of one or more components of the cAMP signalling pathway. For instance,

glucocorticoids have heen reported to aclivate adenylyl cyc1ase in OH, ceUs (251) and could

conccivably enhancc cAMP dependent gene transcription via this mechanism. Such an action,

however, cannol explain the ability of glucocol1icoids to potentiate the effect of high

concenlrations of exogenous cAMP or forskolin found in the present study. Moreover, the

results with the -71 bp constroct argue against this possibility. Il is not known whether

glucocorticoids regulate the expression of PKA, although glUCOCOlticoids stimulate CREB

expression in rat C6 glioma ceUs (252). Induction of either of these 2 molecules could

represent an indirect mechanism for gluCOCOlticoid stimulation of somatostatin gene

transcription but cannot account for the additive effect between the activated glUcOCOlticoid

receplor and Ihe cAMP pathway. Our results with CREB cotransfection ofPCI2 ceUs suggest

that overcxpression of this molecule alone is insufficient for activating somatostatin gene

transcription. This is probably duc to an abundance of endogenous CREB and related factors

in these ceUs (75, 77, 253), as weU as the requircment for not just CREB molecules, but for

phosphorylated CREB for transcriptional activation (253, 319). ..:

Recent studies have identified a number of cis regulatory clements upstream from

CRE in the sOlnatostatin promoter which exercise both positive and negative transcriptional

control (24, 25, 77). The positive control clement has been characterized as the SMS-UE,
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wliich consists of 3 funclionally itllerdependcnt cis domains amll1ged in tandem and wliicli

bind Q(-CBF protein (nuc1eolide positions -113 ta -107), a homeodomain protein IDX-I/STF-I

(positions -96 to -88), and CREE (which binds tD a hall' CRE-likc palindrome at positions -88

to -83). IDX-l/STF-l is an pancrcatic islel specinc transcription factor bc10nging to lhe LlM

family of homeotic genes which aets in concclt with the aqiacent aeccssOlY transcriplion

faclors assembled on SMS-UE to drive high level expression of the somatostatin gene in islet

somatostatin producing cclls (75, 77, 254). Inlereslingly, SMS-UE inleracls synergistically

with consensus CRE located in the proximal promoler region both basaily and in response ta

cAMP induciÏon (24, 25, 77). Since the putalive glucocOlticoid reccptor binding domain in

the somatoslalin promoter maps to a region which overlaps SMS-UE, we compared

glucocOlticoid rcsponsiveness in PCI2 cells with 1027 B2 cells which cOlllain islet ccli

specific pl'Oteins and exhibit high level expression of the somatostalin gene. Our finding of

approximately equal stimulation of somalostatÎn-CAT aclivity by DEX in lhe two cell lines

suggests that the DEX elTect does not requirc SMS-UE binding proteins and is not reslrieted

to PC12 cells. Although 1027B2 cells show high basal somatoslatin gene expression, they lack

cAMP responsiveness due to a denciency of PKA activity (unpublished observations; 298).

How then can DEX induction of transcriptional activity in these cells be reconciled with a

complete absence of DEX effect in A126-IB2 cells or in PCI2 cells transfecled with the

CRE-substituted pl'OmOler consttuct? One explanation is that unlike A 126-lB2 cells, 1027

B2 cells have a relative rmher than an absolute denciency of PKA and can gcnerate low level

CREB phosphorylation surncient to support DEX-induced gene transeriplion. A second

possibility is that of cooperation between the glucocOlticoid receptor and one or more

components of the SMS-UE regulatory domain in 1027 B2 cells, as an alternative ta a
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glucocorticoid rcceptor-CREB interaction in these cells.

The concentration of DEX at which significant induction of somalOstatin-CAT activity

occurred (]()"" M) l'ails within the physiological range especblly if allo.vance is made for

differenccs in the responses between lransfected and endogenous somatostatin gene. Since

cAMP is the predominant rcgulatol' of somalOstatin gene transcription and since

glucocOiticoids and cAMP inOuence many of the same physiological processes, a cooperative

relalionship between the Iwo pathways is clearly functionally relevant. Transcriptiona1 activity

of the somalOstatin gene however can explain only palt of glucocorticoid action on steady

state SS-mRNA levcls thal we found in rat tissues, viz. the slimulatory component (63). The

additional more potent elTect of glucocOl1Îcoids on inhibition ofSS-mRNA accumulation must

therefore be medialed through a post-transcriptional mechanism (63, 64). Studies of the effects

of glucocOiticoids on SS-mRNA stabilily arc neccssmy to investigate this question further.

ln conclusion,l have demonstraled positive transcriptional control of the somatostatin

gene by glucoconicoids. GlUCocOiticoid-indueed transactivation shows dependence on PKA

activity, and may be mediated via interaction between the glucocOlticoid rcceptor and CREB.

DNA sequences upstream l'rom CRE between -250 and -71 base pairs in the somatostatin

promoter appear necessary for the glucocorticoid effect.
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CHAPTER V. GLUCOCORTICOIDS INHI8IT SOMATOHATIN GENE

EXPRESSION THROUGH ACCELERATED DEGRADATION OF SS-mRNA IN

HUMAN THYROID MEDULLARY CARCINOMA (TT) CELLS

As desctibed in Chapler III. glucoconicoids exert signilïcant eflccts on somalostalin

peptide production and steady state mRNA kvels in normal somatostatin producing tissues

in vivo. in vitro. and in cultllred rat islet somatostatin producing tumor œlls (63). The

glueocorticnid elTect is tissue-speeilïe. lime- and dose-dependent (low doses being stimulalOry

and high doses inhibitOlY). and at least in paIt duc 10 a direct aclion of the sleroid hormone

on somatostatin producing cells. Al a molecular level. glueocorticoids regulate target gene

expression both transcliptionally as weil as post-transcriptionally through a1teralions in mRNA

stability. Transcriptional control by glucocortieoids occurs through a DNA prote in iIlleraction

between the activaled glucocOllÎcoid receptor and the GRE (176. 311). GREs subserve

complex transcriptional roles as eilher positive. negative. synergistie or composite regulatory

domains in differenl target genes (311). In an allempl to elucidate the nature of the mo!eculHr

interactions belween glucocOltieoids and Ihe somalostatin gcne. 1 have repOlted Ihat DEX

aetivates somatostatin promoter-CAT aClÎvity in transfccled PCl2 cells through cooperative

interaction with CREB suggesting thal stim~llation of SS-mRNA by glucocorlieoids is

transcriplionally mediated (Chapter IV. 191).

Although gkcocOlticoiJs arc weil known to regulate mRNA degradation. the

molecular mechanisms arc less weil defined. Mendelson et 1/1. have rep0l1ed thal

glucoconicoids rcgulate SP-A and its mRNA accumulation in cu1tured human l'etaI lung in

a dose-dependent biphasic manner. low doses (10.10
- 10"9 M) being slÎmu!atory and high
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doses (~ 10-8 M) being inhibitory. The stimulatory effect was shown to be mediated by

transcriptional induction IIf the SP-A gene whereas inhibition was found to be due to

accelerated SP-A mRNA degradation (117, 117a). This model is virtually identical to the

scheme that we have developed for explaining somatostatin glucocorticoid interaction with

the exception of glucocorticoid-induced alterations in SS-mRNA stability which remain to be

detennined. Accordingly the present study was set up to investigate the molecular mcchanisms

underlyL'Ig DEX inhibition of'SS-mRNA using as a mociel human thyroid carcinoma TI cells

in which DEX has been previouslyre;:orted te produce solely an inhibition of somatostlitin

. /"~~

secretion a\.'d rnRNA accunmlation (64). 1excluded a direct transcriptional effect of DEX on

somatostatill gen~by somatostatin promoter - CAT transfection and nuclear mn-on assays and

analyzed the effects of transcriptional and translational blockade on the DEX effect on SS­

1l'.".NA levels. Il is shown that. as in the case of the SP-A gene, glucocorticoids inhibit SS-

mRNA by accelerating ils degradation.

RESULTS

1. Glucocorticoids induce a late onset reductior in somatostatin secretion and SS·

rnRNA in TT cells

Cultured TI cells synthesizeà and secreted large quantities of somatostatin amounting

to 90 ng SSU content in 106 cells and 18 ng SSU secreted/106 cells124 h. Figure 5-1 shows

the time course of somatostatin secretion (bottom panel) and SS-mRNA (top panel) in TI

cells incubated with or without DEX (1 J.IM) for 6, 12, 24, 48, and 72 h. Control cells

displayed an exponential increase in SSU in the medium over the 72 h period of incubation.

In the presence of DEX, somatostatin secretion was significantly reduced by 25% at 24 h,
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Figure 5- I. Time course of DEX inhibition of SS-mRNA (top panel) and SS secretion
(bottom panel). CeUs were incubated with DEX Cl !!M) or vehicle for the
time pcriods indicated before being subjected to Northem blot analysis and
radioimmunoassay. The inset depicts a representative Northem blot of SS­
mRNA in 7 ~g total RNA from paired control and DEX-treated dishes at

.c various time points. DEX (10.6 M) induced a reduction in both SS-mRNA
and SS sectêuon after a lag period of 12 h. (n=S, *p<O.OS).



•

•

39% at 48 h, and 44% at 72 h. DEX-induced inhihition of somalostatin sccrction was

parulielied by a eomparahle suppression of SS-mRNA hcginning at 24 h (71 % of control), and

continuing at 48 h (65% of eonlrol), anl.! 72 h (60% of control). Incuhation of TT cells with

dbeAMP (5 mM) used as a positivc control, led to a 3.5 fold increasc in sceretion of SSLI

as weil as a 2 fold induction in SS-mRNA Icvcls at 48 h (data not shown).

2, Glucueurticuids induce a duse-dependent reductiun in sumatustatin secretion and

SS-mRNA in TT ceUs

Figurc 5-2 depicts the dose response effcct of DEX incubated for 48 h on somatoslatin

secretion and SS-mRNA levels in TI cells. DEX inhihited somutostatin secrelion from 10"

M to 10.5 M with a maximum 60% effeel. Thcre was a parullel dosc-depcndcnt inhihition of

SS-mRNA levcl l'rom 10" M to 10.5 M with a maximum 60% inhibition. Cyclophilin-mRNA

used as a control was unalTectcd hy DEX (Figurc 5-2, top pancl).

3, Glueucorticuids du not alli~et sumatustatin-CAT repurter gene expressiun in TT

cells

Figurc 5-3 is an autoradiogram of a rcpresentativc CATassay of TT cells transfeeted

with 750 bp Icngth of 5' llanking somatoslatin promolcr Iigatcd to thc repol1er CAT gene.

This segment of the somatostatin promoter contains a number' of well-delïned regulatory

clements including a TATA box, a CRE, a SMS-UE and an alypical GRE previously shown

to be responsible for glucoeOlticoid dependent activation of the somatoslatin promoter (191).

Incubation with DEX 1 JlM for 48 h had no effecl on the basal level of somatostalin-CAT

expression in TT cells. This indieatc.~ that DEX does not affect somatoslatin gene promoter
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Figure 5-2. Dose-dependent inhibition of SS-mRNA (top panel) and SS secretion
(bottom panel) by DEX following a 48-h incubation. DEX produced 'a
maximum 60% inhibition of both SS-mRNA and SS secretion. The inset
depict representative Northern blots of SS-mRNA and cyclophilin-mRNA
used as control. (n=5, *p<0.05)
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Figure 5-3. DEX does not affect pSS-750CAT expression in TI cells. Cells were
transfected with the chimeric reporter gene construct (illustrated on top of the
autoradiogram) and incubated with DEX (1 flM) for 48 h and assayed for CAT
activity. The figure depicts an autoradiogram of a representative assay from 2
seperate experiments. (c, control; D, DEX-treated)
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activity in these cells at least for the patl of the promoter studied, and that transcriptional

inhibition is not the mechanism through which DEX sllppresses steady state SS·mRNA

accumulation.

4. C; lucocorticoids do nllt reduce the rate li!" sllmatllstatin gene transcription in

nuclear run'Im assays

To fUllher assess transcriplional clTccls of DEX on thc cndogcnolls somatostatin gcnc,

nudcar mn-on assays wcrc carricd out. Thc mlc of nasccnt sllmatllstatin tnmscript formatilln

in isolated nudei l'rom control TT cells or TT cells cxposcd to DEX (1 )lM) or cAMP (5

mM) for 18 h was mcasured (Figurc 5-4). DEX produccd a small but not signilicant incrcasc

in somatostalin genc transcription. By contrast, cAMP uscd as a positivc control, produccd

a 2 fold enhancemcnt of somatostatin gene transcription. CyeIophilin gcnc uscd as a ncgativc

control showcd no alteration in thc Icvcl of transcription whcn trcatcd with DEX or cAMP.

The pBluescript vector includcd as an addilionalncgativc control fllr hybridization specilicity

in thesc experimcnts clicitcd no signal.

5, Glucllcllrticllid inhibition lIf SS-rnRNA is blllcked by actinomycin D

ln order to dctcrminc the clTect of DEX on SS·mRNA stabi!ity, SS·mRNA dccay

CUlves werc obtaincd in TT cells cxposed for 6, 12,24,48, and 72 h with actinomycin D with

or without DEX. The results l'rom control, 24 h and 48 h incubations arc shown in dctai! in

Figure 5-5. There was no change in SS·mRNA accumulation in control cells at any timc point

up to 72 h. Treatment lIf TT cells with actinomycin D tll block transcription produced no

change in SS·mRNA levcls compared to control. Likewise, DRB (an RNA polymerasc
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Figure S-4. Effect of DEX and cAMP on SS gene transcription. Nuclear mn-on assays
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transcription rates ± SE (from three separate experiments) for SS gene is
shown in the botlom panel. (n=3, *p<O.OS)
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inhibilOr, 20 ~gfmJ) also failed l<J affect steady stale SS-mRNA levels (data not shown),

indieating that SS-mRNA is either very stahle or lhat ils degradation is dependent on ongoing

lranseriplion. Coineubalion wilh actinomycin D blocked the DEX-induced inhibition of SS­

mRNA. However, when aclinomycin J) was added 12 hours aner DEX, the inhibitory effect

of DEX on SS-mRNA was pal1ially restored (Figure 5-5).

Although actinomycin D did not change the level of SS-mRNA, with or wilhout DEX

Ireatment, it sh0l1ened the size of the SS-mRNA (Figure 5-6, lanes 1-3, lower panel).

Cyc1ophilill-mRNA inc1uded as a control in these experiment~, showed bOlh a reduction in

the Icvel as weil as lhe size of ils mRNA (Figure 5-6, lanes 1-3, upper panel). Treatment of

TT cells with cAMP increased SS-mRNA level2.2 fold without alTecting cyc10philin mRNA.

AClinomycin J) reduccd cAMP stimulaied SS-mRNA levels from 2.2 to 1.6 fold and

simultaneously rcduccd the size of the mRNA transcript. These rcsults demonstrate that

a<:tillomycin D reduces steady state mRNA levels for cyc10philin through transcriptional
/

blockade of its gene. In addition, aClinomycin D produced a physical alteration in both

somaloslatin and cyc10philin mRNA transcripls which rcndercd Ihe SS-mRNA but not the

cyclophilin mRNA species rcsistant to DEX-induced degradation. This suggests that DEX­

mediated turnover of SS-mRNA is an active process which is dependent on transcription of

olhcr factors.

6. Glucocnrticnid inhibition of SS-rnRNA is blocked by cyclohexirnide

To investigale the elTeel of blockade of new protein synthesis on DEX-induced

inhibition of SS-mRNA, control and DEX-trcated TT ceUs were incubated with cycloheximide

10 ~gfm1 using a similar cxpcrimcnta1 protocol to thal described for the actinomycin D studies
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Figure 5-6. Northern blots showing effect of DEX with or without actinomycin D
(ActD) on SS-mRNA transcripts. Tf cells were incubated with or without
test agents for 24 h. DEX aJone reduced the level of SS-mRNA 29%
without changing its size as shown in Figure 1. Actinomycin D shortenetl
the size of SS-mRNA but failed to induce its mRNA degradation (lanes 1­
3, lower panel). Cyclophilin-mRNA, included as control, showed both a
reduction in the level as well as the size of its mRNA (lanes 1-3, upper
panel). Treatment of Tf celis with dbcAMP increased SS-mRNA level2.2
fold without affecting cyclophilin-mRNA (lane 5). Actinomycin D reduced
cAMP stimulated SS-mRNA levels from 2.2 ta 1.6 fold and simultaneously
reduced the size of the transcript (lanes 4 vs 5, lowcr panel). Actinomycin
D produced a physical alteration in both SS and cycluphilin transcripts
which rendered the SS-mRNA but not the cyclophilin mRNA specics
resistant ta DEX-induced degradation. Data reprcscntativc of 3
experiments.
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(Figure 5-7). In conlrasl 10 Ihe eflècl of actinomycin D, lrealmenl with cycloheximide alone

produced a signilïcanl reduclion in SS-mRNA levels comparable 10 Ihat induced by OEX

alone. Therc was no uddilivc effect of cycloheximide when coincubated wilh OEX. These data

indicale thal the DEX eflècl on SS-mRNA is blocked by cyclohcximide.

DISCUSSION

TT cel1s consist of transformed calcitonin- and CGRP-producing parafol1icular (C)

cel1s, derived l'rom a 11lIman medul1ary Ihyroid carcinoma. Like normal C cells, TT cells have

also been found ln coexpress the somaloslalin gene and have provided a useful model for

sludying the regulalion of somaloslalin and SS-mRNA (255). Prcvious stlldies wilh these

cel1s have shown lhat somalostalin secretion and mRNA levels arc stimlilated by cAMP

treatmenl and inhibited hy glllcoCOl1icoids and 1,25-dihydroxy vitamin 0 3 (51, 64,255). Here

1 have conlïrmed the slimlilaiory and inhibilOry effects respectively of cAMP and

glllcocorticoids on steady stale SS-mRNA levels and extended these observations to an

analysis of the moleclilar mechanisms underlying the glucoc0l1icoid effec!. 1demonstrate that

DEX inhibilion of SS-mRNA in TT cel1s (i) occurs at high doses of the steroid (2: 10'8 M)

and fol1owing a lag period of 12-24 h; (ii) is not due 10 transcriptional inhibition of the

somatostatin gene as detennined hy nuclear lUn-on assays and by the inactivity of OEX on

somalostatin pl'Omotcr-CAT cxprcssion; and (iii) is post-transcriptionally mediated and is

dependenl on ongoing gene transcription.

Unlil recently, sllldies of the regllialion of eukaryotic mRNA levels have focused on

control of gene lranscriplion. However, the level of a cellular mRNA represents a balance

belween the rates of its synthesis and degradation. In the last few years, the regulation of
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Figure 5-7. DEX effect on SS-mRNAlevel in TT cells is blocked by cycloheximide
(CHX). CHX (10 IJ.glml) was added 30 min in advance to DEX (1 IJ.M). The cells
were then incubated for either 24 or 48 h as indicated. CHX alone dramatically
reduced SS-mRNA level. The inset depicts a representative NOrlhern blot. (n = 3,
*p<0.05 vs untreated control)
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cytoplasmic mRNA slahiIity has enmrged as an imp011ant conlrol point for a variety of genes

including Ihose regulated hy glUCOC0l1icoids (lO(), 121, 122, 155). Most mRNAs are

prolected hy a 5' cap stlUcture and 3' poly(A) lract complexed ta poly(A) binding proteins

which render them SIable until they are subjeeted la a nucleolytic allack (100, 182). Nucleases

digesting mRNA nnd olher proteins promoting nuclease allack funetion through interaction

with mRNA sllUctures or sequences under regulntion of hormones and other signais. CUITent

understanding of the mechanism of mRNA degradation is limited and may involve one of

thrce palhways: (i) destabilizing clements in the transcript such as the ARE in the 3'-UTR of

e.g. c-fos mRNA capable of reclUiling poly(A) nucleases which remove the poly(A) tract

thereby uiggering decapping and degradation of the mRNA (12\); (ii) sequence-specific

cleavage usually within the 3'-UTR at a stem loop stlUcture independent of poly(A)

sh0l1ening as in the cnse'of histone mRNAs which are not polyadenylated (121, 135); (iii)

degradalion involving the synthesis of antisense RNA as demonstrated for prolaetin transeripts

in pituitary ceIls and for p53 mRNA in murine erythroleukemia cells (126, 127).

Al present there is no evidence that sleroirl hormone reeeplors act directly in the

cytoplasm to aller mRNA stahility. Estrogen, progesterone and androgen reccptors are

predominantly nuclear proteins. The unliganded glueocOlïicoid receptor can occur in the

cytoplasm but localizes to the nucleus upon hormone binding (176, 311). In keeping with lhe

predominant mie of sleroid hOI1t1o'le reccptors as transcIiption factors. the gluCOC0l1icoid

receptor most likely reglliates mRNA tlll1l0Ver indirectly throllgh transeriptional control of a

mRNA regllialing proteb. Consistent with this notion is the finding that ghlcOCottieoid­

reglliated deslabilization/stabilization of mRNA for somatoslatin found in the present study

and for several olher target genes Ihat have been previously stlldied, e.g. OH, insulin, and
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PEPCK occurs after a lag period of 6-24 h (102, 109, 112).

Human and rat SS-mRNA transeripts arc -750 bp long and consist of a 5'-UTR (100

bp), coding segment (348 bpi, a 3'-UTR (l50-2()() bpi, and a poly(A) tail (- 150 bp) (21,

256). Wilhin the 3'-UTR there arc 2 AU rich regions which could serve as pOlentia! motifs

for promoling mRNA degradation similar to the AUUUA siles in other mRNAs (130). Therc

have been no previous rep0l1s of the half-life of SS-mRNA. In TT ccIls in lhe presenl study,

SS-mRNA showed no apparenl degradalion in lime-course sllldies up 10 72 h. Likewise in

1027B, islet somalostatin producing lumm cclls, SS-lllRNA was found to be stable for 48-72

h (unpublished observations). Actinomycin D is widely used in mRNA half-life studies

because of its ability to bind doub!e-stranded DNA and 10 block transcription (257). II does

not appear to have any direct effeel on IlIRNA stability or degradalion. Blockade of

transcription by actinomycin D failed to alTecl sleady slate SS-lllRNA levels for al leasl 48

h in TT cells in the present s\udy as weil as in 1027B, cclls (unpublished observations)

f1ll1her suggesting that SS-lllRNA is a stable transeripl with a relalively long hall~life. In

contrast 10 actînolllycin D, DEX produccd a 60% decrease in SS-lllRNA levcls. Since DEX

did not alter somatostalin gene transcription, lhis elTect appeared to be posl-lranscriplionally

lllediated lhrough glucoconicoid activatio;, {JI' a SS-lllRNA degrading system. AClinomycin

D reduced the size of the SS-I1lRNA lranscnpl and rendered il resistanl to DEX-induced

degradalion when coincubated with DEX, but not when il was added after:J delay of 12 h.

These data provide slrong evidence thal DEX destabilizes SS-mRNA by an aClive proccss

requiring ongoing gene transcription. Unlike actinomycin D, cycloheximide redu~ed\teady

state SS-mRNA probably by blocking the translation of proteins required for somalOstatin

gene transcription. Furthenllore, the extelll of SS-mRNA disappearance by cycloheximide was
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the sume us thut for DEX suggestini) lhut the IWO ugents promole SS-mRNA degradation

lhrough u eommon palhwuy. Sinee only uelinomyein D bloeked DEX-indueed deeuy of SS­

mRNA, trunseriplion c1eurly pluys un imp0l1unt role in this meehanism. One possible

explanulion is lhut eycloheximide (which superinduccs some gene expression in addition to

bloeking protein synlhesis, 258, 259) und DEX bOlh induee the synthesis of an antisense SS­

mRNA whieh pl'llmo~es SS-mRNA degrudalion. Fm1her sludies of the meehanism of action

of cycloheximide on SS-mRNA, incillding lhe question of whelher aetinomycin D ubolîshcs

lhe cycloheximide us weil as lhe DEX elTeet on SS-mRNA levcls will be neccssary to resolve

Ihis point.

Oilleoc0l1icoids exel1 both posilive und negalive cffecls on mRNA stability. For

inslunce, lhey enhunce the slubilily of mRNAs for OH (109), Iïbronectin (111), and PEPCK

(112), and decrease mRNA Sluhility for insulîn (102), SP-A (117), IL-I ~ (113), 3-hydroxy-3­

methylglutarylcoenzyme A reduclase (114), type 1 pracollugen (115), and OM-CSF(1l6).

Oilleoc0l1ieoid reglllation of inslllin and SP-A gene mRNAs is very similar to lhat of the

somatoslatin gene. Thus, glllcoC0l1icoids inhibit insulin biosylllhesis by destabilizing mRNA

ralher lhan decreasing inslllin gene trunseription in hamster insulinOina ceUs (102). The steraid

hOl1l1une induces a dose-dependenl decrease in slcady stale insulin mRNA levels which also

occllrs artel' a lag period of 6 h following DEX trealmenl, is maximul ut 24 h, und which is

abolished by coincllhalion of DEX wilh aClinomycin D and cycloheximide butnot when lhe

.uddition of aClinomycin D is deluyed for 9 h urtel' DEX exposure (102). These ure vÎ11uaUy

idenlicallïndings to thoséoblained for SS-mRNA in the presenl sludy and fm1her affinns that

DEX mediated inhibition of insuIin- and SS-lIIRNA rcquires lhe lranscrïptional activation of

genes whose product accelerate lhe disappeurance of lhe IWO mRNAs. Glucoc011icoid
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regulation of the SP-A gene involves bOlh lranscriplional and posl-tranSCriplional control via

mechanisms indistinguishable l'rom lhose clucidaled lin' lhe somatoslal in gene. Memlelson et

al. observed that DEX produced a dose-dependent biphasic effecl on the levcls of SP-A

protein and mRNA in human Iclal lung ill vitro. low doses (\ (J.1ll - 10.9 M) being slimulalory

whercas high doses (~ 10.8 M) wcrc markcdly inhibilory (\ 17. 117a). This situation is

vÎl1ual1y idenlical to our previous lïnding of OEX reglliation of lhc somalostatin gcne in

cuilured normal rat islet cel1s or 1027B) islet somalOstalin tllmor cclls (63). Mendelson el Ill.

ful1her discovered lhal lhe Slimulatory eflccl of OEX on SP-A mRNA wus lrunscriptionully

mediatcd by lhe glucOC0l1ÎCoid rcccplOr uCling synergislÎCully wilh lhe cAMP signulling

pathwuy exuclly as found by us for lhc somalOslatin gcnc (117. 117a. 191). The prcdominunl

elTec, of OEX on SP-A mRNA. however. was un inhibilory one occurring at high levcls of

OEX due to a dose-dependenl inhibition of SP-A mRNA slability idcntÎCal10 lhat found for

OEX inhibition of SS-mRNA in the present study. The mode! of glucocorlicoid uclion onlhc

somaloslatin gene Ihal emerges l'rom thcse sludies indicUles u complex molcculur mechunism

involving multilevel regulalion. Al low doses, glucocortÎCoids aclivute somatostulin gene

transcription via posiliw inleraction with CREH (\91). These eflccls ure predominunlly

manifested in peripheral tissues. At high doses. glucOC0l1ÎCoids decrease SS-mRNA levc!s

through accelerated mRNA degrudalion (63). These aClions occur in bolh brain and peripheral

tissues as weil as in thyroid carcinmnu TT cclls.

-"
ln conclusion. 1have shownlhat glllcocOl1icoids inhibil sleady stale SS-mRNA levcls

and the raie of somatoslalin secrelion in TT cells. This elTect does nol appear 10 be mediuled

through direct transcripliona! inhibition of lhe somalOslalin'gene. il requires lranscriplion of

a gene whose product accelerates SS-mRNA degradalion.
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CONCLUSIONS

1. G1ucocorticoids exert significant effects on somatostatin peptide production and steady

state mRNA levels in nonnal somatostatin-producing tissues in vivo. in vitro. and in

cultured 1027B2 ecUs. as summarized in Table 6-1. The glucocorticoid effect is time-

and dose-dependent. tissue specifie. and at least in part due to a direct action on

somatostatin-producing ceUs. In nonnal rat islet and islet somatostatin producing

tumor cells (l027B2).glucocorticoid effer: on somatostatin biosynthesis is

characterized by stini;'hition al low doses (l0·10 M) and marked inhibition at high

doses (;:: 10,7 M).

Table 6-1. Effects of glucocorticoids on somatostatin and somatostatin-rnRNA levels in

various conditions.
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2.

3.

4.

Glucocorticoids stimulate somatostatin gene transcription. Glucocorticoid-induccd

transactivation shows dependence on l'KA activity, and may be mediated via protein­

protein interaction between the glucocOlticoid l'CCCptor and the CREH. DNA

sequences upstream from the CRE between -250 and -71 bp in the somalostatin

promoter appear to be the target of gi.tcocOlticoid action. The model is proposed in

Figure 6-1.

GlucocOlticoids inhibit sleady state somatostatin-mRNA levcl and somatostalin

secretion in TT cel!s. This effect is nol mediated through direci transcriplional

inhibition of the somatostatin gene. 11 requires transcription of another gene(s) whose

product(s) accelerates somatostatin-mRNA degradation.ln Figure 6-2, [ proposed two

possible mechanisms for this em~ct.

Therefore, at low doses, glucocOlticoids activate somatostatin gene transcriplion via

positive interaction with CREB. These elTects arc predominantly manifcsted in

pelipheral tissues. At high doses, glucocorticoids decrease somatostatin-mRNA levels

through accelerated mRNA degradation. These actions occur in botn brain and

pelipheral tissues as wel! as in thyroid carcïnoma TT cells.
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Figure 6-1. Proposed mechanism of glucocorticoid action on somatostatin
gene transcription. Glucocorticoid receptor (GR) binds to an atypical GRE
at -250/-71 bp region and interacts with phosphorylated CREB. Interaction
of GR-CREB then activate gene transcription.



• (a) Glucocorticoids induce expression of a protein factor
which promotes SS-mRNA degradation.

GR

somatostatin-mRNA

Î
~- antisense RNA

Î

•

GR
(b) Glucocorticoids induce a SS-antisense RNA which
promotes SS-mRNA degradation.

Figure 6-2. Possible mechanisms of glucocorticoid-regulated SS-mRNA
degradation in thyroid carcinoma TI cells. (a) Glucocorticoids induce a
protein which interacts with SS-mRNA or RNA-binding proteins and
promotes SS-mRNA degradation. (b) Glucocorticoids induce an antisense
RNA synthesis which is complementary to SS-mRNA and renders its
degradation.



• CLAIM8 FOR ORIGINAL RE8EARCH

The sludies presented in this thesis conslilute the lïrst systematic evaluation of

glucocOJ1icoid-regulated somalostatin gene expression. 1 characlelized the molecular

mechanisms at both transcIiptional and post-transcriptionallevels. A number of observations

aUest to the originalilY of this research. These include demonstration that

1. GluCOCOl1icoids regulate somatostatin gene expression in a tissue-specilïc fashion:

stimulation in periphcral tissues and inhibition in the central nervous system;

2. GluCOC0l1icoid effect on somalostatin gene expression is dose-dependent and biphasic

in pancrealic islcl and islet tumor cells: low dos,) (l0·10 M) being stimulatory and

higher doses (10.7 to 10.5 M) being inhibitory:

3. G1ucoc0l1icoid effect on steady state SS-mRNA and somatostalin production is, al

least in paJ1, medi.'.d through direct action on somatostatin-producing cells:

4. G1l1cocoJ1icoids stimlliate somatostatin promoter activity:

5. The glucOCOJ1icoid sensitive region in the somatostatin gene has been mapped to -250

to -71 bp throllgh promoter deletions and competitive gel shift assay;

•
6. There is cooperative interaction of glucOCOJ1icoids with the cAMP signalling pathway
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in stimulating somatostatin gene transcription;

7. Glucocorticoid receptor interacts with CREB. Based on the present fmdings and those

of others. 1 have proposed this as a novel mechanism of positive interaction betwcen

glucocorticoids and cAMP pathway.

8. Glucocorticoid inhibition on somatostatin gene expression in TT ceUs is not through

direct gene transcription based on nuclear mn-on and promoter-CAT transfection

studies;

•

9. Glucocorticoid inhibition on SS-rnRNA lcvel is dependcnt on transcription of another

gene(s) whose product(s) accelerates SS-mRNA degradation.
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1. CYSTEAMINE·INDUCED REDUCTION IN TISSUE SOMATOSTATIN
IMMUNOREACTIVITY IS ASSOCIATED WITH ALTERATIONS IN

SOMATOSTATIN rnRNA

D.N. Papachristou. J.-L. Liu. and Y.C. Patel
Regulatory Peptides 1994; 49: 237-47

[SUMMARYl The drug cysteamine induces a profound Joss of somatostatin-14
biological and immunological (SS-14 U) activity from SS cells in vivo and in vitro. The
present study was designed to detennine (i) whether cysteamine induced Joss of SS is
accompanied by secondary increases in SS-mRNA perhaps through loss of autoinhibition of
SS cells; (ü) whether cysteamine exerts additional direct effects on SS gene regulation.
Cystearnine was administered to rats in vivo or applied in vitro to prirnary cultures of rat islet
cells. rat islet SS-producing tumor cells (l027BJ. and endogenous or in vitro synthesized SS­
rnRNA. in vivo administration of cysteamine led to 80% reduction in tissue SSU by 4 h.
These changes were accompanied by significant alterations in SS-rnRNA that were both
tissue-specific and time-dependent. The pattern in brain and intestine was typified by a
significant 60% increase in SS-rnRNA at 2 h followed by a gradual reduction to -55% of
control at 8 h. Stomach showed a significant 95% increase in SS-rnRNA at 4 h followed by
a 37% decrease by 8 h. Pancreatic SS-rnRNA displayed a sustained 25-65% reduction for 8
h. Pretreatrnent of islet cell cultures with cysteamine reproduced the in vivo fmdings with
pancreas viz. decreased SSU (80-90% of control) accompanied by a parallel reduction in SS­
rnRNA (40-50% of control) sustained frorn 2-72 h. Cysteamine also induced li reduction in
immunoreactive insulin and insulin rnRNA in cultured islet cells. As with normal islet cells,
cysteamine treatment of 1027B2 islet tumor cells led to a profound and sustained decrease in
SSU and SS-mRNA. These changes occured in the absence of any alteration in intracellular
cAMP levels. Cystearnine was without effect when incubated directly with SS-mRNA isolated
from 1027B2 cells or with in vitro synthesized SS-mRNA. We conclude that. in addition to
its effect on SSU, cystearnine aIso induces time- and tissue-dependent alterations in SS­
rnRNA. The mechanism of cystearnine action on SS-mRNA is complex and may involve both

. an indirect effect secondary to loss of SS autoinhibition (to account for SS-rnRNA increases)
and/or a direct inhibition of SS gene expression (to explain SS-rnRNA reduction). The precise
site of direct cystearnine action on SS gene regulation remains to he defmed. Since cysteamine
inactivates cellular SS and produces long term reductions in SS-rnRNA in all tissues. it
represents a useful tool for inducing functionallesions of SS cells at both gene and peptide
levels.
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2. SEQUENCE ANALYSIS OF THE 5'-FLANKING PROMOTER REGION OF
THE HUMAN SOMATOSTATIN RECEPTOR 5

M.T. Greenwood, R. Panetla, L.A. Robertson, J.-L. Liu, and Y.C. Patel
Biochem Biophy Res Comm 1994; 205: 1883-90

[SUMMARYj We have determined the sequence of 2.2 kb of 5' flanking promoter
region of the human somatostaûn receptor 5 (hsstrS) gene. A number of widely distributed
promoter elements were identified including API, An, AP3, E2A, GCF, and SPI consensus
sequences. hsstrS/CAT gene fusions showed that the 0.9 kb of DNA immediately upstream
of the ATG, functions as a promoter in rat pituitary GH) but not in CHO ovary cells. Insertion
of t1;is hsstr5 fragment in the anti-sense orientation led to a Jour fold reduction in CAT
activity. Dibutyryl cAMP produced a three fold induction of CAT activity whereas estradiol
and retinoic acid had no significant effec!. These results indicate that we have identified a
DNA fragment at the 5' end of the hsstr5 gene which contains both tissue-specific and
regulated elements. The absence of CRE consensus sequence suggests that the cAMP effect
is mediated by the multiple API and An sites.

3. DIFFERENTIAL STIMULATION OF SOMATOSTATIN BUT NOT
NEUROPEPTIDE Y GENE EXPRESSION BY QUINOLINIC ACID IN CULTURED

CORTICAL NEURONS

Y.C. Patel, J.-L. Liu, A. Warszynska, G. Kent, D.N. Papachristou, and S.C. Patel
J. Neurochem. 1995, in press

[ABSTRACTj SS and neuropeptide Y (NPY) are coproduced in a subpopulation of
neurons that are selectively resistant to N-methyl-D-aspartate (NMDA) neurotoxicity. We have
previously reported that quinolinic acid (QUIN), and NMDA receptor agonist, augments SS­
mRNA in cultured fetal rat cortical neurons. This study examines coregulation of SS and NPY
by QUIN and NMDA in cultured cortical neurons and compares the effects of these agents
with those of forskolin and phorbol-12-myristate-13-acetate (PMA), which are known to
activate SS and NPY gene transcription by protein kinase A- and protein kinase C-dependent
mechanisrns. In addition, transcriptional regulation of the SS gene was investigated by acute
transfection of cortical cultures and PC12 cells with an SS promoter-CAT construc!. QUIN
and NMDA displayed dose-dependent four-fold augmentation of mRNA for SS but not for
NPY. In contrast, forskolin and PMA increased both SS and NPY mRNA levels. QUIN- and

. NMDA-mediated induction of SS-mRNA was blocked by the NMDA receptor antagonist (·)-2
arnîno-5 phosphonovaleric acid (APV), and displayed regional brain specificity since it was
not observed in fetal hypothalamic cell cultures. Time-col,lrse studies showed that the effects
of QUININMDA on SS-mRNA occurred after a latency of 8 h. Cortical cells or PCI2 cells
transfected with pSS-75OCAT showed 3-4 fold stimulation of CAT activity with forskolin but
not by QUIN or NMDA. These data reveal a dose-dependent, NMDA receptor-mediated
stimulation of SS but not NPY mRNA. Such stimulation of SS gene expression does not
require activation of the PKA or PKC signalling pathways, is not transcriptionally mediated,
and is likely post-transcriptional, as also suggested by the delay in SS-mRNA induction.
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4. PROSOMATOSTATIN IS EFFICŒNTLY PROCESSED AT DIBASIC AND
MONOBASIC CLEAVAGE SITES TO BOTH S8-14 and SS-28 VIA THE

CONSTITUTIVE PATHWAY IN ISLET SOMATOSTATIN TUMOR CELLS
(10278.)

Y.C. Patel. A.S. Galanopoulou. S.N. Rabbani, J.-L. Liu. M. Ravazzola, and M. Arnherdt
J Biol Chem 1995 (submitted)

[ABSTRACT] We have characterized the biosynthesis and secretion of the principal
mature products of prosomatostatin (PSS) processing in 102782 rat islet tumor cells previously
reported to lack regulated secretion and cAMP responsiveness of the SS gene. Analysis of cell
extracts and secretion media by high performance liquid chromatography and specific C- and
N-terminal radioimmunoassays showed that the cells contained large quantiûes of fully
processed SS-14 and SS-28 with very littIe unprocessed PSS (ratio SS-14:SS-28:PSS =
39%:51%:10%). Pulse-chase studies demonstrated that PSS is efficiently processed to SS-14.
SS-28. and PSS[I'101 via separate biosynthetic pathways: PSS ~ SS-14 + 8 kDa; PSS ~ SS-28
+ 7 kDa; PSS ~ PSS[I.IOj' Synthesis of SS-14. SS-28. and PS8[1.101 occurred independently
from PS8 and was demonstrable within 15 min. By light and electron microscopic
immunocytochemistry. tumor cells were devoid of secretory granules. There was no specific
immunogold labeling of any intracellular compartment. The cells expressed the endoproteases
furin. PCI. and PC2. They secreted large amounts offully processed 88-14. 88-28. and PS8[1.
10] constitutively along with PCI and PC2. Monensin reduced intracellular 8S-lïke
immunoreactivity without altering processing efficiency. Transfection with the catalytic
subunit of protein kinase A (PKA-C) activated 88 promoter-CAT activity indicating that the
defect in cAMP-dependent signaling occurs at the level of PKA-C. PKA-C overexpression
failed to alter the ratio of processed S8-14 and S8-28. We conclude that efficient processing
of P88 can oecur consûtutively in the absence of secretory granules probably within the Golgi
compartment.
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